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Chapter1

Introduction

This is a user manual for FORCESPRO, a commercial tool for generating highly customized
optimization solvers that can be deployed on all embedded computers. FORCESPRO is in-
tended to be used in situations were the same optimization problem has to be solved many
times, possibly in real-time, with varying data, i.e. there is sufficient time in the design stage
for generating a customized solution for the problem you want to solve.
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Figure 1.1: Overview of FORCESPRO.

The code generation engine in FORCESPRO extracts the structure in your optimization prob-
lem and automatically synthesizes a custom optimization solver. The resulting C code can only
solve one optimization problem (with certain data changing), hence it is typically many times
more efficient and smaller code size than general-purpose optimization solvers. The gener-
ated C code is also library-free and uses no dynamic memory allocation making it suitable for
safe deployment on real-time autonomous systems.

This document will show you how to input your optimization problem description for code
generation in FORCESPRO. It is important to point out that FORCESPRO is not a tool for trans-
forming a problem specification into an optimization problem description. This responsibility
lies with the user.

11 Troubleshooting and support

FORCESPRO typically returns meaningful error messages when code generation errors occur
due to invalid user inputs. When encountering other errors please consult our documen-
tation which is included in the FORCESPRO client and is also available on all FORCESPRO
servers. In case you cannot find a solution to your problem please submit a bug report to
support@embotech.com.
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Much effort has gone into making this interface easy to use. We welcome all your suggestions
for further improving the usability of the tool. Requests for special functionality for your partic-
ular problem will also be considered by our development team. For all requests and feedback
please contact support@embotech.com.

1.2 Licensing

1.21 Commercial licensing

FORCESPRO licenses are available through a subscription model. There are four types of li-
censes, as seen below:

- Engineer License: For generating FORCESPRO solvers. Charged per engineer computer.

- Software Testing License (Sil/Cl): For running FORCESPRO solvers on a desktop PC or a
server for simulation and (automated) testing. No physical system is controlled. Charged
per platform running the solver.

- Floating License: For running FORCESPRO solvers on servers or virtualised environments
(such as Docker containers) without permanently mapping the license to a hardware
system. Charged per number of platforms able to concurrently run the solver. Currently
available only on Linux x86/x86_64.

- Hardware Testing License (HiL/Field Testing): For controlling a physical system (i.e. the
target platform may also be an ECU or a rapid prototyping platform). Charged per plat-
form running the solver.

For more information regarding licensing please check on our website or contact
sales@emlbotech.com.

FORCESPRO licenses are available in variants S, M and L. For more information please check
the section License Variants

1.2.2 Academic licensing

Users at degree granting institutions can have access to the Engineer License version of
FORCESPRO free of charge provided they are not doing research for an industrial partner.
Software Testing and Hardware Testing licenses are also available at highly reduced rates.

1.3 Citing FORCESPRO

If you use FORCESPRO in published scientific work, please cite the following two papers:

@misc {FORCESPro,

Author = "Alexander Domahidi and Juan Jerez",

Howpublished = "Embotech AG, url=https://embotech.com/FORCES-Pro",
Title = "FORCES Professional",

Year = "2014--2019"

@article {FORCESNLP,
Author = "A. Zanelli and A. Domahidi and J. Jerez and M. Morari",
Title = "FORCES NLP: an efficient implementation of interior-point...
methods for multistage nonlinear nonconvex programs",
Journal "International Journal of Control",
Year = "2017",

(continues on next page)
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(continued from previous page)

Pages = "1-17"

1.4 Release Notes

141 New features in FORCESPRO 4.0.0
- Support for FORCES PRO NLP solvers (PDIP_NLP and SQP_NLP) in The MathWorks Model
Predictive Control Toolbox (TM)
- Solver timeout option for PDIP_NLP, SQP_NLP and PDIP

- New option exportBFGS which enables export of BFGS diagonal on every stage

14.2 Improvements in FORCESPRO 4.0.0
- Server now returns interface/definitions.py file independent of whether the request was
sent from the MATLAB or Python client
- Added support for symbolic step size in Python integrators
- Added connection tester for the forces server

- Added new parameter type Adense to allow copy of dense A matrix to sparse internally.
Should be used within Model Predictive Control Toolbox plugin only !!

- New option nlp.parametricBFGSinit for initializing BFGS matrix as a run-time parameter

1.4.3 Bug Fixes in FORCESPRO 4.0.0

- Fixed export of root relaxation solution in MINLP solver

- Fixed number of outputs in ADMM method

- Added fix for floattype ‘int’ and ‘short’

- Fixed issue occuring in Python client when all initial or all final variables are fixed

- Fixed reading issue in csmatio library

1.4.4 New features in FORCESPRO 3.1.0

- High-level Python interface for NLP solvers

14.5 Improvements in FORCESPRO 3.1.0
- Vectorized outer product on one-stage dense QP problems in double precision on Intel
platforms
- Refactoring of clients and server to enable standalone release
- Check for vectorization instructions in Python client, refactored C code in dll
- Made variables in generated interface static

- Improved efficiency of CasADi file postprocessing in Matlab client

Chapter 1. Introduction 3
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- Export of dual variables in PDIP_NLP
- Fixed updateClient scripts to delete old data
- Made FORCES_ NLP return dumped formulation even if an error occurs during execution

- Allow to specify directory when saving dumped problem formulation/instance

1.4.6 Bug Fixes in FORCESPRO 3.1.0

- Fix in detection of selection matrix

- Fix in CasADi for linux systems

- Fixed bug with stacked parametric bounds

- Updated accessing of Stage properties to work with obfuscation

- fix issue with variable number of equality constraints in convex problems
- Fixed issue in CasADi code generation

- Fixed internal rounding heuristic in MINLP solver

14.7 Improvements in FORCESPRO 3.0.1

- New nlp.stack_parambounds for stacking parametric bounds over stages with
PDIP_NLP and SQP_NLP

- Support for MicroAutoBox Il

1.4.8 Bug Fixes in FORCESPRO 3.0.1

- Bug fix in fraction to boundary rule
- Bug fixes for specific compilation settings
- Fixed download of casadi for macos

- Fixed bug in model files declarations in casadi2forces with SQP_NLP

1.4.9 New features in FORCESPRO 3.0.0

- Real-time sequential quadratic programming solver via code option SQP_NLP
- Support for MathWorks Symbolic Math Toolbox and CasADI 3.5.1 (with limitations)

- Code option nlp.compact_code for generating small-size code on long horizon prob-
lems

- Support for license files

- Option for dumping problem formulation and data for support

1410 Improvements in FORCESPRO 3.0.0

- Revamped licensing system

- Removed object files from dowloaded solver package

4 Chapter 1. Introduction
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1.4.11 Bug Fixes in FORCESPRO 3.0.0

- Fixed bug with number of stages and integer guess in MINLP solver

1.412 New features in FORCESPRO 2.0.0

- Introduced support for FORCESPRO QP solvers in the MATLAB MPC Toolbox from Math-
Works

- Created new examples for the MPC Toolbox plugin

1413 Improvements in FORCESPRO 2.0.0

- Made tolerances on equalities, inequalities, stationarity and complementarity run-time
parameters in NLP solver

- Automatic disabling of vectorization when some matrix parameters are sparse

1.4.14 Bug Fixes in FORCESPRO 2.0.0

- Fixed linking issue with avx on linux host
- Fixed mex interface to not copy empty parameters

- Fixed bug with MINLP solver exitflag on infeasible problems

1.415 New features in FORCESPRO 1.9.1

- Adapted FORCESPRO license check to portal database
- Adapted floating license database checks to portal database

- Made linear algebra vectorization stage dependent

14.16 Improvements in FORCESPRO 1.9.1

- Fixed numerical bug in NLP line-search

1.417 New features in FORCESPRO 1.9.0

- New code-generation options for AVX and NEON vectorization

- New code generation options and parameters to provide an integer guess to the MINLP
solver

- New runtime parameter parallelStrategy for MINLP solver

- Created dedicated Floating License web Server

Chapter 1. Introduction 5
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1.4.18 Improvements in FORCESPRO 1.9.0

- Changed floating license communication to http

- Enabled user-defined outputs in MINLP solver

- Added codeoption c90 to add extra C definitions in casadi model files
- Added openmp flag to nvidia webcompiler

- Added support for python3.6

- Updated usysid files in client

1.4.19 Bug Fixes in FORCESPRO 1.9.0

- Fixed bug with constraints handling in code-generation
- Fixed memory bug in MINLP solver

- Fixed bug in parameters indexing in client. Parameters are now indexed with a fixed
number of digits depending on the horizon length. 1 digit below 10, 2 digits between 10
and 100 excluded,...

- Fixed bug with stacked parameter ineq.p.b

1.4.20 New features in FORCESPRO 1.8.0

- Mixed-integer nonlinear solver with parallelizable search and other customization fea-
tures

- Support for the Speedgoat platform
- Support for the Integrity ARM platform
- Support for Docker containers

- Updated newParam API to allow for parameters stacked over stages
14.21 Improvements in FORCESPRO 1.8.0
- Improved performance of compactSparse feature

- Added custom headers to specify platforms

1.4.22 Bug Fixes in FORCESPRO 1.8.0

- Fixed numerical bug in v1.7.0

1.4.23 New features in FORCESPRO 1.7.0

- MISRA 2012 compliance, no mandatory or required violations in generated C code
- Added support for dSPACE MicroAutoBox Il

- Added support for ARM Cortex A72 platforms

- Added support for MinGW as a mex compiler

6 Chapter 1. Introduction
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- New codeoption compactSparse for smaller code and faster compilation of sparse prob-
lems

- Adding threadSafeStorage option, enabling creation of thread-safe solvers (requires C11
compilers)

1.4.24 Improvements in FORCESPRO 1.7.0

- Improved CodeGen speed for sparse problems

- Improved web compilation to reduce http timeouts

- Secure client-server commmunication under custom embotech domain

- Improved portability of functions used

- Added display of license and solver expiration as well as generation id on header files
- Updated FORCEScleanup to include all solver related files

- Improved messages and warnings returned from FORCESPRO client

- Now passing iteration number to function evaluations

- Added new error code for invalid parameter initial values

1.4.25 Bug Fixes in FORCESPRO 1.7.0

- Changed default server when default server file is missing
- Always check for default server files when choosing server to use
- Corrected the logic for updating the best solution found so far (NLP)

- Fixed sparse linear algebra routine names

1.5 Version history of manual

The version history of this document is presented in Version history of FORCESPRO manual.

Table 1.1: Version history of FORCESPRO manual

Version | Revision | Date Reason for change
04/10/2017 | Initial version

09/27/2018 | Overhaul of outdated manual
11/19/2018 Add dSPACE code deployment
02/20/2019 | Updated manual for v1.7.0
06/04/2019 | Updated manual for v1.8.0
08/29/2019 | Updated manual for v1.9.0
10/10/2019 Updated manual for v1.91
12/09/2019 | Updated manual for v2.0.0
04/07/2020 | Updated manual for v3.0.0
05/26/2020 | Updated manual for v3.0.1
0713/2020 | Updated manual for v31.0
09/21/2020 | Updated manual for v4.0.0

| N[ N| N| o] Ut B B W[ N[N
O|N|—|o|o|o|—|olo|l oo
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Chapter 2

License Variants

Each problem type requires a dedicated solver method in order to be solved quickly and
efficiently. FORCESPRO is available in different variants in order to adapt to each user's needs.
When receiving a FORCESPRO license on the portal(https://my.embotech.com) a user can
select one of the available variants which is best suited for the problem to be solved. At any
point, a user can decide to upgrade to a larger variant in order to include additional solver
methods in their available toolset for FORCESPRO.

The available variants are (smaller variants are included in larger ones):
- S (Variant S)
- M (Variant M)
- L (Variant L)

2.1 Variant Summary

In the tables below you can find a summary of the components provided with each variant
of FORCESPRO.

Table 2.1: Problem types supported for each variant
5 [ 4 |

=

Problem Type
LP v
QP v
QCQP v
BI-QP

NLP (SQP)
NLP (IP)
MINLP

SNENENENEN

SNENESENENENEN
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Table 2.2: Interfaces provided for each variant

S | M | L
Interface
MATLAB Low-Level e v v
Python Low-Level v v v
MATLAB Y2F v v v
MathWorks MPC Toolbox™ (Linear MPC) v v v
MATLAB High-Level Vo v
Python High-Level v v
MathWorks MPC Toolbox™ (Nonlinear Vs v
MPC)
* No Binary Constraints
* Only with SQP method

2.2 Variant S

This variant is used for generation of convex solvers. This variant should be used for solving:
- LP problems
- QP problems
- QCQP problems
This variant is delivered with the following interfaces:
- MATLAB Low-level Interface (Low-level interface)
- Python Low-level Interface (Low-level interface)
- MATLAB Y2F Interface (Y2F Interface)

- MathWorks Model Predictive Control Toolbox™ - Linear MPC (MathWorks Linear MPC
Plugin)

2.3 Variant M

This variant further enables the generation of SQP solvers for NLPs and the solution of Binary-
Integer QPs. This variant should be used for solving:

- Binary-Integer QP problems (Binary constraints)
- NLP Problems using SQP methods (Sequential quadratic programming algorithm)
This variant is delivered with the following interfaces:

- MATLAB High-level Interface (High-level Interface) with codeoptions.solvemethod =
SQP_NLP;

- Python High-level Interface (High-level Interface) with codeoptions.solvemethod =
SQP_NLP’

- MathWorks Model Predictive Control Toolbox™ - Nonlinear MPC (MathWorks Nonlinear
MPC Plugin) with options.SolverType = SQP

10 Chapter 2. License Variants
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2.4 VariantlL

This variant provides the full experience of FORCESPRO and enables all its features. This variant
further enables the solution of:

- NLP problems with Interior-Point Methods and SQP
- MINLP problems (Mixed-integer nonlinear solver)
This variant is delivered with the following interfaces:
- MATLAB High-level Interface (High-level Interface) with full support
- Python High-level Interface (High-level Interface) with full support

- MathWorks Model Predictive Control Toolbox™ - Nonlinear MPC (MathWorks Nonlinear
MPC Plugin) with full support

Chapter 2. License Variants T
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Chapter 3

Installation

3.1 Obtaining FORCESPRO

FORCESPRO is a client-server code generation system. The user describes the optimization
problem using the client software, which communicates with the server for code generation
(and compilation if applicable). The client software is the same for all users, independent of
their license type.

In order to obtain FORCESPRO, follow the steps below:

1. Inquire a license from https://www.embotech.com/license-request or by directly contact-
ing licenses@embotech.com.

2. After receiving a license, if registered on the portal, the FORCESPRO client can be down-
loaded from the portal after assigning an Engineering Node. For more information see
https://my.embotech.com/readme. Otherwise the FORCESPRO client will be sent to you
via email.

3. Unzip the downloaded client into a convenient folder.

Note: The FORCESPRO client contains several inner ZIP-files for the Python client named
forcesproXY.zip. These do not need to be extracted!

3.2 Installation of the MATLAB Client

Add the path of the downloaded folder FORCES_PRO to the MATLAB path by using the com-
mand addpath DIRNAME, e.g. by typing:

’ addpath /home/user/FORCES_PRO

on your MATLAB command prompt. Alternatively, you can add the path of the FORCES_PRO
folder via the graphical user interface of MATLAB as seen in Figure 3.1.

HOME PLOTS APPS
= {} i, New Variable | s Analyze Code o E Preferences (9 (4 Community
Er o LY Sirndriles (] (CIE) :
i Open Variable + éf Run and Time ks =? Request Support
New New Open | |Compare Import Save Simulink  Layo e
Script - - Data Workspace [ Clear Workspace = [’ Clear Commands =  Library * =i Parallel = Add-Ons =

FILE VARIABLE CODE SIMULINK. ENVIRONMENT

Figure 3.1: Adding the FORCES_PRO folder to the MATLAB path.
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Having added the root folder of the FORCES PRO MATLAB client to the MATLAB path one
configures the client to the specific MATLAB version by running

FORCESconfigureClient;

in the MATLAB command window. After the FORCES PRO MATLAB client has been configured
one can save the MATLAB path in order to always have access to FORCES PRO when initiating
a new MATLAB session. Alternatively one perform the above 2 steps whenever initiating a new
MATLAB session.

3.21 System requirements

FORCESPRO is supported on Windows, macOS and the different Linux distributions.

For the MATLAB and Simulink interfaces, 32 or 64 bit MATLAB 2012b (or higher) is required.
Older versions might work but have not been tested. A MEX compatible C compiler is also
required. A list of compilers that are supported by MATLAB can be found in https://www.
mathworks.com/support/sysreqg/previous_releases.html.

Run:

mex —-setup

to configure your C compiler in MATLAB.

3.2.2 Keeping FORCESPRO up to date

FORCESPRO is actively developed and client modifications are frequent. Whenever your client
version is not synchronized with the server version, you will receive a code generation error
notifying you that your client is out of date.

To update your client simply type:

’updateClient ‘

on your MATLAB command prompt. updateClient without any arguments uses the default
embotech server to grab the client, and updates all corresponding client files. The command:

’updateClient(URL) ‘

overrides the default server selection and uses the server located at URL instead.

Alternatively, the FORCESPRO client may also be updated through Python, see Keeping
FORCESPRO up to date.

3.3 Installation of the Python Client

FORCESPRO offers a Python interface that enables user to formulate a optimization problem,
generating a solver for it through communication with the FORCESPRO server, and calling the
generated solver directly from Python. It is contained within the FORCESPRO client package
together with the MATLAB Client, which can be obtained with a valid license as described in
Obtaining FORCESPRO.

14 Chapter 3. Installation
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3.3.1 Quick Guide

If you want to get up and running quickly, we have compiled the most common commands
needed to go from a blank system to generating and executing the first solver in a example
below. If you encounter issues, please have a look at the more detailed description of the
required prerequisites below.

In the following, we assume you have obtained the FORCESPRO client as described in Ob-
taining FORCESPRO, and unzipped its files into the directory /path/to/forces/pro on Unix plat-
forms or C:\path\to\forces\pro on Windows. The following installation instructions slightly
differ for the operating systems supported, so please refer to the appropriate section.

Windows (PowerShell)

C:\PythonXY\Scripts\pip.exe install numpy scipy suds-jurko casadi matplotlib
$Senv:PYTHONPATH="C:\path\to\forces\pro"
C:\PythonXY\python.exe C:\path\to\forces\pro\examples\robot_sim.py

Linux Ubuntu

pip3 install numpy scipy suds—-jurko casadi matplotlib
sudo apt-get install gcc libomp-dev

export PYTHONPATH="/path/to/forces/pro":$PYTHONPATH
python3 /path/to/forces/pro/examples/robot_sim.py

Mac

xcode-select --install

brew install python3 libomp

python3 -m pip install numpy scipy suds-jurko casadi matplotlib
export PYTHONPATH="/path/to/forces/pro":$PYTHONPATH

python3 /path/to/forces/pro/examples/robot_sim.py

This assumes you have the Homebrew package manager already installed. If not, run the
following before any of the above instructions:

/bin/bash -c¢ "$(curl —-fsSL https://raw.githubusercontent.com/Homebrew/install/
—master/install.sh)"

3.3.2 Requirements

The Python client has been tested with the follwing configurations:

Python
A Python installation is required. Note that only compiled Python bytecode for the versions
listed below is currently shipped with the client:

- Python 2.7 (low-level convex problems only)

- Python 3.6

- Python 3.7

Chapter 3. Installation 15
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- Python 3.8
If you require a different version, please contact us at forces@embotech.com.

For purposes of readibility, for Windows, we will assume you have installed the respective
Python version into C:\ PythonXY (where X is the major version number and Y the minor ver-
sion number) throughout the rest of this documentation. On Linux and Mac, we assume you
have Python 3 available in your PATH as python3, and Python 2.7 as python.

Python Packages

For any Python version, the following packages from the Python package index (PyPl) must
be installed in the PYTHONPATH:

- humpy (Tested with version 1.18.3)

- scipy (Tested with version 1.4.1)

- casadi (Version 3.5 required only for high-level interface)

- matplotlib (Required only for plotting in the example code)
Additionally, Python 2.7 requires the following packages:

- suds
Additionally, Python versions 3.x require the following packages:

- suds-jurko

All of these packages can be conveniently installed through the command-line by running
the following command from a terminal (Linux, Mac):

’pip3 install numpy scipy casadi matplotlib suds—jurko

Or, on Windows:

’C:\PythonXX\Scripts\pip.exe install numpy scipy casadi matplotlib suds-jurko

Available Compiler

Nonlinear symbolic problem formulations are translated into C code by the FORCES PRO
client. In order to generate solvers for these kinds of problems, a C compiler and linker must
thus be present on the host machine. The following compilers have been tested and are
supported by the FORCESPRO Python client:

- On Windows: Microsoft Visual Studio C Compiler 2019 and 2015 (Can be obtained by
downloading the Microsoft Visual Studio Community IDE)

- On Linux: GNU Compiler Collection (GCC), tested with version 9.3.0

- On Mac: Apple clang version 11.0.3 (Can be obtained by installing the XCode command-
line tools)

Additionally, on Linux, the following package must be installed if you wish to generate solvers
making use of parallel execution (options.parallel = True) or mixed-integer nonlinear problem
(MINLP) solvers:

sudo apt-get install libomp-dev

On Mac, for parallel solver generation and MINL-problems, the following package must be
installed through Homebrew:
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’brew install libomp

3.3.3 Adding the FORCESPRO Python Client to your Python path

Once the FORCESPRO client has been downloaded and the requirements have been installed
as outlined above, you will need to tell the Python interpreter where to look for the forcespro
and forcespro.nlp packages which implement the FORCESPRO client interface in Python.
Doing so will allow you to write import forcespro or import forcespro.nlp in your scripts to
import the FORCESPRO functionality. To make the FORCESPRO client available this way, you
have several options:

Option A: Setting the PYTHONPATH environment variable

Add the FORCESPRO client directory to your PYTHONPATH before calling any scripts that
require FORCESPRO from the command line. In a Windows PowerShell this is done by:

’ $env:PYTHONPATH="C:\path\to\forces\pro" ‘

In Windows cmd.exe:

’set PYTHONPATH=C: \path\to\forces\pro ‘

On Unix (Linux and Mac):

’export PYTHONPATH=/path/to/forces/pro ‘

After doing so, you can call any script that requires FORCESPRO, and the script may include
import forcespo or import forcespro.nlp statements without needing to know where your
actual FORCESPRO client directory is.

Option B: Setting sys.path inside Python scripts

Add the FORCESPRO client directory to sys.path before importing:

import sys

sys.path.insert (0, '/path/to/forces/pro') # On Unix

sys.path.insert (0, 'C:\\path\\to\\forces\\pro') # On Windows, note the doubly-
—escaped backslashes

import forcespro

import forcespro.nlp

Note that this reduces the portability of any scripts using FORCESPRO, as it hard-codes the
location of FORCESPRO inside the script.

3.3.4 Keeping FORCESPRO up to date

In order to obtain the latest version of the FORCESPRO client, a Python script for automatic
upgrading is available.

In order to use it, navigate to the FORCESPRO client directory and execute the updateClient.py
script in Python.

$ cd /path/to/forces/pro
$ python updateClient.py
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Alternatively, the FORCESPRO client can also be updated through MATLAB, see Keeping
FORCESPRO up to date.
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Chapter 4

Y2F Interface

YALMIP is a high-level modeling language for optimization in MATLAB. It is very convenient
to use for modeling various optimization problems, including convex quadratic programs, for
example. YALMIP allows you to write self-documenting code that reads very much like a
mathematical description of the optimization model.

To combine the computational efficiency of FORCESPRO with the ease-of-use of YALMIP,
we have created the interface Y2F. Y2F very efficiently detects the inherent structure in the
optimization problem, and uses the FORCESPRO backend to generate efficient code for
it. All you need to do is to replace YALMIP's optimizer function, which pre-builds the op-
timization problem such that subsequent evaluations become very inexpensive, by Y2F's
optimizerFORCES function, which is fully APlI-compatible with optimizer.

This interface is provided with all variants of FORCESPRO, starting with Variant S.

You can read more about the concept of YALMIP's optimizer here.

Important: The Y2F interface supports convex decision making problems, with or without
binary variables.

4.1 Installing Y2F

Y2F is included in the FORCESPRO client. If optimizerFORCES is not found on your MATLAB
path, you need to add the FORCES_PRO/Y2F/Y2F directory to it, e.g. by typing:

’ addpath /home/user/FORCES_PRO/Y2F/Y2F

on your MATLAB command prompt.

Of course, you also need a working installation of YALMIP, which you can download from
https://yalmip.github.io/download/.

4.2 Generating a solver

A YALMIP model consists of a constraint object, which we name const and an objective func-
tion ob5. You can create an optimizer object that has most of the work YALMIP needs to do
before calling a solver (called canonicalization) already saved. The only parts missing are the
parameters of the problem, which you can specify when calling optimizer:

19


https://yalmip.github.io/
https://github.com/embotech/y2f
https://yalmip.github.io/command/optimizer/
https://yalmip.github.io/download/

."
FORCESPRO User Manual embotech

P = optimizer (Con, Obj, Options, Parameters, WantedVariables); % YALMIP syntax ‘

With Y2F, you can have the same syntax but creating a FORCESPRO solver:

P = optimizerFORCES (Con, Obj, Options, Parameters, WantedVariables,
— [ParameterNames], [OutputNames]);

where Options is a FORCES codeoptions struct (see the Solver Options section for more
information). The two last arguments are optional cell arrays of strings specifying the names
of the parameters and the wanted variables. These will be used for naming e.g. the in- and
output ports of the generated Simulink block.

4.3 Calling the solver

There are several ways of calling the generated solver:

1. Using the optimizerFORCES object, which again is APl compatible with YALMIP's
optimizer object:

[wantedVariableValues, exitflag, info = P{Parameters}; % YALMIP syntax

2. Using the generated Matlab (MEX) interface (type help solvername at the Matlab com-
mand prompt for more information):

problem.ParameterNamel = valuel; problem.ParameterName2 = value2;
[output, exitflag, info] = solvername (problem) ;
wantedVariable = output.outputNamel;

3. Via the generated Simulink block (see interfaces folder of the generated code).

4.4 Solver info

4.4.1 Exitflags

One should always check whether the solver has exited without an error before using the
solution. Possible values of exitflag are presented in Table 4.1.
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Table 4.1: Exitflag values

Exitflag | Description

1 Optimal solution found to the requested accuracy.

2 (only branch-and-bound) A feasible point has been identified for which the ob-
jective value is no more than codeoptions.mip.mipgap*100 per cent worse
than the global optimum.

0 Timeout - maximum number of iterations or maximum computation time of
codeoptions.mip.timeout (only branch-and-bound) reached. The returned
solution is the best one found so far.

-1 (only branch-and-bound) Infeasible problem (problems solving the root relax-
ation to desired accuracy).

-2 (only branch-and-bound) Out of memory - cannot fit branch and bound nodes
into pre-allocated memory.

-7 The convex solver could not proceed due to stalled line search. The prob-

lem might be infeasible. Otherwise, please submit a bug report to sup-
port@embotech.com including all data necessary to reproduce the problem.
You can also run FORCESdiagnostics on your problem to check for most com-
mon errors in the formulation.

-10 The convex solver could not proceed due to an internal error. The prob-
lem might be infeasible. Otherwise, please submit a bug report to sup-
port@embotech.com including all data necessary to reproduce the problem.
You can also run FORCESdiagnostics on your problem to check for most com-
mon errors in the formulation.

-100 License error. If you have generated code with a simulation license, it will run
only on the machine from which the code has been generated. In some cases,
e.g. when connected to a VPN network, the FORCESPRO license checker pro-
duces a false negative. Re-run the code generation script in this case to make
sure licensing information is correctly set.

4.4.2 Additional diagnostics

The solver returns additional information to the optimizer in the info struct. Some of the
fields are described in Table 4.2. Depending on the method used, there will also be other
fields describing the quality of the returned result.

Table 4.2: Info values

Info Description

info.it Number of iterations. In branch-and-bound mode this is the number
of convex problems solved in total.

info.solvetime | Total computation time in seconds.

info.pobj Value of the objective function.

info.it2opt (only branch-and-bound) Number of convex problems solved for find-
ing the optimal solution. Note that often the optimal solution is found
early in the search, but in order to certify (sub-)optimality, all branches
have to be explored.

4.5 Performance

A performance measurement for the interface when compared to other solvers called via
YALMIP and to the same problem formulated via the low-level interface of FORCESPRO (2
states, 1 input, box constraints, varying horizon) is presented in Figure 4.1. In this example, the
code generated directly from YALMIP is about 10 times faster than other solvers, and only a
factor 2 slower than the code generated with the low-level interface of FORCESPRO.
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Figure 4.1: Performmance comparison of the Y2F interface of FORCESPRO.
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4.6 Examples

- Y2F interface: Basic example: Learn how to formulate problems in YALMIP easily, and
then use the Y2F interface to generate code with FORCESPRO.
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Chapter 5

MathWorks Linear MPC Plugin

As a result of a long-term collaboration, MathWorks Inc. and Embotech AG developed a MAT-
LAB® plugin for FORCESPRO. Users are now able to use the FORCESPRO solver in MATLAB®
and Simulink® from within the MATLAB® Model Predictive Control Toolbox. The plugin lever-
ages the powerful design capabilities of the Model Predictive Control Toolbox™ and the com-
putational performance of FORCESPRO. With FORCESPRO 2.0, toolbox users can now easily
define challenging control problems and solve long-horizon MPC problems more efficiently.

Model Predictive Control Toolbox™ provides functions, an app, and Simulink® blocks for de-
signing and simulating model predictive controllers. The toolbox enables users to readily
specify plant and disturbance models, horizons, constraints, and weights. User-friendly con-
trol design capabilities of Model Predictive Control Toolbox™, combined with the powerful
numerical algorithms of FORCESPRO, enables code deployment of the FORCESPRO solver
on real-time hardware from within MATLAB® and Simulink®, in addition to the QP solvers
shipped by MathWorks. The new FORCESPRO interface comes with various features such as
Simulink blocks that can generate code runnable on embedded targets such as dSpace. The
parameters of the MPC algorithm, such as plant and disturbance model, prediction horizon,
constraints and move-blocking strategy can be specified directly. The toolbox enables users
to run closed-loop simulations and evaluation of controller performance. User-friendly MPC
design capabilities are combined with the powerful numerical algorithms of FORCESPRO.
This combination of the Model Predictive Control Toolbox™ and FORCESPRO enables code
deployment on real-time hardware. The generated code is highly optimized for fast compu-
tations and low memory footprint.

This interface is provided with all variants of FORCESPRO, starting with Variant S. It is compat-
ible with MATLAB R2019b, 2020a and 2020b.

The plugin mainly consists of the three following MATLAB commands which are described in
details in this chapter:

- mpcToForces for generating a FORCESPRO solver from an MPC object designed by the
Model Predictive Control Toolbox

- mpcmoveForces for calling the generated solver on a specific MPC problem instance
- mpcCustomSolver for using the FORCESPRO dense QP solver as a custom solver

An auxiliary file is also exposed to the users for generating different solvers options, namely
mpcToForcesOptions.

The following LTI MPC features are supported:
- Continuous and discrete time plant models
- Move blocking
- Measured disturbances

- Unmeasured disturbances
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- Disturbance and noise models

- Uniform or time-varying weights on outputs, manipulated variables, manipulated vari-
ables rates and a global slack variable

- Uniform or time-varying bounds on outputs, manipulated variables and manipulated
variables rates

- Soft constraints

- Signal previewing on reference and measured disturbances
- Scale factors

- Nominal values

- Online updates of weights and constraints

- Built-in and custom state estimators

Currently, convex quadratic programs are supported by the MATLAB plugin. Extensions to
adaptive and linear time-varying are under development. The current limitations of the plugin
are the following:

- Mixed input-output constraints are not covered

- Offdiagonal terms on the hessian of the objective cannot be implemented
- Unconstrained problems are not supported

- No single-precision solvers, only double precision currently

- No suboptimal solutions

5.1 Different types of solvers

The plugin converts an MPC object (weights, bounds, horizons, prediction model) into a
quadratic program (QP) formulated via the FORCESPRO API. One key design decision is to
choose the decision variables in the quadratic program. There are two classic choices and
they lead to two different formulations:

- Dense QP, where only the manipulated variables MV or AMV are decision variables. In
this case, the hessian and linear constraints matrices are stored as dense matrices.

- Sparse QP, where MV, AMV, the outputs OV and the states X are decision variables. In
this case, all matrices have a block sparse structure as in Low-level interface.

Typically, a dense QP has fewer optimization variables, zero equality constraints and many
inequality constraints. Although the sparse QP is generally much larger than the dense QP its
structure can be efficiently exploited to reduce the solve times. Besides, the dense formulation
has an inherent flaw, which is that the condition number increases with the horizon length,
especially when the plant states have large contributions to the plant inputs and outputs.
Thus, the best solution is to allow users to switch to the sparse formulation, which prevents
numerical blow-ups when the plant is unstable. Nevertheless, the dense formulation can be
beneficial in terms of solve time when there is an important amount of move-blocking.

5.2 Generating a QP solver from an MPC object

Given an MPC object created by the mpc command, users can generate a QP solver tailored
to their specific problem via the following command:
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% mpcob]j is the output of mpc(...)
% options is the output of mpcToForcesOptions(...)

[coredata, statedata, onlinedata] = mpcToForces (mpcobj, options);

Two types of QP solvers can be generated via mpcToForces: a sparse solver that corresponds
to a multi-stage formulation as in Low-/evel interface and a dense solver that corresponds to
a one-stage QP with inequality constraints only.

The API of mpcToForces is described in more details in the tables below. The
mpcToForces command expects an MPC object mpcobj and a structure options generated
by mpcToForcesOptions as inputs.

Table 5.1: mpcToForces inputs
Input Description
mpcobj | LTI MPC controller designed by Model Predictive Control Toolbox
options | Object that provides solver generation options.

The outputs of mpcToForces consist of three structures coredata, statedata and onlinedata.
The FORCESPRO server generates two types of solvers:

- customForcesSparseQP when the option ‘sparse’ is set. An m file named customForcesS-
parseQP.m with the corresponding mex interface as well as the solver libraries and header
in the customForcesSparseQP folder. In this particular case (sparse), the name of the
solver can be set by users.

- customForcesDenseQP when the option ‘dense’ is set. An m file named customForces-
DenseQP.m with the corresponding mex interface as well as the solver libraries and
header in the customForcesDenseQP folder. In this particular case (dense), the solver
name cannot be changed by users.
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Table 5.2: mpcToForces outputs

Output Type Description

coredata Structure | Stores constant Store constant data needed to construct
guadratic progam at run-time

statedata Structure | Represents prediction model states and last optimal MV.
The index k stands for the current simulation time.

It contains 4 fields:

When built-in state estimation is used:

Plant is the estimated plant state x,[k|k — 1]

Disturbance is the estimated disturbance states z4[k|k — 1]
Noise is the estimated measurement noise states z,,[k|k — 1]
LastMove is the optimal manipulated variables at the previ-
ous sample time

In this case, users should not manually change any field at
run-time.

When custom state estimation is used:

Plant is the estimated plant state z, [k|k]

Disturbance is the estimated disturbance states z4[k|k]
Noise is the estimated noise states z, [k|k]

LastMove is the optimal manipulated variables at the previ-
ous solve

In this case, user should manually update Plant, Disturbance
(if used), Noise (if used) fields at run-time but leave LastMove
alone.

onlinedata | Structure | Represent online signals

It contains up to three fields:

signals, a structure containing following fields:

ref (references of Output Variables)

mvTarget (references of Manipulated Variables)

md (when Measured Disturbance is present)

ym (when using the built-in estimator)

externalMV (when UseExternalMV is true in the options ob-
ject)

weights, a structure containing the following fields:

v (when UseOnlineWeightOV is enabled)

u (when UseOnlineWeightMV is enabled)

du (when UseOnlineWeightMVRate is enabled)

ecr (when UseOnlineWeightECR is enabled)

constraints, a structure containing the following fields:
vmin (when UseOnlineConstraintOVMin is enabled)

vmax (when UseOnlineConstraintOVMax is enabled)

umin (when UseOnlineConstraintMVMin)

umax (when UseOnlineConstraintMVMax)

dumin (when UseOnlineConstraintMVRateMin)

dumax (when UseOnlineConstraintMVRateMax)

In order to provide the code-generation options to mpcToForces, the user needs to run the
command mpcToForcesOptions with one of the following two arguments as input:

- “dense” for generating the options of a one-stage dense QP solvers
- “sparse” for generating the options a multi-stage QP solver.

The structures provided by the mpcToForcesOptions command have the following MPC re-
lated fields in common between the “dense” and “sparse” case:

- SkipSolverGeneration. When set to True, only structures are returned. If set to False, a
solver mex interface is generated and the structures are returned. Default value is False.
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- UseOnlineWeightOV. When set to True, it allows Output Variables weights to vary at run
time. Default is False.

- UseOnlineWeightMV. When set to True, it allows Manipulated Variables weights to vary
at run time. Default is False.

- UseOnlineWeightMVRate. When set to True, it allows weights on the Manipulated Vari-
ables rates to vary at run time. Default is False.

- UseOnlineWeightECR. When set to True, it allows weights on the ECR to change at run
time. Default is False.

- UseOnlineConstraintOVMax. When set to True, it allows updating the upper bounds on
Output Variables at run time. Default is False.

- UseOnlineConstraintOVMin. When set to True, it allows updating the lower bounds on
Output Variables at run time. Default is False.

- UseOnlineConstraintMVMax. When set to True, it allows updating the upper bounds on
Manipulated Variables at run time. Default is False.

- UseOnlineConstraintMVMin. When set to True, it allows updating the lower bounds on
Manipulated Variables at run time. Default is False.

- UseExternalMV. When set to True, the actual Manipulated Variable applied to the plant
at time k — 1 is provided as output. Default is False.

- UseMVTarget. When set to True, an MV reference signal is provided via the onlinedata
structure. In this case, MV weights should be positive for proper tracking. When false, the
MV reference is the nominal value by default and MV weights should be zero to avoid
unexpected behaviour. Default is False.

Both the “dense” and “sparse” options structures have the following solver related fields in
common:

- ForcesServer is the FORCESPRO server url. Default is forces.embotech.com.

- ForcesMaxlteration is the maximum number of iterations in a FORCESPRO solver. De-
fault value is 50.

- ForcesPrintLevel is the logging level of the FORCESPRO solver. If equal to 0, there is no
output. If equal to 1, a summary line is printed after each solve. If equal to 2, a summary
line is printed at every iteration. Default value is O.

- ForceslnitMethod is the initialization strategy used for the FORCESPRO interior point al-
gorithm. If equal to 0, the solver is cold-started. If equal to 1, a centered start is computed.
Default value is 1.

- ForcesMuO is the initial barrier parameter. It must be finite and positive. Its default value
is equal to 10. A small value close to 0.1 generally leads to faster convergence but may be
less reliable.

- ForcesTolerance is the tolerance on the infinity norm of the residuals of the inequality
constraints. It must be positive and finite. Its default value is 1075.

- ForcesTargetPlatform for choosing a target platform to deploy the solver. Currently,
dSpace, Speedgoat and BeagleBone-Blue are supported.

In the “sparse” solver case, there are four more fields:
- SolverName for customuzing the solver name.
- UseOnlineConstraintMVRateMax for setting MVRate upper bounds.
- UseOnlineConstraintMVRateMin for setting MVRate lower bounds.

- UseOneSlackVariablePerStep to enable one slack variable per prediction step.
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5.3 Solving a QP from MPC online data

Once a QP solver has been generated it can be used to solve online MPC problems via the
MATLAB command mpcmoveForces as follows

o

% the coredata, statedata and onlinedata structures are outputs of
—mpcToForces

[mv, statedata, info] = mpcmoveForces (coredata,statedata,onlinedata);

The outputs of the mpcmoveForces command are described below. In the table below n,,
denotes the number of manipulated variables, n, stands for the state dimension of the system
implemented in the MPC object, p is the prediction horizon and k is the current solve time
instant.

Table 5.3: mpcmoveForces outputs

Output Type Description

mv Vector of size nm | Optimal manipulated variables at current solve time
instant

statedata | Structure Initialized by mpcToForces

info Structure Information about the FORCES solve

Uopt is a p X n,, Matrix for the optimal manipulated
variables over the prediction horizon kto k+p—1
Yopt is a p x n, matrix for the optimal output variables
over the prediction horizon k+1tok+p

Xopt is a p x n, Matrix for the optimal state variables
over the prediction horizon k+1tok+p

Slack is a p x 1 vector of slack variables
Exitflagisthe FORCESPRO solve exit flag. If itis equal
to 1, an optimal solution has been found. If it is equal to
0, the maximum number of solver iterations has been
reached. A negative flag means that the solver failed
to find a feasible solution.

Iterations is the number of solver iterations upon
convergence or failure

Cost is the cost returned by the solver

5.4 Using the FORCESPRO MPC Simulink block

Both the FORCESPRO sparse and dense solvers can be used inside Simulink. The dense QP
formulation is usable from the shipped Simulink MPC controller block directly. For this, the
following steps are needed:

- Generate a custom dense FORCESPRO solver

options = mpcToForcesOptions ('dense');
mpcToForces (mpcobj, options);

- Set the following settings in the MPC object

mpcobj.Optimizer.CustomSolver = true;
mpcobj.Optimizer.CustomSolverCodeGen = true;

The FORCESPRO sparse QP solver is also available via the Model Predictive Control Toolbox
in Simulink. A dedicated block has been implemented for this purpose. All features of the
MATLAB plugin are available through this Simulink block, namely measured disturbances,
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external manipulated variables, references for manipulated variables, custom state estimation
as well as online weights and constraints. Configuring the block is done via the user interface
shown in Figure 51 below. Currently only the sparse QP solver can be used via the Simulink
API.

Block Parameters: FORCES MPC (Sparse QF) X
ForcesMPC_SparseQP (mask) (link)
Simulate MPC controller and generate code using FORCES QP solver.

In MATLAB, use the following commands to generate custom FORCES QP
solver from your MPC controller (mpcobj):

options = mpcToForcesOptions('sparse');

[coredata, statedata, onlinedata] = mpcToForces(mpcobj, options);
You can enable additional online features via the "options".

Afterwards, specify "coredata” and "statedata” in the block dialog and enable
additional input and output signals in the block that must be consistent with
"options”.

Parameters

Core Data [

Initial State Data |statedata [z

Additional Signal Configuration

Measured disturbance (md)

[ External manipulated variable (ext.mv)

[[] References for manipulated variables (mv.target)
State Estimation

[ use custom state estimation (x[k|k])

Online Constraints

[C] Lower OV Limits (ymin) ] Upper OV Limits (ymax)

] Lower MV Limits (umin) [J Upper MV Limits (umax)

[ Lower MVRate Limits (dumin) [ Upper MvRate Limits (dumax)
Online Weights

OV Weights (y.wt) ] Mv Weights (u.wt)

MVRate Weights (du.wt) Slack Variable Weight (ecr.wt)

Additional Output Signals

[] optimal cost (cost) [J Optimal control sequence (mv.seq)
] optimization status (qp.status) [ Optimal state sequence (x.seq)

[] Estimated current states (est.state) [] Optimal output sequence (y.seq)

Cancel Help Apply

Figure 5.1: FORCESPRO MPC block configuration window

In order to run a simulation using the FORCESPRO Simulink block, a solver first needs to be
generated via the following code for instance:

%% Generate FORCESPRO sparse QP solver

options = mpcToForcesOptions ('sparse');

For this example we need to specify that online weights on the outputs,
the input rates and the ECR slacks are used

options.UseOnlineWeightOV = true;

options.UseOnlineWeightMVRate = true;

options.UseOnlineWeightECR = true;

[coredata, statedata, onlinedata] = mpcToForces (mpcobj, options);

o o

The structures coredata and statedata needed by the FORCESPRO solver are then provided
to the Simulink block via the window shown in Figure 5.1.

- coredata is the variable name of the core data structure generated by mpcToForces in
the base workspace.
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- Initial state data is the variable name of the state data structure generated by mpcTo-
Forces in the base workspace. The user is expected to populate this structure with initial
states of the plant and disturbances.

- md checkbox should be selected if MD channels exist in the MPC object.

- x[klk] checkbox needs to be selected for using a custom state estimator.

- Optional outputs provide more information. It is recommended to monitor the gp.status

port to check whether the MPC block produces a feasible solution.

The integration of the FORCESPRO MPC block in a Simulink model is shown in Figure 52

below.
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Figure 52: Simulink model illustrating the integration of the FORCESPRO MPC block

The Simulink model can be run either by clicking on the rRun button in Simulink or from
MATLAB using the sim command.

o

sim(mdl) ;

% Start simulation.
mdl = 'forcesmpc_onlinetuning';
open_system(mdl) ;

% Open Simulink (R)
% Start Simulation

Finally, the FORCESPRO MPC block is available via the Library browser once the user has
updated his client to the latest version of FORCES, as shown in Figure 5.3 below.

28 Simulink Library Browser
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Figure 5.3: FORCESPRO MPC block in the library browser
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5.5 Deploy to dSpace MicroAutoBox Il using the FORCESPRO
MPC Simulink block

The FORCESPRO sparse solvers can be used inside Simulink to deploy to dSpace MicroAuto-
Box Il. All features of the MATLAB plugin are available through this Simulink block, namely
measured disturbances, external manipulated variables, references for manipulated variables,
custom state estimation as well as online weights and constraints. Configuring the block is
done via the user interface shown in Figure 5.4 below.

Block Parameters: FORCES MPC (Sparse QF) X
ForcesMPC_SparseQP (mask) (link)
Simulate MPC controller and generate code using FORCES QP solver.

In MATLAB, use the following commands to generate custom FORCES QP
solver from your MPC controller (mpcobj):

options = mpcToForcesOptions('sparse');

[coredata, statedata, onlinedata] = mpcToForces(mpcobj, options);
You can enable additional online features via the "options".

Afterwards, specify "coredata” and "statedata” in the block dialog and enable
additional input and output signals in the block that must be consistent with
"options".

Parameters

Core Data |:

Initial State Data |statedata [:

Additional Signal Configuration

Measured disturbance (md)

[] External manipulated variable (ext.mv)

[ References for manipulated variables (mv.target)
State Estimation

[] Use custom state estimation (x[k|k])

Online Constraints

] Lower OV Limits (ymin) [J Upper OV Limits (ymax)

] Lower Mv Limits (umin) [J upper M Limits (umax)

[] Lower MvRate Limits (dumin) [ Upper MvRate Limits (dumax)
Online Weights

OV Weights (y.wt) [ Mv weights {u.wt)

MVRate Weights (du.wt) Slack Vvariable Weight (ecr.wt)

Additional Output Signals
[[] optimal cost (cost) [ optimal control sequence (mv.seq)
] optimization status (qp.status) [J Optimal state sequence (x.seq)

[] Estimated current states (est.state) [] Optimal output sequence (y.seq)

Cancel Help Apply

Figure 5.4: FORCES MPC block configuration

1) In order to run an MPC simulation in dSPACE using the FORCESPRO block, a solver first
needs to be generated via the following code:

%% Generate FORCESPRO sparse QP solver

options = mpcToForcesOptions ('sparse');

For this example we need to specify that online weights on the outputs,
the input rates and the ECR slacks are used

o\° o

(continues on next page)
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(continued from previous page)

options.UseOnlineWeightOV = true;
options.UseOnlineWeightMVRate = true;
options.UseOnlineWeightECR = true;
options.ForcesTargetPlatform = 'dSPACE-MABII';

[coredata, statedata, onlinedata] = mpcToForces (mpcobj, options);

2) Note that the option ForcesTargetPlatform needs to be specified. The structures core-

data and statedata needed by the FORCESPRO solver are then provided to the Simulink
block via the window shown in Figure 5.4. The integration of the FORCESPRO MPC block
in a Simulink model is shown in Figure 5.5 below.

L

—s
[{ma ForcEs MPC ¥ st
b = H—0)
i
a
—g
=]

Figure 5.5: FORCESPRO MPC block integration in a Simulink model

When creating the Simulink Model, in the Configurations, in the “Code Generation” tab,
set the options (see Figure 5.6 below):

- System target file: rti1401.tlc

- Language: C

- Generate makefile: On

- Template makefile: rti1401.tmf

- Make command: make_rti

L x® 392

1)

The Simulink model can be used for Code Generation from MATLAB in the usual way.

)

% Start Code Generation.

mdl = 'forcesmpc_onlinetuning_dSpace_MicroAutoBoxII';
open_system(mdl) ; Open Simulink (R) Model
load_system(mdl) ; Load Simulink (R) Model
rtwbuild (mdl) ; Start Code Generation

o°

o\

o

After code generation the dspace compiler (Microtec PowerPC) generated files to use to
run your model on the MicroAutoBox Il (see Figure 5.7).

Open dSpace Control Desk and select create new project (see Figure 5.8).
Name the project and the experiment (see Figure 5.9 and Figure 5.10).
Select the platform to which you will deploy the generated executable (see Figure 5.11).

Import the variable description file forcesmpc_onlinetuning_dSpace_MicroAutoBoxII.
sdf in order to have access to the model variables and see the results of the execution
(see Figure 5.12 and Figure 513).

Click Finish to create the project (see Figure 5.14).

On the project layout select the tab Vvariables and on the
forcesmpc_onlinetuning_dSpace_MicroAutoBoxII category expand Model Root
(see Figure 5.15).
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&4 Configuration Parameters: dspace_high/Cenfiguration (Active) - ] X
Solver Target selection
Data Import/Export .
» Optimization System target file: Jrti1401.tc Eo_wse_...__
» Diagnostics Language: hd
giwars implementation Description: dSPACE DS1401 Hardware Platform
Maodel Referencing
Simulation Target Build process
Code Generation
Report | | Generate code only
Comments Package code and artifacts Zip file name:
Symbols )
Custom Code Makefile configuration
Interface | Generate makefile |
RTI simulation options
- P - Template makefile: L1401 tmf
RTI general build options
RTI load options Make 00”1"”3“5'3
RTI variable description fil...
Code generation objectives
Select objective: |Unspecified | -
Check model before generating code: | Off | hd Check Model...

Figure 5.6: Configure Code Generation for dSPACE MicroAutoBox Il

12) Select FORCES MPC (Sparse QP) and Drag & Drop all the output variables together to
the Layout. In the opened menu select Time Plotter (see Figure 516).

13) Drag & Drop the output variables again and now choose Display (see Figure 5.17).

14) To see all the plots concurrently right-click on the left of the Y-axis and select
YAxes-view> Horizontal stacked (see Figure 518).

15) Select the Platforms/Devices tab. Right-Click on your platform and
select Real-Time Application> Load. Choose the executable file
forcesmpc_onlinetuning_dSpace_MicroAutoBoxII.ppc (see Figure 519 and Fig-
ure 5.20).

16) Select Go Online and Start Measuring to see the results. (see Figure 5.21 and Figure
522).

5.6 Examples

The plugin comes with several examples to demonstrate its functionalities and flexibility.

You can find the MATLAB code of this example to try them out for yourself in the examples/
matlab/mpc-toolbox-plugin/linearModels folder that comes with your client.

The packaged examples are the following ones:

- forcesmpc_cstr.m is a linear time-invariant (LTI) MPC example with unmeasured out-
puts. It also shows how to use the MATLAB Coder for generating and running mpcmove-
Forces as a mex interface, which results in lower simulation times.
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Current Folder

Mame -

fﬂ simulateMpcForces.m

BE‘ nomConditionsLinearize.mat
ﬂ forcesmpe_targets.m
ﬂ forcesmpe_simplelti.m
" forcesmpec_run_onlinetuning_dSpace_MicroAutoBox|l.m

forcesmpe_run_onlinetuning.m

dSpace generated files

ﬂ forcesmpe_preview.m
] forcesmpe_onlinetuning_dSpace_MicroAutoBox!l_usr.mk

wfu:urcesmpc_u:unlinetuning_dSpace_Micru:uAutu:uEu:uxII_usr.c
|_1 forcesmpc_onlinetuning_dSpace_MicrofutoBoxll.trz
||_1 fnrcesmpc.nnlfnetun!nci dSeace M!chAutDEDxII.trc |
[*&| forcesmpe_onlinetuning_dSpace_MicroAutoBoxll.shk

|_1 forcesmpe_onlinetuning_dSpace_MicrofutoBox|l.ppeo.srec
|_1 forcesmpc_onlinetuning_dSpace_MicrofutoBoxll.ppc.hex
|j forcesmpe_onlinetuning_dSpace_MicrofutoBoxll.ppc

B forcesmpe_onlinetuning_dSpace_MicroAutoBoxll.map

| ] forcesmpe onlinetuning dSpace MicroAutoBoxIl.dsbuildinfo

[ [] forcesmpc onlinetuning dspace microautoboxii.sdf |
|*&| forcesmpe_onlinetuning.sh
= forcesmpc_motor.m
ﬂ forcesmpe_miso.m
ﬂ forcesmpe_linearize.m
= forcesmpe_customgp.rm
ﬂ forcesmpe_cstr_codegen.m
ﬂ forcesmpe_cstr.m
[# customForcesSparseQP_py.py
|j customForcesSparseQP_mex_compiler_warnings.tct
ﬂ custormForcesSparseQP mexwtd
= custormForcesSparseQP.m
|j 47f8c3d7bbd43ebl eabdfi5f2e2f33fb forces
slpr
fu:ru:EEmpu:_u:nIinr:tuning_u:lSpau:E_Miu:ru:-'i'«utchxII_rti'I:lD'II Code Generation Files
IZLIEtl:r'I'IFCFT:EESparEEGF'I EORCES solver

= [

forcesmpe_run_onlinetuning_dSpace_MicrofutoBoxIlm (Script) ~

Figure 5.7: The generated files from the Simulink Code Generation
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BE9 -5
Home Layouting Signal Editor XIL API EESPort Automation Platforms View
a3 & a < 3 .| = =51 | @ startimmediate £ Invoke Trigger
R v ¥ i :L © O @ start Triggered = 47 Trigger Rules
P | fime Measiring Measuning Offime | urtor | pager ‘Fape> | @l stop Recoraing ~ ke save Butrer
Clipboard Status Control Recording
Project = % X| | ¥415tart Page x

/¥ Set Bookmarks
b7 Edit Bookmarks
B Find Bookmark

Bookmark L

&

22 g Snapshot -

Refresh Values

Calibration

ControlDesk Project: - Experiment: -

Propesed Calibration ™

T Start Page

v Project + Bxperiment

B Open Project + Experiment.
B Open Fie or Project.

Recert

Project Name Experiment Name
Close page after project has loaded

‘Show page on startup

=]
Embedded Success dSPACE

Basic Practices

Familiarizes you with fundamental use cases and
provides instructions on general work with ControlDesk ,
such as data acquisition

Introduction to ControlDesk:

Basic Practices

Measurement and Recording Tutorial

Tutoral Vidzos

Figure 5.8: Start a new project

Define a Project

Perform these steps:
Define a Project

Mame of the project:

Define an Experiment
Add Platform / Device
Select Variable Description (421, DBC, SDF, ..}

> |

Select ECL Image File (hex. mat, 519, )

First a project must be spedfied to hold an experiment. You can create a new project or select an
existing project.
If you dick Finish at this point, only the project structure is created (no experiment is added).

< Back

Finish Cancel

Figure 5.9: Name your project
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Define an Experiment O X
Perform these steps: Mame of the experiment:
Define a Project || OnlineTuning_MicroAutoBoxI] |
Define an Experiment
Add Platform / Device Experiments already contained in the project:
Select Variable Description (A2L, DBC, SDF, ..) - Project does not yet exist -
Select ECU Image File (hex, mot, 195, ...)
Specify the name of the new experiment.
If you dick Finish at this point, only the experiment structure is created.
< Back Meat = Finish Cancel Help
|
Figure 510: Name your experiment
Add Platform / Device O X
Perform these steps: Platform/device name:
Define a Project Platform

Define an Experiment
Add Platform / Device

Select Variable Description (421, DBC, SDF, )

Select ECLI Image File (hex, mot, £15, ...)

Supported Platform Device Types
D51104 R&D Controller Board
051202 MicroLabBox

Available PlatformsDevices
e —
A —

| MicroAutoBox

ds1401 («1p Address>

) | M.

j," Multiprocessor System
SCALEXIO
VEOS
¥IL APT MAPort

Mame displayed in experiment

|F‘Iaﬂ'om'| [Micro AutoBox, assigned to 'ds14017]

Specify your platform/device here. You can either create a new one or select an existing one

from the project.

< Back Next >

Finizh Cancel Help

Figure 5.11: Select the MicroAutoBox platform
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Select Variable Description (A2L, DBC, SDF, ...} O X
Perform these steps:
Define a Project I Import from file ... |
Define an Experiment
Add Platform / Device
Select Variable Description (A2L, DBC, SDF, ...)
Select ECL Image File (hex. mat, =159, ]
< Back Mext = Finish Cancel Help
3
Figure 5.12: Import the variable description file
] :’, Select Variable Description (A2L, DBC, SDF, ...) x
Lok in: | APHmpctoclbox V‘ (<} = '| bt
* Mame - Date modified Type Size
customForcesSparseQP 03/12/2019 14:03 File folder
Quick access forcesmpe_onlinetuning_dSpace_MicroAutoBoxl_rti1401 03/12/2019 14:04 File folder
slprj 03/12/2019 14:04 File folder
- Ij forcesmpe_onlinetuning_dspace_micreautoboxii.sdf 03/12/2019 14:04 SDF File 1KB
Desktop
m
Libraries
This PC
Network
il name forcesmp_onlinetuning_dspace_microautoboxi sdf ~| [Toeen ]
Files of type: Variable Description Files (".sdf:) ~ Cancel

Figure 5.13: Select the sdf file with the variables description
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Select Variable Description (A2L, DBC, SDF, ...

Perform these steps:

Define a Project

Define an Experiment

Add Platform / Device

Select Variable Description (A2L, DBC, SDF, ...)
Select ECU Image File [hex, mat, 519, ]

forcesmpe_onlinetuning

dspace_microautob

File name:

forcesmpe_onlinetuning_dspace_microautoboii sdi

File path:  C:\Users\Embotech*Desktop ' APl-mpcoolbox
File date: 20151203 13:04:33 (UTC)
File type:  sdf
< >
<Back Nei> | Fnsh | | Cancel | | Hep
Figure 5.14: Click Finish to create the project
No Filter - (7R . Search or fiter variable by Varisble  ~ [Ja[M [ W .
Group Descrption Favorite Var Cor Wariable - Block Platform/Device

4 [{1 All'Variable Descriptions
4 [¥) forcesmpe_onlinetuning_..

Task Info

Model Root

[@ Tunable Parameters

@l State Machine Data

[@] RTT Dynamic Variables

> @) KILAPI

No filter is active

[ImPIatforms_e‘DevicesI_% Messages] I[m] Variables] |

Figure 5.15: Find the model root in the variables tab
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[ Experiment Layouts

(] Hardware Configurations

4 73 Platform [MicroAutoBox, assigned to 'ds1401°]
(5] forcesmpc_onlinetuning_dspace_microautoboxiisdf

N

[ Measurement Data
[ Reports

(1 Python Seripts

[ Signal Generators
(1 XIL API EESPorts

Time Plotter

Bar
Display

Gauge

Knob
Numeric Input
Slider

Table Editor
Variable Array

Don't show Drop-List again

Variables

No Filter - R

Group Description

by Variable  ~ [f ® -

“ [§) forcesmpe_onlinetuning_dspace_m.
60 Task Info
4 [l Model Root
[E] Constant

Variable Block Platform/Device

Description

Unit

[ FrominWorkspace

@ Frominlorkspace3
@ Input
&

el FORCES MPC (Sparse QF)

Tl LTI System
[@ RTlData

Figure 5.16: Add the variables as plots

‘ariables

(& NeFier - s by Varsble b/t W R .

Group Description Favorite  Var Car Variable Block Platform/Device /

&

|w
@
i

Time Plotter

Bar

23 Display

Gauge
Knob
Numeric Input
Slider

Table Editor
Variable Array

Don't show Drop-List again

Descrgtion Uit Type
[ forcesmpe_onlinetuning_dspace_m <] me v FORCES MPC (Sparse @ Platform Double 64 bit

(@ Task Info 0] FORCES MPC (Sparse (. | Platiorm ||

# @ Model Root FORCESMPC(Sparse Q. [Plaion | [ [Doweotti | |

] Constant FORCESMPC(SparseQ [Platom | |  [bowestst | |

B From

@] Fromniworkspacs3

& Input

[ Outputs/References

[}l FORCES MPC (Sparse GF)
&l LTI System

Figure 517: Add the variables as displays
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Rescale

Scaling mode T 1 T 1 1 1 1 L
Tic Format

Delete leeecnnaca|=

Yhxes view Vertical fiwed 5
Vertical scroll 5

Horizontal stacked S

Settings

Rescale all axes

Figure 5.18: Select to show all the signals on the same plot with their own Y-axes

“#  Properties
& Register Platforms...
Manage Recent Platform Configuration...
4 Refresh Platform Configuration
Platforms/Di
atfonmyDevices B Create Support Info I
Name R
l . k S Assembly View
R]g ht'C IC - _}H Real-Time Application 3 |
e ] D - T
ADC_TYPE4 M1
ST Clear Flash... S
AIO_TYPE1_M1 e
CAN_TYPE1_2 Update Firmware... (3 Reload to Flash
CAN_TYPE1_M1/SERAIN Explare to USB Flight Recorder...
CAN_TYPE1_M2/SER/LIN Set MicroAutoBox System Time...
. 0 TYPF4 M1 L
R Platforms/De EJ Messages | [ (i Variables Expand
Collapse

Figure 5.19: Load the application on the dSPACE MicroAutoBox Il

T Select Real-Time Application X
Look in: ‘ APlmpc-oolbax vl e 2 o | &
~
237 Name Date modified Type Size
customForcesSparseQP 03/12/2019 14:03 File folder
Quick access farcesmpe_onlinetuning_dSpace_MicroAutoBoxdl_rti1401 03/12/2019 14:04 File folder
z slprj 03/12/2019 14:04 File folder
| | forcesmpe_onlinetuning_dSpace_MicroAutoBouxl.ppc 03/12/2019 14:04 PPC File 8,465 KB
Desktop | forcesmpe_onlinetuning_dspace_microautoboxii.sdf 03/12/2019 14:04 SDF File 1KB
Libraries
This PC
Network
File name: forcesmpe_onlinetuning_dSpace_MicroAuto BaxIl.ppe V| | | Open I
Files of type Real-Time Application Files (* ppc.” sdf) ~ Cancel

Figure 5.20: Select the executable to run the experiment
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Home Layouting Signal Editar XIL APl EESPort Automation Platforms View
F ’ ;q, ﬁ Start Immediate ™ f @ Proposed Calibration ™
v - - @ Start Triggered = 41 Trigger Rules A7 Edit Bookmarks Refresh Values
Go Start Time | Refere . Data -
Online |Measuring line | Cursor A Find Bookmark | ep;- [ Snapshot
Clipboarc Contra Recording Bookma T Calibration
Project - N.lLa)'cut‘I NngycutE p.i;La}-cuB" ®
Figure 5.21: Buttons Go Online and Start Measuring to receive execution results
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Figure 5.22: Plots and results from experiment on dSPACE MicroAutoBox Il

- forcesmpc_targets.m is an LTI MPC example with a reference on one manipulated
variables

- forcesmpc_preview.mis an LTI MPC example with previewing on the output reference
and the measured disturbance

- forcesmpc_motor.mis an LTI MPC example with state and input constraints

- forcesmpc_miso.misan LTI MPC example with one measured output, one manipulated
variable, one measured disturbance, and one unmeasured disturbance

- forcesmpc_simplelti.m demonstrates a simple LTI MPC designed

- forcesmpc_linearize.m is an example of linear MPC around an operating point of a
nonlinear system.

- forcesmpc_customgp .mshows how to use the FORCESPRO dense QP solver as a custom
solver in an MPC object

- forcesmpc_run_onlinetuning.m demonstrates how to run the MPC Simulink block.

- forcesmpc_run_onlinetuning_dSpace_MicroAutoBoxII.m demonstrates how to

generate code for dSpace MicroAutoBox Il using the MPC Simulink block.

The forcesmpc_linearize.mexample is described in more details below. First, the linearized
model and the operating point are loaded from a MAT file.

%% Load plant model linearized at its nominal operating point (x0, u0O, yO0)
(l

load('nomConditionsLinearize.mat');

An MPC controller object is then created with a prediction horizon of length p = 20, a control
horizon m = 3 and a sampling period T, = 0.1 seconds as explained here.
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o\

Design MPC Controller
Create an MPC controller object with a specified sample time |Ts]|,

o° o o°

prediction horizon |p|, and control horizon |m].
Ts = 0.1;
p = 20;
m = 3;

mpcobj = mpc(plant,Ts,p,m);

Nominal values need to be set in the MPC object.

% Set the nominal values in the controller.
mpcobj.Model.Nominal = struct('X',x0,'U',ul0,'Y"',y0);

Constraints are set on the manipulated variables and an output reference signal is provided.

% Set the manipulated variable constraint.
mpcobj.MV.Max = 0.2;

% Specify the reference value for the output signal.
r0 = 1.5%y0;

From the MPC object and a structure of options, a FORCESPRO solver can be generated.

% Create options structure for the FORCESPRO sparse QP solver
options = mpcToForcesOptions () ;

% Generates the FORCESPRO QP solver

[coredata, statedata, onlinedata] = mpcToForces (mpcobj, options);

Once a reference signal has been constructed, the simulation can be run

mpcmoveForces.

using

for t = 1:Tf
% A measurement noise is simulated

—0.01 » randn;
% Prepare inputs of mpcmoveForces
onlinedata.signals.ref = r(t:min (t+mpcobj.PredictionHorizon-1,Tf), :);
onlinedata.signals.ym = Y(:, t);
% Call FORCESPRO solver

if info.ExitFlag < 0
warning ('Internal problem in FORCESPRO solver');

Y(:, t) = dPlant.C * (X(:, t) - x0) + dPlant.D * (U(:, t) - u0) + y0 +

[mv, statedata, info] = mpcmoveForces (coredata, statedata, onlinedata);

end

U(:, t) = mv;

X(:, t+1l) = dPlant.A % (X(:, t) - x0) + dPlant.B * (U(:, t) - ul0) + x0;
end

The resulting input and output signals are shown in Figure Figure 5.23 and Figure Figure 5.24

respectively.
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Figure 5.23: Manipulated variable computed by the FORCESPRO plugin.
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Figure 5.24: Output variable computed by the FORCESPRO plugin.
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Chapter 6

MathWorks Nonlinear MPC Plugin

6.1 Introduction

As a result of a long-term collaboration, MathWorks Inc. and Embotech AG have extended the
Model Predictive Control Toolbox™ with a plugin for the FORCESPRO nonlinear solvers. Users
are now able to use the FORCESPRO nonlinear interior-point (IP) and sequential quadratic
programming (SQP) solvers in MATLAB® and Simulink® from within the MATLAB® Model
Predictive Control Toolbox within the nonlinear MPC API. This plugin leverages the powerful
design capabilities of the Model Predictive Control Toolbox™ and the computational perfor-
mance of FORCESPRO. FORCESPRO extends the Model Predictive Control Toolbox with code-
generated IP and SQP solvers that are not based on finite-difference derivatives computation,
resulting in faster convergence. Thanks to FORCESPRO, the nonlinear APl now comes with
two classes of nonlinear solvers compatible with code generation that can be deployed to
various real-time targets.

The FORCESPRO nonlinear MPC plugin consists of the following two APl methods, which are
covered in details later:

- nlmpcToForces generates a FORCESPRO nonlinear solver from a nonlinear MPC (NMPC)
object designed by the Model Predictive Control Toolbox

- nlmpcmoveForces calls the generated solver on a specific NMPC problem instance

The nonlinear plugin also comes with a Simulink® library that enables users to run the FORCE-
SPRO solvers from within their Simulink® models. It is compatible with MATLAB R2020a and
R2020b.

This interface is provided with Variant L and partially with Variant M of FORCESPRO.

6.2 Defining a nonlinear model

In order to call the FORCESPRO code generation, a nonlinear MPC object needs to be built
from a Model object. The process is essentially the same as the one described here. The model
dynamics and output functions need to be provided as MATLAB functions via the properties
Model StateFcn and Model.OutputFcn of a nonlinear MPC object. However one should note
that the FORCESPRO code generation ignores the jacobian functions that may be provided in
Jacobian.StateFcn and Jacobian.OutputFcn, since these will be automatically generated by
the automatic differentiation tool CasADi. Moreover, the following requirements on the fields
Model.StateFcn and Model OutputFcn need to be fulfilled for the plugin to work seamlessly:

- they must be the name of a function file, not an anonymous functions

- they must be compatible with MATLAB code generation
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- they must follow CasADi coding conventions. Most importantly, the state
derivative dxdt has to be built explicitly, as shown below.

dxdt = [expression; expression; ...]

As a word of caution, the following code snippet will result in an undesired behaviour from
CasADL.

dxdt = x; % Do not write this, CasADI takes it as reference !
dxdt (1,1) = al*x(1l) + a2+x(2) + blxu(2);

dxdt (2,1) = a3*x (1) + ad»x(2) + b2xu(2);

dxdt (3,1) = x(2)*x(1) + x(4);

dxdt (4,1) = (1/tau)*(-x(4) + u(l));

dxdt (5,1) = x(1) + x(3)*x(6);

dxdt (6,1) = x(2) — 0*x(3);

FORCESPRO calls the model functions from its own objects, which follow an assigment by
reference convention, hence the assignement dxdt = x is made by reference. This implies that
updating dxdt also changes x, which builds the wrong symbolic dynamics.

If the model contains a parameter, it must be a single vector parameter. In other words,
users need to set nlobjModel.NumberOfParameters = 1 and at run-time write online-
data.Parameter = value where value is a column vector.

6.3 Generating an NLP solver from an “nlmpc” object

The MATLAB nonlinear MPC API can now be set to use the FORCESPRO code generation.
The main difference compared to the existing nonlinear MPC from The MathWorks based on
the fmincon solver from the Optimization Toolbox is a code generation step that takes the
nonlinear MPC object as argument. This is needed in order to build a mex interface for a
FORCESPRO nonlinear solver that is customized to the model provided by the user.

Given an NLMPC object created by the nImpc command, users can generate an IP or SQP
nonlinear solver tailored to their specific problem via the following command:

o°

nlobj is the output of nlmpc(...)
options is the output of nlmpcToForcesOptions(...)

o\

[coredata, onlinedata] = nlmpcToForces (nlobj, options);

Two types of nonlinear solvers can be generated via nlmpcToForces: a nonlinear interior-point
solver and a sequential quadratic programming solver whose features are covered in details
in Sequential quadratic programming algorithm.

The nlmpcToForces API is described in more details in the tables below. The nlmpcToForces
command expects an NLMPC object nlobj and a structure options as arguments. Is also has
a few limitations as it currently does not support custom cost and constraints. It also requires
double precision.

Table 6.1: nlmpcToForces arguments

Input Description
nlobj NMPC object constructed by Model Predictive Control Toolbox (see here)
options | Object that provides solver generation options.

The outputs of nlmpcToForces consist of two structures coredata, a structure containing the
constant NLMPC information used by nImpcmoveForces and onlinedata, a structure that
allows you to specify online signals such as x, lastMV, ref, MVVTarget, md as well as weights or
bounds used by nImpcmoveForces.
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In order to provide the solver options to nlmpcToForces, the user needs to run the command
nlmpcToForcesOptions. The options structure contains the following fields:

- SolverName. This is the solver name used by MEX and C files. Its default value is
myForcesNLPSolver.

- SolverType. This option specifies which FORCES nonlinear programming solver to use.
Its default value is InteriorPoint. To use the FORCESPRO SQP algorithm set the value
to sQp.

- SkipSolverGeneration. This option indicates whether nlmpcToForces should generate
the custom NLP solver. When true, nlmpcToForces will return structures without regen-
erating the MEX and C files. Its default value is false.

- Server. This option specifies the FORCES server address for remote solver generation. Its
default value is https://forces.embotech.com.

- PrintLevel. This option specifies the amount of information displayed in the solver log.
- 0: no output will be written
- 1: summary line of each solve
- 2: summary line of each iteration
Its default value is 0.

- IntegrationNodes. This option specifies the the number of intermediate points between
t and t + T's during numerical integration of a continuous time model. Use larger values
when the plant is stiff at the price of computational efficiency. Its default value is 1. The
approach used here is refered to as direct multiple shooting.

- x0. This option is used to create initial guess of optimal state trajectory at cold start. It
must be a column vector of nx-by-1. The typical value should be the initial state of the
prediction model. If it is left empty, zeros will be used for cold start. Its default value is [].

- mvO. This option is used to create initial guess of optimal manipulated variable trajectory
at cold start. It must be a column vector of nmv-by-1. The typical value should be the last
known control action. If it is left empty, zeros will be used for cold start.

- Parameter. This option should be specified if the prediction model has a parameter. It
must be a column-vector and it can be updated at run-time. Its default value is false.

- UseMVTarget. This option enables/disables MV reference signal. When equal to true, the
MV reference signal is provided via the onlinedata structure. In this case, MV weights
should be positive for proper tracking. When equal to false, the MV reference is O by
default. In this case, MV weights should be zero to avoid unexpected behavior. Default
value is false.

- UseOnlineWeightOV. This option enables/disables online OV weight change. When equal
to true, OV weight needs to be provided via onlinedata structure. Its default value is
false.

- UseOnlineWeightMV. This option enables/disables online MV weight change. When
equal to true, MV weight needs to be provided via onlinedata structure. Its default
value is false.

- UseOnlineWeightMVRate. This option enables/disables online MVRate weight change.
When equal to true, MVRate weight needs to be provided via onlinedata structure. Its
default value is false.

- UseOnlineWeightECR. This field enables/disables online ECR weight change. When
equal to true, ECR weight needs to be provided via onlinedata structure. Its default
value is false.

- UseOnlineConstraintStateMax. This option enables/disables online state upper bound
change. When equal to true, state upper bound needs to be provided via onlinedata
structure. Its default value is false.
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. UseOnlineConstraintStateMin. This field enables/disables online state lower bound
change. When equal to true, state lower bound needs to be provided via onlinedata
structure. Its default value is false.

- UseOnlineConstraintOVMax. This field enables/disables online OV upper bound change.
When equal to true, OV upper bound needs to be provided via the onlinedata structure.
Its default value is false.

- UseOnlineConstraintOVMin.  This option enables/disables online OV lower bound
change. When equal to true, OV lower bound needs to be provided via the onlinedata
structure. Its default value is false.

- UseOnlineConstraintMVMax. This field enables/disables online MV upper bound change.
When equal to true, MV upper bound needs to be provided via the onlinedata structure.
Its default value is false.

- UseOnlineConstraintMVMin. This field enables/disables online MV lower bound change.
When equal to true, MV lower bound needs to be provided via the onlinedata structure.
Its default value is false.

- UseOnlineConstraintMVRateMax. This option enables/disables online MVRate upper
bound change. When equal to true, MVRate upper bound needs to be provided via
the onlinedata structure. Its default value is false.

- UseOnlineConstraintMVRateMin. This option enables/disables online MVRate lower
bound change. When equal to true, MVRate lower bound needs to be provided via
the onlinedata structure. Its default value is false.

The following set of options are specific to the nonlinear interior point solver:

- IP_Maxlteration. This field specifies the maximum number of iterations in the interior
point solver. When the maximum number of iterations is reached (i.e. ExitFlag is 0), the
NLP solver aborts calculations and the result should be discarded. Default value is 200.

- IP_MuO. This field specifies initial barrier parameter. It must be positive and its default
value is 0.1.

- IP_BarrierStrategy. This option specifies the strategy used to update the barrier parame-
ter at every iteration of the nonlinear interior point solver. It needs to be either monotone
or logo. logo often leads to faster convergence, while monotone may help convergence
for difficult problems. Default value is loqo.

- IP_LinearSolver. This option sets the linear solver. It must be either normal_egs,
symm _indefinite, or symm _indefinite fast. With normal_eqs, the KKT system is solved
in normal equations form. With symm _indefinite, the KKT system is solved using block-
indefinite factorizations. With symm_indefinite fast, the KKT system is solved in sym-
metric indefinite form, using regularization and positive definite Cholesky factorizations
only. Default value is normal_egs.

- IP_EqualityTolerance. This option specifies the tolerance on the nonlinear equality con-
straints used by the nonlinear interior point solver. It must be positive. Default value is
10-S.

- IP_InequalityTolerance. This field specifies the tolerance on the nonlinear inequality con-
straints used by the interior-point solver. It needs to be positive and its default value is
1076,

- IP_StationarityTolerance. This option specifies the tolerance on the stationarity measure
used in the nonlinear interior point solver. It needs to be positive and its default value is
107°.

The following set of options are specific to the sequential quadratic programming solver:

- SQP_Maxlteration. This field specifies the maximum number of iterations used by the
inner QP solver. Its default value is 50.
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- SQP_MaxQPS. This enables the SQP solver to solve a fixed amount of quadratic approx-
imations at every call to the solver. In general, the more quadratic approximations are
solved, the more accurate control performance is achieved. The tradeoff is that the sol-
vetime also increases. The default value is 1.

- SQP_RegHessian. This field stands for the level of regularization of the hessian approxi-
mation. Increasing this parameter may help if the SQP solver returns exitflag —8 on your
problem. The default value is 5- 1077,

- SQP_EqualityTolerance. This option specifies the tolerance on the nonlinear equality
constraints. It must be positive and its default value is 1076.

- SQP_InequalityTolerance. This option specifies the tolerance on the linear inequality
constraints. It must be positive and its default value is 1075.

- SQP _StationarityTolerance. This field specifies the tolerance on stationarity. It must be

positive and its default value is 1072,

6.4 Simulation in MATLAB and Simulink

Once a FORCESPRO nonlinear solver has been generated by calling nlmpcToForces, optimal
control moves can be calculated in MATLAB by using nlmpcmoveForces. This APl method
expects a coredata structure as returned by nlmpcToForces as well as the other inputs de-
scribed in Table below.

Table 6.2: nlmpcmovefForces arguments

Input Description

coredata A structure containing the NLMPC settings. It is generated by the
nlmpcToForces method and used as a constant

X A n,-by-1 column vector, representing the current prediction model states

lastMV A nmuv-by-1 column vector, representing the control action applied to the
plant at the previous control interval

onlinedata | A structure containing information such as references, measured distur-
bances, online constraints and weights

The outputs of nlmpcmoveForces are described in the table below.

Table 6.3: nlmpcmoveForces outputs

Output Description

mv Optimal control moves computed by a FORCESPRO solver

onlinedata | A structure prepared by nlmpcmoveForces for the next control interval. The
x0 and mvO fields are populated as the initial guess to be used at the next
control interval

info A structure containing extra information about the solver run

6.5 Code generation in MATLAB and Simulink

The nlmpcmovefForces command can be turned into a MEX interface named nimpc-
move_<solvername> by means of the SkipSolverGeneration. If the option is set to true, then
no MEX interface is built by the MATLAB Coder. If it is set to false, then the nImpcmove MEX
interface is generated and compiled, which requires the MATLAB Coder.
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6.6 Examples

Two examples illustrating the FORCESPRO nimpc plugin are desribed below. The first example
is entirely run by a MATLAB script, whereas the second one is based on the FORCESPRO nlmpc
Simulink block.

6.6.1 Controlling a CSTR reactor
In this example we create a nonlinear MPC controller for a CSTR reactor using the MathWorks
Nonlinear MPC Plugin. The objective is to control the concentration C A of reagent A.

You can find the code of this example to try it out for yourself in the examples/matlab/
mpc-toolbox-plugin/nonlinearModels/nlmpc_cstr folder that comes with your FORCE-
SPRO client.

Click here for a detailed description of the model. The state of our plant will be denoted by =z,
while our control input will be denoted by w.

x1 : Reactor temparature (K)

. . k l
9 : Concentration of A in reactor tank ( gmo >

m3

uy : Jacket coolant temperature (K)

) o k [
uy : Concentration of A in inlet feed stream ( gmo )

m3

us : Inlet feed stream temperature (K)

The system dynamics are given by the following first order differential equation

a1 = (ug — 1) + 0.3 (g — 1) + 11.92 - 27944640 - exp(=222414) . 4y
g = (ug — x3) — 27944640 - exp(=382L14) 4y,

1

For the purpose of this demonstration the MATLAB function describing the state dynamics
will be denoted by exocstrStateFcnCT. Our output y is simply given by the concentration of
A:

Creating an NLMPC object

The MATLAB function implementing this output will be denoted by exocstrOutputFcn. With
the implemented exocstrStateFcnCT and exocstrOutputFcn MATLAB functions at hand we
can go ahead create our NLMPC object. The following code-snippet constructs the NLMPC
object and specifies our model.

nx = 2;

ny = 1;

nu = 3;

nlobj = nlmpc(nx,ny, 'MV',1, "MD", [2 31);
Ts = 0.5;

nlobj.Ts = Ts;
nlobj.PredictionHorizon =
nlobj.ControlHorizon = [2
nlobj.MV.RateMin = -5;

6;
2 21;

(continues on next page)
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(continued from previous page)

nlobj.MV.RateMax = 5;
nlobj.Model.StateFcn = 'exocstrStateFcnCT';
nlobj.Model.OutputFcn = 'exocstrOutputFcn';

Specifying solver options

The followowing specifies the code options specific to FORCESPRO’s MathWorks Nonlinear
MPC Plugin:

options = nlmpcToForcesOptions();
options.SolverName = 'CstrSolver';
options.SolverType = 'SQP';
options.IntegrationNodes = 5;
options.SQP_MaxQPS = 5;
options.SQP_MaxIteration = 500;
options.x0 = [311.2639; 8.5698];
options.mv0 = 298.15;

Generating the NLP solver

Once we have our NLMPC object and our options we can generate an NLP solver through the
nimpcToForces function:

[coredata, onlinedata] = nlmpcToForces (nlobj,options);

Calling the solver

This will generate our NLP solver named CstrSolver. We can call this solver in two different
ways:

- Through the generic nimpcmoveForces function which comes with the FORCESPRO
MathWorks Nonlinear MPC Plugin

- Or through the generated MEX function nimpcmove_ CstrSolver (the name of the MEX
is always “nlmpc_<solver name>"). In general it is advantagous from a performance per-
spective to use the MEX over the generic nlmpcmoveForces function.

Calling the NLP solver through the generic nlmpcmoveTofForces can be done as in the follow-
ing code-snippet:

onlinedata.md = [10 298.15];
[mv, onlinedata, info] = nlmpcmoveForces (coredata,x,mv,onlinedata);

And the MEX can be called as follows:

[mv, onlinedata, info] = nlmpcmove_CstrSolver (x,mv,onlinedata);

Results

The NLP solver generated through the above code-snippets were applied in a simulation for
200 seconds. As can be seen in the plots Figure 6.1, Figure 6.2 and Figure 6.3 the generated
solver succeeds in controlling the CSTR reactor with a very fast solvetime while the output
stays close to the reference.
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Figure 6.1: Cost as a function of time.
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Figure 6.2: Solve time as a function of simulation time.
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Figure 6.3: Concentration of A as a function of simulation time.

6.6.2 Lane following using the FORCESPRO nimpc block in Simulink

In this example, the use of the nimpc plugin in Simulink is described. The example consists
in making a vehicle follow a central line while keeping a user-specified velocity.

You can find the code of this example to try it out for yourself in the examples/

matlab/mpc-toolbox-plugin/nonlinearModels/lane_following folder that comes with
your FORCESPRO client.

Create an NLMPC object

An nlmpc object with measured and unmeasured disturance is first created.

nlobj = nlmpc(7,3, 'MV',[1 2],'MD',3,'UD"',4);

I

The NMPC controller sample time, prediction horizon and control horizon are then specified.

nlobj.Ts = Ts;
nlobj.PredictionHorizon = 10;
nlobj.ControlHorizon = 2;

The dynamics are provided as a function name.

’ nlobj.Model.StateFcn = 'LaneFollowingStateFcn'; ‘

The output variables returned by LaneFollowingOutputfcn are the longitudinal velocity, the
lateral deviation and the sum of the yaw angle and yaw angle output disturbance

’ nlobj.Model.OutputFcn = 'LaneFollowingOutputFcn'; ‘
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Bound constraints are set on the manipulated (input) variables.

nlobj.MV(1l) . .Min = -3; % Maximum acceleration 3 m/s”2
nlobj.MV (1) .Max = 3; % Minimum acceleration -3 m/s”"2
nlobj.MV(2) .Min = -1.13; % Minimum steering angle -65
nlobj.MV(2).Max = 1.13; % Maximum steering angle 65

Scaling factors are incorporated on output and manipulated variables to optimize solver per-
formance.

nlobj.ovV(l).ScaleFactor = 15; % Typical value of longitudinal velocity
nlobj.0VvV(2).ScaleFactor = 0.5; % Range for lateral deviation
nlobj.oVvV(3) .ScaleFactor = 0.5; % Range for relative yaw angle
nlobj.MV (1) .ScaleFactor = 6; % Range of steering angle
nlobj.MV(2).ScaleFactor = 2.26; % Range of acceleration
nlobj.MD (1) .ScaleFactor = 0.2; % Range of Curvature

Weights on outputs and the rates of manipulated variables are set in the NLMPC object ob-
jective function.

nlobj.Weights.OutputVariables = [1 1 0];

oe

o
°
o
)

Penalize acceleration change more for smooth driving experience.
nlobj.Weights.ManipulatedvVariablesRate = [0.3 0.1];

A nonlinear interior-point FORCESPRO solver is generated from a customizable options struc-
ture.

options = nlmpcToForcesOptions();

% Set solver name

options.SolverName = 'LaneFollowSolver';

% Choose solver type 'InteriorPoint' or 'SQP'
options.SolverType = 'InteriorPoint';

% x0 and u0 are used to create a primal initial guess
options.x0 = x0;

options.mv0 = ul;

tm = tic;

[coredata, onlinedata] = nlmpcToForces (nlobj,options);

tBuild = toc (tm);

The FORCESPRO NLMPC Simulink block can then be used seamlessly. It is available in the
Simulink Library Browser in the Model Predictive Control Toolbox section, as shown in Figure
Figure 6.4.

In order to run the nonlinear interior-point solver, the coredata structure returned by nim-
pcToForces must be provided in the block mask, as shown in Figure Figure 6.5.

The Simulink model can finally be run using the sim command.

sim('LaneFollowingNMPC")

Results are shown in Figures Figure 6.6 and Figure 6.7.

Simulink Coder (R) enables users to generate an executable from the FORCESPRO NLMPC
block, so that it can be deployed for real-time applications.

6.6.3 Deploying the Lane Following Model on Speedgoat

The lane following model in Figure Figure 6.8 can be easily deployed on Speedgoat platforms
by means of the code below.
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Figure 6.7: Vehicle velocity.

% Choose Speedgoat x86 platform to run FORCESPRO solver

options.ForcesTargetPlatform =
options.x0 = x0;

options.mv0 = u0l;

% Generate FORCESPRO solver

tm = tic;

[coredata, onlinedata] =
tBuild = toc (tm);

o
°

o° o

Start code generation for Speedgoat x86
mdl = 'LaneFollowingNMPC_Speedgoat_x86"';
open_system(mdl) ;

load_system(mdl) ;

rtwbuild (mdl) ;

% Deploy application from the start

tg = slrt;

if (~strcmpi (tg.Application,
tg.unload();

'loader"))

end

tg.load(mdl) ;

% Execute application

tg.start ();

while (strcmpi (tg.Status,
pause (Ts) ;

'running'))

end

scopel = tg.getscope(l);
scope2 = tg.getscope(2);
scope3 = tg.getscope (3);

'Speedgoat—-x86";
% x0 and u0 are used to create a primal initial guess

nlmpcToForces (nlobj, options);

Open Simulink (R) Model
Load Simulink (R) Model
Start Code Generation

o oo o

All the files necessary to run this example can be downloaded here.
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Figure 6.8: Simulink Real-Time Lane Following model for Speedgoat deployment.
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Chapter 7

Low-level interface

FORCESPRO supports designing solvers and controllers via MATLAB and Python scripts. When
using the MATLAB client, a Simulink block is always created such that you can plug your
advanced formulation directly into your simulation models, or download it to a real-time target
platform.

The low-level interface gives advanced optimization users the full flexibility when designing
custom optimization solvers and MPC controllers based on non-standard formulations.

This interface is provided with all variants of FORCESPRO, starting with Variant S.

7.1 Supported problem class

The FORCESPRO low-level interface supports the class of convex multistage quadratically
constrained programs (QCQPs) of the form

L 1 —
minimize Z 5leszZ + fiTzi (separable objective)

subjectto Dz =¢ initial equality)

Ci_1zii1+ Dz = ¢ inter-stage equality)

2; < % lower bound)
Az < by polytopic inequalities)

(
(
(
2z < z; (upper bound)
(
(

2 Qipzi + L 2 S rig guadratic inequalities)

fort =1,..,N and k = 1,..., M. To obtain a solver for this optimization program using the
FORCESPRO client, you need to define all data in the problem, that is the matrices H;, A;,
Qi,j, D;, C; and the vectors z;, Z;, bi, L &, ik, ¢i, in @ MATLAB struct or Python dictionary, along
with the corresponding dimensions. The following steps will take you through this process.
Importantly, the matrices H; and @Q; ; should all be positive definite.

Note: FORCESPRO supports all problem data to be parametric, i.e. to be unknown at code
generation time. Read Section 11 to learn how to use parameters correctly.

In the following, we describe how to model a problem of the above form with FORCESPRO.
First make sure that the FORCESPRO client is on the MATLAB/Python path. See Section 3 for
more details on how to set up the MATLAB client and Section 3.3.

After the PYTHONPATH has been appropriately set up to include your FORCESPRO client
directory (see Section 3.3.3), Python users have to import the FORCESPRO module:

ol
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’import forcespro

7.2 Multistage struct

First, an empty struct/class has to be initialized, which contains all fields needed and initialises
matrices and vectors to empty matrices. The command

Matlab
Python

’stages = MultistageProblem(N) ;

’stages = forcespro.MultistagePoblem (N)

creates such an empty structure/class of length N. Once this structure/class has been created,
the corresponding matrices, vectors and dimensions can be set for each element of stages.

7.3 Dimensions

In order to define the dimensions of the stage variables z;, the number of lower and upper
bounds, the number of polytopic inequality constraints and the number of quadratic con-
straints use the following fields:

Matlab

Python

stages (i) .dims.n = ; % length of stage variable zi
stages (i) ..dims.r = ; % number of equality constraints
stages (i) .dims.1l = ; % number of lower bounds
stages (i) .dims.u = ; % number of upper bounds
stages (i) .dims.p = ; % number of polytopic constraints
stages (i) .dims.qg = ; % number of quadratic constraints

stages.dims
stages.dims
stages.dims
stages.dims
stages.dims
stages.dims

length of stage variable zi
number of equality constraints
number of lower bounds

number of upper bounds

number of polytopic constraints
number of quadratic constraints

H H H H H H

I S s S S

[
[
[
[
[
[

7.4 Cost function

The cost function is, for each stage, defined by the matrix H; and the vector f;. These can be
set by

Matlab

Python

stages (i) .cost.H = ...; % Hessian
stages (i) .cost.f = ...; % linear term

62 Chapter 7. Low-level interface



<V
embotech FORCESPRO User Manual

# Hessian

stages.cost[i]['H
f = ... # linear term

stages.cost[i] [

P
|

Note: whenever one of these terms is zero, you have to set them to zero (otherwise the default
of an empty matrix is assumed, which is different from a zero matrix).

7.5 Equality constraints

The equality constraints for each stage, which are given by the matrices C;, D; and the vector
c;, have to be provided in the following form:

Matlab
Python

stages (i) .eq.C = ...;
stages (i) .eqg.c = ...;
stages (i) .eq.D = ...;

stages.eqg[ 1 c']
stages.eq[ 1 ]['c'] = ...
stages.eq[ 1 D']

7.6 Lower and upper bounds

Lower and upper bounds have to be set in sparse format, i.e. an index vector /bidx/ubldx that
defines the elements of the stage variable z; has to be provided, along with the corresponding
upper/lower bound Ib/ub:

Matlab

Python

stages (i) .ineqg.b.lbidx = ; % index vector for lower bounds
stages (i) .ineqg.b.1lb = .. .; % lower bounds

stages (i) .ineg.b.ubidx = ; % index vector for upper bounds
stages (i) .ineg.b.ub = ...; % upper bounds

stages.ineqg[ 1 J['b']["lbidx"'] = # index vector for lower bounds
stages.ineqg[ i J['b']["lb'] = # lower bounds

stages.ineqg[ i 1['b']['ubidx'] = # index vector for upper bounds
stages.ineqg[ 1 J['b']['ub'] = # upper bounds

Both /b and Ibldx must have length stages(i).dims.| / stages.dims[ i J[1'], and both ub and
ubldx must have length stages(i).dims.u / stages.dims[ i J[u’].

7.7 Polytopic constraints

In order to define the inequality A;z; < b;, use
Matlab
Python
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stages (i) .ineqg.p.A = ...; % Jacobian of linear inequality
stages (i) .ineqg.p.b ...; % RHS of linear inequality

stages.ineq|

i J['A'] = ... # Jacobian of linear inequality
stages.ineq[ i 1['b'] = ... # RHS of linear inequality

The matrix A must have stages(i).dims.p / stages.dims[ i J[p'] rows and stages(i)dims.n /
stages.dims[ i J['n’] columns. The vector b must have stages(i).dims.p / stages.dims[ i J[p’]
rows.

7.8 Quadratic constraints

Similar to lower and upper bounds, quadratic constraints are given in sparse form by means of
an index vector, which determines on which variables the corresponding quadratic constraint
acts.

Matlab

Python

stages (i) .ineqg.qg.idx = { idx1l, idx2, ...}; % index vectors
stages (i) .ineq.q.Q = { Q1, Q2, ...}; % Hessians
stages (i) .ineq.qg.l { L1, L2, ...}; % linear terms
stages (i) .ineq.qg.r = [ rl; r2; ... 1; % RHSs
stages.ineqg[ i J['g']['idx'] = . # index vectors
stages.ineq[ 1 1['gq']1['Q'] = # Hessians

stages.ineqg[ 1 J['g']l['1l"'] = # linear terms
stages.ineqg[ i J1['gq']['x'] = # RHSs

If the index vector idx1 has length my, then the matrix Q must be square and of size m; x my,
the column vector /T must be of size m; and r; is a scalar. Of course this dimension rules apply
to all further quadratic constraints that might be present. Note that L, L, etc. are column
vectors in MATLAB!

Since multiple quadratic constraints can be present per stage, in MATLAB we make use of
the cell notation for the Hessian, linear terms, and index vectors. In Python we make use of
Python object arrays for the Hessians, linear terms, and index vectors.

7.81 Example

To express the two quadratic constraints

2 2
255+ 223’5 — 235 <3

5z§71 <1

on the third stage variable, use the code

Matlab

Python

stages(3) .ineq.q.idx = { [3 5], [1] } % index vectors
stages(3) .ineq.q.Q = { [1 0; 0 2], [5] }; % Hessians
stages (3) .ineqg.qg.1l = { [0; -1]1, [0] }; % linear terms
stages(3) .ineqg.q.r = [ 3; 1 ]; % RHSs
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stages.ineq([3-1]['g']['idx'] = np.zeros((2,), dtype=object) # index vectors
stages.ineq[3-1]1["'g']['idx"'][0] = np.array([3,5])
stages.ineq[3-1]['g']["idx"'"][1] = np.array([1])

stages.ineq([3-1]1['g']['Q'] = np.zeros((2,), dtype=object) # Hessians
stages.ineq[3-1]1["'g']['0'][0] = np.array([1.0 0],([0 2.0])
stages.ineq[3-1]['g']1['Q"'][1] = np.array([5])

stages.ineq([3-1]1['g']['1l'] = np.zeros((2,), dtype=object) # linear terms
stages.ineq[3-1]1["'g']["1'][0] = np.array([0], [-11])
stages.ineq[3-1]['g']['1"'][1] = np.array([0])

stages.ineq[3-1]1['g']['r'] = np.array([3],[1]) # RHSs

7.9 Binary constraints

To declare binary variables, you can use the bidx field of the stages struct or object. For exam-
ple, the following code declares variables 3 and 7 of stage 1 to be binary:

Matlab

Python
stages (1) .bidx = [3 7]
’stages.bidx[OJ = np.array([3, 7])

That's it! You can now generate a solver that will take into account the binary constraints on
these variables. If binary variables are declared, FORCESPRO will add a branch-and-bound
procedure to the standard convex solver it generates.

710 Declaring Solver Outputs

FORCESPRO gives you full control over the part of the solution that should be outputted by
the solver. It is also possible to obtain the Lagrange muiltipliers of certain constraints. To define
a standard output as a slice of the primal solution vector, use the function

Matlab
Python

’output = newOutput (name, maps2stage, idxWithinStage)

stages.newOutput (name, maps2stage, idxWithinStage)

where name is the name you give to the output (you will need this to read it after calling the
solver). The index vector (or integer) maps2stage defines to which stage this output maps to.
The last argument, idxWithinStage allows the user to select which indices from the stage
vector should be outputted by the solver.

To define an output as a slice of certain Lagrange multipliers, use the function
Matlab
Python

’output = newOutput (name, maps2stage, idxWithinStage, maps2const)

’stages.newOutput(name, maps2stage, idxWithinStage, maps2const)
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where the remaining argument maps2const specifies the constraint associated with the La-
grange multipliers being requested.

Table 7.1: Possible string values for argument maps2const

maps2const Constraint

r Equalities

u Upper bounds

1 Lower bounds

P Polytopic bounds

7.10.1 Example

To define an output to be the first two elements of the primal solution vector, use the following
command:

Matlab

Python

outputl = newOutput ('u0', 1, 1:2)

’stages.newOutput('uO’, 1, range(l,3))

To define an output to be the first and third indices of the Lagrange multipliers for the equality
constraints of the second stage, use the following command:

Matlab
Python

’outputZ = newOutput ('dual_eq0', 2, [1 31, 'r'")

’stages.newOutput('dual_er', 2, [1,31, 'r")

711 Generating the solver

After the optimization problem has been formulated into a structure stages, an optimized
solver can be generated. To do so, the solver requires a name and a number of solver options,
as described in Section 14.

Matlab
Python

codeoptions = getOptions('solver name');
generateCode (stages, params, codeoptions, outputs);

options = forcespro.CodeOptions ('solver_name')
stages.codeoptions = options
stages.generateCode ('user_id")

712 Calling the generated low-level solver

After solver generation has completed, the solver itself (as a compiled library) as well as several
interfacing files will become available in your working directory. These files are named accord-
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ing to what you named your solver; in the following we assume “SOLVER_NAME". Calling the

solver from MATLAB or Python is then as simple as:
Matlab
Python

o

problem = {} % a struct of solver parameters
SOLVER_NAME (problem)

import SOLVER _NAME py # notice the _py suffix
problem = {} # a dictionary of solver parameters
SOLVER_NAME_py.SOLVER_NAME_solve (problem)

Note: Don't give your solver the same name as the script you are calling it from. Doing
so will overwrite your calling script with the solver interface. For example, in a script named
test problem.m, choose a nhame such as test _solver instead of test_problem.

Note: The high-level Python interface provides more convenient access to solvers generated
using the high-level interface. This method of calling a solver is only available for solvers gen-
erated through the low-level interface, and high-level solvers can only be called from Python
through the means described in the high-level interface documentation.
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Chapter 8

High-level Interface

The FORCESPRO high-level interface gives optimization users a familiar easy-to-use way to
define an optimization problem. The interface also gives the advanced user full flexibility when
importing external C-coded functions to evaluate the quantities involved in the optimization
problem.

This interface is provided with Variant L and partially with Variant M of FORCESPRO.

Important: Starting with FORCESPRO 1.8.0, the solver generated from the high-level inter-
face supports nonlinear and convex decision making problems with integer variables.

Note: The high-level Python interface expects O-based indices in the model formulation,
such as for the indices in Ibidx, ubidx, hlidx, huidx, xinitidx and xfinalidx, as is usual in Python
programs. Note that this is contrary to the low-level interface, which requires 1-based indices
for these fields.

8.1 Supported problems

8.1.1 Canonical problem for discrete-time dynamics

The FORCES NLP solver solves (potentially) non-convex, finite-time nonlinear optimal control
problems with horizon length N of the form:

N-1
minimize Z e (zr, pie) (separable objective)
k=1

initial equality)
inter-stage equality)
final equality)
upper-lower bounds)
integer variables)

subject to  z1(Z) = zinit (
Eyziy1 = cr(2r, 1) (
2N N) = Zgnal (
2, < 2 < 2k (
Fiz, € [gk,ik]mz (
hy < (2, 1) < By (nonlinear constraints)

for k = 1,...,N, where z, € R™ are the optimization variables, for example a collection of
inputs, states or outputs in an MPC problem; p,. € R!* are real-time data, which are not nec-
essarily present in all problems; the functions f;, : R™ x R%* — R are stage cost functions; the
functions ¢, : R™ x Rl — R% represents (potentially nonlinear) equality constraints, such as a
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state transition function; the matrices E}, are used to couple variables from the (k+1)-th stage
to those of stage k through the function ¢;; and the functions hy, : R x R* — R™* are used to
express potentially nonlinear, non-convex inequality constraints. The index sets Z and N are
used to determine which variables are fixed to initial and final values, respectively. The initial
and final values z;,;; and za,.1 can also be changed in real-time. At every stage k, the matrix Fj,
is a selection matrix that picks some coordinates in vector z.

All real-time data is coloured in red. Additionally, when integer variables are modelled, they
need to be declared as real-time parameters. See Section Mixed-integer nonlinear solver.

To obtain a solver for this optimization problem using the FORCESPRO client, you need to
define all functions involved (f%, ¢k, hi) along with the corresponding dimensions.

8.1.2 Continuous-time dynamics

Instead of having discrete-time dynamics as can be seen in Section 8.1.1, we also support using
continuous-time dynamics of the form:

T = f(:cvuap)

and then discretizing this equation by one of the standard integration methods. See Section
8.2.4 for more details.

8.1.3 Other variants

Not all elements in Section 8.1.1 have to be necessarily present. Possible variants include prob-
lems:

- where all functions are fixed at code generation time and do not need extra real-time
data p;

- with no lower (upper) bounds for variable z ;, then z; = —co0(z; = +00);

- without nonlinear inequalities h;

- with N =1 (single stage problem), then the inter-stage equality can be omitted;
- that optimize over the initial value z;,;; and do not include the initial equality;

- that optimize over the final value z4,, final and do not include the final equality.

- mixed-integer nonlinear programs, where some variables are declared as integers. See
Section Mixed-integer nonlinear solver for more information about the MINLP solver.

8.1.4 Function evaluations

The FORCES NLP solver requires external functions to evaluate:
- the cost function terms fi(z;) and their gradients V fi (zx),
- the dynamics ¢, (zx) and their Jacobians Ve (zi), and
- the inequality consraints h(z) and their Jacobians Vhg(z).
The FORCESPRO code generator supports the following ways of supplying these functions:

1. Automatic C-code generation of these functions from MATLAB using the automatic differ-
entiation (AD) tool CasADi. This happens automatically in the background, as long as CasADi is
found on the system. This process is hidden from the user, only standard MATLAB commands
are needed to define the necessary functions. This is the recommended way of getting started
with FORCES NLP. See Section 8.2 to learn how to use this approach.
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2. C-functions (source files). These can be hand-coded, or generated by any automatic dif-
ferentiation tool. See Section 8.5 for details on how to provide own function evaluations and
derivatives to FORCESPRO.

8.2 Expressing the optimization problem in code

When solving nonlinear programs of the type in Section 8.1.1, FORCES requires the functions
f,c, h and their derivatives (Jacobians) to be evaluated in each iteration. There are two ways
for accomplishing this: either implement all function evaluations in C by some other method
(by hand or by another automatic differentiation tool), or use our integration of FORCES with
CasADi, an open-source package for generating derivatives. This is the easiest option to quickly
get started with solving NLPs, and it generates efficient code. However, if you prefer other AD
tools, see Section 8.5 to learn how to provide your own derivatives to FORCES NLP solvers.
This section will describe the CasADi-based approach in detail, using either the MATLAB or
the Python client of FORCESPRO. Please note that even though both the MATLAB and the
Python client are intended to behave largely identical, there are some differences between
the two clients. For details, refer to Differences between the MATLAB and the Python client.

8.2.1 Model Initialization
Model Initialization in Matlab

In the MATLAB high-level interface, the formulation of the optimization problem is given
through a simple structure array. In the following, we will describe the problem in such an
array named model. It is advisable to zero-initialize this variable at the beginning of your script
such that no values set in previous iterations of your script interfere with this run:

model = {}

Model Initialization in Python

In the high-level Python interface, optimization problems are described through objects of
different types, depending on the problem. The following classes are available:

- SymbolicModel - Allows you to describe your optimization problem using regular Python
functions. These functions will be evaluated symbolically by CasADi to create optimized
C code. Note that this model is meant to be used for nonlinear models. If you wish
to express a convex model symbolically, consider using the ConvexSymbolicModel or
forcing generation of a nonconvex solver by seting the option forcenonconvex to True.

- ExternalFunctionModel - Enables more flexibility in describing nonlinear problems by
allowing any external function to be used as objective function and constraints. This
requires C code or already compiled code (object files or shared libraries) from any lan-
guage. The approach using external function evaluations for your objective function and
constraints is described in External function evaluations in C, including the required call
signature of the callback function.

- ConvexSymbolicModel - FORCESPRO can generate different solvers for convex prob-
lems.

Whichever model you choose, it can be initialized with no arguments, or with a single argu-
ment denoting the number of stages N in the problem:

import forcespro.nlp
model = forcespro.nlp.SymbolicModel (50)
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Note that most symbolic problem descriptions will also require the Numpy and CasADi pack-
ages, so it is a good idea to import them at the beginning:

import numpy as np
import casadi

8.2.2 Dimensions

In order to define the dimensions of the stage variables z;, the number of equality and inequal-
ity constraints and the number of real-time parameters use the following fields (properties) in
the client:

Matlab
Python

model.N = 50;
model.nvar = 6;
model.neq = 4;
model.nh = 2;
model.npar = 0;

length of multistage problem

number of stage variables

number of equality constraints

number of nonlinear inequality constraints
number of runtime parameters

o° o0 o° o0 oo

model.N = 50
model .nvar = 6
model .neq = 4
model.nh = 2
model .npar = 0

not required if already specified in initializer
number of stage variables

number of equality constraints

number of nonlinear inequality constraints
number of runtime parameters

H H= H= H

If the dimensions vary for different stages use arrays of length N. See Section 8.2.7 for an
example.

8.2.3 Objective

The high-level interface allows you to define the objective function using a handle to a MATLAB
or Python function that evaluates the objective. This function is called with the variables of
one stage as its first argument, i.e. a vector of model.nvar entries. FORCESPRO will process the
given function symbolically and generate the necessary C code to be included in the solver.

Matlab

Python
’model.objective = @eval_obj; % handle to objective function
’model.objective = eval_obj # eval_obj is a Python function

For instance, the function could be:
Matlab
Python

function f = eval_obj ( z )
F = z(1);
= z(2);
z(4);
= -100xy + 0.1%F"2 + 0.01%x s"2;

s
y
il

end
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def eval_obj(z):

F = z[0]
s = z[1]
y = z[3]

return -100xy + O0.1#F%%x2 + 0.01l%xs%%2

If the cost function varies for different stages use a cell array of function handles of length N
in MATLAB, or a list of function handles in Python. See Section 8.2.7 for an example.

Note: Python and MATLAB use different indexing bases. The first element of any variable has
index 1in MATLAB, whereas it is accessed at offset O in Python!

The objective evaluation function can optionally accept an additional argument p which serves
as a run-time parameter. In order to be able to change the terms in the cost function during
runtime, one can define the objective function as:

Matlab
Python
function f = eval_obj ( z, p )
Fo=2z(1);
s z(2);
y = z(4);
f = -100xy + p(l)*F"2 + p(2)* s72;

end

def eval_obj(z, p):

F = z[0]
s = z[1]
y = z[3]

return -100xy + p[O0]#F**2 + p[l]*s**2

The length of this additional parameter vector in each stage is given by model.npar.

8.2.4 Equalities
Discrete-time

For discrete-time dynamics, one can define a handle to a function evaluating ¢ as shown
below. The selection matrix E that determines which variables are affected by the inter-stage
equality must also be filled. For performance reasons, it is recommended to order variables
such that the selection matrix has the following structure:

Matlab

Python

model.eqg = @eval_dynamics; % handle to inter-stage function

model.E = [zeros(4,2), eye(4)]; % selection matrix

model.eq = eval_dynamics # handle to inter-stage function

model.E = np.concatenate([np.zeros((4, 2)), np.eye(4)], axis=1) # selection matrix

If the equality constraint function varies for different stages use a cell array (or list in Python)
of function handles of length N — 1, and similarly for E}. See Section 8.2.7 for an example.
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Continuous-time

For continuous-time dynamics, FORCESPRO requires you to describe the dynamics of the
system in the following form:

where z are the states of the system, u are the inputs and p a vector of parameters, e.g. the
mass or intertia. The selection matrix E determines which components of the stage variable
z; are to be considered state z or input u in this representation.

For example, let's assume that the system to be controlled has the dynamics:
T = p1x1T2 + Poul

In order to descretize the system for use with FORCESPRO we have to:
1. Implement the continuous-time dynamics as a function:

Matlab

Python

function xdot = continous_dynamics(x, u, p)
xdot = p(1l)*x(1)*x(2) + p(2)~*u;
end

def continuous_dynamics(x, u, p):
return p[0]+x[0]*x[1] + p[l]*ul0]

Note that in general the parameter vector p can be omitted if there are no parameters. You
can also implement short functions as anonymous function handles:

Matlab

Python

’continous_dynamics_anonymous = @(x,u,p) pP(l)*x(1l)*x(2) + p(2)~*u;
’continuous_dynamics_anonymous = lambda x, u, p: pl0]*x[0]xx[1] + p[l]lxul[0]

2. Tell FORCESPRO that you are using continuous-time dynamics by setting the
continuous_dynamics field of the model to a function handle to one of the functions above:

Matlab

Python
’model.continuous_dynamics = @continuous_dynamics;
’model.continuous_dynamics = continuous_dynamics

or, if you are using anonymous functions:

Matlab

Python

’model.continuous_dynamics = (@continuous_dynamics_anonymous;
’model.continuous_dynamics = continuous_dynamics_anonymous
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3. Use the selection matrix E to link the stage variables z; with the states x and inputs u of the
continuous dynamics function:

Matlab

Python

’model.E = [zeros(2, 1), eye(2)]

’model.E = np.concatenate([np.zeros((2, 1)), np.eye(2)], axis=1)

Components of z; are considered as state variables z according to the order prescribed by the
selection matrix. If an entire k-th column of the selection matrix is zero, the k-th component
of z; is not governed by a dynamic equation and thus considered as input w.

4. Choose one of the integrator functions from the Integrators section (the default is ERK4):
Matlab

Python

codeoptions.nlp.integrator.type = 'ERK2';
codeoptions.nlp.integrator.Ts = 0.1;
codeoptions.nlp.integrator.nodes = 5;
codeoptions.nlp.integrator.type = 'ERK2'
codeoptions.nlp.integrator.Ts = 0.1
codeoptions.nlp.integrator.nodes = 5

where the integrator type is set using the type field of the options struct codeoptions.nlp.
integrator. The field Ts determines the absolute time between two integration intervals,
while nodes defines the number of intermediate integration nodes within that integration
interval. In the example above, we use 5 steps to integrate for 0.1 seconds, i.e. each integration
step covers an interval of 0.02 seconds.

8.2.5 Initial and final conditions

The indices affected by the initial and final conditions can be set as follows:
Matlab

Python

model.xinitidx = 3:6; % indices affected by initial condition
model.xfinalidx = 5:6; % indices affected by final condition
model.xinitidx = range (2, 6) # indices affected by the initial condition
model.xfinalidx = range (4, 6) # indices affected by the final condition

Note: Python and MATLAB use different indexing bases. The first variable in a stage has index
1in MATLAB, whereas it is accessed at offset O in Python! Further note that Python's range
does not include the upper limit, thus:

list (range (2, 6)) == [2, 3, 4, 5] # does not include upper limit

8.2.6 Inequalities

A function evaluating nonlinear inequalities can be provided in a similar way, for example:
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Matlab
Python
function h = eval_const (z)

x = z(3);

y = z(4);

h = [x"2 + y*2;

(x+2)72 + (y=2.5)"2 1;

end

def eval_const (z):
X = z[2]
y = z[3]
return np.array ([x*x*2 + y=**2;
(%x+2) *%2 + (y=2.5)%%2])

The simple bounds and the nonlinear inequality bounds can have +inf and —-inf elements,
but must be the same length as the field nvar and nh, respectively:

Matlab
Python

model.ineq = @eval_const; handle to nonlinear constraints

model.hu = [9, +inf]; % upper bound for nonlinear constraints
model.hl = [1, 0.95"2]; % lower bound for nonlinear constraints
model.ub = [+5, +1, 0, 3, 2, +pil; % simple upper bounds

model.lb = [-5, -1, -3, —-inf, 0, 0]; % simple lower bounds

model.ineq = eval_const # handle to nonlinear constraints
model.hu = [9, +float('inf')] # upper bound for nonlinear
—constraints

model.hl = [1, 0.95x%2] # lower bound for nonlinear,
—constraints

model.ub = [+5, +1, 0, 3, 2, +np.pi] # simple upper bounds

model.lb = [-5, -1, -3, —-float('inf'), 0, 0] # simple lower bounds

Note: While the FORCESPRO Python client does not require you to use numpy arrays, we
encourage their use for vector- and matrix-valued properties of the model, as it simplifies
calculations for the user. Therefore, any of the above properties can also be set to Numpy
arrays instead of lists. If lists are given, these are converted to Numpy arrays internally.

If the constraints vary for different stages, use cell arrays of length N for any of the quantities
defined above. See Varying dimensions, parameters, constraints, or functions section for an
example.

Bounds model.1b and model.ub can be made parametric by leaving said fields empty and
using the model.1bidx and model .ubidx fields to indicate on which variables lower and up-
per bounds are present. The numerical values will then be expected at runtime. For example,
to set parametric lower bounds on states 1 and 2, and parametric upper bounds on states 2
and 3, use:

Matlab
Python

% Lower bounds are parametric (indices not mentioned here are -inf)
model.lbidx = [1 2]';

)

% Upper bounds are parametric (indices not mentioned here are +inf)

(continues on next page)
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(continued from previous page)

model.ubidx = [2 3]';

% 1lb and ub have to be empty when using parametric bounds
model.lb = [];
model.ub = [];

# Lower bounds are parametric (indices not mentioned here are -inf)
model.lbidx = [0, 1]

# Upper bounds are parametric (indices not mentioned here are +inf)
model.ubidx = [1, 2]

# There is no need to specify model.lb or model.ub to empty lists if
# model.lbidx or model.ubidx are set, and any non-empty value is disallowed.

and then specify the exact values at runtime through the fields 1b01-1bN and ub01-ubN:
Matlab

Python

% Specify lower bounds
problem.1b01 = [0 0]"';
problem.1b02 = [0 0]';

% Specify upper bounds
problem.ub0l = [3 2]°';
problem.ub02 [3 21';

5

# Specify lower bounds
problem["1b01"] = [0, O]
problem["1b02"] = [0, O]

# Specify upper bounds
problem["ub01"] = [3, 2]
problem["ub02"] = [3, 2]

Tip: One could use problem. (sprintf ('1b%02u’',1i)) in an i-indexed loop to set the para-
metric bounds more easily in the MATLAB client. Similarly, the parametric bounds for the
stages can be set using problem["{:02d}".format (i+1) ] in Python. Alternatively, consider
using the option stack parambounds, described below.

If the model.1lbidx and model.ubidx fields vary for different stages use cell arrays of length
N. From Release 3.0.1, the parametric bounds can be stacked on one same array covering
all stages. To enable this behaviour, users need to set the following code-generation option:

Matlab

Python
’codeoptions.nlp.stack_parambounds = 1;
’codeoptions.nlp.stack_parambounds = True

This option is effective for both the PDIP_NLP and SQP_NLP solve methods and works with
bounds on variables and inequalities. At run-time, users can then write

Matlab
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Python

% Lower and upper bounds stacked over all stages
problem.lb = [0 0 O O ...];

problem.ub = [3 2 3 2 ...];

# Lower and upper bounds stacked over all stages
problem["1b"] = [0, O, O, 0, ...]
problem["ub"] = [3, 2, 3, 2, ...]

Alternatively, if you want to use the same bounds across all stages:
Matlab
Python

problem.lb = repmat ([0, 0], 1, model.N);
problem.ub = repmat ([3, 2], 1, model.N);

problem["1b"] = np.tile ([0, 0], (model.N,))
problem["ub"] = np.tile([3, 2], (model.N,))

8.2.7 Variations
Varying dimensions, parameters, constraints, or functions

The example described above has the same dimensions, bounds and functions for the whole
horizon. One can define varying dimensions using arrays and varying bounds and functions
using MATLAB cell arrays or Python lists. For instance, to remove the first and second variables
from the last stage one could write the following:

Matlab
Python
for i = l:model.N-1
model.nvar (i) = 6;
model.objective{i} = @(z) —-100xz(4) + 0.1lxz(1)"2 + 0.01xz(2)"2;
model.lb{i} = [-5, -1, -3, 0, 0, 0];
model.ub{i} = [+5 , +1, 0O, 3, 2, +pil;
if i < model.N-1
model .E{i} = [zeros (4, 2), eye(4)];
else
model .E{i} = eye(4);
end
end
model .nvar (nlp.N) = 4;
model.objective{nlp.N} = @(z) —-100%xz(2);
model.lb{nlp.N} = [-3, 0, 0, 0];
model.ub{nlp.N} = [ 0, 3, 2, +pil;
model = forcespro.nlp.SymbolicModel (50) # to set values stage-wise, the model_ |

—must be initialized this way

for i in range (0:model.N-1):

model.nvar[i] = 6

model.objective[i] = lambda z: —-100%z[3] + 0.1%xz[0]**2 + 0.01l%xz[1l]**2
model.lb([i] = [-5, -1, -3, 0, 0, 0]

model.ub([i] = [+5 , +1, 0, 3, 2, +np.pil]

(continues on next page)
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if i < model.N-2:

model.E[i] = np.concatenate([np.zeros (4, 2), np.eye(4)], axis=1)
else:
model .E[1i] = np.eye (4)

model .nvar[-1] = 4

model.objective[-1] lambda z: -100%z([1]
[-3, 0, 0]
[ O

model.lb[-1] = 0,
, 3, 2, +np.pil

model.ub[-1] =

It is also typical for model predictive control problems (MPC) that only the last stage differs
from the others (excluding the initial condition, which is handled separately). Instead of defin-
ing cell arrays as above for all stages, FORCESPRO offers the following shorthand notations
that alter the last stage:

- nvarN: number of variables in last stage

- nparN: number of parameters in last stage

- objectiveN: objective function for last stage
- EN: selection matrix E for last stage update

- nhN: number of inequalities in last stage

- inegN: inequalities for last stage

Add any of these fields to the model struct/object to override the default values, which is to
make everything the same along the horizon. For example, to add a terminal cost that is a
factor 10 higher than the stage cost:

Matlab
Python

’model.objectiveN @(z) 10+model.objective(z);

’model.objectiveN = lambda z: 10x*model.objective(z)

Providing analytic derivatives

The algorithms inside FORCESPRO need the derivatives of the functions describing the ob-
jective, equality and inequality constraints. The code generation engine uses algorithmic dif-
ferentiation (AD) to compute these quantities. Instead, when analytic derivatives are available,
the user can provide them using the fields model.dobjective, model.deq, and model.dineq.

Note that the user must be particularly careful to make sure that the provided functions and
derivatives are consistent, for example:

Matlab

Python

model.objective = Q@(z) z(3)"2;
model.dobjective = @ (z) 2%z (3);

model.objective = lambda z: z[2]+*%*2
model.dobjective = lambda z: 2xz[2]

The code generation system will not check the correctness of the provided derivatives.
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8.3 Generating a solver

In addition to the definition of the NLP, solver generation requires an (optional) set of options
for customization (see the Solver Options section for more information). Using the default
solver options we generate a solver using:

Matlab
Python

[}

% Get the default solver options

codeoptions = getOptions ('FORCESNLPsolver');
% Generate solver

FORCES_NLP (model, codeoptions);

# Get the default solver options
options = forcespro.CodeOptions ('FORCESNLPsolver'")

# Generate solver for previously initialized model
solver = model.generate_solver (options)

As the solver is generated, several files are downloaded into the current working directory of
the calling script, including the compiled solver itself and MATLAB/Python interfaces for calling
it.

Note: In the Python client, generate solver() returns a solver object. This object can be used
to call the solver. To get a solver object for a previously generated solver in some directory
/path/to/solver, use:

import forcespro.nlp
solver = forcespro.nlp.Solver.from directory('/path/to/solver’)

8.3.1 Declaring outputs

By default, the solver returns the solution vector for all stages as multiple outputs. Alternatively,
the user can pass a third argument to the function FORCES_NLP with an array that specifies
what the solver should output. For instance, to define an output, named u0, to be the first two
elements of the solution vector at stage 1, use the following commands:

Matlab
Python

outputl = newOutput ('u0', 1, 1:2);
FORCES_NLP (model, codeoptions, outputl);

output_1 = ("uO", 0, [0, 11, "™)
model.generate_solver (options, [output_11])

Important: When using the MINLP solver and defining outputs, all integer variables need to
be specified as custom outputs.

The dual variables at the solution returned by FORCES provide useful information on the
problem sensitivity. They can be exported from the nonlinear solver as well by giving the
maps2const field one of the following values:
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- 'nl_eq_dual for the dual variables associated to equality constraints

- ‘nl_Ib_var _dual for the dual variables associated to lower bounds on variables

- 'nl_ub _var _dual for the dual variables associated to upper bounds on variables

- ‘nl_ip_ineqg_dual’ for the dual variables associated to nonlinear inequalities

- 'nl_ineq_slack’ for the dual variables associated to slacks on nonlinear inequalities.

An example of exporting the marginals associated to nonlinear equalities is shown in the code
snippet below.

’outputs(4) = newOutput ('dual_eg0', l:model.N, 1:2, 'nl_eg dual');

8.4 Calling the solver

After code generation has been successful, one can obtain information about the real-time
data needed to call the generated solver by typing:

Matlab
Python

help FORCESNLPsolver

# Assuming “solver® 1is the return value of a "model.generate_solver () call
solver.help ()

In Python, a previously generated solver can be loaded as follows:

import forcespro.nlp
solver = forcespro.nlp.Solver.from directory("/path/to/generated/solver/")
solver.help ()

8.4.1 |Initial guess

The FORCES NLP solver solves NLPs to local optimality, hence the resulting optimal solution
depends on the initialization of the solver. One can also choose another initialization point
when a better guess is available. The following code sets the initial point to be in the middle
of all bounds:

Matlab

Python

x0i = model.lb + (model.ub - model.lb)/2;

x0 = repmat (x01i', model.N, 1);

problem.x0 = x0;

x1 = (model.lb + model.ub) / 2 # assuming lb and ub are numpy arrays
x0 = np.tile(xi, (model.N,))

problem = {"x0": x0}

8.4.2 Initial and final conditions

If there are initial and/or final conditions on the optimization variables, the solver will expect
the corresponding runtime fields:
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Matlab
Python

problem.xinit = model.xinit;
problem.xfinal = model.xfinal;

problem = {"xinit": np.array([l, 2, 31),
"xfinal": np.array([4, 5, 6])}

Note that the Python client does not allow setting model.xinit or model xfinal properties, as
those are run-time parameters not needed at solver generation time.

8.4.3 Real-time parameters

Whenever there are any runtime parameters defined in the problem, i.e. the field npar is not
zero, the solver will expect the following field containing the parameters for all the N stages
stacked in a single vector:

Matlab

Python

’problem.all_parameters = repmat (1.0, model.N, 1);
’problem["all;parameters"] = np.tile (1.0, (model.N,))

8.4.4 Tolerances as real-time parameters

From FORCES 2.0 onwards, the NLP solver tolerances can be made real-time parameters,
meaning that they do not need to be set when generating the solver but can be changed at
run-time when calling the generated solver. The code-snippet below shows how to make the
tolerances on the gradient of the Lagrangian, the equalities, the inequalities and the comple-
mentarity condition parametric. Essentially, when the tolerances are declared nonpositive at
code-generatioon, the corresponding run-time parameter is created in the solver.

Matlab

Python

codeoptions.nlp.TolStat = -1; % Tolerance on gradient of Lagrangian
codeoptions.nlp.TolEgq = -1; % Tolerance on equality constraints
codeoptions.nlp.TolIneq = -1; % Tolerance on inequality constraints
codeoptions.nlp.TolComp = -1; % Tolerance on complementarity
codeoptions.nlp.TolStat = -1 # Tolerance on gradient of Lagrangian
codeoptions.nlp.TolEq = -1 # Tolerance on equality constraints
codeoptions.nlp.TolIneq = -1 # Tolerance on inequality constraints
codeoptions.nlp.TolComp = -1 # Tolerance on complementarity

Once the tolerance has been declared nonpositive and the solver has been generated, the
corresponding parameter can be set at run-time as follows:

Matlab
Python
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problem.ToleranceStationarity = le-1;
problem.ToleranceEqualities = le-1;
problem.ToleranceInequalities = le-1;
problem.ToleranceComplementarity = le-1;
problem["ToleranceStationarity"] = le-1
problem["ToleranceEqualities"] = le-1
problem["ToleranceInequalities"] = le-1
problem["ToleranceComplementarity"] = le-1

Tip: We do not recommend changing the tolerance on the complementarity condition since
itis used internally to update the barrier parameter. Hence loosening it may hamper the solver
convergence.

8.4.5 Exitflags and quality of the result

Once all parameters have been populated, the MEX interface of the solver can be used to
invoke it:

Matlab

Python

’[output, exitflag, info] = FORCESNLPsolver (problem);
’output, exitflag, info = solver.solve (problem)

The possible exitflags are documented in Table 8.1. The exitflag should always be checked
before continuing with program execution to avoid using spurious solutions later in the code.
Check whether the solver has exited without an error before using the solution. For example,
in MATLAB, we suggest to use an assert statement:

Matlab

Python

’assert(exitflag == 1, 'Some issue with FORCES solver');
’assert exitflag == 1, "Some issue with FORCES solver"
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Table 8.1: Exitflag values

Exitflag | Description

1 Local optimal solution found (i.e. the point satisfies the KKT optimality condi-
tions to the requested accuracy).

0 Maximum number of iterations reached. You can examine the value of opti-
mality conditions returned by FORCES to decide whether the point returned is
acceptable.

-4 Wrong number of inequalities input to solver.

-5 Error occured during matrix factorization.

-6 NaN or INF occured during functions evaluations.

-7 The solver could not proceed. Most likely cause is that the problem is infeasi-
ble.Try formulating a problem with slack variables (soft constraints) to avoid this
error.

-8 The internal QP solver could not proceed. This exitflag can only occur when us-

ing the Sequential quadratic programming algorithm. The most likely cause
is that an infeasible QP or a numerical unstable QP was encountered. Try in-
creasing the hessian regularization parameter reg_hessian if this exitflag is
encountered (see SQP specific codeoptions).

-10 NaN or INF occured during evaluation of functions and derivatives. If this occurs
at iteration zero, try changing the initial point. For example, for a cost function
1/y/z with an initialization z, = 0, this error would occur.

-11 Invalid values in problem parameters.

-100 License error. This typically happens if you are trying to execute code that has
been generated with a Simulation license of FORCESPRO on another machine.
Regenerate the solver using your machine.

8.5 External function evaluations in C

This approach allows the user to integrate existing efficient C implementations to evaluate the
required functions and their derivatives with respect to the stage variable. This gives the user
full flexibility in defining the optimization problem. In this case, the functions do not neces-
sarily have to be differentiable, although the convergence of the algorithm is not guaranteed
if they are not. When following this route the user does not have to provide MATLAB code
to evaluate the objective or constraint functions. However, the user is responsible for making
sure that the provided derivatives and function evaluations are coherent. The FORCES NLP
code generator will not check this.

8.5.1 Interface
Expected function signature

To obtain the necessary information, the FORCES NLP will automatically call a function sup-
plied by the user. This function must have the following signature:

void myfunctions (
double xx, /* primal vars =/
double xy, /* eq. constraint multiplers =/
double x1, /» ineq . constraint multipliers =/
double x*p, /* runtime parameters =/
double *f, /x objective function ( incremented in this function ) =/
double *nabla_f , /% gradient of objective function =/
double xc, /* dynamics */
double *nabla_c , /% Jacobian of the dynamics ( column major ) =*/

(continues on next page)
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double +h, /* inequality constraints */

double xnabla_h , /x Jacobian of inequality constraints ( column major ) =/
double *H, /* Hessian ( column major ) =/
int stage, /* stage number (0 indexed ) =*/

int iteration /* Solver iteration count =*/

In the MATLAB client, note that this function must have the same name as the file it is con-
tained in, minus the file extension. In the above example, the function must therefore be
stored in a file named myfunctions.c. Using the Python client, an arbitrary function name
unrelated to the file name can be used.

Custom data structures as parameters

If you have an advanced data structure that holds the user-defined run-time parameters, and
you do not want to serialize it into an array of doubles to use the interface above, you can
invoke the option:

codeoptions.customParams = 1;

This will change the interface of the expected external function to:

void myfunctions (
double *x, /* primal vars =/
double *y, /* eq. constraint multiplers =/
double 1, /* ineq . constraint multipliers »*/
void xp, /* runtime parameters «*/
double *f, /x objective function ( incremented in this function ) =/
double xnabla_f , /* gradient of objective function x/
double xc, /* dynamics x/

double *nabla_c , /% Jacobian of the dynamics ( column major ) =*/

double +h, /* inequality constraints */

double #xnabla_h , /x Jacobian of inequality constraints ( column major ) =/
double *H, /* Hessian ( column major ) =/

int stage, /* stage number (0 indexed ) «/

int iteration /+ Solver iteration count =*/

i.e. you can pass arbitrary data structures to your own function by setting the pointer in the
params struct:

myData pj; /* define your own parameter structure x/
/x oo %/ /» £ill it with data =/

/* Set parameter pointer to your data structure */
mySolver_params params; /+ Define solver parameters =/
params.customParams = &p;

/+ Call solver (assuming everything else is defined) =/
mySolver_solv (&params, &output, &info, stdout, &external_ func);

Note: Setting customParams to 1 will disable building high-level interfaces. Only C header-
and source files will be generated.

Note: Using a custom parameters struct is currently not supported when using the Python
client.
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8.5.2 Supplying function evaluation information

In MATLAB, to let the code generator know about the path to the C files implementing the
necessary function evaluations use:

model.extfuncs = 'C/myfunctions.c';

As noted above, the MATLAB client derives the function name used for the callback from the
file name; the function must therefore have the same name as the file in which it is contained.

In Python, use a ExternalFunctionModel as follows:

model = forcespro.nlp.ExternalFunctionModel (50)
model.add_auxiliary(["helper_ functions.c", "compiled helper_functions.obj"])
model.set_main_callback ("myfunctions.c", funcion="myfunctions")

Herein, the add _auxiliary() method is used to add any helper C source files or object files that
should be compiled and liked against, and the set_ main_callback() function is used to define
the path to a C source file or compiled object file, as well as the name of an exported function
that conforms to the call signature given above. This function will be used to evaluate any
nonlinear constraints and the objective function.

8.5.3 Rules for function evaluation code

The contents of the function have to follow certain rules. We will use the following example
to illustrate them:

/* cost =/
if (f)
{ /* notice the increment of f x/
(#f) += -100#x[3] + 0.1% x[0]*x[0] + 0.01lxx [1]xx [1];
}
/+ gradient - only nonzero elements have to be filled in x/
if ( nabla_f )
{

nabla_f [0] = 0.2+xx[0];
nabla_f [1] = 0.02xx[1];
nabla_f [3] = -100;

}

/* eq constr x/
if (c)
{
vehicle_dyanmics (x, c);
}
/+ Jjacobian equalities ( column major ) =/
if ( nabla_c )
{
vehicle_dyanmics_jacobian (x, nabla_c );

}

/+ 1ineq constr =*/

if (h)
{
h{0] = x [2]+x[2] + x[3]xx [3];
h{l] = (x[2]1+2)*(x[2]1+2) + (x[3] -2.5)*(x[3] -2.5);
}
/* Jjacobian inequalities ( column major )
- only non - zero elements to be filled in */

if ( nabla_h )

(continues on next page)

86 Chapter 8. High-level Interface




."
embotech FORCESPRO User Manual

(continued from previous page)

/* column 3 x/

nabla_h [4] = 2+x [2];
nabla_h [5] = 2*x[2] + 4;
/* column 4 x/

nabla_h [6] = 2+x [3];
nabla_h [7] = 2*x[3] - 5;

}

Notice that every function evaluation is only carried out if the corresponding pointer is not
null. This is used by the FORCES NLP solver to call the same interface with different pointers
depending on the functions that it requires.

8.5.4 Matrix format
Matrices are assumed to be stored in dense column major format. However, only the non-zero

components need to be populated, as FORCES NLP makes sure that the arrays are initialized
to zero before calling this interface.

8.5.5 Multiple source files

The use of muiltiple C files is also supported. In the example above, the functions dynamics
and dynamics_jacobian are defined in another file and included as external functions using:

extern void dynamics ( double xx, double =xc);
extern void dynamics_jacobian ( double xx, double =J);

In MATLAB, to let the code generator know about the location of these other files use a string
with spaces separating the different files. In Python, use the add_auxiliary() method:

Matlab
Python

’codeoptions.nlp.other_srcs = 'C/dynamics.c';

’ model.add_auxiliary ('C/dynamics.c')

8.5.6 Stage-dependent functions

Whenever the cost function in one of the stages is different from the standard cost function
f, one can make use of the argument stage to evaluate different functions depending on the
stage number. The same applies to all other quantities.

8.6 Mixed-integer nonlinear solver

From FORCESPRO 1.8.0, mixed-integer nonlinear programs (MINLPs) are supported. This
broad class of problems encompasses all nonlinear programs with some integer decision vari-
ables.

This interface is provided with Variant L of FORCESPRO.
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8.6.1 Writing a mixed-integer model

In order to use this feature, the user has to declare lower and upper bounds on all variables
as parametric, as shown in the code below.

Matlab

Python

model.lb = [];
model.ub = [];

model.lbidx = range (0, model.nvar)
model .ubidx = range (0, model.nvar)

The user is then expected to provide lower and upper bounds as run-time parameters. Forces
Pro switches to the MINLP solver as soon as some variables are declared as integers in any
stage. This information can be provided to FORCESPRO via the intidx array at every stage.
An example is shown below.

Matlab
Python

%% Add integer variables to existing nonlinear model
for s = 1:5

model.intidx{s} = [4, 5, 6];
end

# Add integer variables to existing nonlinear model
for s in range (0, 5):
model.intidx[s] = [3, 4, 5]

In the above code snippet, the user declares variables 4, 5 and 6 (3, 4 and 5 in Python's zero-
based indexing) as integers from stage 1 to 5 (stages 0 to 4 in Python's zero-based indexing).
The values that can be taken by an integer variable are derived from its lower and upper
bounds. For instance, if the variable lies between -1 and 1, then it can take integer values -1,
0 or 1. If a variable has been declared as integer and does not have lower or upper bounds,
FORCESPRO raises an exception during code generation. Stating that a variable has lower
and upper bounds should be done via the arrays 1bidx and ubidx. For instance, in the code
below, variables 1 to 6 (0 to 5 in Python) in stage 1 (0) have lower and upper bounds, which
are expected to be provided at run-time.

Matlab

Python

model.lbidx{1} = 1 : 6;
model.ubidx{1l} = 1 : 6;
model.lbidx[0] = range (0, 6)
model .ubidx[0] = range (0, 6)

The FORCESPRO MINLP algorithm is based on the well-known branch-and-bound algorithm
but comes with several customization features which generally help for improving perfor-
mance on some models by enabling the user to provide application specific knowledge into
the search process. At every node of the search tree, the FORCESPRO nonlinear solver is called
in order to compute a solution of a relaxed problem. The generated MINLP solver code can
be customized via the options described in Table 8.2, which can be changed before running
the code generation.

One of the salient features of the MINLP solver is that the branch-and-bound search can be
run in parallel on several threads. Therefore the search is split in two phases. It starts with a
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sequential branch-and-bound and switches to a parallelizable process when the number of
nodes in the queue is sufficiently high. The node selection strategy can be customized in both
phases, as described in Table 8.2.

Table 8.2: FORCESPRO MINLP solver options

Code generation setting Values Default
minlp.int_gap_tol Any value >0 0.001
minlp.max_num_nodes Any value >0 10000
minlp.seq_search_strat "BEST_FIRST', 'BREADTH_FIRST 'DEPTH_FIRST' "BEST_FIRST'
minlp.par_search_strat "BEST_FIRST', 'BREADTH_FIRST', 'DEPTH_FIRST' | 'BEST_FIRST'
minlp.max_num_threads Any nonnegative value preferably smaller than 8 4
minlp.output_relaxation | 0orl 0

- The minlp.int_gap_tol setting corresponds to the final optimality tolerance below
which the solver is claimed to have converged. It is the difference between the objective
incumbent, which is the best integer feasible solution found so far and the lowest lower
bound. As the node problems are generally not convex, it can be expected to become
negative. FORCESPRO claims convergence to a local minimum only when the integrality
gap is nonnegative and below the tolerance minlp.int_gap_tol.

- The minlp.max_num_nodes setting is the maximum number of nodes which can be
explored during the search.

- Theminlp.seqg search_strat setting is the search strategy which is used to select can-
didate nodes during the sequential search phase.

- Theminlp.par_search_strat setting is the search strategy which is used to select can-
didate nodes during the parallelizable search phase.

- The minlp.max_num_threads setting is the maximum number of threads allowed for a
parallel search. The actual number of threads on which the branch-and-bound algorithm
can be run can be set as a run-time parameter, as described below.

- The minlp.output_relaxation setting enables users to export the primal outputs of
the root relaxation. With this option set to 1, the server automatically generates one
additional output for every defined output. The name of the root relaxation output is the
name of the output followed by _relax.

Note: The MINLP solver is currently constrained to run on one thread on MacOS, meaning
that minlp.max_num_threads is automatically set to 7 on MacOS.

Important: \When generating a MINLP solver for MacOS the thread local feature (codeop-
tions.threadSafeStorage) is automatically set to O so if a dynamic library is used for a MINLP
solver in a MacOS environment then one should not run at the same time more than one
solvers linked to that library. A workaround for this would be to use the static library which is
not bound by this restriction.

The FORCESPRO MINLP solver also features settings which can be set at run-time. These are
the following:

- minlp.numThreadsBnB, the number of threads used to parallelize the search. Its default
value is 1, if not provided by the user.

- minlp.solver_timeout, the maximum amount of time allowed for completing the
search. Its default value is 1.0 seconds, if not set by the user.

- minlp.parallelStrategy, the method used for parallelizing the mixed-integer search
(from FORCES-PRO 1.9.0). Value O (default) corresponds to a single priority queue shared
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between threads. Value 7T corresponds to having each thread managing its own priority
queue.

8.6.2 Mixed-integer solver customization via user callbacks

For advanced users, the mixed-integer branch-and-bound search can be customized after
the rounding and the branching phases. In the rounding phase, an integer feasible solution
is computed after each relaxed problem solve. The user is allowed to modify the rounded so-
lution according to some modelling requirements and constraints. This can be accomplished
via the postRoundCallback_template.c file provided in the FORCESPRO client. This call-
back is applied at every stage in a loop and updates the relaxed solution stage-wise. It needs
to be provided before code generation, as shown in the following code snippet.

Matlab
Python

%% Add post-rounding callback to existing model

postRndCall = fileread('postRoundCallback_template.c'); % The file name can be_
—changed by the user

model.minlpPostRounding = postRndCall;

with open('postroundCallback_template.c') as f:
model.minlpPostRounding = f.read()

The branching process can be customized in order to discard some nodes during the search.
To do so, the user is expected to overwrite the file postBranchCallback_template.c and
pass it to FORCESPRO before generating the MINLP solver code.

Matlab
Python

%% Add as post-branching callbacks as you want
postBranchCall_1 = fileread('postBranchCallback_ template_1l.c'");
postBranchCall_2 fileread('postBranchCallback_template_2.c');
postBranchCall_3 = fileread('postBranchCallback_template_3.c'");
model .minlpPostBranching{l} = postBranchCall_1;
model .minlpPostBranching{2} = postBranchCall_2;
model .minlpPostBranching{3} postBranchCall_3;

# Add as post-branching callbacks as you want
with open('postBranchCallback_template_1l.c') as f:

model .minlpPostBranching[0] = f.read()

with open ('postBranchCallback_template_2.c') as f:
model .minlpPostBranching[l] = f.read()

with open('postBranchCallback_template_3.c') as f:
model .minlpPostBranching([2] = f.read()

In each of those callbacks, the user is expected to update the lower and upper bounds of
the sons computed during branching given the index of the stage in which the branched
variables lies, the index of this variable inside the stage and the relaxed solution at the parent
node.

8.6.3 Providing a guess for the incumbent

Internally, the mixed-integer branch-and-bound computes an integer feasible solution by
rounding. Moreover, since version 1.9.0, users are allowed to provide an initial guess for the
incumbent. At code-generation, the following options need to be set:
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- minlp.int_guess, which tells whether an integer feasible guess is provided by the user
(value 7). Its default value is O.

- minlp.int_guess_stage_vars, wWhich specifies the indices of the integer variables that
are user-initialized within one stage (MATLAB based indexing). If minlp.int_guess = 1,
a parameter int_guess needs to be set at every stage. An example can be found there
Mixed-integer nonlinear solver: F8 Crusader aircraft.

Another important related option is minlp.round_root. If set to 1, the solution of the root
relaxation is rounded and set as incumbent if feasible. Its default value is 1. The mixed-integer
solver behaviour differs depending on the combinations of options. The different behaviours
are listed below.

- Ifminlp.int_guess = 0 andminlp.round_root = 1,then the solution of the root re-
laxation is taken as incumbent (if feasible). This is the default behaviour.

- If minlp.int_guess = 1 and minlp.round_root = 0, then the incumbent guess pro-
vided by the user is tested after the root solve. If feasible, it is taken as incumbent. Note
that the user is allowed to provide guesses for a few integers per stage only. In this case,
the other integer variables are rounded to the closest integer.

- Ifminlp.int_guess = landminlp.round_root = 1,thentherounded solution ofthe
root relaxation and the user guess are compared. The best integer feasible solution in
terms of primal objective is then taken as incumbent.

This feature is illustrated in Example Mixed-integer nonlinear solver: F8 Crusader aircraft. The
ability of providing an integer guess for the incumbent is a key feature to run the mixed-integer
solver in a receding horizon setting.

8.7 Sequential quadratic programming algorithm

The FORCESPRO real-time sequential quadratic programming (SQP) algorithm allows one
to solve problems of the type specified in the section High-level Interface. The algorithm
iteratively solves a convex quadratic approximations of the (generally non-convex) problem.
Moreover, the solution is stored internally in the solver and used as an initial guess for the next
time the solver is called. This and other features enables the solver to have fast solvetimes
(compared to the interior point method), particularly suitable for MPC applications where the
sampling time or the computational power of the hardware is small.

Important: The SQP algorithm currently only supports affine inequalities. This means that all
the inequality functions hy,k = 1,..., N from (8.1.1) must be affine functions of the variable z;
(not necessarily of py).

8.71 How to generate a SQP solver

To generate a FORCESPRO sequential quadratic programming real-time iteration solver one
sets

Matlab

Python
’ codeoptions.solvemethod = 'SQP_NLP';
’ codeoptions.solvemethod = "SQP_NLP"
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(see Generating a solver). In addition to the general code options specified in the previous
section here are some of the important code options one can use to customize the generated
SQP solver.

By default the FORCESPRO SQP solver solves a single convex quadratic approximation. This
accomplishes a fast solvetime compared to a “full” sequential quadratic programming solver
(which solves quadratic approximations to the nonlinear program until a KKT point is reached).
The user might prefer to manually allow the SQP solver to solve multiple quadratic approxi-
mations: By setting

Matlab
Python
’codeoptions.sqp_nlp.maxqps = k;
’codeoptions.sqp_nlp.maxqps =k

for a positive integer k one allows the solver to solve k quadratic approximations at every call
to the solver. In general, the more quadratic approximations which are solved, the higher the
control performance. The tradeoff is that the solvetime also increases.

8.7.2 The hessian approximation and line search settings

The SQP code generation currently supports two different types of hessian approximations. A
good choice of hessian approximation can often improve the number of iterations required
by the solver and thereby its solvetime. The default option for a SQP solver is the BFGS hessian
approximation. When the objective function of the optimization problem is a least squares
cost it is often benefitial to use the Gauss-Newton hessian approximation instead. To enable
this option one proceeds as specified in the sections Hessian approximation and Gauss-
Newton options. When the Gauss-Newton hessian approximation is chosen one can also
disable the the internal linesearch by setting

Matlab
Python
’codeoptions.sqp_nlp.use_line_search = 0;
’options.sqp_nlp.use_line_search = False

A linesearch is required to ensure global convergence of an SQP method, but is not needed
in a real-time context when a Gauss-Newton hessian approximation is used.

Note: One cannot disable the line search when using the BFGS hessian approximation.

8.7.3 Controlling the initial guess at run-time

Upon the first call to the generated FORCESPRO SQP solver one needs to specify a primal
initial guess (problem.x0, see also Initial guess). The default behaviour of the FORCESPRO
SQP solver is to use the solution from the previous call as initial guess in every subsequent
call to it. However, one can also manually set an initial guess in subsequent calls to the solver.
Wether a manual initial guess (provided through problem.x0) will be used or the internally
stored solution from the previous call will be used can be controlled by the field problem.
reinitialize of the problem struct which is passed as an argument to the solver when it is
called.
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The reinitialize field can take two values: O or 1. For the default usage of the solver
Matlab
Python

’problem.reinitialize = 0;

’problem["reinitialize"} = False

should be used. This choice results in the solver using the solution from the previous call as
initial guess. This feature is useful when running the real-time iteration scheme because it
ensures that the initial guess is close to the optimal solution. If you want to specify an initial
guess at run-time, you will need to set

Matlab
Python

’problem.reinitialize = 1;

’problem["reinitialize"} = True

So in summary: The first time the solver is called the initial guess the solver will use has to be
provided by problem.x0. In all subsequent calls the solver will only make use of problem.x0
as its initial guess if problem.reinitialize = 1.

8.7.4 Additional code options specific to the SQP-RTI solver

In addition to the above codeoptions, the following options are specific to the SQP algorithm.
Each of these options can be supplied when generating a solver as a field of codeoptions.
sgp_nlp (e.9. codeoptions.sgp_nlp.TolStat).

Table 8.3: SQP specific codeoptions

option

Possible values

Default value

Description

TolStat

positive

106

Set the stationarity tolerance required for
terminating the algorithm (the tolerance
required to claim convergence to a KKT
point).

TolEqg

positive

106

Set the feasibility tolerance required for
terminating the algorithm (the tolerance
required to claim convergence to a feasi-
ble point).

reg_hessian

positive

5-1079

Set the level of regularization of the hes-
sian approximation (often increasing this
parameter can help if the SQP solver re-
turns exitflag -8 for your problem)

gpinit

Oorl

Set the initialization strategy for the inter-
nal QP solver. 0 = cold start and 1 = cen-
tered start. See also Solver Initialization
(note however, that for the SQP solver
gpinit=2 is not possible).

In addition to these options one can also specify the maximum number of iterations the
internal QP solver is allowed to run in order to solve the quadratic approximation. If one
wishes the QP solver use no more than k iterations to solve a problem one sets
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codeoptions.maxit = k;

8.8 Differences between the MATLAB and the Python client

The Python NLP interface is largely similar to the MATLAB interface, but does come with some
language- and implementation-specific differences.

- All indices in the problem formulation are expected to be 0-based in Python, as is usual

in this language. This does not include the indices of the generated solver, however,
where outputs are named x07, x02, ... as in MATLAB. Thus, the problem formulation
before generation requires O-based indices, whereas the returned solver from the server
uses 1-based indices. This also does not apply to the low-level Python interface, where
indices are 1-based even in the model formulation.

- In the Python client, different model objects must be used when using external functions

or symbolic expressions, namely nip.ExternalFunctionModel() and nlp.SymbolicModel().
Furthermore, if the high-level interface is to be used for convex problems, this is only
possible using the nlp.ConvexSymbolicModel(). This is different from the MATLAB client,
where the FORCES NLP function accepts problems of any kind and switches to the
appropriate solver automatically.

- When using the Python client with a nlp.SymbolicModel(), the C code generated for

symbolic expressions is currently not entirely identical to the code generated by MAT-
LAB. While the actual expression evaluation code generated by CasADi is the same, the
structure of the files varies. Specifically, the MATLAB client creates individual C files for
each problem stage with distinct symbolic expressions (leading to varying file names
when changing the problem horizon) whereas all functions are gathered in one file in the
Python client. Yet, the Python client does add one additional file for the FORCES-PRO-
CasADi glue code, which is not present when using the MATLAB client. Lastly, function
names of the evaluation functions differ.

If you want to get the same code for MATLAB and Python, you must generate the CasADi
C code from one of both clients and then supply this code as an external function in the
other client.

8.9 Examples

- High-level interface: Basic example: In this example, you learn the basics in how to use

FORCESPRO to create an MPC regulation controllers.

- High-level interface: Obstacle avoidance (MATLAB & Python): This example uses a sim-

ple nonlinear vehicle model to illustrate the use of FORCESPRO for real-time trajectory
planning around non-convex obstacles.

- High-level interface: Indoor localization (MATLAB & Python): This examples describes a

nonlinear optimization approach for the indoor localization problem.

- Mixed-integer nonlinear solver: F8 Crusader aircraft: In this example, you learn the ba-

sics in how to use FORCESPRO MINLP solver to solve a mixed-integer optimal control
problem.

- Real-time SQP Solver: Robotic Arm Manipulator (MATLAB & Python): This example de-

scribes how to apply the FORCESPRO SQP solver to control a robotic arm.

- Controlling a DC motor using a FORCESPRO SQP solver: This example describes how to

apply the FORCESPRO SQP solver to control a DC motor.
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Chapter 9

Simulating your custom controller
in Simulink®

FORCESPRO provides a Simulink® interface for easy simulation of your custom controllers
within existing Simulink® diagrams. Once code has been generated the block transforms into
a new block with the appropriate number of ports for your specific configuration. Depending
on your controller configuration you will have different input and output ports on your block.
The port labels are self-explanatory. Just wire the ports of the FORCESPRO block to other
blocks in you Simulink diagram and run the simulation.

Watch an introductory video on how to use the FORCESPRO Simulink® interface here

9.1 Configuration of a custom linear MPC controller using the
FORCESPRO Simulink® GUI

The Simulink® GUI for FORCESPRO is an easy and intuitive way to design model-based opti-
mal controllers that can take decisions considering future information and system constraints.
The general supported problem formulation is as follows:

Given a measurement or estimate of the current state of the system, z, and possibly:
- an estimate for an additive disturbance, wy,
- the previous control command, upre,

- the output reference to track, y,cs.x

the controller decides the future control actions wug,u1,...,un_1, and the resulting predicted
state trajectory zq,za,...,zN, Over the prediction horizon, N, in order to optimize the control
objectives

N-1

(Trt1 — Tss k) Qr (a1 — Tosg) + (Uns1 — Uss )T Qn(Uns1 — Uss i) + Auj T Auy,

k=0
(e 20
C 0 Uss,k Yref,k

AuO = Up — Uprev,

where

Aug = up —up—1, k=1,..,.N—1
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subject to a linear mode of the system

x1 = Aox + Boup + wo

Ti+1 = Apzy + Brug + wy, forallk=1,...,N -1
yp = Cxyp, forallk=1,...,N

and satisfying the system constraints

yr €Yy, forallk=1,2,...,N

ug € Uy, forallk=0,1,...,N—1

Aup €V, forallk=0,1,...,N—1

The settings for your particular controller can be specified by editing the mask of the FORCE-
SPRO Simulink block. To start a new controller design copy the block in LTI_MPC_lib.mdl
to your Simulink diagram and give a name to your controller. Double click on the new block
and configure the different parameters as described here:

9.1.1 Model

Describe your linear state-space model of the system.

- Time : Choose whether your state-space model is described using differential equations

or using a discrete update equation.

- Type : Choose whether your model has an extra affine term, i.e. is w present?

- Sampling time : If you are loading a continuous-time model specify the sampling time

in seconds.

- System matrices : Specify the workspace variables describing the different system ma-

trices AB,C, and , if present, vector w.

- Parameters : Some variables are allowed to be parameters at design time, i.e. they can

change dynamically during runtime. To allow this feature mark the appropriate check
boxes to determine whether the parameter changes over the prediction horizon.

- System dimensions : If one or more system matrices are parameters you might need to

specify any unresolved system dimensions.

9.1.2 Control Objectives

The control objectives are typically a trade-off between how well the controller tracks the
output reference and how much input action it uses.

- Tracking options: Check if the controller is tracking an output reference or leave

unchecked if the controller is regulating to the origin. If the controller is tracking a
reference, specify whether the output reference y,.; will be provided, or whether the
steady-state offset-free state and input references, z,, and u,,, have already been calcu-
lated. Also specify if the reference is changing over time and whether the changes are
known ahead of time or Not (y,er,x = yref). If reference changes are known ahead of time,
the controller can use this preview information to improve the control performance.

- Input slew rate penalty : Check if the controller should also attempt to minimize the

actuator changes between control samples. If the checkbox is left unmarked, the weight
matrix T' is set to zero.

96

Chapter 9. Simulating your custom controller in Simulink®



."
embotech FORCESPRO User Manual

- Terminal cost : If the checkbox is marked the state penalty matrix for the last stage
becomes Qn := P, where P is the solution of the discrete-time Ricatti equation. Note that
the matrix P can only be computed when matrices A, B, C, and R are known at design
time, i.e. they are not runtime parameters. In general, having a terminal cost allows
for a reduced prediction horizon but imposes certain restrictions on the optimization
methods that can be used.

- Control horizon : Specify the number of samples that the controller looks into the future.
In general, a longer control horizon can improve control performance but leads to longer
computation times.

- Weighting matrices : Check if the weighting matrices on the outputs, @, on the inputs,
R, and on the input rates, T, are available and specify the corresponding workspace vari-
ables. If no weighting matrices are available specify the relative importance for track-
ing/regulation of the different outputs, inputs and slew rates. A high weight on an out-
put tells the controller to focus on improving the tracking performance on that output.
A high weight on an input tells the controller to use less of that input.

- Parameters : The penalty matrices can also be parameters at design time and change
dynamically at runtime. To allow this feature mark the appropriate check boxes to de-
termine whether the parameter changes over the prediction horizon.

9.1.3 System Constraints

Describe system limits that cannot be exceeded due to physical, safety, economic or regulatory
reasons.

- Constraint list : Check which output, input, and slew rate constraints are present. For
each constraint specify the upper and lower bounds. Note that an empty bound implies
a one-sided constraint, e.g. 0 < ;.

- Soft constraints : Output constraints can be specified to be soft to prevent infeasible
problems. In this case a slack variable, ¢, is introduced resulting in the constraint.

0> 0.

- Parameters : Upper and lower bounds can also be defined as runtime parameters. To al-
low this feature mark the appropriate check boxes to determine whether the parameter
changes over the prediction horizon.

9.1.4 Estimator Settings

Describe additional characteristics for your customized solver.

- Data type : Choose the data type used by the solver. For some embedded platforms,
floating-point computations (specially double precision) will incur significant computa-
tional delays. In the standard and premium versions of FORCESPRO fixed-point data
types can lead to reduced computation times depending on the platform, but this im-
poses certain restrictions on the optimization methods that can be used.

- Optimization method : The basic version of FORCESPRO always uses a Primal-Dual
Interior-Point (PDIP) method to implement the optimal controller. In the standard and
premium versions of FORCESPRO one can select other alternative methods, such as
ADMM and DFGM, that can lead to reduced computation times. One can also let FORCE-
SPRO choose the most appropriate optimization method for your problem.

- Number of jterations : Specify the maximum number of iterations used in the optimiza-
tion algorithm. One can also let FORCESPRO determine the number of iterations for
your problem.
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- Method-specific options : For some methods the user can choose values for certain pa-
rameters to tune the performance of the method.

- Platform : In the standard and premium versions of FORCESPRO one can choose the
platform that the solver will run on to obtain customized code for the particular plat-
form. For desktop based platforms, choose x86 64" for 64-bit platforms and 'x86’ for
32-bit platforms. For embedded platforms, choose between x86', ‘ARM Cortex M3 and
M4’ ‘ARM Cortex A9, ‘Tricore’, ‘PowerPC’, or get a customized circuit design described in
VHDL. Note that additional add-ons for FORCESPRO are required to generate code for
different target platforms.

- Description : Add an optional description for your controller that can be used later to
identify the settings for a particular controller instance in your web workspace.

- Solve information : Mark this check box to obtain runtime information from the solver
that can be used to diaghose problems.

Once all the necessary solver options have been specified a custom solver for your controller
can be built by executing the command configure_block. The command returns an error if
any essential information is missing or if the license type is not valid. Note that this command
transforms the block to make it ready for simulation. Once a controller has been generated
you can change the configuration by double clicking the block and running configure_block
again.

Several instance of the FORCESPRO block can exist in the same Simulink® diagram.

9.2 Getting Started - Basic MPC Regulation State Feedback
Example

This example will show how to get started with the Simulink® interface of Forces Pro by de-
signing an MPC regulator for the system below.

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.

penq = (07115 —04345) (02173
k1= 104345 0.8853 /% " \0.0573) F

ye = (0 1)y

In addition to the task of steering the two states to zero, there are constraints on the single
actuator v and on the second state z,. We require that the actuator u does not exceed [—5, 5]
and the state z, > 0 for all time. After downloading the files we can start with the design of
the controller. First load the data from myFirstController_data.mat into the workspace
and then open the Simulink® model myFirstController_sim.slx.

Then copy the FORCESPRO Simulink® block MPC_1ib_2012b.mdl into your Simulink® dia-
gram. Give the block a name. Here we will call it myFirstController.

We are now ready to configure the controller. Double-click on the block and go to the ‘Model’
tab to enter the details of the system that we want to control. The model described above has
already been discretized with a sampling time of 0.1 seconds. We therefore choose ‘Discrete-
time model and chose the type of state-space model (we have no additive term g in this
example). Enter the state transition matrix A, the input matrix B and the output matrix Cy;.
Notice that we use Cy;;, which is just the identity matrix, instead of C, since we want to regulate
both states, not just the output of the system.

We are now ready to configure the controller. Double-click on the block and go to the ‘Model’
tab to enter the details of the system that we want to control. The model described above has
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FORCESPRO

myFirstController

already been discretized with a sampling time of 0.1 seconds. We therefore choose ‘Discrete-
time model’ and chose the type of state-space model (we have no additive term g in this
example). Enter the state transition matrix A, the input matrix B and the output matrix Cyy;.
Notice that we use Cyy;, which is just the identity matrix, instead of C, since we want to regulate
both states, not just the output of the system.

l Model | Control objectives System constraints Estimator Settings

Time: | Discrete-time model

Type: | x(/+) =Ax +Bu

AA- state transistion matrix:
A

Parameter?

B-- input matrix:
B

| Parameter?

C - output matrix:
C_all

In the ‘Control Objective’ tab we choose a prediction horizon of 10 steps, i. e. the controller
looks 1 second into the future. We will input the relative weights manually. We weight the
importance of regulating the states 10 times higher then reducing the use of the actuator.

You are encouraged to change these weights and observe the effect on the control behaviour.

| Model System constraints Estimator Settings |

|| Reference tracking?
|| Penalize the input slew rate?
|| Use unconstrained LQR gain as terminal cost?

Control/prediction horizon (steps):
10

[ ] Load weighing matrices?

Relative importance of output/state 1:
10

Relative importance of outputistate 2:
10

Relative importance of input 1 magnitude:
1

In the ‘System Constraints’ tab we input the details of the constraints described above. The
second state must remain positive, whereas the first state is left unconstrained. We also have a
constraint on the actuator. We enter the lower bound —5 and the upper bound 5. We can also
check the option ‘Soft Constraint’ for the output constraint to prevent infeasibility problems
in the solver.

Since we are designing a state feedback controller we will leave the only option in the ‘Esti-
mator’ tab as ‘State Feedback’. There will be no estimator built into the FORCESPRO block.

If we wish the controller to give information on the optimization process at each time step
we check the option ‘Get Solve Information’ in the ‘Settings’ tab. The controller will have an
additional output from which we can read this information.
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[ Model | Control objectives

Estimator | Settings |

(¥ Constraints on output 22

Constraint type: | Bound constraints

Lower bound:
0

Lower bound - Parameter?

Upper bound:

| Upper bound - Parameter?
‘! Soft constraint

(¥ Constraints on input 1 magnitude?

Constraint type: | Bound constraints

Lower bound:
-5

Lower bound - Parameter?

Upper bound:
5

| Upper bound - Parameter?

Constraints on input 1 slew rate?

We are now ready to configure the controller. Simply type

>> configure_block

in the MATLAB® command prompt. This will send a request to the server which will generate a
custom controller for your problem. The code is downloaded to your machine and the FORCE-
SPRO block is automatically updated and made ready for simulation on your Simulink® di-
agram. We can connect the ports of the controller to the rest of the system and run the
simulation.

>
Scope x
- FORCESPRO - s | =
Sysem output
s
myFirstCentroller Scope u

From the left plot we can see that the actuator remains in the allowed range. The right plot
shows how the second state x5 is always non-negative (purple graph in the right plot) and
both states are regulated to zero.

9.3 Real-time control with the Simulink block

When a user generates a new solver from either the graphical Simulink interface, or the tex-
tual MATLAB or Python interfaces, several Simulink blocks are automatically created in the
‘interfaces’ folder. These blocks are useful to interface the solver with other Simulink mod-
els for simulation, or for deployment in embedded prototyping hardware using tools such as
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dSpace MicroAutobox or Simulink Coder.

In the following we describe the difference between the different available Simulink interfaces.

9.3.1 Input and Output Ports in the Compact Interface

For every solver, there are two Simulink interfaces generated: a standard interface; and a com-
pact interface, which groups parameters and outputs. For problems with many parameters
and outputs, the compact interface is more suitable because it reduces the number of ports
and connections that need to be wired up to the rest of the Simulink model.

The criteria for grouping parameters is the following: parameters of the same type that have
the same number of rows are grouped together into a single stacked parameter. These pa-
rameters are stacked horizontally, e.g. if there are two parameters mapping to eq.c, both of
size 3x1, they will be grouped into a new parameter of size 3x2. The new parameter will get
the name c.

To illustrate the conversion consider a problem with the following parameters and with the
corresponding standard (non-compact) Simulink block:

Name maps2data Dimensions
Amat1l eq.D 2x4
Amat?2 eq.D 3x4
Amat3 eq.D 3x4
Amat4 eq.D 3x4
linterml cost.f 4X]
linterm2 cost.f 4X]
linterm3 cost.f 4]
lintermé cost.f 4X]

linterm
Amati

linterma2

. FORCESPRO -

i

Amat3d

linterm4

Amatd

controller

For the compact Simulink block, parameters 1interml, linterm2, linterm3 and linterm4
are stacked together into a new parameter £ (because the problem data they map tois cost.
f). For the parameters mapping to eq.D, Amat2, Amat3 and Amat4 can be stacked into the
new parameter D. Amat1 is not included into the new parameter because it has two rows
and the concatenation is not possible with the other parameters, which all have three rows.
Parameters are always stacked horizontally according to the stage number they map to.

Name maps2data Dimensions
D eq.D 3x12
f cost.f 4x4
Amatl eq.D 2x4
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FORCESPRO -

controller

) Amati

The port dimensions of any FORCESPRO Simulink block can be checked by double-clicking
the block and clicking the ‘Help’ button.
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Chapter 10

Examples

10.1 How to

10.1.1 Basic Example

Consider the following linear MPC problem with lower and upper bounds on state and inputs,

and a terminal cost term:

minimize

subject to

N-1

zNPry + Z x;
i=0

Tro=2x

Tiy1 = Ax; + Buy

r<x;<7T

u<u; <1u

Qx; + uiTRui

This problem is parametric in the initial state  and the first input ug is typically applied to the
system after a solution has been obtained. The following code generates a function that takes
—Ax as a calling argument and returns ug, which can then be applied to the system.

Here is the Matlab code:

% FORCES multistage form
assume variable ordering zi

o
5
o —
> =

stages = MultistageProblem(N); %
for i = 1:N
% dimension
stages (i) .dims.n = nx+nu;
stages (i) .dims.r = nx;
stages (i) .dims.1l = nx+nu;
stages (i) .dims.u = nx+nu;
% cost
if( i == N )
stages (i) .cost.H
else
stages (i) .cost.H
end

stages (i) .cost.f

[ui,

xi+1]

for i=1...N-1

get stages struct of length N

zeros (nx+nu, 1) ;

of
of
of
of

number
number
number

o o o o

number

blkdiag(R,P);

blkdiag(R,Q);

o
°

o

stage variables
equality constraints
lower bounds

upper bounds

terminal cost (Hessian)

°

linear cost terms

(continues on next page)
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% lower bounds
stages (i) .ineqg.b.lbidx = 1: (nu+nx);
stages (i) .ineqg.b.1lb = [umin; =xmin];

lower bound acts on these indices
lower bound for this stage variable

o° o

% upper bounds
stages (i) .ineqg.b.ubidx = 1: (nu+nx);
stages (i) .ineqg.b.ub = [umax; xmax];

upper bound acts on these indices
upper bound for this stage variable

o° o

o)

% equality constraints
if( 1 < N )
stages (i) .eq.C

[zeros (nx,nu), Al;

end
if( i>1 )
stages (i) .eq.c = zeros(nx,1);

end

stages (i) .eq.D = [B, —-eye(nx)];
end
% RHS of first eq. constr. is a parameter: stages(l).eq.c = —-Axx0
params (1) = newParam('minusA_times_x0',1,'eg.c');

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.

And here’s the Python code:

# FORCES multistage form
# assume variable ordering zi = [ui, xi+l1l] for i=1...N-1

stages = MultistageProblem(N) # get stages struct of length N
for i in range(N) :

# dimension

stages.dims[ 1 ]['n'] = nx+nu # number of stage variables
stages.dims[ 1 J['r'] = nx # number of equality constraints
stages.dims[ i ]J['l'] = nx+nu # number of lower bounds
stages.dims[ i ]['u']l = nx+tnu # number of upper bounds
# cost
if (1 == N-1 ):
stages.cost[ 1 J['H'] = np.vstack((np.hstack ((R,np.zeros ((nu,
—nx)))),np.hstack ((np.zeros ((nx,nu)),P))))
else:
stages.cost[ 1 J['H'] = np.vstack((np.hstack ((R,np.zeros ((nu,
—nx)))),np.hstack ((np.zeros ((nx,nu)),Q))))
stages.cost[ 1 ]['f'] = np.zeros((nx+nu,1l)) # linear cost terms

# lower bounds

stages.ineq[ 1 ]['b'"]1['"lbidx'] = range(l,nu+nx+1l) # lower bound acts on,
—these indices

stages.ineq[ 1 ]['b']['1lb'] = np.concatenate ((umin,xmin),0) # lower bound
—for this stage variable

# upper bounds

stages.ineqg[ 1 J['b']['ubidx'] = range(l,nu+nx+1) # upper bound acts on,
—these indices

stages.ineq[ 1 ]['b']['ub'] = np.concatenate ((umax,xmax),0) # upper bound
—~for this stage variable

# equality constraints

(continues on next page)
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if (1 < N-1 ):

stages.eq[i] ['C'] = np.hstack((np.zeros((nx,nu)),A))
if ( i>0 ):

stages.eq[i]['c'] = np.zeros((nx,1))
stages.eq[i] ['D'] = np.hstack((B, np.eye(nx)))

# RHS of first eq. constr. is a parameter: stages(l).eq.c = —-Axx0
stages.newParam('minusA_times_x0', [1], 'eg.c')

# define output of the solver

stages.newOutput ('u0', 1, range(l,nu+l))

10.1.2 How to Incorporate Preview Information in the MPC Problem
Introduction

In this example the following discrete-time system is considered:
Thp1 = (0.7115 —0.4345> _— <1) w + (1) Wi

0.4345 0.8853 1 1
The control objective is to regulate the two states to zero using the input u, while a distur-
bance wy, is acting on the system. The disturbance w; gets predicted for a horizon of length
N =10, which is equal to the control horizon of the model predictive control problem solved
at each time step by the FORCESPRO controller. At each time step k, a predicted disturbance
for the next N steps is considered by the FORCESPRO controller. For the cost function of the
MPC problem, it is assumed that the relative importance of regulating the two states to zero is
ten times as high as the penalty on applying an input. Further it is demanded, that the input

magnitude of the input signal « lies in the range [—1.8,1.8]. The initial state of the system is set
to zero, i. e. g = [0;0].

Disturbance wk

3 T 1 1 1 1
@ —— Disturbance
=
2 2 P
= -~ -,
gﬁ 1 o~ "o

7 .

= e .

0 L -/ L L “"'\ L L

o 10 20 30 40 &0 60

Step Number

One can see that the disturbance drives the states far away from the desired value. In this
example it is shown how FORCESPRO can significantly improve the dynamical behaviour by
using the concept of ‘preview’ when such future information is available.

To implement a FORCESPRO controller with ‘preview’ one can either use the Simulink® inter-
face or the MATLAB® interface. Here both options are presented. The result is the same.

Use preview information in the Simulink® interface

To implement a FORCESPRO controller which makes use of preview information, drag the
LTI_MPC block from the LTI_MPC_1ib from the FORCES_PRO folder into the Simulink® model.
After renaming the block, double click on it and chose in the tab Model the settings shown
on the right side. In this example, the preview information comes through the additive term g.
Check the option parameter. g is a parameter because at each time instant new disturbance
predictions enter the controller. Also note that the additive term g is not constant over time,
i.e. the disturbance prediction can vary over the prediction horizon.
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The rest of the configuration of the FORCESPRO block is the same as for the design of a stan-
dard MPC regulator described here. After finishing the configuration, type configure_block
to obtain a customized solver for your controller.

initial_state

affine_term_01
affine_term_02

affine_term_03

3

2

2

M affine_term_04 F R E p R O

; affine_term_05 uo —_:H_%' (n)=Cx(n)+Du(n) ,-l output
b

2

2

b

affine_term_06 x(n+1)=Ax(n)+Bu(n)
output Preview

affine_term_07 System
affine_term_08
affine_term_09

affine_term_10

PreviewController

[time dist] Il

From
Workspace

The controller is now configured and the number of inputs ports to the controller is deter-
mined by the length of the preview horizon.

Add the data of the disturbance and its preview from the workspace to model and start the
simulation. To see the impact of using preview information see the section Comparison of
MPC with Preview and Standard MPC below.

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client. When running this example the code will automatically generate
the Simulink block.

Use preview information in the MATLAB® interface

The same problem can be solved using the MATLAB® Interface. The multistage problem is
constructed as shown in the simple example here and is then extended as shown below.

As in the Simulink® interface, the parametric additive terms g have to be defined. At each
stage of the multistage problem, the equality constraint change, therefore we have to define
a parameter for each stage. In the definition of the parameters, distx represents the name
of the predicted disturbance at stage x of the multistage problem.

During runtime, the preview information is mapped to these parameters.

)

% RHS of first eqg. constr. is a parameter: zl=-Axx0 —-BwxRoad
parameter (1) = newParam('minusA_times_x0_BwDist',1,'eqg.c');

)

% Parameter of Preview

parameter (2) = newParam('distl',2,'eg.c');
parameter (3) = newParam('dist2',3,'eg.c');
parameter (4) = newParam('dist3',4,'eg.c');
parameter (5) = newParam('dist4',5,'eg.c');
parameter (6) = newParam('dist5',6,'eg.c');
parameter (7) = newParam('disté6',7,'eg.c');
parameter (8) = newParam('dist7',8,'eg.c');
parameter (9) = newParam('dist8',9,'eg.c');
parameter (10) = newParam('dist9',10, 'eg.c');

After setting up the multistage problem with the parametric equality constraints, configure
the solver settings (i. e. define solver output and solver options), the solver can be generated
by using the command generateCode (.. .). With the function provided by FORCESPRO, the
system is now ready for simulation.
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Comparison of MPC with Preview and Standard MPC

Figure 10.2 shows the dynamics of the system using a non-preview controller and a preview
controller designed using FORCES Pro. One can see that the maximum deviation of the two
states from their desired value is reduced by a factor 18, and 11, respectively. Compared to
the open loop case, the magnitude of the deviation is reduced by a factor of 47, and 34,
respectively.

Figure 10.1 shows the control action of both controllers. As expected, the input signal remains
in the allowed range. One can see how the preview controller makes use of future information
to provide a more aggressive control action that results in improved system performance.

Comparison Preview vs Non—Preview

0.5 N
—— U no preview
u preview

Step Number

Figure 10.1: Comyparison preview vs. non-preview

10.1.3 HOW TO: Implement an MPC Controller with a Time-Varying Model

Introduction

This ‘'HOW TO' explains how FORCESPRO can be used to handle time-varying models to
achieve better control performance than a standard MPC controller. For this example it is
assumed that the time-varying model consists of four different systems. This could be four
models derived from a nonlinear system at four operating points or from a periodic system.
The systems are listed below. The first system is a damped harmonic oscillator, while the sec-
ond system has eigenvalues on the right plane and is therefore unstable. System three is also
a damped oscillator, but differs from system one. System four is an undamped harmonic

oscillator.
0.7115 —0.6 0.2173
System 1. zp4q = ( 06 0. 8853) Tt (0.0573) b
09 05 0
System 2 xpyq = < ) Tkt <0.0666> "
0.7115 —0 5 0.5
Tkt {001 ) Uk

G
8 e ()
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Figure 10.2: Comparison preview vs. No preview

In this example we assume that system 1 is active for the first 4 steps. Then at step 5 the
model changes to system 2, which stays active for 8 steps. Then we switch to system 3 for the
following 3 steps and finally system 4 is active for the next 5 steps. This pattern is periodic, i. e.
every 20 steps the cycle starts again. Also we have an initial condition of zy = [1; 1], a prediction
horizon N = 15 and the simulation runs for 40 steps.

The open loop dynamics of this time-varying model are shown on the right. One can see
that the system becomes unstable. The goal is to regulate both states to zero while satisfying
the different input constraints on each system. The constraints on the model are u € [-3,5],
u € [-5.5,5.5], u € [-3,5] and u € [—0.45,4.5] for systems 1, 2, 3 and 4, respectively.

Open Loop Dynamics

state 1
state 2
=

Magnitude [-]
|

25 30 35 40

At each step kK FORCESPRO takes the changing state space matrices and the corresponding
input constraints into account, in order to regulate both states to zero as fast as possible. The
following section shows how a controller for this problem can be implemented using the
FORCESPRO MATLAB® Interface.
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Implementation

The FORCESPRO MATLAB® Interface is used to pose a multistage problem problem as de-
scribed here. When taking the changing dynamics over the prediction horizon into account,
the matrices C;_1 and D; of the inter-stage equality have to be defined as parameters for each
prediction step i. Additionally the lower bounds z; and the upper bounds z; on the optimiza-
tion variable have to be defined as parameters as they also change over the prediction horizon.
Also, the initial condition has to be set as a parameter. The code below shows the multistage
problem and the commands to design the controller using FORCESPRO.

%% Multistage Problem: Varying Model in Prediction Horizon

)

stages = MultistageProblem(N); % get stages struct of length N

% Initial Equality
% c_1 = -Axx0
parameter (1) = newParam('minusA_times_x0',1,'eqg.c");

for i = 1:N
% dimension

stages (i) .dims.n = nx+nu; % number of stage variables
stages (i) .dims.r = nx; % number of equality constraints
stages (i) .dims.l = nu; % number of lower bounds

stages (i) .dims.u = nu; % number of upper bounds

% lower bounds

stages (i) .ineq.b.lbidx = 1; % lower bound acts on these indices
parameter (1+i) = newParam(['u',num2str (i), 'min'], i, "ineg.b.1b");
% upper bounds

stages (i) .ineqg.b.ubidx = 1; % upper bound acts on these indices
parameter (1+N+1i) = newParam(['u',num2str(i), 'max'], i, 'ineg.b.ub'");
% cost

stages (i) .cost.H = blkdiag(R,Q);

stages (i) .cost.f = zeros(nx+nu,1l);

% Equality constraints
if( i>1 )
stages (i) .eq.c = zeros(nx,1);
end
% Inter-Stage Equlity

D_ixz_i = [B_1 -I]l=*z_1i
parameter (1+2x«N+i) = newParam(['D_',num2str(i)], i, 'eq.D");
if( 1 < n)
$ C_{i-1}txz_{i-1} = [0 A_dil1*z_{i-1}
parameter (1+3xN+1i) = newParam(['C_',num2str(i)],i,'eqg.C’);

end
end

% define outputs of the solver
outputs (1) = newOutput ('u0',1,1);
% solver settings

codeoptions = getOptions('Time_Varying_ Model wP'");

% generate code
generateCode (stages, parameter, codeoptions, outputs) ;

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.
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Comparison of the two approaches

The two plots in Figure 10.3 and Figure 10.4 respectively, show the difference between the
response of a controller that assumes constant matrices A and B over the whole prediction
horizon, and a controller that considers the changing dynamics, e. g. at time step O the
second controller knows that system 1 will only be active for the first 4 steps. The left plot
shows the system response and the right plot shows the actuator signals and the varying
system constraints.

Both controllers can satisfy the contraints. To quantify the improvement in control perfor-
mance, the cost function fo:l 2} Qzy + ul Ruy, can be evaluated for the whole simulation
length of n = 40. For the controller that uses a fixed model for the prediction horizon, the
closed loop cost for regulating the states to zero is 2163.2. With the FORCESPRO time-varying
controller the costs is reduced to 457.5. This is a cost reduction of almost 80%.

States Time-Varying MPC vs Basic MPC

state 1
state 2

—— state 1- Time—Varying
state 2: Time-Varying

Magnitude []

Figure 10.3: States Time-varying MPC vs. basic MPC

Input Time-Varying MPC vs Basic MPC

input u
- - input u- Time—Varying

Magnitude [-]

0 5 10 15

20
step [-]

Figure 10.4: Input Time-varying MPC vs. basic MPC

10.1.4 How to Implement 1-Norm and Infinity-Norm Cost Functions
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Introduction

In this example we use the system described in the Basic MPC Example, but we will imple-
ment non-quadratic costs of the type

| Ruillx
or

1Qi]

which are sometimes more meaningful for certain applications.

In both cases we will have to introduce slack variables and additional constraints, hence the
optimization problem will become more challenging to solve, even if the cost function be-
comes linear instead of quadratic.

1-norm reformulation

The 1-norm is the absolute sum of a vector, hence a 1-norm penalty on the actuators can be a
more meaningful objective when, for instance, the fuel consumption is directly proportional
to actuation. The 1-norm also induces sparsity in the solution vector, i.e. a 1-norm cost leads to
solutions where actuators are not used at all if possible, which can more accurately represent
the objective of minimising wear in certain applications.

To formulate a 1-norm cost as an optimization problem we introduce one slack variable ¢; per
vector element of Ru; (i.e. such that the vector ¢ has the same length as the vector Ru;) and
add it to the polytopic constraints. As a result, the problem

minimize |Ru;|1
subject to constraints

is transformed into the problem

minimize Zej
J
subjectto =+ Ru; <e¢

constraints

The following MATLAB code shows how to model a problem with 1-norm penalties on the ac-
tuators and quadratic penalties on the states with FORCESPRO. In particular, note the changes
to the cost function and the introduction of polytopic constraints.

% FORCES multistage form
assume variable ordering zi = [ui, xi+l, ei] for i=1...N-1

stages = MultistageProblem(N); % get stages struct of length N

for i = 1:N

% dimension

stages (i) .dims.n = nx+2xnu; % number of stage variables
stages (i) .dims.r = nx; % number of equality constraints
stages (i) .dims.1l = nx+nu; % number of lower bounds
stages (i) .dims.u = nx+nu; % number of upper bounds
stages (i) .dims.p = 2+*nu; % number of polytopic constraints
% cost

if( 1 == N )

(continues on next page)
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stages (i) .cost.H = blkdiag(zeros (nu),P,zeros(nu)); % terminal cost_
— (Hessian)

else
stages (i) .cost.H blkdiag(zeros (nu),Q, zeros (nu)) ;
end
stages (i) .cost.f = [zeros(nx+nu,1l); ones(nu,1l)]; % linear cost terms

o

% lower bounds
stages (i) .ineq.b.lbidx = 1: (nu+nx);
stages (i) .ineq.b.lb = [umin; xmin];

lower bound acts on these indices
lower bound for this stage variable

o° o

°

% upper bounds
stages (i) .ineq.b.ubidx = 1: (nu+nx);
stages (i) .ineqg.b.ub = [umax; xmax];

% upper bound acts on these indices
% upper bound for this stage variable
% polytopic bounds
stages (i) .ineq.p.A = [ R, zeros(nu,nx), -eye(nu);
-R, zeros(nu,nx), -eye(nu)]l;
stages (i) .ineq.p.b = zeros(2xnu,1l);

°

% equality constraints

if( i < N)
stages (i) .eq.C = [zeros(nx,nu), A, zeros(nx,nu) ];
end
if( i>1 )
stages (i) .eq.c = zeros(nx,1);
end
stages (i) .eq.D = [B, —-eye(nx), zeros(nx,nu)]l;
end
% RHS of first eqg. constr. is a parameter: stages(l).eq.c = —-Axx0
params (1) = newParam('minusA_times_x0',1,'eqg.c');

You can download the Matlab code of this example using this link.

oco-horm formulation

The co-norm is the maximum absolute value in a vector, hence an co-norm penalty on the
states tries to minimise the maximum deviation of any state from the setpoint rather than the
combined deviation of all the states in the system.

To formulate an co-norm cost as an optimization problem we need to introduce a single slack
variable epsilon and add polytopic constraints. As a result, the problem

minimize [Qx;|oo

subject to constraints

is transformed into the problem
minimize ¢
subject to + Qz; < 17e
constraints

where the vector 1 = [1 ... 1] has the same length as the vector Qu;.

The following MATLAB code shows how to model a problem with co-norm penalties on the
states and quadratic penalties on the inputs with FORCESPRO. In particular, note the changes
to the cost function and the introduction of polytopic constraints. Also note that we only need
to add one more variable per stage.
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%% FORCES multistage form
% assume variable ordering zi = [ui, xi+l, ei] for i=1...N-1

)

stages = MultistageProblem(N); % get stages struct of length N
for i = 1:N

o

% dimension

stages (i) .dims.n = nx+nu+l; % number of stage variables
stages (i) .dims.r = nx; % number of equality constraints
stages (i) .dims.l = nx+nu; % number of lower bounds
stages (i) .dims.u = nx+nu; % number of upper bounds
stages (i) .dims.p = 2xnx; % number of polytopic constraints
% cost

if( 1 == N )

o

stages (i) .cost.H = blkdiag(R,zeros (nx),0); % terminal cost,
— (Hessian)

else
stages (i) .cost.H = blkdiag(Q, zeros (nx),0);
end
stages (i) .cost.f = [zeros(nx+nu,l); 1]; % linear cost terms

o)

% lower bounds
stages (i) .ineqg.b.lbidx = 1: (nu+nx);
stages (i) .ineqg.b.1lb = [umin; =xmin];

lower bound acts on these indices
lower bound for this stage variable

o oo

% upper bounds
stages (i) .ineqg.b.ubidx = 1: (nu+nx);
stages (i) .ineqg.b.ub = [umax; xmax];

upper bound acts on these indices
upper bound for this stage variable

o° o

o)

% polytopic bounds
if( 1 == N )
stages (i) .ineq.p.A = [ zeros(nx,nu), P, -ones(nx,1);
zeros (nx,nu), -P, -
—ones (nx,1)1;
else
stages (i) .ineq.p.A = [ zeros(nx,nu), Q, -ones(nx,1);
zeros (nx,nu), -Q, -
—ones (nx,1)];
end
stages (i) .ineq.p.b = zeros(2+xnx,1);
% equality constraints
if( 1 < N)
stages (i) .eq.C

[zeros (nx,nu), A, zeros(nx,1)];

end
if( 1i>1 )
stages (i) .eq.c = zeros(nx,1);

end

stages (i) .eq.D = [B, —eye(nx), zeros(nx,1l)];
end
% RHS of first eqg. constr. is a parameter: stages(l).eg.c = -Axx0
params (1) = newParam('minusA_times_x0',1,'eg.c');

Here you can download the Matlab code of this example.

10.1.5 HOW TO: Implement Rate Constraints
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Problem formulation

In this example it is illustrated how slew rate constraints on a system’s actuators can be in-
corporated in the controller design. As a real world example one could think of an airplane,
where the elevator cannot be switched instantaneously from one position to another, i. e. has
a limited slew rate. Here the concept of constraints on the slew rate is shown on the following
system:

0.7115 —0.4345 0.2173
That = <0.4345 0.8853 ) T (0.0573) Uk T+t = Az + Bu

To have a bound on the slew rate, ux, — ux_1 has to lie in some range, i. e.
Aumin <up —ug—1 < Aumax-

One option to set the constraints on the slew rate is to augment the state as follows:

. x . A B\ . B\ . . P N
where 4 is defined as uy, —u,_1. To implement the problem using FORCESPRO, the multistage
problem has to be defined as stated here. The optimization variable is z; = [4; #;11]7
Fpy1 =Ady + By,
Atmin < U < Alpmag

Umin S’U/ S Aumaw

I

N
1
minimize 3 ;1 z; Hiz;

subjectto Dz =¢
Ci—1zi—1+ Dyz; = ¢

Zmin S Zq S Zmaz

The details on how the first equality and the interstage equality look like and how the con-
straints are implemented can be seen in the MATLAB® code below.

Implementation

% FORCES multistage form
assume variable ordering zi = [uhat_i, xhat_{i+1}] for i=1...N-1

o
°
o
°

o

stages = MultistageProblem(N); % get stages struct of length N
for i = 1:N

°

% dimension

stages (i) .dims.n = 4; % number of stage variables
stages (i) .dims.r = 3; % number of equality constraints
stages (i) .dims.1l = 2; % number of lower bounds: minimal slew rate and_

—minimal input
stages (i) .dims.u = 2;
—maximal input

o

number of upper bounds: maximal slew rate and,

o

% cost
if( i == N )
stages (i) .cost.H = blkdiag(R_sr, [P, zeros(2,1); =zeros(l,2), 0]);
—% terminal cost (Hessian)

(continues on next page)
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else

stages (i) .cost.H = blkdiag(R_sr, [Q, zeros(2,1); zeros(l,2), RIl);
end
stages (i) .cost.f = zeros(3,1); % linear cost terms

o)

% lower bounds
stages (i) .ineq.b.lbidx = [1,4]; % indices of lower bounds
stages (i) .ineqg.b.1lb = [dumin; umin]; % lower bounds

% upper bounds

o

stages (i) .ineqg.b.ubidx = [1,4]; % indices of upper bounds

o)

stages (i) .ineqg.b.ub = [dumax; umax]; % upper bounds

o

% equality constraints

if( i < N)
stages (i) .eq.C = [zeros(3,1), [ A, B; zeros(l, 2), 111;
end
1if( 1i>1 )
stages (i) .eq.c = zeros(3,1);
end
stages (i) .eq.D = [[B;1], -eye(3)];

end
% RHS of initial equality constraint is a parameter
parameter (1) = newParam('minusAhat_ times_xhat0',1, 'eg.c');
% Define outputs of the solver
output (1) = newOutput ('uhat',1,1);
% Solver settings

codeoptions = getOptions ('RateConstraints_Controller');
% Generate code

generateCode (stages, parameter, codeoptions, output) ;

You can download the Matlab code of this example to try it out for yourself here

Simulation Results

For simulation the following specifications are assumed: the initial condition zy € [—2;6], the
input signal u is in the range [—0.5, 2] and the constraints on the slew rate is @ € [—1,0.5]. Figure
10.5, Figure 10.6 and Figure 10.7 show how the controller regulates both states to zero while @
and u remain in the required range.

states

Magnitude [-]
°

[ 5 10 15 20 25 30
Simulation Step [-]

Figure 10.5: The states are both regulated to zero. No constraints are imposed on the states.

In Figure 10.6 and Figure 10.7 one sees how the input signal is maximally increased in the
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Magnitude [-]

0 5 10 15 20 25 30
Simulation Step [-]

Figure 10.6: Plot of u

slew rate

Magnitude [-]

Figure 10.7: Plot of du

beginning with a slew rate of 0.5, until it reaches its upper bound of 2. In the figure on the
right the slew rate is depicted. One can see that in the beginning, the slew rate stays at its
upper bound 0.5. At simulation step 6 the input signal is maximally reduced. Again this is
visible from the slew rate being at its lower bound —1.

10.1.6 Binary MPC Example

Let us consider a simple MPC example where the system has inputs that can take only two
values, Umin OF Umas. The original problem (shown on the left) can be reformulated into the
problem on the right, which corresponds to a standard form for which FORCESPRO can gen-
erate a solver. The details of the reformulation are given at the end of this example.

Simple MPC problem with discrete inputs:
N-1
minimize 2k Pzy + Z xl Qr; +ul Ru;
=0
subjectto zp==x
Tiy1 = Azx; + Bu;
Tmin < T < Tmax
Ui € {Umin, UWmaz }
Equivalent problem with binary inputs
N-1
minimize ay Py + Y 2] Qu; + 6] Ro; + f76;
=0
subjectto zy ==
Tiv1 = Ax; + BS;, +b
Tmin < Ti < Tmaz
0; € {0,1}"
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The problem on the right can now be easily formulated in FORCESPRO. Note that the problem
description is very similar to that of the simple MPC example, with the only modification that
certain variables are marked to be binary. Download and run a complete simulation script to
see the output.

% assume variable ordering zi = [delta_i; xi+l1] for i=1...N-1
stages = MultistageProblem(N);
for i = 1:N

)

% dimension

stages (i) .dims.n = nx+nu; % number of stage variables
stages (i) .dims.r = nx; % number of equality constraints
stages (i) .dims.l = nx; % number of lower bounds
stages (i) .dims.u = nx; % number of upper bounds
stages (i) .bidx = 1l:nu; % index of binary variables
% cost
if( 1 == N )

stages (i) .cost.H = blkdiag(Rtilde,P);
else

stages (i) .cost.H = blkdiag(Rtilde,Q);
end
stages (i) .cost.f = [ftilde; zeros(nx,1l)];

% lower bounds
o

stages (i) .ineqg.b.lbidx = (nu+l): (nu+nx); % lower bound on states
stages (i) .ineqg.b.lb = xmin; % upper bound values

% upper bounds
stages (i) .ineqg.b.ubidx = (nu+l): (nu+nx); % upper bound for this stage variable

o

stages (i) .ineqg.b.ub = umax; % upper bound for this stage variable

o)

% equality constraints

if( 1 < N)
stages (i) .eq.C = [zeros(nx,nu), Al;
end
if( i>1 )
stages (i) .eq.c = -Bconst;
end
stages (i) .eq.D = [Btilde, -eye(nx)];
end

)

% RHS of first eqg. constr. is a parameter: zl=-Axx0
params (1) = newParam('minusA_times_x0',1,'eg.c');

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.

You can download the Python code of this example here.
Simulation result

When running the example, you should see the following closed-loop behavior:

Details on problem reformulation

The reformulation is done as follows: we introduce a variable delta such that

=0 Uu=1Unin anNd =0 U= Unew
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states

true inputs u

5 10 15 20 25 30

binary variables &

5 10 15 20 25 30
time step

This can be formulated by the equality constraint
U = Umin T diag(umaz - umzn)a

where diag denotes a diagonal matrix. To keep the number of variables at a minimum, we
will directly insert this equation into the dynamics:

xt = Az + Bu
= Az + Bupmin + Bdiag(umaw - umzn)(S
=Az+ B +b

where B := Bdiag(tmaz — tmin) aNd b := Bumin.
Similarly for the cost function,

UTRU = (umm + diag(umaa: - umin)a)TR(umin + diag(umax - umm)é)
= (;Tdiag(uma:r - umzn)Rdlag(umaz - umzn)(s + 2umindiag(umaz - umzn)R6 + const
= 6TR6 + f16 + const
where
R = diag(umax - umin)Rdiag(umaw - umin)
f = 2Rdiag(umaa: - Umin)umin
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10.2 Y2F interface: Basic example

Consider the following linear MPC problem with lower and upper bounds on state and inputs,
and a terminal cost term:
N-1
minimize z\Pzy + Z z] Qu; + u] Ru;
=0
subjectto zp ==
Tip1 = Ax; + Bu;
r<r;<7T
u<u; SU

This problem is parametric in the initial state  and the first input ug is typically applied to the
system after a solution has been obtained. Here we present the problem formulation with
YALMIP, how you can use Y2F to easily generate a solver with FORCESPRO, and how you can
use the resulting controller for simulation.

You can download the Matlab code of this example to try it out for yourself from https://raw.
githubusercontent.com/embotech/Y2F/master/examples/mpc_basic_example.m.

Important: Make sure to have YALMIP installed correctly (run yalmiptest to verify this).

10.2.1 Defining the problem data

Let's define the known data of the MPC problem, i.e. the system matrices A and B, the pre-
diction horizon N, the stage cost matrices Q and R, the terminal cost matrix P, and the state
and input bounds:

%% MPC problem data

% system matrices

A= [1.1 1; 0 11;
B = [1; 0.5];
[nx,nu] = size (B);

% horizon

N = 10;

% cost matrices

Q = eye(2);

R = eye(l);

if exist('dlgr', 'file')
[~,P] = dlgr(A,B,Q,R);

else

fprintf ('Did not find dlgr (part of the Control Systems Toolbox). Will use_
—10%xQ for the terminal cost matrix.\n');

P = 10%Q;
end

% constraints
umin = -0.5; umax

0.5;
xmin = [-5; -5]; xmax = [5; 51];

10.2.2 Defining the MPC problem

Let's now dive in right into the problem formulation:
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%% Build MPC problem in Yalmip

oe

Define variables
= sdpvar (nx,N+1, "full'); % state trajectory: x0,x1,...,xN (columns of X)
= sdpvar (nu,N, "full'); % input trajectory: u0,...,u_{N-1} (columns of U)

c X

)

% Initialize objective and constraints of the problem
cost = 0; const = [];

% Assemble MPC formulation
for i = 1:N
% cost
if( 1 < N)
cost = cost + 0.5#%X(:,1i+1) "#Q*X(:,1i4+1) + 0.5+xU(:,1) "*R+U(:,1);

else
cost = cost + 0.5*X(:,N+1) "+P*X (:,N+1) + 0.5%U(:,N) "«R«U(:,N);
end
% model
const = [const, X(:,i+l) == A*X(:,1) + B*U(:,1)]1;
% bounds
const = [const, umin <= U(:,1) <= umax];
const = [const, xmin <= X(:,1i+1) <= xmax];

end

Thanks to YALMIP, defining the mathematical problem is very much like writing down the
mathematical equations in code.

10.2.3 Generating a solver

We have now incrementally built up the cost and const objects, which are both YALMIP
objects. Now comes the magic: use the function optimizerFORCES to generate a solver for
the problem defined by const and cost with the initial state as a parameter, and the first
input move ug as an output:

%% Create controller object (generates code)

% for a complete list of codeoptions, see

% https://www.embotech.com/FORCES-Pro/User—-Manual/Low-level-Interface/Solver—
—Options

codeoptions = getOptions('simpleMPC_solver'); % give solver a name

controller = optimizerFORCES (const, cost, codeoptions, X(:,1), U(:,1), {'xinit'}, {
—'ul'});

That's it! Y2F automatically figures out the structure of the problem and generates a solver.

10.2.4 Calling the generated solver

We can now use the controller object to call the solver:

% Evaluate controller function for parameters
[output,exitflag,info] = controller{ xinit };

or call the generated MEX code directly:

)

% This is an equivalent call, if the controller object is deleted from the
—workspace
[output,exitflag,info] = simpleMPC_solver ({ xinit });
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Tip: Type help solvername to get more information about how to call the solver.

10.2.5 Simulation

Let's now simulate the closed loop over the prediction horizon N:

%% Simulate

x1 = [-4; 2];

kmax = 30;

X = zeros (nx,kmax+1); X(:,1) = x1;

U = zeros (nu, kmax) ;

problem.zl = zeros(2xnx,1);

for k = 1l:kmax
% Evaluate controller function for parameters
[U(:,k),exitflag,info] = controller{ X(:,k) };

o

% Always check the exitflag in case something went wrong in the solver
if( exitflag == 1 )
fprintf ('Time step %2d: FORCES took %2d iterations and %5.3f ', k, info.it,
—~info.solvetime+1000) ;
fprintf('milliseconds to solve the problem.\n');
else
info
error ('Some problem in solver');
end

% State update
X(:,k+1l) = A+xX(:,k) + B+U(:,k);
end

10.2.6 Results

The results of the simulation are presented in Figure 10.8. The plot on the top shows the
system’s states over time, while the plot on the bottom shows the input commands. We can
see that all constraints are respected.

10.2.7 Variation 1: Parametric cost

One possible variation is if we consider the weighting matrices @), R and P as parameters, so
that we can tune them after the code generation. The following problem is solved at each
time step:
N—-1
minimize a2y Pry + Z x; Qr; +u; Ru;
1=0
subjectto zp ==«
Tit1 = A.’El =+ B’LM
<2, ST

u<u; <U

As usual, this problem is also parametric in the initial state  and the first input ug is applied to
the system after a solution has been obtained. To be able to define the weighting matrices @,
R and P as parameters, first we define them as sdpvars and then tell optmizerFORCES that
they are parameters:
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Figure 10.8: Simulation results of the states (top, in blue and red) and input (bottom, in blue)
over time. The state and input constraints are plotted in red dashed lines.
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o\

Cost matrices - these will be parameters later

sdpvar (nx) ;
sdpvar (nu) ;
sdpvar (nx) ;

U X O
Il

oe

[... formulate MPC problem in YALMIP ...]

)

% Define parameters and outputs

codeoptions = getOptions ('parametricCost_solver'); % give solver a name
parameters = { X(:,1), Q, R, P };

parameterNames = { 'xinit', 'Q', 'R', 'P' };

outputs = U(:,1) ;

outputNames = {'controlInput'};

controller = optimizerFORCES (const, cost, codeoptions, parameters, outputs,

—parameterNames, outputNames);

You can download the Matlab code of this variation to try it out for yourself from https://raw.
githubusercontent.com/embotech/Y2F/master/examples/mpc_parametric_cost.m.

10.2.8 Variation 2: Time-varying dynamics

Another possible variation is if we consider the state-space dynamics matrices A and B as
parameters, so that we can change them after the code generation. The following problem is
solved at each time step:

N-1
minimize azyPey + Yz Qui +u) Ru,
1=0
subjectto zp ==
xi—&-l = ASQ —+ Bul
r<x;<T

u<u; <u
As usual, this problem is also parametric in the initial state z and the first input ug is ap-
plied to the system after a solution has been obtained. To be able to define the state-space
dynamics matrices A and B as parameters, first we define them as sdpvars and then tell
optmizerFORCES that they are parameters:

A = sdpvar (nx,nx, "full'); system matrix - parameter

B sdpvar (nx,nu, 'full'); % input matrix - parameter

oe

formulate MPC problem in YALMIP ...]

)

% Define parameters and outputs

codeoptions = getOptions ('parametricDynamics_solver'); % give solver a name
parameters = { x0, A, B };
parameterNames = { 'xinit', 'Amatrix', 'Bmatrix' };

controller = optimizerFORCES (const, cost, codeoptions, parameters, U(:,1),
—parameterNames, {'ul'} );

You can download the Matlab code of this variation to try it out for yourself from https://raw.
githubusercontent.com/embotech/Y2F/master/examples/mpc_parametric_dynamics.m.

10.2.9 Variation 3: Time-varying constraints

One final variation is if we consider the constraint inequalities as parameters, so that we can
change them after the code generation. The inequalities are defined by a time-varying 2 x 2
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matrix that is defined by 2 parameters:
Rrx < Rpx
where k is the simulation step and the rotation matrix is defined by:

Ry, = {COS(/{U}) —Sin(kw)} _ [,,.1 _7,2]

sin(kw)  cos(kw) ro T

where k is the simulation step and w a fixed numlber. Overall, the following problem is solved
at each time step:

N-1
minimize azyPey + Yz Qu; +u] Ru,
i=0

subjectto zp ==

ZTi+1 = Ax; + Bu;

r<r;<T

u<u S U

Rix; < Rix

As usual, this problem is also parametric in the initial state  and the first input ug is applied
to the system after a solution has been obtained. To be able to define the rotation matrix R
as a parameter, first we define r; and ry as sdpvars and then tell optmizerFORCES that they
are parameters:

sdpvar rl r2 % parameters for rotation matrix
R = [rl, -r2; r2, rl];

% [... formulate MPC problem in YALMIP ...]

[}

% Define parameters and outputs

parameters = { X(:,1), rl, r2 };

parameterNames = { 'xinit', sprintf('cos (kx%4.2f)",w), sprintf('sin(kx%4.2f)",w) };
outputs = U(:,1);

outputNames = {'u0'};

controller = optimizerFORCES (const, cost, codeoptions, parameters, outputs,,

—parameterNames, outputNames);

You can download the Matlab code of this variation to try it out for yourself from https://raw.
githubusercontent.com/embotech/Y2F/master/examples/mpc_parametric_inequalities.m.
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10.3 Low-level interface: Active Suspension Control

10.3.1 Introduction

The concept of using future information, as described in the section How to Incorporate Pre-
view Information in the MPC Problem can be applied to more advanced systems. In this
example a driving vehicle is considered, equipped with sensors that measure the unevenness
of the road ahead as shown in the picture below.

Figure 10.9: Figure borrowed from [GorSch]

The preview information can be used to improve the riding comfort, i. e. minimize the heave,
pitch and roll accelerations, by actively controling the suspension of the vehicle. This example
is based on the reduced car model described in [GorSch]

The states x of the system are ‘heave displacement’ z, [m], ‘pitch angle’ ¢ [rads], ‘roll angle’
6 [rads], ‘heave velocity' %, [m/s], ‘pitch rate’ ¢ [rads/s] and ‘roll rate’ ¢ [rads/s]. The input u
[Mm] to the system are the ‘active spring displacements. The output y is given by the ‘heave
acceleration’ %, [m/s2], the ‘pitch acceleration’ ¢ [m/52] and the ‘roll acceleration’ ¢ [m/sQ]. In
the reduced model, the input contains not only the active spring displacements but also the
measurements of the height profile of the upcoming road w and its first derivative .

heave displacement [m]
pitch angle [rads]
roll angle [rads]
heave velocity [m/s]
pitch rate [rads/s]
roll rate [rads/s]

U= (active spring displacements [m])
( heave acceleration [m/s?] )
Y=

pitch acceleration [rads/s?]
roll acceleration [rads/s?]

There are constraints on the actuators, i. e. minimal and maximal adjustment track, u =
—0.04[m] and © = 0.04[m]. This results in the following state space system:

o w(t)
z(t) = Azx(t) + Byu(t) + By <w(t)>
y(t) = Cz(t) + Du(t)
In the following it is shown how the FORCESPRO MATLAB Interface can be used to design a
controller using preview information, substantially increasing the riding comfort compared to

a vehicle with a passive suspension. The discrete vehicle model is sampled at 0.025 [s] and it
is assumed that road preview information for 0.5 [s] (20 steps) is available to the controller.

10.3.2 Disturbance Model: Speed Bump

The vehicle is assumed to be driving at a constant speed of 5 [m/s] over a speed bump of
length 1 [m] with a height of 0.1 [m]. The disturbance in time domain is depicted on the right
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side. The road bump only hits the front right wheel, while the front left wheel is not affected.
The same bump will hit the rear right wheel 112 [s] after it hits the front wheel.

Speed Bump: Front Right Wheel

oal ! ]

0.051-

Road W

0.5 1 15
Tima [=]

10.3.3 Implementation of Preview Information

This is a linear MPC problem with lower and upper bounds on inputs and a terminal cost term:
N-1
minimize LEZI\}PIN + Z :L'ZTQSQ + uiTRui
1=0
subjectto zp==x
Tit+1 = A.TZ + B’U% + wai + wal
u<u; <u
At each sampling instant the initial state  and the preview information w; and w; change, and
the first input ug is typically applied to the system after an optimal solution has been obtained.

% Parameters: First Equation RHS

parameter (1) = newParam('minusA_times_x0_minusBw_times_w_pre',1l,'eqg.c');
% Paramteres: Preview Information

parameter (2) = newParam('pre2_w',2,'eqg.c');

parameter (n) = newParam('pren_w',n, 'eqg.c');

parameter (N) = newParam('preN_w',N,'eqg.c');

As described in the section How to Incorporate Preview Information in the MPC Problem, the
parametric additive terms g, which corresponds to the term B,wi + B,w;, has to be defined.
At each stage of the multistage problem, the ‘g’ term (containing the preview information)
in the equality constraint is different, therefore we have to define a parameter for each stage.
In the definition of the parameters, ‘pren_w' represents the name of the term B,w,, + By,
at stage n of the multistage problem. During runtime, the preview information is mapped to
these parameters.

N is the length of the prediction horizon which is set to be equal to the preview horizon. The
MATLAB code below, generates the function VEHICLE_MPC_withPreview that takes -Ax and
the additive term g as a calling argument and returns ug, which can then be applied to the
system:

o\

% MPC with Preview
FORCESPRO multistage form
assume variable ordering zi = [ui; xi+1] for i=1...N-1

o° o

[}

% Parameters: First Eqg. RHS
parameter (1) = newParam('minusA_times_x0_minusBw_times_w_pre’,1, 'eq.c’);

stages = MultistageProblem(N);
for i = 1:N

[}

% dimension

(continues on next page)
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(continued from previous page)

stages (i) .dims.n = nx+nu; % number of stage variables
stages (i) .dims.r = nx; % number of equality constraints
stages (i) .dims.l = nu; % number of lower bounds
stages (i) .dims.u = nu; % number of upper bounds
% cost
if( i == N )

stages (i) .cost.H = blkdiag(R,P);
else

stages (i) .cost.H = blkdiag(R,Q);
end
stages (i) .cost.f = zeros (nx+nu,1l);

% lower bounds
stages (i) .ineq.b.lbidx = 1:nu;

% lower bound acts on these indices
stages (i) .ineq.b.lb = uminxones(4,1); % lower bound for the input signal

°

% upper bounds
stages (i) .ineqg.b.ubidx = l:nu; % upper bound acts on these indices
(

stages (i) .ineqg.b.ub = umax*ones(4,1); % upper bound for the input signal

o

% equality constraints

if( 1 <N )

stages (i) .eq.C = [zeros (nx,nu), Ad];
end
stages (i) .eq.D = [Bdu, -eye(nx)];

o

% Parameters for Preview
if( i < N)

parameter (i+1) = newParam(['pre’ ,num2str (i+l),’_w’'],i+1,'eq.c’);
end

end
% define outputs of the solver
outputs (1) = newOutput ('u0',1,1l:nu);
% solver settings

codeoptions = getOptions ('VEHICLE_MPC_withPreview');

% generate code
generateCode (stages, parameter, codeoptions, outputs) ;

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.

10.3.4 Comparison of Passive Vehicle and Active Suspension Control Us-
ing Preview Information

In Figure 10.10, Figure 10.11 and Figure 10.12, the accelerations in the direction heave, pitch
and roll respectively are depicted. The blue graphs represent the controlled outputs while the
red ones show the uncontrolled accelerations. One can see that the vertical dynamics of the
vehicle are reduced substantially. There are smaller maximal accelerations and also less time
is required to regulate the accelerations back to zero.

Applying Model Predictive Control with Preview using FORCESPRO the riding comfort is im-
proved significantly with minimum effort for designing the controller and generating code
which can be deployed on any embedded automotive control unit.

The four graphs in Figure 10.13, Figure 10.14, Figure 10.15 and Figure 10.16 below show the input
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Figure 10.10: Acceleration in heave direction

Pitch Acceleration
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Figure 10.11: Acceleration in pitch direction
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Figure 10.12: Acceleration in roll direction
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signal on each of the four actuators. One can see that model predictive controller starts lifting
the front right part of the vehicle body as soon as the bump is in sight of the preview sensor,
i. e. attimet = 0.3 [s]. This is 0.5 seconds, the length of the preview horizon, before the front
right wheel hits the bump at time ¢ = 0.8 [s]. This causes a better absorption of the shock and
therefore reduced accelerations. The input constraints are also satisfied and u never exceeds
the admitted range.

Input Front Left Actuator

Actuator [m)]

input fl
- - -umax
- - -umin

0s : 15
Time [s]

Figure 10.13: Input front left actuator

Input Front Right Actuator

Actuator [m)]

input fr
-~ o umax
- -~ -umin

0s : 15
Time [s]

Figure 10.14: Input front right actuator

10.4 Low-level interface Robust estimation (Kalman filter)

10.4.1 System Description

In this example we consider the water tank system depicted on the right. Tank 1 has one input
flow and one output flow. Also tank 2 has one input flow and one output flow. Tank 3 has two
input flows and one output flow. The system dynamics are represented via the first equation
below. As an output z we have a measurement of the level of tank 1 and of the level of tank 3.

1—aq 0 0 0.5
2T = Az + Bu+v = 0 1— o 0 z+ 105 |u+wv
o g 1— a3 0

1
z=Hr+w+y= <O 8 (1)>a:+w+y
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Input Rear Left Actuator
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Figure 10.15: Input rear left actuator
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Figure 10.16: Input rear right actuator
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The states of the system are z = (:c1 T xg)T is given. There is a process noise v and a
measurement noise w, both are Gaussian Random Variables with mean 0 and variance Q and
R i.e.v ~N(0,Q) and w ~ N (0, R). The sparse signal y, which is used to model sensor failures,
distorts the measurement signal additionally.

The goal of this example is to show, that the standard Kalman Filter is not working that good
anymore if sensor failures are present. There does not exist an analytic solution to the prob-
lem if the disturbance y is present. Using the robust Kalman Filter, i. e. replacing the stan-
dard measurement update step with an extended optimization problem, which is solved by
FORCESPRO, the filter is robust against y and the estimated states are much more accurate
compared to the standard Kalman Filter. To process the measurement data online, the opti-
mization problem has to be solved in a sufficiently short amount of time.

lu(t)
| |

x1(t) Xalt)
l aixi(t) ll QpXa(t)

X3(t)

-

10.4.2 Robust Kalman filter

Recall that the standard Kalman Filter, which would be applied if disturbance signal y were not
present, consists of two steps: First a prediction step is made, where a predicted stated «? (k)
is calculated based on the estimated state 2™ (k —1). Additionally, the predicted variance P, (k)
gets calculated in the prediction step. The measurement step returns the variance P,, (k) and
the state esimate ™ (k). This state estimate =™ (k) is basically the solution of the optimization
problem

minimize w'R™'w + (z — 2,) ' P~ (& — i)
subjectto z=Hz+w
In this example, we assume that out of 100 measurements the sensors of tank 1 gand tank
3 gives each 5 bogus signals. In order to make the state estimator robust against the sensor
failures y, we solve the following convex optimization problem at every time instance
minimize w R 'w + (x — 3,)" P~ (2 — &) + Myl
subjectto z=Hzx+w+y
In the optimization problem w, z and y are optimization variables. The cost function of the
optimization problem is extended with the [;-penaltiy which is non-quadratic. The value A > 0
is a tuning parameter. For X\ large enough, the solution of the optimization problem has
y = 0 and therefore the estimates of the robust Kalman Filter coincides with the standard

Kalman Filter solution. This optimization problem can be transformed as described in here.
We transform this problem to the form required by FORCESPRO, which reads as

o 1 ~
minimize §2TH2+fT2
subjectto Dz ==z

Az <b
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where the optimization variable is given by z = (27w’ y* eT)T, Please find below the
MATLAB code to generate the solver for the optimization problem with FORCESPRO. The
covariance matrix P~! is updated at every time step and therefore the problem can't be solved
explicitly. In this problem three parameters need to be defined, which are H, f - containing the
predicted covariance and the predicated state - and ¢ - contains the current measurement.

)

% Create multistage struct
stages = MultistageProblem(1l);

% Dimension
[

ny nx] = size(H);
nw = ny;
ne = ny;

stages (1) .dims.n = nx+tnwtny+ne; % number of stage variables
stages(l) .dims.r ny; % number of equality constraints

o

stages (l) .dims.p = 2%ne; % number of polytopic constraints

)

% Ploytopic bounds

stages(l) .ineqg.p.A = [zeros (ny,nx), zeros(ny,nw), lambdareye(ny), -eye(ne);...
zeros (ny,nx), zeros|(ny,nw), -

—lambdax*eye (ny), -—-eye(ne)l;

stages(l) .ineqg.p.b = zeros(2+ne,1);

% Equality constraints
stages(l) .eq.D = [H, eye(nw), eye(ny), zeros(ne)l];

)

% Parameters

params (1) = newParam('H i',1,'cost.H'");
params (2) = newParam('f_i',1,'cost.f’);
params (3) = newParam('z_i',1,'eqg.c');

% Output

outputs (1) = newOutput ('x_hat RKEF',1,1:3);

°

% Code Generation
codeoptions = getOptions ('Robust_KE');
generateCode (stages, params, codeoptions, outputs) ;

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.

10.4.3 Simulation and Comparison

In the simulation the optimization problem has to be solved at every time instance. In the
prediction step the state P is calculated based on the estimation of the current state. Also
the the variance is updated in every prediction step. In the measurement update step the
estimated state z™ is calculated based on the predicted state, its predicted variance and the
current measurement z by the function Robust_KF () generated by FORCESPRO.

for i = 2:(N+1)
% Prediction Step
X_Pp_RKF = Ak (:,:,1-1)»x_hat_RKF (:,i-1)+B*u(i-1);
P_p RKF(:,:,1) = Ak(:,:,i-1)*P_hat_RKF(:,:,1i-1)*Ak(:,:,1i-1)" + Q;
% Measurement Update Step - Optimization Problem
problem.H_i = [2xinv(P_p_RKF(:,:,1)),zeros (nx,nwtny+ne); ...
zeros (ny,nx),2+R_inv, zeros (ny,ny+ne); ...
zeros (ny+ne, nx+nwt+ny+ne) ] ;
problem.f_i = [-2x (inv(P_p_RKF)*x_p_RKF) ;...
zeros(nw,1); ...

(continues on next page)
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(continued from previous page)

zeros(ny,1l); ...
ones (ne, 1) 1]1;
problem.z_i = z(:,1);
[solverout,exitflag,info] = Robust_KF (problem) ;
solve_time(1,i-1) = info.solvetime;
x_hat_RKF (:,1) = solverout.x_hat_RKF;
P_hat_RKF(:,:,1) = P_p_RKF (:,:,1);
end

In the plots in Figure 10.17, Figure 10.18 and Figure 10.19 respectively, the estimated states
are depicted. The estimates calculated via the robust Kalman Filter, in blue, are much more
accurate then the standard approach. The peaks in the red line indicate sensor failures against
which the standard Kalman Filter is not robust.
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Figure 10.17: Estimated state z(1)
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Figure 10.18: Estimated state z(2)

The impact on the RMS error magnitude of the robust Kalman Filter can be seen in the plotsin
Figure 10.20, Figure 10.21 and Figure 10.22. The magnitude of the robust Kalman Filter depicted
in blue, is reduced by ~ 65% for state 1, ~ 12% for state 2, ~ 61% for state 3 (this values vary).
Applying online optimization with FORCESPRO improves the quality of the state estimations
significantly.

With FORCESPRO convex optimization can be embedded directly in signal processing algo-
rithms that run online, with strict real-time deadlines, even at rates of tens of kilohertz. In this
example the optimization problem is solved in ~ 0.1ms.
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Figure 10.19: Estimated state z(3)
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Figure 10.20: RMS error for z(1)
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Figure 10.21: RMS error for z(2)
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RMS Error state x(3)
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Figure 10.22: RMS error for z(3)
10.5 Low-level interface: Spacecraft Rendezvous

10.5.1 Introduction

This example uses the concepts described in the subsections HOW TO: Implement an MPC
Controller with a Time-Varying Model and How to Implement 1-Norm and Infinity-Norm Cost
Functions.

The goal is to design a controller to perform a spacecraft rendezvous operation, where a con-
trolled chaser spacecraft is performing rendezvous with a passive target that is orbiting around
Mars. Using a time-varying prediction model allows to perform spacecraft maneouvers in el-
liptical orbits and allows the controller to be updated when the are changes in the system
parameters or control objectives. This example is based on the models described in [HarMac14]
and the references therein.

10.5.2 Model

The Yamanaka-Ankersen (Y-A) equations are used to describe the dynamics, where the six
states x of the system represent the relative position and velocity of the chaser with respect
to the target in the three dimensions. These equations apply in elliptical orbits, but are time-
varying in terms of the true anomaly, v, of the target, i.e. the model is given by

Tpr1 = A(v)z, + B(v)ug

and the requirement is that the state at the end of the horizon is at the target. The plant input
is modeled as an impulsive change in velocity, such that

B(v) = A(v) (g)

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.

10.5.3 Constraints

The three impulsive control inputs can give a maximum change in velocity of 5 meters per
second along each axis. In addition, the chaser spacecraft is required to remain within a cone
of vision of 20 degrees from the target and must not go behind the target to facilitate the
docking maneuver.
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10.5.4 Objective

The goal of the controller is to balance the following objectives:
- the chaser should be always as close as possible to the target,
- use as little fuel as possible to get there.

The second objective is more important, hence it is weighed higher. We consider two types
of cost functions: one where all the terms are weighed using standard quadratic penalties;
and one where the inputs are penalised using the 1-norm, which better reflects the propellant
consumption being directly proportional to delivered thrust and also attempts to minimise
the use of the actuators. In order to implement the 1-norm cost we need to add slack variables
and additional constraints as described in How to Implement 1-Norm and Infinity-Norm Cost
Functions.

The following code shows how to generate an MPC controller for the spacecraft rendezvous
problem with a time-varying model and a 1-norm penalty on the actuators.

oe

MPC with Preview
FORCESPRO multistage form
assume variable ordering zi = [ui; xi+1l, eui] for i=1...N-1

o0 o o°

)

% Parameters: First Eqg. RHS
parameter (1) = newParam('minusA_ times_x0’,1,'eq.c’);

stages = MultistageProblem(N);
for i = 1:N

o

% dimension

stages (i) .dims.n = nx+2xnu; % number of stage variables
stages (i) .dims.r = nx; % number of equality constraints
stages (i) .dims.l = nu; % number of lower bounds
stages (i) .dims.u = nu; % number of upper bounds
stages (i) .dims.p = 3+2%nu; % number of polytopic constraints
% cost

stages (i) .cost.H = blkdiag(zeros(nu),Q,zeros (nu));
stages (i) .cost.f = [zeros(nu,l); —-Qxxs; ones(nu,1l)];

% lower bounds
stages (i) .ineqg.b.lbidx = 1l:nu; % lower bound acts on these indices
stages (i) .ineq.b.lb = umin*ones(4,1); % lower bound for the input signal
% upper bounds
stages (i) .ineq.b.ubidx = 1:nu; % upper bound acts on these indices

(

stages (i) .ineq.b.ub = umaxxones(4,1); % upper bound for the input signal

% polytopic bounds
stages (i) .ineq.p.A = [ zeros(3,nu), Hx, zeros(3,nu);
R, zeros(nu,nx), -—-eye(nu);
-R, zeros(nu,nx), -eye(nu)];
stages (i) .ineq.p.b = [ hx; Rxus; —-Rxus ];

o)

% equality constraints

if( 1 < N)
params (end+1) = newParam(['C_',num2str(i)],i,'eqg.C");
end
params (end+1l) = newParam(['D_',num2str(i)],i, 'eq.D");
if( 1> 1)
params (end+1) = newParam(['pre’,num2str (i+l),’_w’'],i+1, 'eq.c’);
end

(continues on next page)
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(continued from previous page)
end ‘

10.5.5 Spacecraft Rendezvous Manoeuvers with and without 1-Norm Cost

The simulation describes a rendezvous maneover were the chaser starts 15km away from the
target spacecraft and the goal is to approach the target to within 1000 meter distance, while
respecting the constraints, to start the docking maneuver. The target is modeled as being
in a Keplerian orbit around Mars with an orbital radius of 3,600,000 meters. The controller
sampling time is 200s but the target and chaser dynamics are simulated in intervals of 1s for
illustration purposes. The plots in Figure 10.23 illustrates the behaviour of the controlled space-
craft with standard quadratic cost, while the plots in Figure 10.24 shows the behaviour of the
controller when the quadratic cost on the actuators is swapped with a 1-norm penalty. Notice

the sparsity in the actuation commands - the thrusters are only engaged when necessary to
keep the spacecraft within the cone of visibility of the target.
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Figure 10.23: Behaviour with quadratic cost.

10.6 Low-level interface DC/DC converter
10.6.1 Example Overview

The example starts by describing the power electronics of the DC/DC converter and how the
control oriented model of the system is derived. Then the potential advantages of model
predictive control over a conventional Pl controller are discussed. Afterwards the design of
the MPC controller using FORCESPRO is presented. Finally, the simulation setup is explained
and the simulation results using Pl and MPC are compared.
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Figure 10.24: Behaviour with cost given by 1-norm.

- Introduction: General introduction to the example.
- Control Objective: What can be gained by applying MPC with FORCESPRO.

- MPC via FORCESPRO: How to generate a solver with FORCESPRO for the power elec-
tronic converter.

- Simulation: Illustration on how to simulate the system with the generated controller.

- Comparison: Discussion of the results of the simulation.

10.6.2 Special Requirements

For the simulation of the power electronic converter in this example PLEXIM provided their
software PLECS®. PLECS® is the tool for high-speed simulations of power electronic systems.
To simulate this example, PLECS Blockset with a viewer licence is required. Please follow the
instructions on how to install PLECS® below.

PLECS Blockset installation instructions:
- Download PLECS® Blockset installation script available from here.

- Download the required PLECS® Blockset package file here and save it in the same di-
rectory as the file installplecs.m.

- Run the file installplecs.m in MATLAB® from the command line.

- During the installation a dialog asks where to save ‘PLECS'. Choose a location which is in
the MATLAB® search path.

- During the installation a dialog asks for a license. Install the ‘viewer license’ as shown in
the figures below.
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8 00 No license file found, |

installthe PLECS Viewer or proceed without alicense file?

[ Enter license data " Install Viewer ) Proceed winout icanse

Nolicensefile found. Would you like to enterthe license datamanually,

[EE-

@ 4+ PLECS Installation Wizard

PLECS License

Choose which license file to use

=

Once the installation is completed you are ready to simulate the files provided with this ex-
ample.

10.6.3 Introduction - Control of a DC/DC Converter

An important field of application for model predictive control are power electronic systems.
In this example a typical DC/DC converter which supplies an isolated DC voltage to a telecom
system is considered. Assume that the input voltage of the two-transistor forward converter,
depicted below on the left, is a constant voltage U;y delivered by a previous PFC rectifier stage.
The load attached to the converter has an ohmic-capacitive characteristic.

This two-transistor forward converter can be modelled as a buck converter from which it is
more convenient to derive a control oriented model. The buck converter has only one switch
and the input voltage U;, is the actual input voltage scaled by the transformer turn ratio. The
equivalent circuit is depicted on the right in the figure below.

Figure 10.25: Based on the lecture material Power Electronic Systems II, Institute for Power
Electronic Systems, ETH Zurich

The states of the control oriented model, which is used as a model for the predictive controller,
are the inductor current iy, and the capacitor voltage u¢. Further there are the input signal d
and the disturbances in the input voltage and the load current w = (um z‘Load)T. As an output
signal the states iy, and u¢ as well as the output voltage uout are considered. The small signal
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model (small signals are marked with a hat) in state-space form reads as:

do (B B ay (B)ie (2 4
= 7 L B
= ) (5) e 2f)e

1

C

10 0 0
g=10 1]z+{0 0 |w

R 1 0 -R

I

ZE=A@+Bl-utB2d

L N D2\ .
y—C’-x+<D4> -W

10.6.4 Control Objective by Using Model Predictive Control

The converter should provide a constant output voltage Up,,; of 60 V while delivering the power
required by the load. The nominal load current Iy,..q is 22 A. The input voltage U;,, is constant
at level 144 V, while the load resistance varies in the range [1.5, 5]€2.

Conventionally the output voltage of the Buck Converter was controlled by a Pl controller. In
the first plot below, the current iy, in the inductor is shown, when the resistance in the load is
reduced from 50 to 1.5, i. e. from upper bound to the lower bound of the possibly required
load resistance. The red curve represents the current in the inductor. Also the change in the
output voltage is depicted when changing the load resistance.
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Figure 10.26: Inductor current vs. time
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Figure 10.27: Output voltage vs. time

From Figure 10.26 and Figure 10.27 one can see that the current in the inductor has a high
overshoot and the output voltage has a relatively long settling time when a change in the load
resistance occures.
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Important: Some of the potential benefits of model predictive cotrol are the following

- Below it is shown that the size of the converter can be reduced by using a MPC controller
designed with FORCESPRO. With the MPC controller it will be possible to limit the cur-
rent in the inductor. With the warranty that the current does not exceed a certain upper
bound, a smaller inductor can be built in and the costs are reduced.

- Also the controller designed with FORCESPRO will calculate the optimal input at every
time step. The performance of the system is increased, i. e. less overshoot and faster
settling time.

10.6.5 Model Predictive Control Design via FORCESPRO MATLAB® Inter-
face

To design the FORCESPRO controller, the MPC setup has to be definded first. Below the re-
quirements are shown. A prediction horizon of 25 is choosen. In the cost function R penalizes
the deviation of the input signal from its reference value. The matrix Q penalizes the deviation
of the states from its reference values. Notice that @ is defined such that a deviation of the in-
ductor current to its reference value is less penalized than a deviation of the output voltage to
its reference value. The input signal d to the PWM is limited to [0, 1], while the inductor current
should not exceed a current of 42 A. This overshoot limitation concerns the average inductor
current. Below one can see, that this limit is exceeded by half of the currents peak-to-peak
value. The constraints are consistently defined with the model, i. e. a current reduction by -20
A and a current enhancement by 20 A is allowed at most. This is equivalent to a current in
the inductor in the range of [2, 42] A.

% MPC Setup

N = 25;

Q= 1[.01, 0; 0, 101,
R = 1;

nx = 2;

nu = 1;

% Constraints

umin = 0;
umax = 1;
xmin = -20;
xmax = 20;

Next, the multistage problem is formulated. In this example, there exists a linear term f in
the cost function due to the variable load, i. e. the steady-state inductor current changes. The
cost function therefore reads as

(2% = 2pep) QT — pes) + (U — Upes) R(U — Upey)

To solve the optimization problem, the reference values need to be re-calculated at every time
step. Below the parameters of the problem are marked red. The optimization variable of the

multistage problem is z; = (ul xi+1)T, where u is the input signal given to the system.

N

L 1 . .
minimize Z §ziTHizi + fT2 (separable objective)
=1
subjectto Dijz; =¢; (initial equality)
Ci_1zi_1+ Dz = ¢; (inter-stage equality)
2; <2 <7 (bounds)

In this example three parameters have to be given to the solver.
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- parameter (1): Represents the right hand side of the initial equality of the problem in
standard form above.

- parameter (2): The linear term f of the cost function. This term contains the reference
values of the states which are calculated based on the resistance of the load.

- parameter (3): Represents the right hand side of the inter-stage equality constraint for
the stages i = 2 : N of the problem.

Next to the parameters, the dimensions of the variables, the equality constraints and the
bounds have to be defined. The values defined in the MPC setup are added to the multi-
stage problem in the section ‘cost’. The terms in the equality constraints which are constant
over all stages are defined in the section ‘equality constraints’. After defining the output of the
solver and the solver settings, the code for the controller can be generated.

% Multistage Problem
get stages struct of length N
stages = MultistageProblem(N);

o
5
o
5

)

% RHS of first eqg. constr. is a parameter: stages(l).eg.c = —-A*xx0 — B2xw
parameter (1) = newParam('minusAxO_minusB2w',1,'eqg.c');

)

% Linear Term depends on x_ref and u_ref

parameter (2) = newParam('Linear_ Term',6 1:N, 'cost.f");
% RHS of equality constraints for remaining stages: stages(i).eg.c = — B2xw
parameter (3) = newParam('minusB2w',2:N, 'eqg.c');

for i = 1:N

[

% dimension

stages (i) .dims.n = nx+nu; % number of stage variables
stages (i) .dims.r = nx; % number of equality constraints
stages (i) .dims.1l = 2; % number of lower bounds
stages (i) .dims.u = 2; % number of upper bounds

% cost

tages (i) .cost.H = blkdiag(R,Q);

[}

% lower bounds

stages (i) .ineq.b.lbidx = 1:2; % lower bound acts on these indices
stages (i) .ineq.b.lb = [umin; xmin]; % lower bound on input u and state iL
% upper bounds
stages (i) .ineqg.b.ubidx = 1:2; % upper bound acts on these indices
stages (i) .ineqg.b.ub = [umax; xmax]; % upper bound on input u and state 1L

% equality constraints

if( 1 < N )
stages (i) .eq.C = [zeros (nx,nu), Ad];
end
stages (i) .eq.D = [Bdl, -eye(nx)];
end

)

% define outputs of the solver
outputs (1) = newOutput ('u0',1,1);
% solver settings

codeoptions = getOptions ('DCDC_FORCES_Pro_Controller');

% generate code
generateCode (stages, parameter, codeoptions, outputs) ;
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You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.

10.6.6 Simulation of the PLECS® Model with Model Predictive Control

After the code is generated, the FORCESPRO Simulink® block can be added to
the model DCDC_FORCES_Pro_viewer.slx as shown in the figure below (copy/paste
it from the file DCDC_FORCES_Pro_Controllercompact_lib.mdl in the folder
DCDC_FORCES_Pro_Controller/Interface generated by FORCESPRO).

The controller has a frequency of 100 kHz. To simulate the system with a time step of le — 7s,
rate transition blocks are used. Below the Simulink® model DC_DC_FORCES_Pro.slx with the
PLECS® circuit and the FORCESPRO controller is depicted.

K
k
e

- FORCES™

T

o lan

ppppp
‘‘‘‘‘‘

ccccccc

In the grey box in the model depicted above, the three parameters which are the input to the
FORCESPRO controller, are calculated.

- parameter (1): The right hand side of the initial equality constraint is —Ad - x — Bd2 - w.

- parameter (2): For the linear term of the cost function the reference values for the states
and the input signal need to be calculated.

The reference values are calculated by solving the linear system
Ad—1 Bdl\ (@ep) _ —Bd2 - w
Cd2 Dd3 Uref o Uout7ref —Dd4 - w
which follows from the system equations in steady-state. To calculate the linear term f the
reference values are plugged into the linear term f = (—U:ref ‘R —xfef 'Q)T, which is equal

to
s (Ad—1 Bdl 1 (0 —Bd2\ (Upuser (0 R
Cd2  Dd3 1 —Dd4 w -Q 0
The matrices in the derivation above are explained in more detail in the system presented in
the code available for this example.

- parameter(3) is equal to —Bd2 - w.
10.6.7 Comparison of Model Predictive Control and PI Control

In the Figure 10.28 and Figure 10.29 below the evolution of the inductor current and the out-
put voltage are compared when controlling the system with Pl and with the MPC controller
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designed using FORCESPRO. It can be seen that the MPC controller is able to keep the in-
ductor current within the limits defined above. However, this limits the tracking speed of the
output voltage in the corresponding time interval. Overall, the tracking performance of the
output voltage is increased compared to the baseline Pl controller.

- - -iload
—iLPI
——iLFORCES Pro |,

Inductor Current [A]

time [s] x10°

Figure 10.28: Inductor current vs. time
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Figure 10.29: Output voltage vs. time

10.7 High-level interface: Basic example

Consider the following linear MPC problem with lower and upper bounds on state and inputs,
and a terminal cost term:
N—-1
minimize zyPry + Y )] Qu; +u) Ru;
i=0
subjectto xp ==«
Tit1 = A.’El + BUZ
<z, <7T

u<u; <UuU

This problem is parametric in the initial state 2 and the first input ug is typically applied to the
system after a solution has been obtained.

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.

10.7.1 Defining the problem data

Let's define the known data of the MPC problem, i.e. the system matrices A and B, the pre-
diction horizon N, the stage cost matrices @ and R, the terminal cost matrix P, and the state
and input bounds:
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%% system

A= [1.11; 0 11;
B = [1; 0.5];
[nx,nu] = size (B);

%% MPC setup

N = 10;
Q = eye(nx);
R = eye(nu);
if( exist('dlgr','file') )
[~,P] = dlqgr(A,B,Q,R);
else
P = 10+Q;
end
umin = -0.5; umax = 0.5;
xmin = [-5, -5]; xmax = [5, 5];

10.7.2 Defining the MPC problem

Let's now dive in right into the problem formulation:

%% FORCES multistage form

% assume variable ordering zi = [ui; xi] for i=1...N
% dimensions
model.N = 11;
model.nvar = 3;
model.neq 2;

horizon length
number of variables
number of equality constraints

o° o° oP

)

% objective
model.objective = @(
model.objectiveN = @

z) z(1)*Rxz (1) + [2(2);2(3)]"'+Qx[2(2);2(3)];

(z) z(1)*Rxz (1) + [2(2);2(3)]"+Px[z(2);2(3)];

% equalities

model.eq = Q@(z) [ A(Ll,:)*[z(2);2z(3)] + B(Ll)*z(1l);
A(2,:)*[z(2);2z(3)] + B(2)*z(1)];

model.E = [zeros(2,1), eye(2)];

% initial state
model.xinitidx = 2:3;

% inequalities
model.lb = [ umin, xmin ];
model.ub = [ umax, xmax |;

10.7.3 Generating a solver

We have now populated model with the necessary fields to generate a solver for our problem.
Now we use the function FORCES_NLP to generate a solver for the problem defined by model
with the first state as a parameter:

%% Generate FORCES solver
% get options

codeoptions = getOptions ('FORCESNLPsolver'");
codeoptions.printlevel = 2;

(continues on next page)
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)

% generate code
FORCES_NLP (model, codeoptions);

10.7.4 Calling the generated solver

Once all parameters have been populated, the MEX interface of the solver can be used to
invoke it:

problem.x0 = zeros (model.N*model.nvar,1l);
problem.xinit = xinit;
[solverout,exitflag,info] = FORCESNLPsolver (problem);

Tip: Type help solvername to get more information about how to call the solver.

10.7.5 Simulation

Let's now simulate the closed loop over the prediction horizon N:

%% simulate

x1 [-4; 21;
kmax = 30;
X = zeros (2,kmax+1); X(:,1) = x1;
U = zeros (1,kmax);
problem.x0 = zeros (model.Nxmodel.nvar,1);
for k = 1l:kmax
problem.xinit = X (:,k);
[solverout,exitflag,info] = FORCESNLPsolver (problem);
if( exitflag == )
U(:,k) = solverout.x01(1);
solvetime (k) = info.solvetime;
iters (k) = info.it;
else
error ('Some problem in solver');
end
$X(:,k+1) = AxX(:,k) + BxU(:,k);
X(:,k+1l) = model.eg( [U(:,k);X(:,k)] )"';
end

10.7.6 Results

The results of the simulation are presented in Figure 10.8. The plot on the top shows the
system's states over time, while the plot on the bottom shows the input commands. We can
see that all constraints are respected.
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Figure 10.30: Simulation results of the states (top, in blue and red) and input (bottom, in blue)
over time. The state and input constraints are plotted in red dashed lines.
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10.8 High-level interface: Obstacle avoidance (MATLAB &
Python)

In this example we illustrate the simplicity of the high-level user interface on a vehicle optimal
trajectory generation problem. In particular, we use a simple vehicle model described by a
set of ordinary differential equations (ODEs):

= vcos(0)

y = vsin(6)
v=F/m
0=s/L

The model consists of four differential states: x and y are the Cartesian coordinates of the car,
v is the linear velocity and 6 is the heading angle. Next, there are two control inputs to the
model: the acceleration force F and the steering torque s. The two parameters are the car
mass m = 1kg and the wheel base which we assume to be L = 1m.

The trajectory of the vehicle will be defined as an NLP. First, we define stage variable z by
stacking the input and differential state variables:
= [F,s,x,y,v,@]—r

You can find the code of this example to try it out for yourself in the examples folder that
comes with your client.

10.8.1 Defining the problem data

Objective

In this example the cost function is the same for all stages. We want to maximize progress in
the y direction, with quadratic penalties on the inputs F and s, i.e.

f(2) = —10024 + 0.1z} + 0.0123

The stage cost function is coded in MATLAB as the following function:

Matlab
Python
function f = objective( z )
F=2z(1l);
s = z(2);
y = z(4);
f = -100*xy + 0.1xF"2 + 0.01%s"2;
end

model.objective = lambda z: -100 = z[3] + 0.1 * z[0]*x2 + 0.01 = z[1]#*%2

Matrix equality constraints

The matrix equality constraints in this example represent only the discretized dynamic equa-
tions of the vehicle using an explicit Runge-Kutta integrator of order 4. The vehicle dynamics
defi ned above are represented by a function continuous_dynamics and the NLP constraint
function ¢(+) as the function dynamics. Note that the function RK4 is included in the FORCE-
SPRO client software.
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Matlab
Python
function xdot = continuous_dynamics(x, u)
Fo=u(l);
s = u(2);
v = x(3);
theta = x(4);
m = 1;
L =1,
xdot = [v x cos (theta);
v * sin(theta);
F / m;
s / LI1;
end
function xnext = dynamics(z)
X = z(3:6);
u = z(1:2);
% implements a RK4 integrator for the dynamics
integrator_stepsize = 0.1;
xnext = RK4 (x, u, @continuous_dynamics, integrator_stepsize);
end

# Dynamics, i.e. equality constraints
def continuous_dynamics (x, u):

m, I =1, 1 # physical constants of the model

return np.array ([x[2] * casadi.cos(x[3]), # v*cos (theta)
x[2] * casadi.sin(x[3]), # v+sin(theta)
ul0] / m, # F/m
ulll / I1) # (v*s)/L

# We use an explicit RK4 integrator here to discretize continuous dynamics
integrator_stepsize = 0.1
model.eq = lambda z: forcespro.nlp.integrate (continuous_dynamics, z[2:6], z[0:2],
integrator=forcespro.nlp.integrators.
—RK4,
stepsize=integrator_stepsize)
# Indices on LHS of dynamical constraint - for efficiency reasons, make
# sure the matrix E has structure [0 I] where I is the identity matrix.
model.E = np.concatenate([np.zeros((4,2)), np.eye(4)], axis=1)

Inequality constraints

The maneuver is subjected to a set of constraints, involving both the simple bounds:

—5N<F <5N
—1Nm <s <1Nm
—3m <z <0m
Om <y <3m
Om/s <v <2m/s
Orad <6 < wrad

as well the nonlinear nonconvex constraints:

1m? <z?+9y? < 9m?
0.9025 m? <(z + 2)2 + (y — 2.5)*
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In this case, the nonlinear constraint function h(-) can be coded in MATLAB/Python as follows:
Matlab

Python
function h = inequalities(z)
x = z(3);
y = z(4);
h = [x"2 + y*2;
(x +2)72 + (y -2.5)"2 1;
end

# General (differentiable) nonlinear inequalities hl <= h(x) <= hu
model.ineq = lambda z: np.array([z[2] *x 2 + z[3] **x 2,
(z[2] + 2) *x 2 + (z[3] - 2.5) »x 2])

# Upper/lower bounds for inequalities
model.hu = np.array([9, +np.inf])
model.hl = np.array([1l, 0.95 xx 2])

Initial and final conditions

The goal of the maneuver is to steer the vehicle from a set of initial conditions:
Tinit = —2M,  Yinit = 0m, Vi = 0m/s, Oy = 2.0944 rad
to another point in the state-space subjected to the final conditions:

Vfinal = 0 In/S7 Hﬁnal = Orad

10.8.2 Defining the MPC problem

With the above de fined MALTAB functions for objective, matrix equality and inequality func-
tions, we can completely define the NLP formulation in the next code snippet. For this exam-
ple, we chose to use N = 50 stages in the NLP:

Matlab
Python

°

%% Problem dimensions
model.N = 50;
model .nvar =
model.neq =
model.nh = 2;

horizon length

number of variables

number of equality constraints

number of inequality constraint functions

~
o° o o o°

)

%% Objective function
model.objective = @objective;

%% Matrix equality constraints
model.eqg = @dynamics;
model.E = [zeros(4, 2), eye( 4 )1;

%% Inequality constraints

% upper/lower bounds lb <= z <= ub
model.lb = [-5, -1, -3, 0, O, O 1;
model.ub = [+5, +1, 0, 3, 2, +pil;

(continues on next page)
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% Nonlinear inequalities hl <= h(z) <= hu
model.ineqg = @inequalities;

model.hu = [9, +inf]"';
model.hl = [1, 0.95%2]"';

$% Initial and final conditions

model.xinit = [-2, 0, 0, deg2rad(120)]"';
model.xinitidx = 3:6;
model.xfinal = [0, deg2rad(0)]"';

model.xfinalidx = 5:6;

# Problem dimensions
model = forcespro.nlp.SymbolicModel ()
model.N = 50 # horizon length

model.nvar = 6 # number of variables
model.neq = 4 # number of equality constraints
model.nh = 2 # number of inequality constraint functions

# Inequality constraints

# Simple bounds

# upper/lower variable bounds lb <= x <= ub
#

#

inputs | states
F s b4 y v theta
model.lb = np.array([ -5, -1, -3, 0, O, 01)

model.ub = np.array ([ +5, +1, 0, 3, 2, +np.pi])

# Initial and final conditions
# Initial condition on vehicle states

xinit = np.array([-2, 0, 0, np.deg2rad(120)]) # x=-2, y=0, v=0 (standstill),
—heading angle=1207? # transposed
model.xinitidx = range(2,6) # use this to specify on which variables initial,

—conditions are imposed

# Final condition on vehicle velocity and heading angle

xfinal = np.array ([0, np.deg2rad(0)]) # v final=0 (standstill), heading angle
—~final=0? # transposed

model.xfinalidx = range (4, 6) # use this to specify on which variables final_,
—conditions are imposed

[

10.8.3 Generating a solver

We have now populated model with the necessary fields to generate a solver for our problem.
Now we set some options for our solver and then use the function FORCES_NLP to generate a
solver for the problem defined by model with the first state as a parameter:

Matlab
Python

%% Define solver options
codeoptions = getOptions ('FORCESNLPsolver'");

o

codeoptions.maxit = 200; % Maximum number of iterations
codeoptions.printlevel = 2; % Use printlevel = 2 to print progress (but not for,
—timings)

codeoptions.optlevel = 0; % 0: no optimization, 1: optimize for size, 2:_
—optimize for speed, 3: optimize for size & speed

codeoptions.cleanup = false;

codeoptions.timing = 1;

codeoptions.printlevel = 0;

(continues on next page)
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%% Generate forces solver
FORCES_NLP (model, codeoptions);

# Set solver options
codeoptions = forcespro.CodeOptions ('FORCESNLPsolver"')

codeoptions.maxit = 200 # Maximum number of iterations

codeoptions.printlevel = 2 # Use printlevel = 2 to print progress (but not for,
—timings)

codeoptions.optlevel = 0 # 0 no optimization, 1 optimize for size, 2 optimize for_

—speed, 3 optimize for size & speed

# Creates code for symbolic model formulation given above, then contacts server to,
—generate new solver
solver = model.generate_solver (codeoptions)

10.8.4 Calling the generated solver

Once all parameters have been populated, the MEX interface of the solver can be used to
invoke it:

Matlab

Python

% Call solver

Set initial guess to start solver from:
x0i=model.lb+ (model.ub-model.lb) /2;
x0=repmat (x01',model.N, 1);

problem.x0=x0;

o
°
o
°

Set initial and final conditions. This is usually changing from problem
instance to problem instance:

problem.xinit = model.xinit;

problem.xfinal = model.xfinal;

o
°
o
°

% Time to solve the NLP!

[output,exitflag,info] = FORCESNLPsolver (problem);
% Make sure the solver has exited properly.

assert (exitflag == 1, 'Some problem in FORCES solver');

fprintf ("\nFORCES took %d iterations and %$f seconds to solve the problem.\n',6 info.
—it,info.solvetime);

# Set initial guess to start solver from:
x01i = (model.lb + model.ub) / 2.0
x0 = np.transpose (np.tile(x0i, (1, model.N)))

problem = {"x0": x0,
"xinit": xinit,
"xfinal": xfinal}

# Time to solve the NLP!
output, exitflag, info = solver.solve (problem)

# Make sure the solver has exited properly.

assert exitflag == 1, "bad exitflag"

print ("FORCES took {} iterations and {} seconds to solve the problem.".format (info.
—it, info.solvetime))
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10.8.5 Results

The goal is to find a trajectory that steers the vehicle from point A to another standstill point
while avoiding obstacles and maximizing the progress on the y-direction along the way. The
trajectory should also be feasible with respect to the vehicle dynamics and its safety and
physical limitations. The vehicle’s trajectory in 2D space is presented in Figure 10.31.

The vehicle's velocity and steering angle over time is presented in Figure 10.32, and the actuator
commands in Figure 10.33. One can see that all constraints are respected.

position
3 T . -

X2

H

()]
T

-2.5
x1

Figure 10.31: Vehicle's trajectory in 2D space.

10.8.6 Variation 1: Parameters

One possible variation is if we consider the mass m and wheel base L as parameters, so that
we can tune them after the code generation. First we define the number of parameters:

Matlab

Python
for i=1l:model.N-1
model .npar (i) = 2; % number of parameters
end
model.npar (model.N) = 0; % no parameters in the last stage
model.npar = 2

model.nparN = 0

and then include them into our dynamics function handles:
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Figure 10.32: Vehicle's velocity and steering angle over time.
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Figure 10.33: Vehicle's actuator commands over time.
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Matlab
Python
function xdot = continuous_dynamics(x, u, p)
F =u(l);
s = u(2);
v = x(3);
theta = x(4);
m = p(l);
L p(2);
xdot = [v = cos (theta);
v * sin(theta);
F / m;
s / L1;
end
function xnext = dynamics(z, p)
X = z(3:6);
u = z(1:2);
% implements a RK4 integrator for the dynamics
integrator_stepsize = 0.1;
xnext = RK4(x, u, @continuous_dynamics, integrator_stepsize, p);
end

# Dynamics, i.e. equality constraints
def continuous_dynamics(x, u, p):

m = p[0]

I =pll]

return np.array([x[2] * casadi.cos(x[3]), # vxcos (theta)
x[2] * casadi.sin(x[3]), # v+sin (theta)
ul0] / m, # F/m
ulll / I1) # (v#s)/L

# We use an explicit RK4 integrator here to discretize continuous dynamics
integrator_stepsize = 0.1

model.eq = lambda z, p: forcespro.nlp.integrate (continuous_dynamics, z[2:6]
—z[0:2], p,

o

integrator=forcespro.nlp.
—~integrators.RK4,
stepsize=integrator_stepsize)

Note that we have to provide these parameters through the problem struct before calling the
generated solver:

Matlab
Python

% Set parameters
problem.all_parameters = repmat ([l 1]',model.N-1,1);

m = 1
I =1
problem = {"x0": np.reshape(x0, -1),
"xinit": xinit,
"all parameters": np.tile(np.array([m, I]), model.N-1)}

You can find the code of this example to try it out for yourself in the examples folder that
comes with your client.
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10.8.7 Variation 2: Different integrator

Another possible variation is if we want to change the integrator that is used to discretize the
continuous-time dynamics. In the example above, we discretized our dynamics ourselves by
using the supplied RK4 function. It is also possible to give the continuous-time dynamics to
the solver generator by using the continuous_dynamics field and varying the codeoptions.
nlp fields:

Matlab
Python

[}

% use continuous-time dynamics

codeoptions.continuous_dynamics = @continuous_dynamics;

[}

% define integrator options

codeoptions.nlp.integrator.type = "IRK4'; % can also be 'ForwardEuler', 'ERK2',
—'ERK3', 'ERK4', 'BackwardEuler', or 'IRK2'

codeoptions.nlp.integrator.Ts = 0.1;

codeoptions.nlp.integrator.nodes = 10;

# continuous dynamics will be integrated according to codeoptions.integrator,,
—settings
model.continuous_dynamics

continuous_dynamics

# Integration options

codeoptions.nlp.integrator.type = "IRK4"
codeoptions.nlp.integrator.Ts = 0.1
codeoptions.nlp.integrator.nodes = 10

For more information regarding the different integrators available, see Integrators.

You can find the code of this example to try it out for yourself in the examples folder that
comes with your client.

10.8.8 Variation 3: Terminal cost

Another possible variation is if we want to have a terminal cost that is different than the stage
costs of the horizon. To do that we provide each cost function handle in a cell array as follows:

Matlab
Python

% Objective function
In this example, we want to penalize the inputs F and s:
for i=1l:model.N-1
model.objective{i} = @(z) 0.1lxz(1l)"2 + 0.01lxz(2)"2;
end

o
°
o
°

and maximize the progress on the y direction, while ensuring a small

velocity and heading angle at the end of the horizon.

Terminal cost: —-100xy 100*v”"2 + 100xtheta”2 to aim for max y, v=0 and theta=0
model.objective{model .N} = @(z) -100xz(4) + 10x(z(5)-0)"2 + 10%x(z(6)-0)"2;

o o o

# Objective function
# In this example, we want to penalize the inputs F and s:
model.objective = lambda z: 0.1xz[0]*%2 + 0.01l%xz[1l]**2

# and maximize the progress in the y direction, while ensuring a small

(continues on next page)
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# velocity and heading angle at the end of the horizon:
model.objectiveN = lambda z: -100xz[3] + 10x(z[4]-0)*x2 + 10%x(z[5]-0) =2

You can find the code of this example to try it out for yourself in the examples folder that
comes with your client.

10.8.9 Variation 4: External functions

One final variation is if we supply the required functions through external functions in C. To
do so we have to provide the directory that contains said source files in the MATLAB code:

%% Define source file containing function evaluation code
model.extfuncs = 'C/myfevals.c';

We also need to include the two extern functions car_dyanmics and
car_dyanmics_jacobian, both contained in the car_dynamics.c file, through the
other_srcs options field:

[}

% add additional source files required - separate by spaces if more than 1
codeoptions.nlp.other_srcs = 'C/car_dynamics.c';

In Python, we need to switch to an ExternalFunctionModel if we intend to use external call-
backs. We give the main callback evaluating the objective function, equality constraints and
inequality constraints, using the set_main_function(), and supply any additional files required
by this callback using add_auxiliary().

model = forcespro.nlp.ExternalFunctionModel ()

# Define source file containing function evaluation code

# the 'relative_to' argument specifies that the paths are to be understood

# relative to this file's location. i1f not supplied, paths are relative to the
# current working directory in which this script is executed.
model.set_main_callback ('c/myfevals.c', relative_to=os.path.dirname( file ))
model.add_auxiliary('c/car_dynamics.c', relative_to=os.path.dirname(_ file ))

You can find the code of this example to try it out for yourself in the examples folder that
comes with your client.
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10.9 High-level interface: Indoor localization (MATLAB &
Python)

The indoor localization problem is to estimate the position of a target by measurements from
various anchors with known location. Outdoors, this well known as GPS, while indoors other
frequency bands (and less accurate clocks) are usually used. In this example, we show how to
generate code for a position estimator that relies on time-of-flight (TOF) measurements (GPS
uses time-difference-of-arrival, TDOA). The latter can be easily implemented with FORCESPRO
as well with only minor changes to the code below.

@ e Figure 1
File Edit View Insert Tools Desktop Window Help .

Ddde h ARAO0VDEA- 3 0E O

Click into figure to place target (noise level: 0.1)
T T T T T T % wm
¥  ime poaifion
& esfimaled position

wr @ & A

Figure 10.34: Indoor localization example GUI.

You can find the code of this example to try it out for yourself in the examples folder that
comes with your client.

Running the code will produce an interactive window like in Figure 10.34.
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10.9.1 Time of flight measurements

Given N anchors with known positions (z¢,y%), ¢ = 1,..., N, the distance to the target with
unknown position (z,y) is given by:

di = ct; = \[(z — )2 + (y — u)?

where t; is the time the signal from anchor i travels at the speed ¢ = 299792458 m/s

10.9.2 Estimation error

Instead of the real distance, we work with squared distances to define the estimation error:

ei=(z—a0)’+y—y)? —d;

10.9.3 Minimize the error

The objective is a least-squares error function:
N
: 2
min e
1=

10.9.4 Implementation

The following Matlab/Python code generates C-code for implementing an optimizer for min-
imizing the least-squares error function from above. It takes the anchor positions and the
distance measurements, and returns the estimated position of the target.

Matlab
Python

%% This function generates the estimator

function generateEstimator (numberOfAnchors, xlimits,ylimits)
Generates 2D decoding code for localization using FORCES NLP
na: number of anchors

o° oo

global na
na = numberOfAnchors;

% NLP problem definition

no need to change anything below
model.N = 1;

model .nvar =

o
5
o
S

number of distance measurements

o o\

2; > number of variables (use 3 if 3D)
model .npar = numberOfAnchors+3; % number of parameters: coordinates of anchors_
—in 2D, plus measurements

model.objective = Qobjective;
model.lb = [xlimits (1) ylimits(1l)]; % lower bounds on (x,V)
model.ub = [xlimits(2) ylimits(2)]; % upper bounds on (x,V)

[}

%% codesettings
codesettings = getOptions('localizationDecoder");
codesettings.printlevel = 0; % set to 2 to see some prints

o)

% codesettings.server = 'http://winnerl10:2470"';

[

codesettings.maxit = 50; % maximum number of iterations

%% generate code

(continues on next page)
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FORCES_NLP (model, codesettings);
end

o\

This function implements the objective
We assume that the parameter vector p is ordered as follows:

o° o° o° o° o°

p(l:na) - x-coordinates of the anchors

p(na+(l:na)) — y-coordinates of the anchors

p(2xna+(l:na)) - distance measurements of the anchors
function obj = objective( z,p )

global na

obj=0;

for i = 1l:na

obj = obj + ( (p(i)-z(1))"2 + (p(i+tna)-z(2))"2 — p(i+2%na)”2 )"2;
end
end

def generate_estimator (number_of_anchors, xlimits, ylimits):
mmwn

Generates and returns a FORCESPRO solver that esimates a position based on

noisy measurement inputs.
nmnn

# NLP problem definition

# ,,,,,,,,,,,,,,,,,,,,,,
model = forcespro.nlp.SymbolicModel (1) # number of distance measurements
model.nvar = 2 # number of variables (use 3 if 3D)

model.npar = number_of_anchors » 3 # number of parameters: coordinates of
—anchors in 2D, plus measurements

model.objective = objective # objective is defined as it's own function below

model.lb = np.array([xlimits[0], ylimits[0]1]) # lower bounds on (x,Vy)

model.ub = np.array([xlimits[1], ylimits[1]]) # upper bounds on (x,Yy)

# FORCESPRO solver settings

# ,,,,,,,,,,,,,,,,,,,,,,,,,,

codesettings = forcespro.CodeOptions ()
codesettings.printlevel = 0 # set to 2 to see some prints
codesettings.maxit = 50 # maximum number of iterations

# Generate a solver
solver = model.generate_solver (codesettings)

return solver

def objective(z, p):

nnon

This function implements the objective to be minimized.

We assume that the parameter vector p is ordered as follows:

- pl0:(na-1)] - x-coordinates of the anchors
- plna: (2+¥na-1)] — y-coordinates of the anchors
- pl(2xna):(3xna-1)] - distance measurements of the anchors
mwnn
obj = 0
for i in range(n):
obj += ((p[i] - z[0])**2 + (p[i + n] — z[1])**2 — p[i + 2#n]*%2) *#2

return obj

(continues on next page)
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(continued from previous page)

def distance(xa, xtrue, ya, ytrue):
return np.sqgrt ((xa - xtrue)xx2 + (ya — ytrue) x=*2)
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10.10 Real-time SQP Solver: Robotic Arm Manipulator (MAT-
LAB & Python)

In this example we illustrate the use of the real-time Sequential Quadratic Programming (SQP)
solver. In particular, we use a robotic arm manipulator described by a set of ordinary differen-
tial equations (ODEs):

él =7

.. 1 9

Oy = — (12 — B1y — Bs0] — Ba)
B2

7.'1 = Uz

7.'2 = U2

where 61,65 are joint angles modelling the manipulator configuration, uy, us are the rates (in-
puts) of the torques 71, 5 applied to the joints and

. 1 « . .. .
v = 751(*2(54 + B307 — T2) — 30105 — auly — as +71).
(651 _OZQE 52

The coefficients ay, as, az, as, a5 and 51, B2, B3, B4 depend on the inertia and mass of the robot

arm components. Their expressions can be found in [SicSciO9]. The optimal control problem
is formalized from the state x defined by

x = (61,61,02,02,71,72)"
and the input u defined as
u = (71,72) "
The control objective is to make the first joint angle 6, follow a reference of 1.2rad from 0 to
10s and —1.2rad from 10 to 20s. Similarly, the second joint angle 65 should follow a reference

of —1.2rad from 0 to 10s and 1.2rad from 10 to 20s. The stage variable z is defined by stacking
the input and differential state variables:

. . A A T
z = (T1,72,61,01,02,02,71,72)

You can find the code of this example to try it out for yourself in the examples folder that
comes with your client.

10.10.1 Defining the MPC problem
Tracking objective

Our goal is to minimize the distance of the joint angles to the reference, which can be trans-
lated in the following stage cost function:

f(z,p) = 1000(23 — 1.2p)? + 0.12% + 1000(25 + 1.2p)? + 0.122 + 0.0122 + 0.0127 + 0.0127 + 0.0123,

where p is a run-time parameter taking value 1 from 0 to 10s and —1 from 10 to 20s.
The stage cost function is coded in MATLAB as the least-squares vector:

Matlab

Python
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model.LSobjective = @ (z,p) [sgrt (1000) * (z(3)-p(l)*1.2);...
sqrt (0.1) % z(4);.
sqrt (1000) % (z(5)+p(l)y=1.2); ...
sgqrt (0.1) %= z(6);
sqrt (0.01) % z(7);
sqrt (0.01) % z(8);
sqrt (0.01) % z(1);
sqrt (0.01) % z(2)1;
model.objective = lambda z, p: ( 1000 x (z[2] — p[0]x1.2) %2
+ 0.1 % z[3]**2
+ 1000 * (z[4] + pl[0]1+1.2)*x2
+ 0.10 * z[5]*%*2
+ 0.01 * z[6]*%2
+ 0.01 % z[7]%%2
+ 0.01 * z[0]=*=*2
+ 0.01 % z[1]%x%2)

In the MATLAB example, this is needed to compute a Gauss-Newton approximation from the
Jacobian of the least-squares vector. In the Python example, where Gauss-Newton approxi-
mations are not yet available, we use the objective field to supply the target function.

State and input constraints

The following constraints are imposed on the torques and torque rates:

—100Nm <7y < 70 Nm
—100Nm <75 < 70 Nm
—200Nm/s <7y < 200Nm/s
—200Nm/s <75 < 200 Nm/s

This corresponds to the code below.

Matlab

Python

% upper/lower variable bounds 1lb <= x <= ub

model.lb = [ -200, -200, -pi, -100, -pi, -100, -100, -100 1;
model.ub = [ 200, 200, pi, 100, pi, 100, 70, 70 1;

# Upper/lower variable bounds lb <= x <= ub

i# Inputs | States

# dtaul dtau2 thetal dthetal theta2 dtheta2 taul tau2
model.lb = np.array([ -200, -200, -np.pi, -100, -np.pi, -100, -100, -1001)
model.ub = np.array ([ 200, 200, np.pi, 100, np.pi, 100, 70, 707)

Initial condition and horizon length

The prediction horizon is set to 21 and the following initial condition is set

Matlab

Python
model.xinit = [-0.4 0 0.4 0 0 0 1';
model.xinitidx = 3:8;
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xinit = np.array([-0.4, 0, 0.4, 0, 0, 01)
model.xinitidx = range (2, 8)

10.10.2 Generating a real-time SQP solver

We have now populated model with the necessary fields to generate an SQP solver, which
requires settings a few options, as follows:

Matlab

Python

%% Define solver options

codeoptions = getOptions ('RobotArmSolver');

codeoptions.maxit = 200; % Maximum number of
—iterations of inner QP solver

codeoptions.printlevel = 0; % Use printlevel = 2
—to print progress (but not for timing)

codeoptions.optlevel = 3;

% Explicit Runge—-Kutta 4 integrator
codeoptions.nlp.integrator.Ts = integrator_stepsize;
codeoptions.nlp.integrator.nodes = 5;
codeoptions.nlp.integrator.type = 'ERK4';

% Options for SQP solver

codeoptions.solvemethod = 'SQP_NLP';
codeoptions.nlp.hessian_approximation = 'gauss-newton';
—approximation of nonlinear least-squares objective
codeoptions.sgp_nlp.use_line_search = 0;

—for efficiency (only doable with Gauss—Newton approximation)

[

SQP algorithm
Gauss—-Newton hessian,,

o\ o

o\

Disable line-search_,

%% Generate real-time SQP solver
FORCES_NLP (model, codeoptions);

# Define solver options

codeoptions = forcespro.CodeOptions ()

codeoptions.maxit = 200 # Maximum number of |
—iterations

codeoptions.printlevel = 0 # Use printlevel = 2 to_
—print progress (but not for timings)

codeoptions.optlevel = 3 # 0 no optimization, 1
—optimize for size, 2 optimize for speed, 3 optimize for size & speed
codeoptions.nlp.integrator.Ts = integrator_stepsize
codeoptions.nlp.integrator.nodes = 5

codeoptions.nlp.integrator.type = 'ERK4'

codeoptions.solvemethod = 'SQP_NLP'

codeoptions.sgp_nlp.rti = 1

codeoptions.sgp_nlp.maxSQPit = 1

# Generate real-time SQP solver
solver = model.generate_solver (codeoptions)

The number of solved QPs in every iteration is set via sgqp_nlp.maxSQPit. It is important
to note that disabling the line search in the SQP algorithm does not guarantee global con-
vergence and hence may result in less robust performance, but produces much faster solve
times. Turning off the line search via sqp_nlp.use_line_search is only allowed when the
Gauss-Newton approximation is on.
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10.10.3 Calling the generated SQP solver

Once all parameters have been populated, the MEX interface of the solver can be used to
invoke it from MATLAB, or the Python Solver class can be used to use it from within Python:
Matlab

Python

)

% Set primal initial guess

x01i = model.lb+ (model.ub-model.1lb) /2;

x0 = repmat (x0i',model.N,1);

problem.x0 = x0;

% Set reference as run-time parameter
problem.all_parameters = ones (model.N,1);

% Set initial condition
problem.xinit = X(:,1);

% Call SQP solver
[output, exitflag, info] = RobotArmSolver (problem);

# Set solver parameters

x01 = (model.ub + model.lb) / 2
x0 = np.tile(x0i, (1, model.N))
problem = {"x0": x0, # Primal initial guess to start solver from
"xinit": xinit, # Initial condition
"all _parameters": np.ones((model.N, 1))} # Reference as a real-time
—parameter

# Call SQP solver
output, exitflag, info = solver.solve (problem)

The RobotArmSolver is expected to return an exitflag equal to 1, which corresponds to a
successful solver. However, note that the QP could become infeasible in some cases. In this
case, one should expect an exitflag of —8.

10.10.4 Results

The control objective is to track the joint references of —1.2rad and 1.2rad respectively, while
keeping the input torque rates below 200 Nm/s in magnitude and the torque states between
—100N and 70 Nm.

The joint angle and torques trajectories are shown in Figure Figure 10.35 and Figure Figure
10.36 respectively, while the input torque rates are plotted in Figure Figure 10.37. The closed-
loop objective, which is a measure of the control performance is shown in Figure Figure 10.38.
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Figure 10.35: Manipulator’s joint angle.
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Figure 10.36: Manipulator's torques at joints.
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Figure 10.37: Manipulator's torque rates.
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Figure 10.38: Manipulator’s closed loop objective.
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10.11 Controlling a DC motor using a FORCESPRO SQP solver

In this example our aim is to control a DC-motor using a FORCESPRO SQP solver. The model
for the DC motor which we consider is borrowed from [BerUnb], to which we refer for further
details. The dynamics of our model is described by the following set of ordinary differential
equations:

1(t) = —%xl(t) — %U(t)l‘g(t) + %{:
xz(t) = —?xg(t) + kTmu(t)xl(t) _ %

The states z; and z, model the armature current and motor angular speed of out DC motor
respectively and the control « models the input field current. The following values are chosen
for our model constants

R, = 12.5480Q armature resistance)
L, =0.307TH armature inductance)
kn = 0.23576Nm/A?  (motor constant)

(
(
(
ug = 60V (armature voltage)
B =0.00783Nmsec  (total viscuous damping)
71, = 1.4TNmsec (Load torque)
(

J = 0.00385Nmsec? (total moment of inertia)

The control objective is to track a piecewise constant angular speed. To test the robustness of
out resulting controller we switch reference half way through our simulation. In the first half

of the simulation we will track a constant angular speed x;“efl = 2 and then switch to tracking
a constant angular speed x;eﬁ = —2. We collect the 2-dimensional state vector x = (z1,z2)7

and the 1-dimensional control u in the vector

u
z = X
Z2

You can find the Matlab code below for this example to try it out for yourself in the examples
folder that comes with your client.

10.11.1 Defining the MPC problem
The tracking objective function

Since we want to track a reference value it is natural to consider a least squared cost f(z,p) =
IIT(zép)H2 for

7(2,p) =23 —p

Recall that z3 = x5 models the motor angular speed which is made to track a piecewise

constant reference. The parameter p will be equal to x;“efl during the first half of the simulation

and equal to z3%/? during the second.

The following code snippet reads in the least squared objective

model.LSobjective = @(z,p) sqgrt(100) % (z(3) - p);
model.LSobjectiveN = @ (z,p) sqgrt(100) %= (z(3) - p);
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The dynamics

The following code snippet reads in the dynamics (10.11) of our model:

%% model parameters

% Armature inductance (H)
La = 0.307;

% Armature resistance (Ohms)
Ra = 12.548;

% Motor constant (Nm/A"2)

km = 0.23576;

Total moment of inertia (Nm.sec”2)

oe

J = 0.00385;
% Total viscous damping (Nm.sec)
B = 0.00783;

o\

Load torque (Nm)
taul = 1.47;
% Armature voltage (V)

ua = 60;
model.E = [zeros(2,1), eye(2)];
model.continuous_dynamics = Q@(x,u) [(-1/La)~* (Ra*x(l) + x(2)*u(l) - ua);...
(=1/J)* (B*x(2) — km*x(1l)*u(l) + taul)];

Input and state constraints

The following constraints are to be met by out control and state vectors:

1A < u < 1.6A
—5AS T S 5A

rad rad

This can be read into the FORCESPRO model as follows

model.lb = [1, -5, -10];
model.ub = [1.6, 5, 10];

Generating the FORCESPRO SQP solver

To generate a suitable SQP solver for out MPC problem one need a model struct as well as
a codeoptions struct. Our model struct has been populated above and we now specify the
codeoptions we want and generating the solver by calling FORCES_NLP. The following code-
snippet shows how this can be done:

%% set codeoptions
codeoptions = getOptions ('FORCESPROSolver'");

codeoptions.solvemethod = 'SQP_NLP'; % generate SQP solver
codeoptions.nlp.integrator.type = 'ERK4';
codeoptions.nlp.integrator.Ts = 0.01;
codeoptions.nlp.integrator.nodes = 1;
codeoptions.nlp.hessian_approximation = 'gauss-newton';
codeoptions.server = 'https://forces.embotech.com';

%% generate FORCESPRO solver
FORCES_NLP (model, codeoptions);
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Calling the solver

Once the solver has been generated it needs a struct containing an initial guess, initial con-
dition of the ODE, the run-time parameters and the reinitialize field as explained in Se-
quential quadratic programming algorithm. The following code-snippet shows how this can
be done:

% populate run time parameters struct

params.all_parameters = repmat (2, model.N, 1);

params.xinit = zeros(model.neq, 1); % initial condition to ODE
params.x0 = repmat ([1.2;zeros(2,1)], model.N, 1); % initial guess
params.reinitialize = 0;

% Solve optimization problem
[output, exitflag, info] = FORCESPROSolver (params);

The FORCESPROSolver is expected to return an exitflag equal to 1, which corresponds to
a successful solve. However, note that the QP could become infeasible in some cases. In this
case, one should expect an exitflag equal to —8.

Results

The control objective is to track an angular speed of 2 and -2 respectively. As can be seen in
Figure 10.43 the controller completes this task. The control (u) is plotted in Figure 10.39, the
first state (x) is plotted in Figure 10.40 and second state (z») in Figure 10.41. As a measure of
control quality, the closed loop objective value is plotted in Figure 10.42.

1.2p= -

Figure 10.39: The control (u, in blue) as a function of simulation time (s). The control obeys its
constraints (red) throughout the simulation.
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Figure 10.40: The first state (z1, in blue) as a function of simulation time. It obeys its constraints
(red) throughout the simulation.

Figure 10.41: The second state (x5, in blue) as a function of simulation time. It obeys its con-
straints (red) throughout the simulation.
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Figure 10.42: Closed-loop objective value as a function of time

Figure 10.43: Angular speed (blue) and tracked reference (red) value as a function of time.
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10.12 Mixed-integer nonlinear solver: F8 Crusader aircraft

In this example we illustrate the simplicity of the high-level user interface on a mixed-integer
nonlinear program. In particular, we use an F8 Crusader aircraft model described by a set of
ordinary differential equations (ODEs):
ig = — 0.877x¢ + x2 — 0.088z0xy + 0.472% — 0.01927 — x2xy + 3.84623
— 0.215w + 0.28z3w + 0.47xow? + 0.63w?
i",l =T
iy = — 0.42081 — 0.396x5 — 0.4727 — 3.564x] — 20.967w
+ 6.26522w + 4620w? + 61.4w3
The model is taken from [GarJor77] and consists of three differential states: zy the angle of
attackin radians, z; the pitch angle in radians and x5, the pitch angle rate in radians per second.
There is one control input w, the tail deflection angle in radians. The input is the discrete
component of the model, since it can take values within the discrete set {—0.05236, 0.05236}.

This makes the solution process more complicated in comparison to a nonlinear program, as
the different combinations of inputs have to be checked over the control horizon.

The trajectory of the aircraft is to be computed by solving a mixed-integer nonlinear program
(MINLP). First, we define the stage variable z by stacking the input and differential state vari-
ables:

= [1'07:5()71’171;2]T

You can find the Matlab code of this example to try it out for yourself in the examples folder
that comes with your client.

10.12.1 Defining the problem data
Objective

Our goal is to minimize the distance of the final state to the origin, which can be translated
in the following cost function on the final stage variable:

f(z) = 15052 + 527 + 523

The terminal cost function is coded in MATLAB as the following function:

’model.objectiveN = @(z) 150 % z(2)"2 + 5 % z(3)"2 + 5 % z(4)"2;

Moreover, control inputs are penalized at every stage via the following stage cost function:

’model.objective = Q@(z) 0.1 %= z(1)"2;

Equality constraints

In this example, the only equality constraints are related to the dynamics. They are provided
to FORCESPRO in continuous form. The discretization is then computed internally by the
FORCESPRO integrators.

In the code snippet below, it is important to notice that the control input w is replaced with
u such that

w = 0.05236 - (2u—1)

If w has values within {—0.05236,0.05236}, then u lies within the binary set {0,1}.
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wa = 0.05236;

waz2 = wa'2;
wal3 = wa’"3;
continuous_dynamics = Q@(x, u) [-0.877 » x(1) + x(3) — 0.088 » x(1) = 3)
+ 0.47 » x(1) *» x(1) — 0.019 » x(2) = 2
- x(1) » x(1) *» x(3)..
+ 3.846 * x (1) » x(1) * x(1)
- 0.215 « wa » (2 « u(l) - 1)...
+ 0.28 % x(1) * x(1) » wa = (2  u(l) — 1)...
+ 0.47+x (1) *wa2+ (2xu(l)-1)»(2xu(l)—-1)...
+ 0.63*xwal3* (2+u(l)—-1)*(2xu(l)—-1)* (2 u(l)-1);
x(3);
—4.208*x (1) — 0.396 % x(3) — 0.47 » x(1)*»x(1l)...
- 3.564 % x(1) * x(1) = x(1)...
- 20.967 * wa * (2 » u(l) - 1)...
+ 6.265 % x(1) » x(1) » wa = (2 * u(l) -1 )...
+ 46.0 % x(1l)*»wa2x (2 u(l)-1)* (2 u(l)-1)...
+ 61.4+wal3* (2 u(l)-1)*(2+u(l)-1)*(2+u(l)-1)1;
model.continuous_dynamics = continuous_dynamics;
model.E = [zeros(3, 1), evye(3)]1;

Inequality constraints

The maneuver is subjected to a set of constraints, involving only the simple bounds:

Orad <u < 1rad
—10rad <zg < 10rad
—10rad <x7 < 10rad

—10rad/sec <zs < 10rad/sec

Initial and final conditions

The goal of the maneuver is to steer the aircraft from an initial condition with nose pointing
upwards

(0.4655,0,0)T

to the origin.

10.12.2 Defining the MPC problem

With the above de fined MALTAB functions for objective and equality constraints, we can
completely define the MINLP formulation in the next code snippet. For this example, the
number of stages has been set to N = 100.

In the code snippet below, it is important to notice that the lower and upper bounds are
declared as parametric before generating the solver. This needs to be done for generating
mixed-integer NLP solvers. Lower and upper bounds are meant to be provided at run-time.

%% Problem dimension

nx = 3;
nu = 1;
nz = nx + nuj;

model.N = 100;

(continues on next page)
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(continued from previous page)

model.nvar = nz;
model.neqg = nx;

%% Indices of initial state in stage variable
model.xinitidx = nu+l:model.nvar;

%% Lower and upper bound need to be set as parametric for generating an MINLP
—solver

model.lb = [];

model.ub = [];

model.lbidx{1l} = 1 : nu;

model.ubidx{1} = 1 : nu;

for i = 2 : model.N

model.lbidx{i} = 1 : model.nvar;
model.ubidx{i} = 1 : model.nvar;
end

%% Dynamics
wa = 0.05236;

wa2 = wa'2;
wal3 = wa”"3;
continuous_dynamics = Q@(x, u) [-0.877 x x(1) + x(3) — 0.088 % x(1) » x(3)
+ 0.47 » x(1) * x(1) — 0.019 » x(2) * xX(2
- x(1) » x(1) * x(3)...
+ 3.846 * x (1) » x(1) * x(1)
- 0.215 %« wa » (2 = u(l) - 1) .
+ 0.28 * x(1) *» x(1) * wa » (2 % u(l) — 1)...
+ 0.47 »x(Ll)*waz2x (2xu(l)-1)*(2xu(l)-1) ...
+ 0.63*wal3* (2 u(l)-1)*(2+u(l)-1)*(2+u(l)-1);
x(3);
-4.208 * x(1) — 0.396 * x(3)...
- 0.47 » x(1) » x(1)...
- 3.564 % x (1) » x(1) » x(1)...
- 20.967 * wa * (2 % u(l) - 1)...
+ 6.265%x (1) *x (1) *wa* (2~ u(l)-1)...
+ 46.0*xx (1) *wa2* (2+u(l)-1)~(2~u(l)-1) ...
+ 6l.4xwalx (2+xu(l)-1)~(2+u(l)-1)*=(2xu(l)-1)1;
model.continuous_dynamics = continuous_dynamics;
model.E = [zeros(nx, nu), eye(nx)];

%% Objective
mode.objective = @

( 0.1 % z(nu)"2;
model.objectiveN = @

)

z) 150 » z(nu+l)”™2...
+ 5 % z(nut+t2)™2...
+ 5 % z(nut+3)"2;

z
(

%% Indices of integer variables within every stage
for s = 1l:model.N

model.intidx{s} = [1];
end

10.12.3 Generating an MINLP solver

We have now populated model with the necessary fields to generate a mixed-integer solver for
our problem. Now we set some options for our solver and then use the function FORCES_NLP
to generate a solver for the problem defined by model with the initial state and the lower and
upper bounds as a parameters:
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%% Set code-—

codeoptions
codeoptions
codeoptions
codeoptions

codeoptions.
codeoptions.
codeoptions.
codeoptions.

.printlevel
.misra2012_check
.maxit

generation options
getOptions ('F8aircraft');
1;

1;

2000;
timing = 0;
nlp.integrator.type
nlp.integrator.Ts 0.05;
nlp.integrator.nodes = 20;

"IRK2';

oo
)

Generate MINLP solver
FORCES_NLP (model, codeoptions);

In the code snippet above, we have set some integrator options, since the continuous-time
dynamics has been provided in the model. The branch-and-bound search can be run on
several threads in parallel by setting the run-time parameter numThreadsBnB equal to the
number of threads to be used. The default value is 1. Moreover, the maximum number of
threads for the branch-and-bound search can be set via the option max_num_threads. By
default, max_num_threads = 4.

10.12.4 Calling the generated MINLP solver

Once all parameters have been populated, the MEX interface of the solver can be used to
invoke it:

%% Set run-time parameters

problem. (sprintf ('1b%02d', 1)) = 0;
problem. (sprintf ('ub%02d', 1)) = 1;
for s = 2:99
problem. (sprintf ('1b%02d', s)) = [0, —-lel % ones(l, 3)]1';
problem. (sprintf ('ub%02d', s)) = [1, lel % ones(l, 3)1';
end
problem. (sprintf ('1b%02d', 100)) = [0, -lel % ones(l, 3)1"';
problem. (sprintf ('ub%02d', Nstages)) [1, 1lel % ones(l, 3)]"';
problem.x0 = repmat ([0; zeros(3, 1)1, 100, 1);
problem.xinit = zeros (3, 1);
problem.xinit (1) = 0.4655;
%% Call MINLP solver
[sol, exitflag, info] = F8aircraft (problem);

10.12.5 Providing an initial guess at run-time

In order to provide an guess for the incumbent, the following code-generation options need
to be enabled:

codeoptions.minlp.int_guess 1;
codeoptions.minlp.round_root 0; %
codeoptions.minlp.int_guess_stage_vars
—variable 1 at every stage

Default value is 1
[1]; % An integer guess 1is provided for,

Then the incumbent guess can be set at run-time via

for s = 1:Nstages
problem. (sprintf ('int_guess%03d', s)) = [0];
end

(continues on next page)
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(continued from previous page)

for s = 1:2

problem. (sprintf ('int_guess%03d', s)) = [1];
end
problem. (sprintf ('int_guess%03d', 39)) = [1];
for s = 41:42

problem. (sprintf ('int_guess%03d', s)) = [1];
end
for s = 85:90

problem. (sprintf ('int_guess%03d', s)) = [1];
end

10.12.6 Changing the parallelization strategy at run-time

When running the MINLP solver on several threads with numThreadsBnB >= 1, the paralleliza-
tion strategy can be changed via

problem.parallelStrategy = 0; % 0 (one shared priority queue, default), 1 (one
—priority queue per thread)

10.12.7 Results

The control objective is to drive the angle of attack as close as possible to zero within a five
seconds time frame. The control input is the tail deflection angle, which can take values with
the set {—0.05236,0.05236} and the initial state is (0.4655,0,0), where the first component is
the angle of attack, the second component is the pitch angle and the third component is the
pitch angle rate.

The angle of attack computed by FORCESPRO MINLP solver running on one thread is shown
in Figure Figure 10.44 and the input sequence is in Figure Figure 10.45. One can notice the
bang-bang behaviour of the solution. When running on three threads the FORCESPRO MINLP
solver provides a solution with lower final primal objective. Results are shown on Figures Figure
10.46 and Figure 10.47.

Angle of attack (rad)

1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 45 5

Pitch angle (rad)

Figure 10.44: Aircraft’'s angle of attack over time computed with one thread.
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Tail deflection angle (rad)
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Figure 10.45: Aircraft’s tail deflection angle over time with one thread.
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Figure 10.46: Aircraft’'s angle of attack over time computed with three threads.
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Figure 10.47: Aircraft’s tail deflection angle over time with three threads.

182

Chapter 10. Examples



."
embotech FORCESPRO User Manual

Chapter N

Parametric problems

Parameters (or real-time data) are a key concept in FORCESPRO. Usually at least one vector in
an embedded optimization problem will change between two calls to the solver. In MPC, the
initial state changes usually between two sampling times. But other data can change too, for
example because you are working with linearizations of non-linear dynamics, or because the
cost matrices of a quadpratic objective function are tuned online. The following API is available
when using the low-level interface only and cannot be used with the high-level interface.

1.1 Defining parameters

FORCESPRO gives you full control over the parametrization of the optimization problem: You
can define all data matrices and vectors to be parametric. To define a parameter in MATLAB,
use the function

’parameter = newParam(name, maps2stage, maps2data);

and in Python, use

stages.newParam(name, maps2stage, maps2data)

where name is the parameter name, which you need to be set before calling the solver. The
vector of indices maps2stage defines to which stages the parameters maps. The last argument
maps2data has to be one of the following strings

Table 11.1: Possible string values for argument maps2data

Cost function | Equality constraints | Inequality constraints
'cost.H' 'eqg.c' 'ineq.b.1lb'
'cost.f' 'eqg.C' 'ineg.b.ub'
'eq.D' 'ineqg.p.A'
'ineg.p.b'
'ineqg.q.Q'
'ineg.qg.1l'
'ineqg.q.r'

From FORCESPRO 1.8.0, the user is allowed to provide a parameter for all problem stages at
once. All stage parameters are then stacked into one vector or matrix before getting passed
to the solver at runtime. FORCESPRO is notified about this by having

maps2stage = [];
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For instance, in order to provide a parametric linear cost across all stages, one should use the
following code at codegen.

’parameter = newParam('linear_stage_cost', [], 'cost.f');

At runtime, the user is expected to provide the linear stage cost as follows.

’problem.linear_stage_cost = repmat (rand(problem.nvar, 1), problem.horzLength, 1);

where problem.horzLength is the horizon length and problem.nvar is the number of stage
variables.

Note: The stacked parameters feature is only available in MATLAB from Forces 1.8.0".

1.2 Example

To define the linear term of the cost of stages 1 to 5 as a parameter, use the following command
in MATLAB

’parameterl = newParam('linear_cost', 1:5, 'cost.f');

and in Python, use

’stages.newParam('linearfcost', range (1, 6), 'cost.f'")

Note that this will generate only one parameter and the same runtime data will be mapped
to stages 1 to 5. If the runtime data should be different for each stage one would have to
generate five differents in this case.

We can also have a second parameter. For instance, the right handside of the first equality
constraints, which is a very common caes in MPC. In MATLAB

’parameter2 = newParam('RHS_first_equality_constraint', 1, 'eqg.c');
In Python
’stages.newParam('RHSffirstfequalityfconstraint', [1]1, 'eg.c'")

1.3 Parametric Quadratic Constraints

As there may be multiple quadratic constraints for every stage, one needs to specify which
ones are to be parametric. One can use a fourth argument in the newParam call, as shown
below. In MATLAB

’parameter = newParam(name, maps2stage, maps2data, idxWithinStage);

In Python

’stages.newParam(name, maps2stage, maps2data, idxWithinStage)

where idxWithinStage denotes the index of the quadratic constraints to which this parameters
applies.
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1.4 Diagonal Hessians

In case your parametric Hessian is diagonal, you should use the fourth argument of newParam
as shown below. In MATLAB

’parameterl = newParam('Hessians', 1:5, 'cost.H', 'diag');
In Python
’stages.newParam('Hessians’, range(l,6), 'cost.H', 'diag')

The FORCESPRO solver will then only expect a vector as a parameter. The 'diag' keyword is
currently only valid for hessian matrices related to the objective function.

11.5 Sparse Parameters

If your parameters are not diagonal but they have a sparse structure that can be exploited for
performance, you can use the fourth and fifth arguments of newParam to let FORCESPRO
know about the sparsity pattern. In MATLAB

parameter?2 = newParam('Ai', 1:5, 'ineg.p.A', 'sparse', [zeros (5, 6) rand(5, 2)]);
In Python
stages.newParam('Ai',range(1l,6), 'ineg.p.A", 'sparse', numpy.hstack ( (numpy.zeros (5,6),

—random.random( (5,2)))))

The fifth argument is used to let FORCESPRO know about the location of the non-zero ele-
ments. When a solver is generated using sparse parameters it is the responsibility of the user
to pass on parameters with the correct sparsity pattern to the solver. There will be no warnings
thrown at runtime.

Sparse parameter values have to be passed as a column vector of nonzero elements, i.e. to
assign the values of matrix B to sparse parameter Ci one should use the following: In MATLAB

’problem.ci = nonzeros (sparse (B));
In Python
’problem.ci = B[numpy.nonzeros (B) ]

Note that parameters with a general sparsity structure defined by the fifth argument are cur-
rently only supported for polytopic constraints. For the equality constraint matrices, only the
structure [0 A], where A is assumed to be dense, is currently supported.

11.6 Special Parameters

To prevent having to transfer entire matrices for parameters with few changing elements at
runtime, one can specify a sixth argument to let FORCESPRO know about the location of the
elements that will be supplied at runtime. In MATLAB

parameter2 = newParam('Ci', 1:5,'eq.C', 'sparse',Cstruc,Cvar)

In Python

Chapter 11. Parametric problems 185



."
FORCESPRO User Manual embotech

stages.newParam('Ci',range(l,6),'eq.C', "sparse',Cstruc,Cvar)

Note that in this case the constant values will be taken from the data supplied in the field
Cstruc. At runtime the user only has to supply a column vector including the time-varying
elements marked in the field cvar. The ordering should be column major.

1.7 Python: Column vs Row Major Storage Format

Unlike Matlab, numpy stores arrays by default in row-major format internally. Since FORCES
expects the parameters in column major storage format, a conversion is necessary. This con-
version is automatically performed by the Python interface when the solver is called. To avoid
the conversion every time the solver is called, you should use the following way of creating the
arrays storing parameters:

a = array([1l, 2, 3, 4, 5, 6])
b = a.reshape(2,3,order="F")

The above code reshapes the array into a (2,3) Matrix stored in column major (Fortran) format.
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Chapter 12

Code Deployment

121 Main Targets

Main targets include:
- x86 platforms
- X86_64 platforms
- 32bit ARM-Cortex-A platforms
- 32bit ARM-Cortex-M platforms (no shared libraries)
- 64bit ARM-Cortex-A platforms (AARCHG4 toolchain)
- 64bit ARM-Cortex-A platforms (Integrity toolchain)
- NVIDIA platforms with ARM-Cortex-A processors
- PowerPC platforms with GCC compiler

You can check here to find the correct naming option for each platform.

12.1.1 High-level interface

The steps to deploy and simulate a FORCESPRO controller on most targets are detailed below.

1. In the High-level interface example BasicExample.m set the code generation options:

codeoptions.platform = '<platform name>'; % to specify the platform
codeoptions.printlevel = 0; % optional, on some platforms printing is not supported
codeoptions.cleanup = 0; % to keep necessary files for target compile

and then generate the code for your solver (henceforth referred to as “FORCESNLPsolver’,
placed in the folder “BasicExample”) using the high-level interface.

2. Additionally to your solver you will receive the following files generated by CasADi:
- FORCESNLPsolver_casadi2forces.c
- FORCESNLPsolver_model_1l.c
- FORCESNLPsolver_model_11.c
(For the generated files FORCESNLPsolver_model_X.c, the X suffix is problem specific)
3. For most target platforms you will receive the following compiled files:
- For MinGW/Linux/MacQOS:
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- a static library file 1ibFORCESNLPsolver.a inside the folder 1ib_target
- a shared library file 1ibFORCESNLPsolver. so inside the folder 1ib_target
- For Windows:
- a static library file FORCESNLPsolver_static.lib inside the folder 1ib_target

- a dynamic library file FORCESNLPsolver.dll with its definition file for compilation
FORCESNLPsolver.lib inside the folder 1ib_target

You need only one of those to build the solver.

Important: The shared library and the dynamic library if used for building need to be present
during runtime as well.

4. Create an interface to call the solver and perform a simulation/test.

You can find a C interface for this example to try it out for yourself in the examples folder that
comes with your client.

5. Copy in the target platform:
- The FORCESNLPsolver folder
- The source files from step 2
- The interface from step 4

6. Compile the solver. The compilation command would be (supposing you are in the
directory which contains the FORCESNLPsolver folder):

<Compiler_exec> HighLevel_ BasicExample.c <compiled_solver> FORCESNLPsolver_
—casadi2forces.c FORCESNLPsolver_model_1.c FORCESNLPsolver_model_11l.c <additional_
—libs>

Where:
- <Compiler_exec> would be the compiler used in the target
- <compiled_solver> would be one of the compiled files of step 3

- <additional_libs> would be possible libraries that need to be linked to resolve existing
dependencies.

- For Linux/MacOS it's usually necessary to link the math library (-1m)

- For Windows you usually need to link the iphlpapi.lib library (it's distributed with
the Intel Compiler, MinGW as well as Matlab) and sometimes some additional intel
libraries (those are included in the FORCESPRO client under the folder 1ibs_Intel
- if missing they are downloaded after code generation)
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12.1.2 Y2F interface

The steps to deploy and simulate a FORCESPRO controller on most targets are detailed below.

1. In the Y2F interface example mpc_basic_example.m set the code generation options:

codeoptions.platform = '<platform_name>'; % to specify the platform
codeoptions.printlevel = 0; % optional, on some platforms printing is not supported

and then generate the code for your solver (henceforth referred to as “simpleMPC_solver’,
placed in the folder “Y2F") using the Y2F interface.

2. The Y2F solver is composed of a main solver which calls multiple internal solvers. The
file describing the main solver is:

- simpleMPC_solver.c inside the folder interface

3. The internal solvers are provided as compiled files. For most target platforms you will
receive the following compiled files:

- For MinGW/Linux/MacOS:

- a static library file libinternal_simpleMPC_solver_1l.a inside the folder
lib_target

- a shared library file libinternal_simpleMPC_solver_1.so inside the folder
lib_target

- For Windows:

- a static library file internal_simpleMPC_solver_1_static.lib inside the folder
lib_target

- adynamic library file internal_simpleMPC_solver_1.d11 with its definition file for
compilation internal_simpleMPC_solver_1.1lib inside the folder 1ib_target

You need only one of those to build the solver.

Important: The shared library and the dynamic library if used for building need to be present
during runtime as well.

4. Create an interface to call the solver and perform a simulation/test.

You can find a C interface for this example to try it out for yourself in the examples folder that
comes with your client.

5. Copy in the target platform:
- The simpleMPC_solver folder
- The interface from step 4

6. Compile the solver. The compilation command would be (supposing you are in the
directory which contains the simpleMPC_solver folder):

<Compiler_exec> Y2F_mpc_basic_example.c simpleMPC_solver/interface/simpleMPC_
—solver.c <compiled_solver> <additional_libs>

Where:
- <Compiler_exec> would be the compiler used in the target
- <compiled_solver> would be one of the compiled files of step 3

- <additional_libs>would be possible libraries that need to be linked to resolve existing
dependencies.

- For Linux/MacOS it's usually necessary to link the math library (-1m)
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- For Windows you usually need to link the iphlpapi.lib library (it's distributed with
the Intel Compiler, MinGW as well as Matlab) and sometimes some additional intel

libraries (those are included in the FORCESPRO client under 1ibs_Intel - if missing
they are downloaded after code generation)
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12.2 dSPACE AutoBox

12.2.1 High-level interface
Instructions

The steps to deploy and simulate a FORCESPRO controller on a dSPACE AutoBox are detailed
below.

1. (Figure 12.1) Set the code generation options:

codeoptions.platform = 'dSPACE-AutoBox'; % to specify the platform
codeoptions.printlevel = 0; % on some platforms printing is not supported
codeoptions.cleanup = 0; % to keep necessary files for target compile

and then generate the code for your solver (henceforth referred to as “FORCESNLPsolver’,
placed in the folder “BasicExample”) using the high-level interface.

2. (Figure 12.2) Create a new Simulink model using the RTIT007 template provided by
dSPACE.

3. (Figure 12.3) Populate the Simulink model with the system you want to control.

4. (Figure 12.4) Make sure the FORCESNLPsolver_simulinkBlock.mexw64 file (created dur-
ing code generation) is on the Matlab path.

5. (Figure 12.5) Open the FORCESNLPsolver_lib.mdl Simulink model file, contained in the
interface folder of the FORCESNLPsolver folder created during code generation.

6. (Figure 12.6) Copy-paste the FORCESPRO Simulink block into your simulation model and
connect its inputs and outputs appropriately.

7. (Figure 12.7) Access the Simulink model's options.
8. (Figure 12.8) In the “Solver” tab, set the options:
- Simulation start/stop time: Depending on the simulation wanted.
- Solver type: Discrete or fixed-step.
- Fixed-step size: Needs to be higher than the execution time of the solver.
9. (Figure 12.9) In the “Code Generation” tab, set the options:
- System target file: r£i1007.t1c
- Language: C
- Generate makefile: On
- Template makefile: rti1007.tmf
- Make command: make_rti
10. (Figure 12.10) In the “Code Generation/Custom Code” tab, include the directories:
- BasicExample
- BasicExample\FORCESNLPsolver\interface
- BasicExample\FORCESNLPsolver\lib_target
1. (Figure 1211) In the “Code Generation/Custom Code” tab, add the source files:
- FORCESNLPsolver_simulinkBlock.c
- FORCESNLPsolver_casadi2forces.c

+ FORCESNLPsolver_model_1l.c
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- FORCESNLPsolver_model_11.c

(For the generated files FORCESNLPsolver_model_X.c, the X suffix is problem specific)

12. (Figure 12.12) In the “Code Generation/Custom Code” tab,
- 1ibFORCESNLPsolver.a

13. (Figure 12.13) Access the FORCESPRO block’s parameters.

14. (Figure 12.14) Remove the “FORCESNLPsolver” prefix from

add the library files:

the S-function module.

15. (Figure 12.15) Compile the code of the Simulink model. This will also automatically load

the model to the connected AutoBox.

16. Deployment is complete and simulations can now be run on the AutoBox platform.

Figures

ZES client » examples » Matlab » HighLevellnterface » BasicExample »

Workspace M Editor - BasicExample.m
I‘ BasicExample.m \I‘ + ‘I

_49 % initial state
50 — model.xinitidx = 2:3;
51
52 % inequalities
53 — model.lb = [ umin, xmin ];
54 — model.ub = [ umax, ¥max ];
55
56
57 %% Generate FORCES solver
58
59 % get options
60 — codeoptions = getOptions('FORCESNLPsolver');
6l
62 — codeoptions.platform = 'dSPACE-ZutoBox'; % to specify the platform
63
64 — codeoptions.printlevel = 0; % on some platforms printing is not supported
65
66 — codeoptions.cleanup = 0; % to keep necessary files for target compiling
67
68 % generate code
69 — FORCES_NLP (model, codeoptions);
70

Figure 12.1: Set the appropriate code genera

tion options.
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Figure 12.3: Populate the Simulink model.
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Figure 12.5: Open the generated Simulink solver model.
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Model Referencing Type: IF\xed—slep I | x| Su\verl id\screle (no continuous states) I | i ‘
Simulation Target NS ]
¥ Code Generation ¥ Additional parameters
Report
Comments Fixed-step size (fundamental sample time): ||1 I |
Symbols | S 2 z E
Custom Code Tasking and sample tim options needs to be higher than the execution time of the solver
Interface
RTI simulation options Periodic sample time constraint: |Unccnsl.ramed | - ‘
RTI general build options |:| Treat each discrete rate as a separate {ask

RTI load options
RTI variable description fil...

Allow tasks to execute concurrently on target
[] Automatically handle rate transition for data transfer

[] Higher priority value indicates higher task priority

Figure 12.8: Set the Simulink solver options.
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Figure 12.9: Set the Simulink code generation options.
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@ Configuration Parameters: dspace_high/Configuration (Active) — O X
|Q Search
Solver [] use the same custom code settings as Simulation Target

Data Import/Export
» Optimization

Insert custom C code in generated:
Source file Source file:
Header file

» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target

¥ Code Generation

Initialize function
Terminate function

Report <
Comments Additional build information:

Symbols Include directories:

SUEETEEEE Source files "C:\Users\Embotech\Desktop\FORCES_clientiexamples\Matlab\HighLevellnterface
Interface Libraries \BasicExample”

RTI simulation options Dofinas "C:\Users\Embotech\Desktop\FORCES_clienf\examples\Matlab\HighLevellnterface

\BasicExample\FORCESNLPsclveninterface”
"CiUsers\Embotech\Desktop\FORCES_clientiexamples\Matlab\HighLevelinterface
RTI load options \BasicExample\FORCESNLPsolverilib_target"

RTI variable description fil...

RTI general build options

A

Figure 12.10: Add the directories included for the code generation.
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RTI simulation options
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RTI load options

RTI variable description fil...
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Figure 12.11: Add the source files used for the code generation.
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|Q Search
Solver [ j LIse the same custom code setiings as Simulation Target
Data Import/Lxport Insert custom C code in generated:
Math and Data Types Source file Sourco file:
» Diagnostics Header file
Hardware Implementation Initiglize function
Model Referencing Terminate function
Simulation Target
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Report Addrtional build information:
Comments Include directories  Lipraries:
Identifiers Source files libF ORCESNLPsolver a
Custom Code
Interface Defines
RTI simulation options
RTI general build options
R 1l load options
RTI variable description fil
Figure 12.12: Add the libraries used for the code generation.
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Figure 1213: Open the FORCESPRO block’s parameters.
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Block Parameters: FORCESMLPsolver oo
S-Function

User-definable block. Blocks can be written in C, MATLAB (Level-1), and
Fortran and must conform to S-function standards. The variables t, x, u,
and flag are automatically passed to the S-function by Simulink. You can
specify additional parameters in the "S-function parameters' field. If the 5-
function block requires additional source files for building generated code,
specify the filenames in the 'S-function modules' field. Enter the filenames
only; do not use extensions or full pathnames, e.qg., enter 'src srcl’, not
'src.c srcl.c'.

Arguments

S-function name: | FORCESNLPsolver simulinkBlock Edit

1 S-function parameters:

S-function mﬂdules:” FORCESM LFsc:h.re:IFDRCESNLF‘E-Dlver_EimuIinkBIﬂ-ck

remaowve

: ,} OK Cancel Help Apply
q

Figure 12.14: Remove the leading solver name from the S-function module.
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Figure 1215: Compile the code of the Simulink model.
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12.2.2 Y2F interface

Instructions

The steps to deploy and simulate a FORCESPRO controller on a dSPACE AutoBox are detailed
below.

1. (Figure 12.16) Set the code generation options:

codeoptions.platform = 'dSPACE-AutoBox'; % to specify the platform

o

codeoptions.printlevel = 0; % on some platforms printing is not supported

and then generate the code for your solver (henceforth referred to as “simplempc_solver”,
placed in the folder “Y2F") using the Y2F interface.

2. (Figure 12.17) Create a new Simulink model using the RTIT0O07 template provided by
dSPACE.

3. (Figure 12.18) Populate the Simulink model with the system you want to control.

4. (Figure 12.19) Make sure the simplempc_solver_simulinkBlock.mexwé64 file (created
during code generation) is on the Matlab path.

5. (Figure 12.20) Copy-paste the FORCESPRO Simulink block, contained in the created
y2f_simulink_lib.slx Simulink model file, into your simulation model and connect
its inputs and outputs appropriately.

6. (Figure 12.21) Access the Simulink model's options.

7. (Figure 12.22) In the “Solver” tab, set the options:
- Simulation start/stop time: Depending on the simulation wanted.
- Solver type: Discrete or fixed-step.
- Fixed-step size: Needs to be higher than the execution time of the solver.

8. (Figure 12.23) In the “Code Generation/RTI general build options” tab, set the options:
- System target file: r£i1007.t1lc
- Language: C
- Generate makefile: On
- Template makefile: r£t11007.tmf
- Make command: make_rti

9. (Figure 12.24) In the “Code Generation/Custom Code” tab, include the directories:
- Y2F
- Y2F\simplempc_solver\interface
- Y2F\simplempc_solver\lib_target

10. (Figure 12.25) In the “Code Generation/Custom Code” tab, add the source files:

- simplempc_solver_simulinkBlock.c
- simplempc_solver.c

1. (Figure 12.26) In the “Code Generation/Custom Code” tab, add the library files:
- libinternal_ simplempc_solver_l.a

12. (Figure 12.27) Compile the code of the Simulink model. This will also automatically load
the model to the connected AutoBox.

13. Deployment is complete and simulations can now be run on the AutoBox platform.
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Figures

CES client » examples » Y2F »

Workspace g Editor - mpc |
J mpc_basic_example.m | + |
70 % bounds
71 — const = [const, umin <= U{(:,1i) <= umax];
TE|= const = [const, xmin <= X(:,i+l) <= xmax];
73 - end
74
75 %% Create controller ocbject (generates code)
76 % for a complete list of codeoptions, see
77 % https://www.embotech.com/FORCES-Pro/User-Manual/Low-level-Interface/Solver-Options
78 — codeoptions = getOptions('simpleMPC solver'); % give solver a name
79
80 — codeoptions.platform = 'dSPACE-AutoBox'; % to specify the platform
81
82 — codeoptions.printlevel = 0; % on some platforms printing is not supported
83
84 — controller = optimizerFORCES (const, cost, codeoptions, X(:,1), U(:,1), {'xinit'}, {'ul'})’;
85
g6
87 %% Simulate
88 — xl = [-4; 2]1;
89 - kmax = 30;
90 — X = zeros(nx,kmax+l); X(:,1) = xl1;
91 — U = zeros(nu, kmax);

Figure 12.16: Set the appropriate code generation options.
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Figure 12.17: Create a Simulink model.
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Figure 12.18: Populate the Simulink model.
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Current Folder

v C: » Users » Embotech » Desktop » FORCES_client » exarnples » V2F »

Name mpc_basic examplem | +

el % bounds

7 mp _example.m il — const = [const, umin <= U({:, i) <= umax];

) mpe as!c_a(ample_a.dmr.n.m 72 — c = lconst, xmin <= X{:,itl) <= xmax];

‘&‘ mpc_basic_example_simulink.sh 73 - end

j mpc_parametric_cost.m 74

= mpc_parametric_dynamics.m 75 %% Create controller ocbdject (generates code}

_7 mpc_parametric_inequalities.m _ - - R c .

& 16 % for a complete list of codeopt 5,

j simplempc_solver.m " .

4] srolermoe <o 37 % htips://www.embote »r-Manual/Low-1e 1-Interface/Solver-oOptions
78 - codeoptions = getoptions('simpleMFC_solver'); % give solver a name
K
BO codeoptions.platform = "dSPACE-RutoBox'; % to specify the platform
81
82 — codegptions.printlevel = 0; £ on some platforms printing is not supported
B3

this needs to be on 84 — contreller = optimizerFORCES (const, cost, codeoptions, E(:,1), U({:,1), {'xinit"}, {°
the MATLAB path o

-1
BT %% simulate
[if:] x1l = [-4; 2];

Figure 12.19: Add the folder containing the

.mexw64 solver file to the Matlab path.
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Figure 12.21: Open the Simulink model options.
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& Configuration Parameters: dspace_y2f/Configuration (Active)

Q..

Salver
Data Import/Export
» Optimization
» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target
¥ Code Generation
Report
Comments
Symbols
Custom Code
Interface
RTI simulation options
RTI general build options
RTI load options

RTI variable description fil...

Simulation time

Start time: (0.0

Solver gpiions

Stop time: |29

Type] Fixed-step

depends on the fixed-step size

¥ Additional parameters

Fixed-step size (fundamental sample time):

Tasking and sample time options

= | Solver:]|discrete (no continuous states) | hd

needs to be at least as long as

the execution time of the solver

Periodic sample time constraint: |Unconstrained

|:| Treat each discrete rate as a separate task

Allow tasks to execute concurrently on target

[] Automatically handle rate transition for data transfer

[] Higher priority value indicates higher task priority

|~

Figure 12.22: Set the Simulink solver options.
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Figure 12.23: Set the Simulink code generation options.
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|Q Search

Solver |:| Use the same custom code settings as Simulation Target
Data Import/Export

» Optimization

» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target

¥ Code Generation

Insert custom C code in generated:
Source file Source file:
Header file
Initialize function
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Report
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Symbols Include directories:

Custom Code Source files "C:\Users\Embotech\Desktop\FORCES _clientiexamples\Y 2F\simplempc_solvertint
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Figure 12.24: Add the directories included for the code generation.
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Figure 12.25: Add the source files used for the code generation.
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Q

Solver [] use the same custom code settings as Simulation Target
Data Import/Export Insert custom C code in generated:
Math and Data Types Source file Source file:
» Diagnostics Header file
Hardware Implementation Initialize function
Medel Referencing Terminate function

Simulation Target
¥ Code Generation

Optimization
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I Custom Code I l Libraries I
Interface Defines
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oK Cancel Help Apply

Figure 12.26: Add the libraries used for the code generation.
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Figure 12.27: Compile the code of the Simulink model.
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12.3 dSPACE MicroAutoBox II

12.3.1 High-level interface
Instructions

The steps to deploy and simulate a FORCESPRO controller on a dSPACE MicroAutoBox Il are
detailed below.

1. (Figure 12.28) Set the code generation options:

codeoptions.platform = 'dSPACE-MABII'; % to specify the platform
codeoptions.printlevel = 0; % on some platforms printing is not supported
codeoptions.cleanup = 0; % to keep necessary files for target compile

and then generate the code for your solver (henceforth referred to as “FORCESNLPsolver”,
placed in the folder “BasicExample”) using the high-level interface.

2. (Figure 12.29) Create a new Simulink model using the RTI1401 template provided by
dSPACE.

3. (Figure 12.30) Populate the Simulink model with the system you want to control.

4. (Figure 12.31) Make sure the FORCESNLPsolver_simulinkBlock.mexw64 file (created dur-
ing code generation) is on the Matlab path.

5. (Figure 12.32) Open the FORCESNLPsolver_lib.mdl Simulink model file, contained in
the interface folder of the FORCESNLPsolver folder created during code generation.

6. (Figure 12.33) Copy-paste the FORCESPRO Simulink block into your simulation model
and connect its inputs and outputs appropriately.

7. (Figure 12.34) Access the Simulink model’'s options.
8. (Figure 12.35) In the “Solver” tab, set the options:
- Simulation start/stop time: Depending on the simulation wanted.
- Solver type: Discrete or fixed-step.
- Fixed-step size: Needs to be higher than the execution time of the solver.
9. (Figure 12.36) In the “Code Generation” tab, set the options:
- System target file: rti1401.t1lc
- Language: C
- Generate makefile: On
- Template makefile: rt11401.tmf
- Make command: make_rti
10. (Figure 12.37) In the “Code Generation/Custom Code” tab, include the directories:
- BasicExample
- BasicExample\FORCESNLPsolver\interface
- BasicExample\FORCESNLPsolver\lib_target
1. (Figure 12.38) In the “Code Generation/Custom Code” tab, add the source files:
- FORCESNLPsolver_simulinkBlock.c
- FORCESNLPsolver_casadi2forces.c

- FORCESNLPsolver_model_1l.c
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- FORCESNLPsolver_model_11.c
(For the generated files FORCESNLPsolver_model_X.c, the X suffix is problem specific)
12. (Figure 12.39) In the “Code Generation/Custom Code” tab, add the library files:
- FORCESNLPsolver.lib
13. (Figure 12.40) Access the FORCESPRO block’s parameters.
14. (Figure 12.41) Remove the “FORCESNLPsolver” prefix from the S-function module.

15. (Figure 12.42) Compile the code of the Simulink model. This will also automatically load
the model to the connected MicroAutoBox.

16. Deployment is complete and simulations can now be run on the MicroAutoBox Il plat-
form.

Figures

i LA Y o

FORCES client » examples » Matlab *» Highlevellnterface » BasicExample

E: Editor - C:\Users\Embotech'\Desktop\FORCES_client\examples\Matlab\HighLevellnterface\BasicExample\BasicExamplem & x
|. BasicExample.m | BasicExample.m | + |
459 % initial state T—D
50 — model .xinitidx = 2:3;
5l
52 % inequalities
53 — model.lb = [ umin, xmin ];
04 — model.uk = [ umax, Xmax ]:
55
56
57 %% Generate FORCES solver
58
54 % get options
a0 — codeoptions = getOptions |('FORCESHLEPsolver');
&1
62 — codeoptions.plactform = 'dSPACE-MABII'; % to specify the placform
63
g4 — codeoptions.printlevel = 0; % on some platforms printing is not supported
&5
66 — codeoptions.cleanup = 0; % to keep necessary files for targe compiling
&7
&8 % generate code
89 — FORCES NLF (model, codeoptions):
70 v

Figure 12.28: Set the appropriate code generation options.
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Figure 12.29: Create a Simulink model.
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Figure 12.30: Populate the Simulink model.
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Figure 12.31: Add the folder containing the .mexw64 solver file to the Matlab path.
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Figure 12.32: Open the generated Simulink solver model.
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Figure 12.33: Copy-paste and connect the FORCESPRO block.
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Figure 12.34: Open the Simulink model options.
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[] Automatically handle rate transition for data transfer
[] Higher priority value indicates higher task priority
Figure 12.35: Set the Simulink solver options.
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RTI general build options
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|+ | | check Model...

Figure 12.36: Set the Simulink code generation options.
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@ Configuration Parameters: dspace_high/Configuration (Active) — O X
|Q Search
Solver [] use the same custom code settings as Simulation Target

Data Import/Export
» Optimization

Insert custom C code in generated:
Source file Source file:
Header file

» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target

¥ Code Generation

Initialize function
Terminate function

Report <
Comments Additional build information:

Symbols Include directories:

SUEETEEEE Source files "C:\Users\Embotech\Desktop\FORCES_clientiexamples\Matlab\HighLevellnterface
Interface Libraries \BasicExample”

RTI simulation options Dofinas "C:\Users\Embotech\Desktop\FORCES_clienf\examples\Matlab\HighLevellnterface

\BasicExample\FORCESNLPsclveninterface”
"CiUsers\Embotech\Desktop\FORCES_clientiexamples\Matlab\HighLevelinterface
RTI load options \BasicExample\FORCESNLPsolverilib_target"

RTI variable description fil...

RTI general build options

A

Figure 12.37: Add the directories included for the code generation.
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Report =
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Interface Libraries FORCESNLPsolver_model_1.c FORCESNLPsolver_model_11.c

RTI simulation options

RTI general build options
RTI load options

RTI variable description fil...
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Figure 12.38: Add the source files used for the code generation.
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Salver
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» Optimization
» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target
¥ Code Generation
Report
Comments
Symbols
Interface
RTI simulation options
RTI general build options
RTI load options
RTI variable description fil...

& Configuration Parameters: dspace_high/Configuration (Active)

|:| Use the same custom code settings as Simulation Target

Insert custom C code in generated:
Source file Source file:

Header file

Initialize function

Terminate function

Additional build information:
Include directories | jpraries:
Source files

Defines

FORCESNLPsolver.lib

Figure 12.39: Add the libraries used for the code generation.

dspace_high Comment Through Ctrl+Shift+Y
Comment Out Ctrl+Shift+X
Delete Del
«
Find Referenced Variables
]
= Create Subsystem from Selection Ctrl+G
o e ,
ol o Rotate 8 Flip 3
33x 1’
sl - Amrange »
Zs
2 FORCESPRO | .. ;
Library Link ' U output
e signals & Ports 4
TORCESN  eotrer Requirements 2
Fixed-Point Tool.
Model Transformer »
/C++ Code 4
ity f—— | Block Parameters (S-Function) m@
[261] Fozamiz. X output
AR Nl Help
doube [2x1] z
e dSPACE
P
»
Readv 96% FixedStenDiscr
. )
Figure 12.40: Open the FORCESPRO block's parameters.
214 Chapter 12. Code Deployment



<V
embotech FORCESPRO User Manual

Block Parameters: FORCESMLPsolver oo
S-Function

User-definable block. Blocks can be written in C, MATLAB (Level-1), and
Fortran and must conform to S-function standards. The variables t, x, u,
and flag are automatically passed to the S-function by Simulink. You can
specify additional parameters in the "S-function parameters' field. If the 5-
function block requires additional source files for building generated code,
specify the filenames in the 'S-function modules' field. Enter the filenames
only; do not use extensions or full pathnames, e.qg., enter 'src srcl’, not
'src.c srcl.c'.

Arguments

S-function name: | FORCESNLPsolver simulinkBlock Edit

1 S-function parameters:

S-function mﬂdules:” FORCESM LFsc:h.re:IFDRCESNLF‘E-Dlver_EimuIinkBIﬂ-ck

remaowve

: ,} OK Cancel Help Apply
q

Figure 12.41: Remove the leading solver name from the S-function module.
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Figure 12.42: Compile the code of the Simulink model.
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12.3.2 Y2F interface
Instructions

The steps to deploy and simulate a FORCESPRO controller on a dSPACE MicroAutoBox Il are
detailed below.

1. (Figure 12.43) Set the code generation options:

codeoptions.platform = 'dSPACE-MABII'; % to specify the platform

o

codeoptions.printlevel = 0; % on some platforms printing is not supported

and then generate the code for your solver (henceforth referred to as “simplempc_solver”,
placed in the folder “Y2F") using the Y2F interface.

2. (Figure 12.44) Create a new Simulink model using the RTI1401 template provided by
dSPACE.

3. (Figure 12.45) Populate the Simulink model with the system you want to control.

4. (Figure 12.46) Make sure the simplempc_solver_simulinkBlock.mexw64 file (created
during code generation) is on the Matlab path.

5. (Figure 12.47) Copy-paste the FORCESPRO Simulink block, contained in the created
y2f_simulink_lib.slx Simulink model file, into your simulation model and connect
its inputs and outputs appropriately.

6. (Figure 12.48) Access the Simulink model’s options.

7. (Figure 12.49) In the “Solver” tab, set the options:
- Simulation start/stop time: Depending on the simulation wanted.
- Solver type: Discrete or fixed-step.
- Fixed-step size: Needs to be higher than the execution time of the solver.

8. (Figure 12.50) In the “Code Generation/RTI general build options” tab, set the options:
- System target file: r£ti1401.t1lc
- Language: C
- Generate makefile: On
- Template makefile: rt11401.tmf
- Make command: make_rti

9. (Figure 12.51) In the “Code Generation/Custom Code” tab, include the directories:
- Y2F
- Y2F\simplempc_solver\interface
- Y2F\simplempc_solver\lib_target

10. (Figure 12.52) In the “Code Generation/Custom Code” tab, add the source files:

- simplempc_solver_simulinkBlock.c
- simplempc_solver.c

1. (Figure 12.53) In the “Code Generation/Custom Code” tab, add the library files:
- internal_simplempc_solver_1l.1lib

12. (Figure 12.54) Compile the code of the Simulink model. This will also automatically load
the model to the connected MicroAutoBox.

13. Deployment is complete and simulations can now be run on the MicroAutoBox Il plat-
form.
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Figures

e [BREARUINIS | un |

FORCES_client » examples » Y2F

s\Embotech'Deskto

"2Fumpc_basic_

cample.m

|- mpc_basic_examplem ¥ | + |
70 % bounds
71 — const = [const, umin <= TU(:,1) <= umax];
72 — const = [const, xmin <= X(:,1+1l) <= xmax];
73 — end
74
75 %% Create controller object (generates code)
T6 % for a complete list of codeoptions, see
77 % https://www.enbotech.com/FORCES-Pro/User-Manual/Low-level-Interface/Solver—(
78 — codeoptions = getOptions ('simplempc solver'); % give solver a name
79
g0 - codeoptions.platform = 'dSPACE-MABII'; % to specify the platform
g1
82 — codeoptions.printlevel = 0; % on some platforms printing is not supported
83
24 — controller = optimizerFORCES (const, cost, codeoptions, X{:,1), U(:,1l), {'xinii
]
86
87 %% Simmlate
g8 - xl = [-4:; 2]
848 — kmax = 30;
40 — X = zeros(nx, kmax+1); X({:,1) = =xl;
I( >

Figure 12.43: Set the appropriate code generation options.
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Figure 12.44: Create a Simulink model.
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Figure 12.45: Populate the Simulink model.
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| Compars - GoTo = Comment % sz & n
New Open Save IL'J EH ‘é B i‘;l Breakpoints Run Run and @M\mnm Run and
~ v > Pt ~ | Find ~ indent (=] &) (=< - ~  Advance Time
FILE NAVIGATE EDIT BREAKPOINTS RUN
<+ P HE b C: b Users b Embotech b Desktop b FORCES_client » examples b Y2F »
P P
Current Folder @

mpc_| example.m

ﬂ mpc_basic_example_admm.m

|*& mpc_basic_example_simulink.slx

ﬂ mpc_parametric_cost.m
mpc_parametric_dynamics.m

B mpc_parametric_inequalities.m

ﬂ simplempc_solver.m

4] simplen glvernmexwBd

ﬂ simplempc_solver_simulinkBlock mexwt4

this needs to be on
the MATLAB path

B
70
71
72
73
74
75
76
77
78
79

W o

= mom

o o oo o0 €0 o0 o Co
g

)

F
a

'
const [const, umin <= U(:,1) <= umax]:;
const = [const, xmin <= X({:,i+l) <= xmax]:

end

%% Create controller object (generates code)
% for a
% https:
codeoptions = getlpt.

e

codeoptions.platform = 'dSPACE-MABII"; % to spe 12 platform

codeoptions.printlevel = 0; % on some platforms pri

ng is not suppor

controller = optimizerFCORCES (const, cost, codecoptions, X(:,1), U(:,1), {'xini

%% Simulate

x1 = [-4: 2]:

Figure 12.46: Add the folder containing the .mexw64 solver file to the Matlab path.
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Figure 12.47: Copy-paste and connect the FORCESPRO block.
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Figure 12.48: Open the Simulink model options.
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Start time: (0.0 Stop time: |29

Solver gpiions

Model Referencing Type] |Fixed-step = | Solver:||discrete (no continuous states) | -
Simulation Target

¥ Code Generation ¥ Additional parameters
Report
Comments

Fixed-step size (fundamental sample time):
Symbols needs to be at least as long as

Custom Code Tasking and sample time options the execution time of the solver
Interface

RTI simulation options Periodic sample time constraint: |Unconstrained | =

RTI general build options |:| Treat each discrete rate as a separate task
RTI load options

Allow tasks to execute concurrently on target
RTI variable description fil...

[] Automatically handle rate transition for data transfer

[] Higher priority value indicates higher task priority

Figure 12.49: Set the Simulink solver options.
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& Configuration Parameters: dspace_y2f/Configuration (Active) - O X
|Q Search
Salver Target selection
Data Import/Export rl
» Optimization System target file] | rti1401.tic I | Browse...
» Diagnostics Language: I C I |v |

Hardware Implementation
Model Referencing

Simulation Target Build process
¥ Code Generation

Description: dSPACE D51401 Hardware Platform

Report [] Generate code only

Comments Package code and artifacts Zip file name:  =empty=

symbols _

Custom Code Makefile configuration

Interface Generate makefile

RTI simulation options "

RTI I build opi Template makeﬁle:lmmm Amf I |
general build options

RTI load options Make command: Imake_rli I |

RTI variable description fil...

Code generation objectives

Select objective: |Unspecified [+

Check model before generating code: |Off | hd | Check Model...

Figure 12.50: Set the Simulink code generation options.
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Solver [] Use the same custom code settings as Simulation Target
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Model Referencing
Simulation Target

¥ Code Generation

Insert custom C code in generated:
Source file Source file:

Header file
Initialize function
Terminate function

Report

Comments Additional build information:

Symbols Include directories:

(IR HETE Source files "C:\Users\Embotech\Desktop\FORCES _clientiexamples\Y 2Fisimplempc_solverint
Interface Libraries erface”

RTI simulation options — "C:\Users\Embotech\Desktop\FORCES _clientiexamplesty 2F\simplempc_solverilib

target”
RTI general build options —arg

RTI load options
RTI variable description fil...

| ok || cancel || Help || aApply |

Figure 12.51: Add the directories included for the code generation.
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|Q Search

Solver
Data Import/Export
» Optimization
» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target
¥ Code Generation
Report
Comments
Symbols
Custom Code
Interface
RTI simulation options
RTI general build options
RTI load options

[ ] Use the same custom code settings as Simulation Target
Insert custom C code in generated:

Source file Source file:

Header file
Initialize function
Terminate function

Additional build information:
Include directories  spurce files:

RTI variable description fil...

Source files simplempc_solver.c simplempc_solver_simulinkBlock.c
Libraries

Defines

ok |[ concel |[ nep || apply |
Figure 12.52: Add the source files used for the code generation.
|Q Search
Solver [] Use the same custom code settings as Simulation Target
Data Import/Export Insert custom C code in generated:
» Optimization Source file Source file:
» Diagnostics Header file

Hardware Implementation Initialze fanclion

Model Ref i
. = _e Srering Terminate function

Simulation Target

¥ Code Generation
Report &
Comments Additional build information:
Symbols Include directories | jbraries:
Custom Code Source files internal_simplempc_solver_1.lib
RTI simulation options Defines
RTI general build options
RTI load options P
RTI variable description fil...
| ok || cancel || Hep || Apply |

Figure 12.53: Add the libraries used for the code generation.
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Figure 12.54: Compile the code of the Simulink model.
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12.4 dSPACE MicroAutoBox lll

12.4.1 Code Generation

The steps to deploy a FORCESPRO controller on a dSPACE MicroAutoBox Il are detailed below.

1) Set the code generation options (see Figure 12.55):

codeoptions.platform = 'dSPACE-MABXIII'; % to generate code for the MicroAutoBox,,
—IIT

codeoptions.printlevel = 0; % printing is not supported for the MicroAutoBox III
codeoptions.cleanup = 0; % to keep necessary files for target compile

Important: When generating code for the MicroAutoBox lll, codeoptions.optlevel can
take values O-4 instead of 0-3 where

- 0: no optimization

- 1. optimize for size

- 2: optimize for speed

- 3: optimize for size and speed

- 4: optimize for size and speed with more precise numerics

E;J: | % L3 rina ies \; . T P LZ;{ 2] Run Section ‘\[E,’)
New Open Save Ui/ Compare ~ P GoTo~  Comment oﬁ’ % %d Breakpoints Run Run and H'Advante Run and
- - > B9 Print ¥  Find v Indent [F| 3 |5 M M Advance Time
FILE NAVIGATE EDIT BREAKPOINTS RUN
<L E J_‘ » C » Users » Embotech » Desktop » FORCESclient » examples » Matlab » Highlevellnterface » BasicExample
Current Folder ® | Workspace [ Editor - BasicExample.m
Name T sesccampem % B0
) BasicExamplem | 57 %% Generate FORCES solver
58
59 % get options
€0 — codeoptions = getOptions ('FORCESNLPsolver'):
61
62 — codeoptions.printlevel = 0; % remove printlevel
63
64 — codeoptions.platform = 'dSPACE-MABXIII'; % set platform to dSPACE MicroRutoBox III
65
€6 — codeoptions.cleanup = 0; % needed to keep necessary files for target compilation
e7
68 % generate code
69 — FORCES_NLP (model, codeoptions);
70
71
72 %% simulate
2 — w1 = 1. 21-

Figure 12.55: Set the appropriate code generation options.

2) Create a new Simulink model (henceforth referred to as dSPACE-MABXIII.slx) US-
ing the dSPACE Run-Time Target template provided by dSPACE and save it in the
BasicExample folder (see Figure 12.56).

3) Populate the Simulink model with the system you want to control (see Figure 12.57).

4) Run the BasicExample.m script to perform code generation for your solver (henceforth
referred to as FORCESNLPsolver, placed in the folder “BasicExample”). This will create
the necessary files for your building (see Figure 12.58 , Figure 12.59 and Figure 12.60).

5) The FORCESNLPsolver_simulinkBlock.<mex_extension> file (created during code
generation) needs to be in the same path as your model (see Figure 12.61).

6) Open the FORCESNLPsolver_lib.mdl Simulink model file, contained in the interface
folder of the FORCESNLPsolver folder created during code generation (see Figure 12.62).

7) Copy-paste the FORCESPRO Simulink block into your simulation model and connect its
inputs and outputs appropriately (see Figure 12.63).
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Figure 12.56: Create a Simulink model.
New MNew New Open ({7 compare |'MPort Save | dSPACE_MABKIIL
| DiscreteStateSpace 3
. = Q
Discrete state-space model:
x(n+1) = Ax(n) + Bu(n) E3
y(n) = Cx(n) + Du(n)
=
Main  State Attributes =]
A =
(%]
m1go1]
[m| U oUTPUT
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11 05]
C
[l1o;01]
D:
[0:0]
Initial conditions: i |
=421 |
| sample time (-1 for inherited): | [ T
X OUTPUT
-1
%] OK Cancel Help

Figure 12.57: Populate the Simulink model.

<@y

Current Folder

» C ¥ Users » Embotech

Name ~

T8c0T0cd7ce0720315101abcfbSfecd forces
#) BasicExamplem

7l dSPACE_MABXIllsix
) FORCESNLPsolverm

< eor alver meywAd
L FORCESNLPsolver_casadi2forces.c

@ FORCESNLPsolver_casadi2forces.obj
- EQRCESNI Psnlver_mex_compiler 3
i FORCESNLPsolver_model_1.c
& _FORCESNLPsolver_model_1.0b)

@ FORCESNLPsolver_model_11.0bj
& FORCESNI Psalver_py p

ﬂ FORCESNLPsolver_simulinkBlockmexw64
+] FORCESNLPsolver_simulinkBlockcompact. mexw64

® | Workspace

b Desktop » FORCESclient » examples » Matlab » Highlevellnterface » BasicExample »

| Basicexample.m +1
| se
59 % get options
60 -  codeoptions = getOptions ('FORCESNLPsolver');
61
62 -  codeoptions.printlevel = 0; % remove printlevel
63
64 -  codeoptions.platform = 'dSPACE-MABXII % set platform to dSPACE MicroAutoBox IIT
65
66 -~  codeoptions.cleanup = 0; % needed to keep necessary files for target compilation
67
68 % generate code
69—  FORCES_NLP(model, codeoptions);
70
71
72 %% simulate
73 - x1 = [-4; 21

Figure 12.58: Generated files.
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rie NAvIGAIE cun BrEARFUINIS o
» C: » Users » Embotech » Desktop » FORCESclient » examples » Matlab » Highlevelinterface » BasicExample » FORCESNLPsolver * interface
Workspace [ Editor - BasicExample.m
’\' BasicExample.m \ + |
OPYING.m | >
:
2 57 %% Generate FORCES solver
# FORCESNLPsolver build.p 58
[ FORCESNLPsolver_mex.c €0 — codeoptions = getOptions ('FORCESNLEsolver');
# FORCESNLPsolver_py.py €1
[ & FORCESNLPsolver_simulinkBlockc | 62 —  codeoptions.printlevel = 0; % remove printlevel
I FORCESNLPsolver_simulinkBlockcompact.c 63
' FORCESNLPsolvercompact lib.mdl 64 — codeoptions.platform = 'dSPACE-MABKIII'; % set platform to dSPACE MicroAutoBox III
€5
66 — codeoptions.cleanup = 0; % needed to keep necessary files for target compilation
€7
68 % generate code
€9 — FORCES_NLP (model, codeoptions);
70
71

Figure 12.59: Solver interface files.

otech

Desktop » FORCESclient » examples » Matlab » Highlevellnterface » BasicExample » FORCESNLPsolver ¥ lib_target

Workspace | Editor - BasicExample.m
Name ~ \ BasicExample.m |T\
“
FORCESNLPsolver.so 59 % get options
60 — codeoptions = getOptions ('FORCESNLPsolver');
€1
62 — codeoptions.printlevel = 0; % remove printlevel
€3
€4 — codeoptions.platform = 'dSPACE-MABXIII'; % set platform to dSPACE MicroRAutoBox IIT
€5
66 — codeoptions.cleanup = 0; % needed to keep necessary files for target compilation
67
68 % generate code
€9 — FORCES_NLP (model, codeoptions);
70
71
72 %% simulate
T3|= x1 = [-4; 2];

Figure 12.60: Solver libraries.

< [EE > C > Users » Embotech » Desktop » FORCESclient » examples » Matlab » Highlevellnterface » BasicExample »

Current Folder ®| Workspace
Name ~ | Basicbxamplem | + |
FORCESNLPsolver 58
) 18c010cdfce0720315f101abcfoSfec forces 59 % get options
60 — codeoptions = getOptions ('FORCESNLPsolver');
6L
FORCESNLPsolver.m 62 -  codeoptions.printlevel = 0; % remove printlevel
[#) FORCESNLPsolver.mexw64 P
E-.i FORCESNLPsolver_casadi2forces.c 64 — codeoptions.platform = 'dSPACE-MABX % set platform to dSPACE MicroAutoBox III
@ FORCESNLPsolver_casadi2forces.obj
| FORCESNLPsolver_mex_compiler_warnings txt s ) . .
1 FORCESNLPsolver_model_1.c 66—  codeoptions.cleanup = 0; % needed to keep necessary files for target compilation
& FORCESNLPsolver_model_1.0bj 67
& FORCESNLPsolver_model_11.c €8 % generate code
@ FORCESNLPsolver_model_11.0bj 69—  FORCES_NLP(model, codeoptions);
: FORCESMLPsoiver -
| 3ron(ssmpsu|ver,s.mu|mkslummexw54| 71
T TORCESNIPsolver Kcompact mexw64 72 %% simulate
73— x1= [-4; 21;

Figure 12.61: The .<mex_extension> solver file is in the same path as the model.
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ASPACE_MABXILI

———————— ‘ )

UOUTPUT

""""" ’i FORCESNLPsolver_lib - Simulink sponsored use - X
SIMULATION DEBUG MODELING FORMAT
Model Port Blocks  ConfigurationDesk
FORCESNLPsolver_lib
@
7777777777777777777777777777777777777777 XOUTPUT Q
=3
Yxo g§é
= %
FORCESPRO
e =
@ x11
@ FORCESNLPsolver
»
Ready 100% oded5
Figure 12.62: Open the generated Simulink solver model.
dSPACE_MABXIIT
x01
ik U QUTPUT
FORCESPRO 3
x06
x07
x08
»! xinit xR
xMp
FORCESNLPsolver
Anet = Axy + Buy o
Tl de=Cnt Du, "
X QUTPUT
Figure 12.63: Copy-paste and connect the FORCESPRO block.
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8) Access the Simulink model’s options. In the “Solver” tab, set the options (see Figure 12.64):
- Simulation start/stop time: Depending on the simulation wanted.
- Solver type: Discrete or fixed-step.
- Fixed-step size: Needs to be higher than the execution time of the solver.

9) In the “Code Generation” tab, set the options (see Figure 12.65):
- System target file: dsrt.tlc
- Language: C
- Generate makefile: Checked
- Template makefile: dsrt_default_tmf
- Make command: make_dsrt

10) In the “Code Generation/Custom Code” tab, include the directories (see Figure 12.66):
- .\FORCESNLPsolver\include
- .\FORCESNLPsolver\interface
- .\FORCESNLPsolver\lib_target

1) In the “Code Generation/Custom Code” tab, add the source files (see Figure 12.67):
« FORCESNLPsolver_simulinkBlock.c
- FORCESNLPsolver_casadi2forces.c
- FORCESNLPsolver_model_1l.c
- FORCESNLPsolver_model_11.c

(For the generated files FORCESNLPsolver_model_X.c, the X suffix is problem specific)

12) In the “Code Generation/Custom Code” tab, add the library files (see Figure 12.68):
- 1ibFORCESNLPsolver.a

13) Access the FORCESPRO block’s parameters (see Figure 12.69).

14) Remove the “FORCESNLPsolver” prefix from the S-function module (see Figure 12.70).

15) Create a new Project and Application in ConfigurationDesk. Select directory of project,
name of project and application, the model dSPACE_MABXIII.slx as the application
process and connected MicroAutoBox Il to deploy to (see Figure 12.71).

16) Go to the tasks tab and make sure the period of the Periodic Task matches the fixed step
size selected in the Simulink model options (see Figure 12.72).

17) Go to the build tab and start the building process. After building is complete the appli-
cation will be loaded automatically in the MicroAutoBox Il (see Figure 12.73).
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@ Configuration Parameters: dSPACE_MABXIII/Configuration (Active) - O b4
| Q, Search |
Solver Simulation time

Data Import/Export
Math and Data Types

» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target

» Code Generation

depends on the fixed-step size
| Stop tim ‘29 |

Start timel oo |

Solver selection

Type”F\xed-slep | ‘ - | Solver: ‘dlscrele (no continuous states) | - |

¥ Solver details

Fixed-step size (fundamental sample time) |1 | ‘

Tasking and sample time options needs to be higher than the execution time of the solver

Periodic sample time constraint ‘Unconstrained ‘ - |

[] Treat each discrete rate as a separate task
Allow tasks to execute concurrently on target
] Automatically handle rate transition for data transfer

] Higher priority value indicates higher task priority

» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target

» Code Generation

| Ok | Cancel | Help | Apply
Figure 12.64: Set the Simulink solver options.
L

@ Configuration Parameters: dSPACE_MABXIII/Configuration (Active) - ] x
‘Q Search

Solver Target selection

Data Import/Export [ aarta =

Math and Data Types System target file:| dsrt.tic | | rowse..

Language: | C | | v ‘
dSPACE Run-Time Target (for VEQS on Windows and ConfigurationDesk)

Description

Build process

Generate code only
Package code and artifacts Zip file name: | <empiy=
Makefile configuration

Generate makefile

Template makefile: [dsri_defaull_tmf] ‘

Make command:l ‘make_dsrt | ‘

Code generation objectives

Select objective ‘UﬂSpeCIfled ‘ = |

Check model before generating code: |Off ‘ - | Check Model...

H Cancel H Help

Lok | Apply |

Figure 12.65: Set the Simulink code generation options.
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Configuration Parameters: dSPACE_MABXIIl/Configuration (Active)

3 - a] X
Q Search
Salver [] Use the same custom code settings as Simulation Target
Data Import/Export Insert custom C code in generated
Math and Data Types Source file Source file:
» Diagnostics Header file
Hardware Implementation Initialize function
Model Referencing Terminate function
Simulation Target
¥ Code Generation
Optimization “
Report Additional build information
Comments Include directories |nclude directories:
Identifiers Source files IFORCESNLPsolver/include /FORCESNLPsolver/interface fFORCESNLPsolver/lib_target
Custom Code Libraries
Interface Defines
DSRT variable descriptio..
4
Help Apply
Figure 12.66: Add the directories included for the code generation.
B Configuration Parameters: dSPACE_MABXIIl/Configuration (Active) - ] X
Q Search
Solver [] Use the same custom code settings as Simulation Target
Data Import/Export Insert custom C code in generated:
Math and Data Types Source file Source file:
» Diagnostics Header file
Hardware Implementation Initialize function
Model Referencing Terminate function
Simulation Target
¥ Code Generation
Optimization .
Report Additional build information
Comments Include directories  Source files:
Identifiers Source files FORCESNLPsolver_simulinkBlock.c FORCESNLPsolver casadi2forces.c
Custom Code Libraries FORCESNLPsolver_model_1.c FORCESNLPsolver_model_11.c
Interface Defines
DSRT variable descriptio..
&
Help Apply

Figure 12.67: Add the source files used for the code generation.
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@ Configuration Parameters: dSPACE_MABXIII/Configuration (Active) - O X
Solver ["] Use the same custom code settings as Simulation Target
Data Import/Export Insert custom C code in generated
Math and Data Types Source file Source file-
» Diagnostics Header file
Hardware Implementation Initialize function
Model Referencing Terminate function
Simulation Target
¥ Code Generation
~
Optimization
Report Additional build information:
Comments Include directories | jbraries:
Identifiers Source files libFORCESNLPsolver.a
Custom Code Libraries
Interface Defines
DSRT variable descriptio..
5
OK Cancel Help Apply
Figure 12.68: Add the libraries used for the code generation.
dSPACE_MABXIIT
1 =1
© Paste and Keep IDs Ctrl+Alt+V
Explore
FORCESPRO |«
it g5 copy Ctrl+C
Paste Ctrl+Vv
— Comment Through Ctrl+Shift+Y
FORCESNLPsolver
Comment Qut Ctrl+Shift+X
Delete Del
Find Referenced Variables
Tavt = Axa + By Create Subsystem from Selection ctrl+G

o= Cxut Dty
X QUTPUT

Format
Rotate & Flip
Arrange

Mask
Library Link

Signals & Ports
Requirements
Fixed-Point Tool...

C/C++ Code

3

Properties...
Help

Block Parameters (S-Function)

Figure 12.69: Open the FORCESPRO block’s parameters.
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Block Parameters: FORCESMNLPsolver >
S-Function

User-definable block. Blocks can be written in C, MATLAB
(Level-1), and Fortran and must conform to S-function standards.
The variables t, x, u, and flag are automatically passed to the S-
function by Simulink. You can specify additional parameters in
the 'S-function parameters' field. If the S-function block requires
additional source files for building generated code, specify the

1 filenames in the 'S-function modules' field. Enter the filenames

only; do not use extensions or full pathnames, e.g., enter 'src
srcl’, not 'src.c srcl.c'.

Parameters

S-function name: |FORCESNLPsolver_simulinkBlock Edit

S-function parameters:

S-function modules: ||FORCESNLPsolver|FORCESNLPsolver_simulin

remove

oK Cancel Help Apply

Figure 12.70: Remove the leading solver name from the S-function module.
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s
g C i Create New Project and Application
ﬁ Creates a new project and a new application according to the settings shown below.

Save As Cotas

Open

Recently Used Project o Application @

[ CA\Users D \dSPACE'C jonDesk\6. v | [ [ ssicEamsie

Help Pro .

¥ TestFORCESPRO Models

Icenses

%} Options Application Process Options:

‘ Create one lication process for each mode! L]

B Eit
-+ Add model
21 dsPACE_MABXIILsix v X
[Z) MicroautoBox i v X

Figure 12.71: Create project and application in ConfigurationDesk.
Name * Priority ® DAQRaster Name ™ Real-Time Testing ™ Period = Offset ® Number of Accept...” Jitter and Latency .. ")
P + dSPACE_MABXTII
F Periodic Task 1 40 Periodic Task 1 v El 0 0 Standard (full func...

should be the same as fixed-step size

-3 x

Conflicts
¥ 6of 7 |+| €3 Errors 1, Warnings |
Name

® Context ® Property ® value ¥ Suggested Values ® Effect —

Project Model-Function Signal Chain  Buses | Tasks |Mu|tiple Models  Build

Figure 12.72: Set period of Periodic Task.
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—
om % cut | x T Windows ~ 24 Find Pii [mii | & Load to Matching Platform
‘—:‘1- Expand ‘ Select ™ :I ‘;ﬁ Load to Platform ~

53 Copy
Paste Delete | O% copapse [ 7] show ~ Start | Stop
Clipboard Delete Navigation Build Real-Time Application
Build x| #& Build Configuration ]

Conflicts
¥ 60f 7 || € Errors | [ .1, Warnings

Name ® Context ® Property ® value ¥ suggested Values ® Effect —

| ™ Conflicts | ER Platforms

Project Model-Function Signal Chain  Buses Tasks  Multiple Models

Figure 12.73: Build the project.
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12.4.2 Solver Execution

The steps to simulate a FORCESPRO controller on a dSPACE MicroAutoBox Il are detailed
below.

1) After code generation with FORCESPRO and building with the ConfigurationDesk, the
ConfigurationDesk project will have generated files to use to run your model on the Mi-
croAutoBox Il (see Figure 12.74 and Figure 12.75).

+ This PC * Documents * dSPACE * ConfigurationDesk * 6.4 * TestFORCESPRO > BasicExample » ] 2 Search
~ Name Date modified Type Size
Build 06,/04/2020 19:28 File folder
Build Results 08/04/2020 07:13 File folder
Components 06/04/2020 19:28 File folder
0 Application.bak 06/04/2020 19:26 BAK File 24 KB
M Application.cfgx 06/04/2020 19:28 CFGX File 25 KB
L 0 BasicExample.CDL 06/04/2020 19:28 CDL File 12 KB
& WindowConfiguration.xml 06/04/2020 19:28 XML Document 16 KB

Figure 12.74: The generated files from the ConfigurationDesk building.

Documents *» dSPACE * ConfigurationDesk * 6.4 * TestFORCESPRO * BasicExample * Build Results v &) Ooe
“ MName Date modified Type Size

| | BasicExample.dsbuildinfo 06/04/2020 19:28 DSBUILDINFO File 1KB

|j BasicExample.rta 06/04/2020 19:28 RTA File 60 KB

0 BasicExample.sdf 06/04/2020 19:28 SDF File 1KB

| | dSPACE_MABXIIl.expswcfg 06/04/2020 19:28 EXPSWCFG File 1KB

B dSPACE MABXIILma 06/04/2020 19:28 Linker Address Map 87 KB
| [] dSPACE_MABXIll.trc 06/04/2020 19:28 TRC File 11 KB

Figure 12.75: The files necessary for the simulation of the FORCESPRO controller.

2) Open dSpace Control Desk and select create new project and name it (see Figure 12.76).

3) Name the experiment to execute (see Figure 12.77).

4) Select the platform to which you will deploy the generated executable (see Figure 12.78).
)

5) Import the variable description file BasicExample.sdf in order to have access to the
model variables and see the results of the execution (see Figure 12.79).

6) On the project layout select the tab Variables and on the BasicExample.sdf category
expand Model Root.

7) Select U OUTPUT and X OUTPUT and Drag & Drop all the input variables together to the
Layout. In the opened menu select Time Plotter (see Figure 12.80 and Figure 12.81).

8) To see all the plots concurrently right-click on the left of the Y-axis and select
YAxes-view> Horizontal stacked (see Figure 12.82).
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Define a Project O X
Perform these steps: Name of the project:

Define a Project |TesH=CRCESPRD| |l |
Define an Experiment - -
Add Platform / Device Root directory:

Select Variable Description (A2L, DBC, SDF, ..} ’ C: \Jsers\Embotech\Documents\dSPACE \ControlDesk\7. 1 v ||E|
Select ECU Image File (hex, mot, 519, ..)

First a project must be spedified to hold an experiment. You can create a new project or select an

existing project.

If you dick Finish at this point, only the project structure is areated (no experiment is added).

< Back . Finish Cancel Hep
Figure 12.76: Start a new project and name it.

Define an Experiment O X
Perform these steps: Name of the experiment:
Define a Project BasicExample|
Define an Experiment
Add Platform / Device Experiments already contained in the project:
Select Variable Description (A2L, DBC, SDF, ..} - Project does not yet exist -
Select ECU Image File fhex, mot, 519, ...)

Specify the name of the new experiment.

If you dick Finish at this point, only the experiment structure is created.

| <Back [ New> | Fineh Cancel Help

Figure 12.77: Name your experiment.
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Add Platform / Device

O X
Perform these steps: Platform/device name:
Define a Project Platform
Define an Experiment
Add Platform / Device | Supported Platform/Device Types a  Available Platforms Devices
Select Variable Description (A2L, DBC, SDF, ..) DS 1202 MicroLabBox -] .
Select ECU Image File hex, mot, 519, ...) MicroAutoBox —
| MicroAutoBox ITI {[2) MicroAutoBox IIT -
j/' Multiprocessor System ‘-
SCALEXIO
VEOS
XIL API MAPort
Name displayed in experiment

[Platform [MicroAutoBox Ill, assigned to "MicroAutoBox I1f]

Confiaure

Specify your platform/device here. You can either create a new one or select an existing one
from the project.

| <Back |[ Ned> | | Finish

Figure 12.78: Select the MicroAutoBox Il platform.

Select Variable Description (A2L, DBC, 5DF, ..)

Perform these steps:
Define a Project Import from file .. ||
Define an Experiment

Add Platform / Device

Select Variable Description (A2L. DBC, SDF, ...) |

Select ECU Image File (hex, mat, $19, ...)

|

T4 Select Variable Description (A2L, DBC, SDF, ...)

Lookin: | | Buid Resuts

l Name Date modified Type
|j BasicExample.sdf 06/04/2020 19:28
Quick access

SDFF
| 4

Desktop

vledirEa

~

Libraries

a | “

Finish Cancel | | Hep

Figure 12.79: Import the variable description file.
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“:  Time Plotter

= Bar
2 Display 9,
S Gauge G\()

% Knob ¢

@ Numeric Input o)
4 Sider

e Variable Array —— 2}

[ & NoFiter ariable by Variable \_~ |} % -
— Don't show Drop-List again

“ [ BasicExample sdf

T Simulation and RTOS

4 [@) Model Root

[&] Constant
[@} Discrete State-Space

] _FORCESNI Psolver
{@ UouTPUT

[@ XouTPuT

Vai Cou Variable Block Platform/Device Description Unit

Type

No filter is active

Platforms/Devices

Figure 12.80: Add the inputs of U OUTPUT in a Time Plotter.

No Filter - - 3 fi anab by Variable
Group Description Favorite  Vat Cor Variable Block Platform/Device Description Unit Type

[ e | xoureur Dot
[elf_Simulation and RTOS
4 [l Model Root

[B Constant

% .

[@) Discrete State-Space
@] FORCESNLPsolver
@l U OuTP!

&} X oUTPUT

o filter is active

.4 Measurement Data Pool | @ Interpreter | 5} Mess

Figure 12.81: Add the inputs of X OUTPUT in the same Time Plotter.
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-0.005

Scaling mode

Tic Format
Delete
Yhxes view b Vertical fixed 5
ana \L Vertical scroll 5 |
Eilt - - Jie Y
B i Honzontal stacked 5 by Variable
Group Var Col Vanak
4 [y BasicExample sdf Settings ' B Inl
laff Simulation and RTOS Rescale all axes @+ oo In1[0]

Figure 12.82: Select to show all the signals on the same plot with their own Y-axes
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9) Application should have already been loaded from the building of ConfigurationDesk.
Otherwise, select the Platforms/Devices tab. Right-Click on your platform and se-
lectReal-Time Application>Load. Choose the executable file BasicExample.rta (see
Figure 12.83 and Figure 12.84).

10) Select Go Online and Start Measuring to see the results. (see Figure 12.85 and Figure

12.86).

| “ @ All Variable Descriptions
- [¥] BasicExample sdf

‘| No filter is active
|53] Variables | {4 Measurement Data Pool | @ Inter

E§ELEH

Properties

Register Platforms...

Manage Recent Platform Configuration...
Refresh Platform Configuration

Create Support Info

Assembly View
Name Membership
lam o Rezl-Time Application » [# Losd.. I
"% Iﬂ G . - g
-[] » BascExample _ Expand ¥ Loadto Flash..
. Collapse ¥ Loadto Flash and Start...
Figure 12.83: Load the application on the dSPACE MicroAutoBox Il
% Select Real-Time Application X
Look in: | | | Build Resuts v @ E @
_ Name Date modified Type
. ‘ | BasicExample.rta 06/04/2020 19:28 RIAF |
Quick access ™ pacicExample.sdf 06/04/2020 19:28 SDFF |
Desktop
™
Libraries
This PC
d < >
Network
File name: ‘ BasicExample rta w |
Fiesoftype:  Real-Time Appiication Files (*sta." sdf) v | Cancel |

Figure 12.84: Select BasicExample.rta from the ConfigurationDesk project folder.
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s 5'1 o = ControlDesk Project: TestFORCESPRO Experiment: BasicExample -
Home Layouting Signal Editor XIL API EESPort Automation Platforms View
% A ’ ,:\\,t) & Start Immediate ~ i 7 ProposedC
v » » l ii
EEY v ’ @ start Triggered ~ 4} Trigger Rules A/ Edit Bookmarks Refresh Vah
Go Start Time k& save Buffer A Find Bookmark Data
Online [Measuring Cursor Sets

A 1 Layout?* X

Figure 12.85: Buttons Go Online and Start Measuring to receive execution results.

In1[1]

O

Figure 12.86: Plots and results from experiment on dSPACE MicroAutoBox Ill.
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12.5 Speedgoat

12.5.1 High-level interface
Instructions

The steps to deploy and simulate a FORCESPRO controller on a Speedgoat platform are de-
tailed below.

1. (Figure 12.87) Set the code generation options:

codeoptions.platform = 'Speedgoat-x86"'; % to specify the platform
codeoptions.printlevel = 0; % on some platforms printing is not supported
codeoptions.cleanup = 0; % to keep necessary files for target compile

and then generate the code for your solver (henceforth referred to as “FORCESNLPsolver’,
placed in the folder “BasicExample”) using the high-level interface.

2. (Figure 12.88) Create a new Simulink model using the blank model template.
3. (Figure 12.89) Populate the Simulink model with the system you want to control.

4. (Figure 12.90) Make sure the FORCESNLPsolver_simulinkBlock.mexwé64 file (created
during code generation) is on the Matlab path.

5. (Figure 12.91) Open the FORCESNLPsolver_lib.mdl Simulink model file, contained in the
interface folder of the FORCESNLPsolver folder created during code generation.

6. (Figure 12.92) Copy-paste the FORCESPRO Simulink block into your simulation model
and connect its inputs and outputs appropriately.

7. (Figure 12.93) Access the Simulink model’s options.
8. (Figure 12.94) In the “Solver” tab, set the options:
- Simulation start/stop time: Depending on the simulation wanted.
- Solver type: Discrete or fixed-step.
- Fixed-step size: Needs to be higher than the execution time of the solver.
9. (Figure 12.95) In the “Code Generation” tab, set the options:
- System target file: slrt.tlc
- Language: C
- Generate makefile: On
- Template makefile: slrt_default_tmf
- Make command: make_rtw
10. (Figure 12.96) In the “Code Generation/Custom Code” tab, include the directories:
- BasicExample
- BasicExample\FORCESNLPsolver\interface
- BasicExample\FORCESNLPsolver\lib_target
1. (Figure 12.97) In the “Code Generation/Custom Code” tab, add the source files:
- FORCESNLPsolver_simulinkBlock.c
- FORCESNLPsolver_casadi2forces.c
+ FORCESNLPsolver_model_1.c

- FORCESNLPsolver_model_11l.c
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(For the generated files FORCESNLPsolver_model_X.c, the X suffix is problem specific)
12. (Figure 12.98) In the “Code Generation/Custom Code” tab, add the library files:

- FORCESNLPsolver.lib

13. (Figure 12.99) Access the FORCESPRO block’s parameters.

14. (Figure 12.100) Remove “‘FORCESNLPsolver” and “FORCESNLPsolver_simulinkBlock” from

the S-function module.

15. (Figure 12.101) Compile the code of the Simulink model. This will also automatically load

the model to the connected Speedgoat platform.

16. Deployment is complete and simulations can now be run on the Speedgoat platform.

17. Run the simulation on the Speedgoat platform.

You can find the Matlab code of this simulation to try it out for yourself in the examples

folder that comes with your client.

Figures
BasicExample.m +
@) This file can be opened as a Live Script. For more information, see Creating Live Scripts =
—r
56 ~
57 %% Generate FORCES solver
58
59 % get options
60 — codeoptions = getOptions('FORCESNLPsolver');
61
62 — codeoptions.printlevel = 0; % turn off print functions on target
63
€4 — codeoptions.cleanup = 0; % keep necessary files from being deleted such as
&5 % <solvername> casadilf = and « rername> mode
E6
67 — codeoptions.platform = 'Speedgoat-x86'; % set platform
68
] t generate code
70 — FORCES NLP(model, codeoptions): o
Figure 12.87: Set the appropriate code generation options.
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1 - ECEE

Search

> My Templates

v Simulink

I

L]
Blank Model

S

Source Ceontrol

» Show more

All Templates v m

Learn More

i

e

Blank Library Blank Project Folder to Project

a1

Code Generation Digital Filter Feedback Controller

Figure 12.88: Create a Simulink model.

¥4 speedgoat_high - Simulink sponsored use - O b4 Block Parameters: DISCRETE STATE-SPACE X
File Edit View Display Diagram Simulation Analysis Code Tools Help DiscreteStateSpace
= i Discrete model:
v - = . > » - [10. Normal - -
o y T = e | x(n+1) = Ax(n) + Bu(n)
y(n) =Cx(n) + Du(n)
7| Main  State Attributes
A
(1501 B
S B:
-ID [z 05] [E
""""" soev@ | yolmeuT |
4
) [fto; 01 B
D:
[[0; 0] B
. Initial conditions:
| (2 B
i Sample time (-1 for inherited):
X OUTPUT H ISCRETE STATE-SPACE :
i [T [t Ji
B3 | n=Coebu, I'
» Q oK Cancel || Help Apply
Figure 12.89: Populate the Simulink model.
Name ~ | BasicExamplem T +
By FORCESNLPsolver @ This file can be opened as a Live Script. For more information, see Creating Live Scripts, x
BasiCtxample.asy -
ﬂBisncExamplem 57 %% Generate FORCES solver A
) £5819986b3efd0924fb5741f12d3ee38 forces | 20 .
#) FORCESNLPsolver.m 59 % get options
L) EARrEChI B lioc oo &0 — codeoptions = getOptions('FORCESNLPsolver');
[2) FORCESNLPsolver_casadi2forces.c 61
% FORCESNLPsolver_casadiZforces.obj 62 — codeoptions.printlevel = 0; % turn off print functions on target
O Deplyer mex compiler warnings.txt 63
[9) FORCESNLPsolver_model_1.c 64 — codeoptions.cleanup = 0; % keep necessary files from being deleted such as
= 65 % <solvername> casadi2forces.c and <solvername> model *.c
66
F I ] j s
% FORCESNLPsolver_ model_11.00j 67 — codeoptions.platform = 'Speedgoat-x86'; % set platform
4| FORCESNLPsolver_simulinkBlock.mexwt4 e
Peor Tcompactmex. 69 % generate code
% speedgoat_hig 70 — FORCES_NLP (model, codeoptions);
I 71 v
- Command Window @
v
Details \ x

this needs to be on
the MATLAB path

Figure 12.90: Add the folder containing the .mexw64 solver file to the Matlab path.

New to MATLAB? See resources for Getting Started.

Jz >>
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3 FORCESNLPsolver ~ | @ This file can be opened as a Live Script. For more information, see Creating Live SCripts.
& include
- 57 %% Generate FORCES solver
B  interface
) COPVING.m = _
] FORCESNLPsolver.m = SRIECRE R B
60 — codeoptions = getOptions ('FORCESNLPsolver');
€1
62 — codeoptions.printlevel = 0; % turn off print functions on target
# FORCESNLPsaolver_py.py 63
5} FORCESNLPsolver_simulinkBlock.c 64 — codeoptions.cleanup = 0; % keep necessary files from being deleted such as
L) FORCESNLPsolver_simulinkBlockcom... 65 % <solvername> casadi2forces.c and <solvername> model *.c
s FORCESNLPsolvercompact_lib.mdl 66
H it A
. |I01 ¢ €7 - codeoptions.platform = 'Speedgoat-x86'; % set platform
ib_targe
@ 1 obj €8
@ obj_target 69 % generate code
) FORCESNLPsolver.m 70 -  FORCES NLP(model, codeoptions);
_] BasicExample.asv n
&
') BasicExample.m e
Figure 12.91: Open the generated Simulink solver model.
[%a] speedgoat_high -
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Figure 12.92: Copy-paste and connect the FORCESPRO block.

Chapter 12. Code Deployment 245



h'd
FORCESPRO User Manual embotech

= & =Trty U@t m—t— e =g Emmm A

-8 Holm-24@p » - o mw @

] FORCESPRO -

x10
x11

VOTTOUTTTw

FORCESNLPsolver

X OUTPUT DISCRETE STATE-SPACE

D Bagi = Ay + By
o= Cx, + Duiy

Figure 12.93: Open the Simulink model options.

& Configuration Parameters: speedgoat_high/Cenfiguration (Active) — O X
Solver Simulation time

Data Import/Export ) _
» Optimization Start Ilme Stop timeq] 29.0

*» Diagnostics

) Solver options
Hardware Implementation
Model Referencing Type:| Fixed-step -] Snlverl discrete (no continuous states) I -
Simulation Target
¥ Code Generation ¥ Additional parameters
Report
Comments Fixed-step size (fundamental sample time)j | 1.0
Symbols this needs to be higher than the execution time of the solver
Custom Code Tasking and sample time options
Interface

Periodic sample time constraint: Unconstrained -
[ ] Treat each discrete rate as a separate task

Allow tasks to execute concurrently on target

Automatically handle rate transition for data transfer

] Higher priority value indicates higher task priority

oK Cancel Help Apply

Figure 12.94: Set the Simulink solver options.
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Q Search
Solver Target selection .
Data Import/Export
» Optimization System target filef |sirt.tic | Browse...
» Diagnostics Language: | al
Hardware Implementation Description: Simulink Real-Tima
Model Refarencing
Simulation Target Build process
» Code Generation
[] Generate code only
I} [] Package code and artifacts Zip file name: | <empry>
Compiler optimization level: |Optimizations on (faster runs)-, - |
Makefile configuration
Generate makefile
Template makefile] |sirt_default_tmf |
Make command |
Code generation objectives
Select objective: Unspecified = |
Check model before generating code: |Off ~ | | cneck Modei...
v
| ok || cancel || melp || apply
Figure 12.95: Set the Simulink code generation options.
& Configuration Parameters: speedgeat_high/Configuration (Active) — O x
Q Search
Solver [_ Use the same custom code settings as Simulation Target
Data Import/Export Insert custom C code in generated:
* Optimization Source file Source file:
*» Diagnostics Header file
Hardware Implementation Initialize function
Model Referencing Terminate function
Simulation Target
¥ Code Generation
Report -
Comments Additional build information:
Symbols Include directories} |nciude directories:
Custom Code Source files "C:\Users\Embotech\Desktop\FORCES_clientiexamples\Matlab\HighLevelinterface
Interface Libraries \BasicExample"
Defines "C:\Users\Embotech\Desktop\FORCES_client\examples\Matlab\HighLevelinterface

\BasicExample\FORCESNLPsolverinterface”
"C:\Users\Embotech\Desktop\FORCES_client\examples\Matlab\HighLevellinterface
\BasicExample\FORCESNLPsolver\lib_target”

oK Cancel Help Apply

Figure 12.96: Add the directories included for the code generation.
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& Configuration Parameters: speedgoat_high/Configuration (Active) - O X
Solver |— Use the same custom code settings as Simulation Target
Data Import/Export Insert custom C code in generated:
» Optimization Source file Source file:
» Diagnostics Header file
Hardware Implementation Initialize function
Model Referencing Terminate function
Simulation Target
¥ Code Generation
Repaort
Comments Additional build information:
Symbols Include directories source files:
Custom Code FORCESNLPsolver_simulinkBlock.c FORCESNLPsolver_casadi2forces.c
Interface Libraries FORCESNLPsolver_model_1.c FORCESNLPsolver_model_11.c
Defines
t
OK Cancel Help Apply
Figure 12.97: Add the source files used for the code generation.
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& Configuration Parameters: speedgoat_high/Configuration (Active)

Q
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» Diagnostics
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Model Referencing
Simulation Target
¥ Code Generation

Use the same custom code settings as Simulation Target

Insert custom C code in generated:
Source file Source file:
Header file
Initialize function
Terminate function

Report
Comments Additional build information:
Symbols Include directories | ibraries:
Custom Code i FORCESNLPsolver.lib
Interface
Defines
oK Cancel Help Apply
Figure 12.98: Add the libraries used for the code generation.
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Figure 12.99: Open the FORCESPRO block's parameters.
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Block Parameters: FORCESMLPsolver ot
S-Function

User-definable block. Blocks can be written in C, MATLAB (Level-1), and
Fortran and must conform to S-function standards. The variables t, x, u,
and flag are automatically passed to the S-function by Simulink. You
can specify additional parameters in the 'S-function parameters' field. If
the S-function block requires additional source files for building
generated code, specify the filenames in the 'S-function modules’ field.
Enter the filenames only; do not use extensions or full pathnames, e.qg.,
enter 'src srcl’, not 'src.c srcl.c'.

Arguments

S-function name: |FORCESNLPsolver simulinkBlock | Edit

s-function parameters: | |

S-function modules: JFORCESNLPsolver FORCESNLPsolver simulinkBlock

remaove

J oK Cancel Help Apply

Figure 12100: Remove the default data from the S-function module.
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Figure 12.101: Compile the code of the Simulink model.
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12.5.2 Y2F interface
Instructions

The steps to deploy and simulate a FORCESPRO controller on a Speedgoat platform are de-
tailed below.

1. (Figure 12.102) Set the code generation options:

codeoptions.platform = 'Speedgoat-x86'; % to specify the platform

o

codeoptions.printlevel = 0; % on some platforms printing is not supported

and then generate the code for your solver (henceforth referred to as “simplempc_solver”,
placed in the folder “Y2F") using the Y2F interface.

2. (Figure 12.103) Create a new Simulink model using the blank model template.
3. (Figure 12.104) Populate the Simulink model with the system you want to control.

4. (Figure 12.105) Make sure the simplempc_solver_simulinkBlock.mexw64 file (created
during code generation) is on the Matlab path.

5. (Figure 12.106) Copy-paste the FORCESPRO Simulink block, contained in the created
y2f_simulink_lib.slx Simulink model file, into your simulation model and connect
its inputs and outputs appropriately.

6. (Figure 12.107) Access the Simulink model’s options.
7. (Figure 12108) In the “Solver” tab, set the options:
- Simulation start/stop time: Depending on the simulation wanted.
- Solver type: Discrete or fixed-step.
- Fixed-step size: Needs to be higher than the execution time of the solver.
8. (Figure 12.109) In the “Code Generation/RTI general build options” tab, set the options:
- System target file: slrt.tlc
- Language: C
- Generate makefile: On
- Template makefile: s1rt_default_tmf
- Make command: make_rtw
9. (Figure 12.110) In the “Code Generation/Custom Code” tab, include the directories:
- Y2F\simplempc_solver\interface
+ Y2F\simplempc_solver\lib_target
10. (Figure 12.111) In the “Code Generation/Custom Code” tab, add the source files:
- simplempc_solver_simulinkBlock.c
- simplempc_solver.c
1. (Figure 12112) In the “Code Generation/Custom Code” tab, add the library files:
- internal_simplempc_solver_1.1ib

12. (Figure 12.113) Compile the code of the Simulink model. This will also automatically load
the model to the connected Speedgoat platform.

13. Deployment is complete and simulations can now be run on the Speedgoat platform.
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14. Run the simulation on the Speedgoat platform.

You can find the Matlab code of this simulation to try it out for yourself in the examples
folder that comes with your client.

Figures

l{ T
5 %% Create controller object (generates code)

16 $ for a complete list of codeoptions, see

17 £ https://www.embotech.com/FORCES-Pro/User-Manual/Low-level-Interface/Solver-Options
g - codeoptions = getOptions('simpleMPC solver'); % give solver a name

9

10 - codeoptions.printlevel = 0; % turn off print functions on target

i1

12 = codeoptions.platform = 'Speedgoat-x86'; % set platform

13

14 = controller = optimizerFORCES (const, cost, codeoptions, X(:,1), U(:,1), {'xzinit'}, ("
IS

16

17 %% simulate

v — LI I

Figure 12.102: Set the appropriate code generation options.

1 - ECE

Search All Templates v ﬂ
> My Templates Learn More
v Simulink

" ol i 3

o
Blank Model Blank Library Blank Project Folder to Project
@ -5“ 1 5_ (= F=—fty
Source Control Code Generation Digital Filter Feedback Controller
» Show more

Figure 12.103: Create a Simulink model.
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Figure 12.104: Populate the Simulink model.
Name ~ | mpec_basic_example.m ‘I + |
Elﬂﬂmm?'\ﬂpf solver || @ This file can be opened as a Live Script. For more information, see Creating Live Scripts, x
mpc_basic_example.m 74 Ll H|
‘_‘I mpc_basic_example_admm.m
. - . 75 %% Create controller cbject (generates code)
\"& mpc_basic_example_simulinkslx .
& . 76 % for a complete list of codeoptions, see
*) mpc_parametric_costm .
‘_‘Impc_parametric dynamics.m 7)) % https://www.embotech.com/FORCES-Pro/User-Manual/Low-level-Interface/Solver-Options
‘jmpcparametri:iinequalitwes.m 78 - codeoptions = getOptions('simpleMPC_solver'): % give solver a name
#) simpleMPC_solverm 79
+] simpleM Iver.me 80 - codeoptions.printlevel = 0; % turn off print functions on target
4] simpleMPC_solver_simulinkBlock mexw64 B1
ocks.m 2] = codeoptions.platform = 'Speedgoat-x86'; % set platform =
geedgoa 83
" y2i_simulink libsix 84 - controller = optimizerFORCES(const, cost, codeoptions, X(:,1), U{(:,1), {'xinit'}, ("
. 85 —
this needs to be on T
the MATLAB path 87 3% Simulate .
lzn n PR N
Figure 12105: Add the folder containing the .mexw64 solver file to the Matlab path.
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12.106: Copy-paste and connect the FORCESPRO block.
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Figure 12.107: Open the Simulink model options.
& Configuration Parameters: speedgoat_y2f/Configuration (Active) - O X
Solver Simulation time
Data Import/Export ) _
» Opamization Start time] (0.0 Stop time
> Di :
Diagnastics , Solver options
Hardware Implementation
Model Referencing Type: ~ | Solveg discrete (no continuous states) -

Simulation Target
» Code Generation ¥ Additional parameters

Fixed-step size (fundamental sample time)j | 1.0

this needs to be higher than the execution time of the solver

Tasking and sample time options
Periodic sample time constraint: Unconstrained
.- ] Treal each discrete rate as a separate task

Allow tasks to execute concurrently on target

Automatically handle rate transition for data transfer

[ ] Higher priority value indicates higher task priority

oK Cancel Help Apply

Figure 12.108: Set the Simulink solver options.
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Q, Search

Solver
Data Import/Export

Target selection

» Optimization System target file] |sirt.tic | Browse...
» Diagnostics Language: | b4
Hardware |mplementation Description: Simufink Real-Time
Model Referencing
Simulation Target Build process
» Code Generation
[] Generate code only
I} [ ] Package code and artifacts Zip file name: | <empt>
Compiler optimization level: |Optimizations on (faster runs}', - |
Makefile configuration
Generate makefile
Template makefile} |sirt_default_tmf |
Make command |
Code generation objectives
Select objective: |Unspecified [~]
Check model before generating code: |Off ~ | | Check Model...
L
| ok || cancel || Help || Apply
Figure 12109: Set the Simulink code generation options.
& Configuration Parameters: speedgoat_y2f/Configuration (Active) - O X
Solver [_ Use the same custom code settings as Simulation Target
Data Import/Export Insert custom C code in generated:
» Optimization Source file Source file:
» Diagnostics Header file
Hardware Implementation Initialize function
Model Referencing Terminate function
Simulation Target
¥ Code Generation
Report
Comments Additional build information:
Symbols Include directories) |nciude directories:
Custom Code Source files "C:\Users\Embotech\Desktop\FORCES _clientiexamples\Y2F\simpleMPC_solveriin
Interface Libraries terface”
"C:\Users\Embotech|Desktop\FORCES_client\iexamples\Y2F\simpleMPC_solverilib
Defines target” - =

oK Cancel Help Apply

Figure 12.110: Add the directories included for the code generation.
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& Configuration Parameters: speedgoat_y2f/Configuration (Active) - x
Solver [] Use the same custom code settings as Simulation Target
Data Import/Export Insert custom C code in generated:
» Optimization Source file Source file:
» Diagnostics Header file
Hardware Implementation Initialize function
Model Referencing Terminate function
Simulation Target
¥ Code Generation
Report
Comments Additional build information:
Symbols Include directories soyrce files:
Custom Code simpleMPC_solver.c simpleMPC_solver_simulinkBlock.c
Interface \oraries
Defines
OK Cancel Help Apply
Figure 12.111: Add the source files used for the code generation.
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& Configuration Parameters: speedgoat_y2f/Configuration (Active) - O X |

Q

Solver

Data Import/Export
» Optimization
» Diagnostics

Hardware Implementation

Model Referencing
Simulation Target
¥ Code Generation
Report
Comments
Symbols
Custom Code

Interface

[ | Use the same custom code settings as Simulation Target
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Source file Source file:
Header file

Initialize function
Terminate function

Additional build information:
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Defines

oK Cancel Help Apply

Figure 12112: Add the libraries used for the code generation.
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Figure 12.113: Compile the code of the Simulink model.
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Chapter 13

Licensing

13.1 Machine Identification

The FORCESPRO licensing system works by receiving unique identifiers from the machines
the software runs on and enabling the machines by activating the corresponding unique
identifiers. Activation of machines can be done by receiving the unique identifiers of the
machines using fingerprinting executables provided in the portal and adding those unique
identifiers on the portal.

For more information on machine activation see: https://my.embotech.com/readme

13.1.1 Client Identification

Machines running FORCESPRO clients are licensed using the machine’'s username and the
machine’'s unique identifier.

13.1.2 Solver Identification

Machines running FORCESPRO solvers are licensed using the machine’s unique identifier.

13.2 Static License

When generating a solver the license’s state on the portal (enabled machines and expiration)
is saved in the solver so that the solver can run on the enabled machines.

13.21 System requirements for static license

The requirement for static license checking is to have correct system clock settings (accurately
showing current time, compliant to UTC time).

13.2.2 Generating solvers with static license

Static license checking is automatically enabled on a generated solver.

259


https://my.embotech.com/readme

."
FORCESPRO User Manual embotech

13.2.3 Running solvers with static license

After generating a solver, you can move it to the running platform and build it with the rest
of your project.

13.3 License Files

License Files are used in order to enable solvers to run in machines that were not enabled
during the time of code generation or to enable solvers to run after a license renewal (that
happened after solver code generation).

13.3.1 System requirements for license files

The requirements for using license files are:
- A platform supporting I/O operations
- A platform with access to file system
- Correct system clock settings (accurately showing current time, compliant to UTC time)
- Using the MATLAB interface of FORCESPRO

13.3.2 Generating solvers with license files

License file checking is automatically enabled on a generated solver (supposing the platform
supports it). The user has the option to select the name of the license file using the following
codeoption:

% Matlab
codeoptions.license_file_name = '<filename_without_extension>'; % no paths, only,
—~filename

Important: The license file name must be a valid variable name

13.3.3 Generating license files

License files can be created by using the MATLAB function ForcesGetLicenseFile. This func-
tion can be called with the following (optional) arguments:

- license file name: Name to be given to created license file (without extension). De-
fault value: FORCES_PRO

- server: FORCESPRO server to use to generate the license file. Default value: default
server used by client

For more information on function usage run: help ForcesGetLicenseFile in the MATLAB
Command Window.
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13.3.4 Running solvers with license files
After generating a solver, you can move it to the running platform and build it with the rest
of your project. After generating a license file, you can move it to your project folder.
When running a solver:
- The solver will read the license file and validate the license

- The license file need to be in the same folder as the executable of your project

13.4 Floating Licenses

Floating Licenses are used when the system that is enabled for running solvers needs to fre-
quently change or is a virtualized environment (such as Docker or Virtualbox). The licensing
works by getting a temporary local lease from the floating license server in order to be able
to run a solver in a machine.

13.4.1 System requirements for floating licenses

The requirements for enabling solvers with floating licenses are:
- A x86/x86_64 Linux platform
- An internet connection on the running platform

- Correct system clock settings (accurately showing current time, compliant to UTC time)

13.4.2 Floating License Attributes

Floating licenses are defined by the following two fields:

- Number of Licenses: The number of machines that can run solvers concurrently using a
floating license for a FORCESPRO user.

- Lease Time: The time for which a local lease is valid after it has been granted. Default
lease time is 10 minutes. Please contact support@embotech.com to change this.

13.4.3 Generating solvers with floating licenses

To enable floating licenses on a generated solver use the following codeoption:

% Matlab
codeoptions.useFloatingLicense = 1;

# Python
codeoptions["useFloatingLicense"] = 1

And select the platform to use

% Matlab

codeoptions.platform = 'platform_ name';

# Python

codeoptions["platform"] = "platform_name"

Available platform options are:

Chapter 13. Licensing 261



mailto:support@embotech.com

."
FORCESPRO User Manual embotech

- Ghu-x86

- Gnu-x86_64

- Docker-Gnhu-x86

- Docker-Gnu-x86_64

13.4.4 Running solvers with floating licenses
After generating a solver, you can move it to the running platform and build it with the rest
of your project.
When running a solver:
- The solver will communicate with the floating license server

- If the number of enabled machines has not exceeded the license limits, a license lease
will be returned

- If a lease had already been granted for a machine (and is still valid) this will be the one
returned to the solver instead of granting a new one

- The solver will save the lease locally and run

- If a valid local lease already exists the solver will run without communicating with the
server
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Chapter 14

Solver Options

The default solver options can be loaded when giving a name to the solver with the following
command

codeoptions = getOptions ('solvername');

In the documentation below, we assume that you have created this struct and named it
codeoptions.

14.1 General options

We will first discuss how to change several options that are valid for all the FORCESPRO inter-
faces.

14.1.1 Solver name

The name of the solver will be used to name variables, functions, but also the MEX file and
associated help file. This helps you to use multiple solvers generated by FORCES within the
same software project or Simulink model. To set the name of the solver use:

’codeoptions.name = 'solvername';

Alternatively, you can directly name the solver when generating the options struct by calling:

’codeoptions = getOptions('solvername');

14.1.2 Print level

To control the amount of information the generated solver prints to the console, set the field
printlevel as outlined in Table 14.1.

Table 14.1: Print level options

printlevel | Result Dependency
0 No output will be written. (None)

1 Summary line after each solve. <stdio.h>

2 (default) Summary after each iteration of solver. | <stdio.h>
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Note: For printlevel=0, the generated solver has no dependency on any system library.
Otherwise, there will be a dependency on <stdio.h>.

Important: printlevel should always be set to 0 when recording performance timings or
when deploying the code on an autonomous embedded system.

14.1.3 Maximum number of iterations

To set the maximum number of iterations of the generated solver, use:

codeoptions.maxit = 200;

The default maximum number of iterations for all solvers provided by FORCESPRO is set to
200.

14.1.4 Compiler optimization level

The compiler optimization level can be varied by changing the field optlevel from 0 to 3
(default):

codeoptions.optlevel = 0;

Important: Itis recommended to set optlevel to 0 during prototyping to evaluate the func-
tionality of the solver without long compilation times. Then set it back to 3 when generating
code for deployment or timing measurements.

14.1.5 Running solvers in parallel

The generated solver can be run in parallel on different threads by changing the field
threadSafeStorage from false to true

codeoptions.threadSafeStorage = true;

14.1.6 Measure Computation time

You can measure the time used for executing the generated code by using:

codeoptions.timing = 1;

By default the execution time is measured. The execution time can be accessed in the field
solvetime of the information structure returned by the solver. In addition, the execution time
is printed in the console if the flag printlevel is greater than 0.

Important: Setting timing on will introduce a dependency on libraries used for accessing
the system clock. Timing should be turned off when deploying the code on an autonomous
embedded system.
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By default when choosing to generate solvers for target platforms, timing is disabled. You can
manually enable timing on embedded platforms by using:

codeoptions.embedded_timing = 1;

14.1.7 Solver Timeout
Introduction

If you have a critical application which needs to run in a specific timeframe then it's useful to
set a timeout for the solver in order to control its execution time.

The timeout works by checking the execution time of each iteration of the solver and making
an estimate for next iterations as:

next_iteration_time = timeout_estimate_coeff » max_iteration_time

where:
- max_iteration_time is the execution time of the currently slowest iteration

- timeout_estimate_coeff is a coefficient used to make the estimate more conservative
or forgiving. Its default value is 1.20

Usage

To enable the solver timeout you can use the following codeoption:

)

% solver_timeout can take values 0-2
codeoptions.solver_timeout = 1;

# solver_timeout can take values 0-2
codeoptions.solver_timeout = 1

Setting the option to 1 will enable the timeout and provide the floating point variable
solver_timeout as a runtime parameter. Setting the option to 2 will additionally provide
the floating point variable timeout_estimate_coeff as a runtime parameter.

Important: For MINLP solvers a timeout is automatically enabled therefore there's no need to
use the above codeoptions. For more details on how to use it please check the Mixed-integer
nonlinear solver section.

Not setting the runtime parameters after enabling them with code generation will result in
them taking their default values. The default values for the runtime parameters are:

- For solver_timeout it's -1.0 which results in timeout being disabled

- For timeout_estimate_coeff it's 1.20

Important: Since an estimation is required for the timeout, the solvers will always perform
the first iteration (only exception are SQP methods, check SQP inner QP timeout section).
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SQP inner QP timeout

With the SQP_NLP solve method the QP solved as part of the SQP iteration is also set to
timeout based on the remaining time available to the SQP solver. The QP timeout can be
useful in cases where the inner QP takes longer time to execute than expected and could
otherwise cause the SQP solver to miss the timeout mark (in which case the SQP solver would
time out at the start of the next iteration). If the QP times out, the SQP solver will return with
the solution from the previous iteration.

If it is deemed more important to solve the whole QP and get a more updated solution rather
than having a strict timeout, the inner gp timeout can be disabled with the following codeop-
tion:

% this option is relevant only if codeoptions.solver_timeout is enabled
codeoptions.sqgp_nlp.gp_timeout = 0;

# this option is relevant only if codeoptions.solver_timeout is enabled
codeoptions.sqgp_nlp.qgp_timeout = 0

Return Value
When solver timeout is enabled, two additional exitflags are available for the user:

Table 14.2: Timeout exitflags

Exitflag Name Value Description
TIMEOUT_<SOLVERNAME> 2 The solver timed out and returned
the solution found up to the exe-
cuted iteration
INVALID_<TIMEOUT_SOLVERNAME> | —12 The timeout provided was too
small to even start a single iteration

If a normal timeout is returned, the outputs of the solver will contain the solution found up to
the executed iteration. If an invalid timeout is returned, the outputs of the solver will contain
the initialization of the solver (or the previous solution if it exists for SQPs).

14.1.8 Datatypes
The type of variables can be changed by setting the field floattype as outlined in Table 14.3.

Table 14.3: Data type options

floattype Decimation | Width (bits) Supported algorithms

'double' (default) | 64 bit Floating point | PDIP, PDIP_NLP, ADMM, DFG, FG
"float' 32 bit Floating point | PDIP, PDIP_NLP, ADMM, DFG, FG
"int' 32 bit Fixed point PDIP, PDIP_NLP, ADMM, DFG, FG
'short' 16 bit Fixed point PDIP, PDIP_NLP, ADMM, DFGC, FG

Important: Unless running on a resource-constrained platform, we recommend using double
precision floating point arithmetics to avoid problems in the solver. If single precision floating
point has to be used, reduce the required tolerances on the solver accordingly by a power of
two (i.e. from 1E-6 to 1E-3).
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14.1.9 Overwriting existing solvers

When a new solver is generated with the same name as an existing solver one can control the
overwriting behaviour by setting the field overwrite as outlined in Table 14.4.

Table 14.4: Overwrite existing solver options
overwrite | Result

0 Never overwrite.

1 Always overwrite.
2 (default) | Ask to overwrite.

14.1.10 Solver info in Simulink block

FORCESPRO always generates a Simulink block encapsulating the generated solver. You can
add output ports to the Simulink block to obtain the solver exit flag and other solver informa-
tion (number of iterations, solve time in seconds, value of the objective function) by setting:

codeoptions.showinfo = 1;

By default these ports are not present in the Simulink block.

14.1.11 Code generation server

By default, code generation requests are routed to embotech’s server. To send a code genera-
tion request to a local server, for example when FORCESPRO is used in an enterprise setting,
set the following field to an appropriate value:

codeoptions.server = 'http://embotech-server2.com:8114/v1.5.beta’;

14.1.12 Skipping the Build of Simulink S-function

By default, after code generation, the Simulink block is compiled, which may take a very long
time for large problems on Windows systems. If you will not use the Simulink block, or want
to build it later yourself, you can disable automatic builds by using the following option:

codeoptions.BuildSimulinkBlock = 0;

14.1.13 Skipping automatic cleanup

FORCESPRO automatically cleans up some of the files that it generates during the code gen-
eration, but which are usually not needed any more after building the MEX file. In particu-
lar, some intermediate CasADi generated files are deleted. If you would like to prevent any
cleanup by FORCES, set the option:

codeoptions.cleanup = 0;

The default value is 1 (true).

Important: The library or object files generated by FORCESPRO contain only the solver itself.
To retain the CasADi generated files for function evaluations, switch off automatic cleanup as
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shown above. This is needed if you want to use the solver within another software project, and
need to link to it.

14.1.14 Target platform

As a default option, FORCESPRO generates code for simulation on the host platform. To
obtain code for deployment on a target embedded platform, set the field platform to the
appropriate value. The platforms currently supported by FORCESPRO are given in Table 14.5.
In order to acquire licenses to use a specific plat form, licenses can be requested on the portal
by selecting the platform naming stated in the Portal Selection.

Table 14.5: Target platforms supported by FORCESPRO

platform Description Portal Selection

'Generic' (default) For the architecture of the | 'x86_64" (Engineering
host platform. Node)

'x86_64" For x86 64 based 64-bit | 'x86_64"
platforms (detected OS).

'x86" For x86 based 32-bit plat- | 'x86"'
forms (detected OS).

'"Win-x86_64" For Windows x86 64 based | 'x86_64"

64-bit platforms (supports
Microsoft/Intel compiler).
'Win-x86" For Windows x86 based 32- | 'x86"'
bit platforms (supports Mi-
crosoft/Intel compiler).
'Win-MinGW-x86_64" For Windows x86 64 based | 'x86_64"
64-bit platforms (supports
MinGW compiler).
'"Win-MinGW-x86" For Windows x86 based | 'x86"'
32-bit platforms (supports
MinGW compiler).
'Mac-x86_64" For Mac x86 64 based | 'x86_64"
64-bit platforms (supports
GCC/Clang compiler).
'Gnu-x86_64" For Linux x86_64 based 64- | 'x86_64"
bit platforms (supports GCC
compiler).

'Gnu-x86" For Linux x86 based 32- | 'x86"'
bit platforms (supports GCC
compiler).
'Docker-Gnu-x86_64" For Linux x86 64 based | 'Docker-Gnu-x86_64"
64-bit platforms on Docker
(supports GCC compiler).
'Docker-Gnu-x86" For Linux x86 based 32-bit | 'Docker—-Gnu-x86"
platforms on Docker (sup-
ports GCC compiler).

'ARM-Generic' For ARM Cortex 32-bit pro- | 'ARM-Generic-Gnu'
cessors (Gnueabih machine
type).

'ARM-Generic64’ For ARM Cortex 64-bit pro- | 'ARM-Generic64-Gnu'
cessors (Aarch  machine
type).

continues on next page
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Table 14.5 - continued from previous page

platform

Description

Portal Selection

'Integrity-ARM-x86"

For ARM Cortex 32-bit pro-
cessors using the Integrity
toolchain.

'Integrity—-ARM-x86"

'Integrity-ARM-x64"

For ARM Cortex 64-bit pro-
cessors using the Integrity
toolchain.

'Integrity—-ARM-x64"

'ARM Cortex—-M3'

For ARM Cortex M3 32-bit
processors.

'ARM-Cortex—-M3"

'ARM-Cortex—-M4-NOFPU'

For the ARM Cortex M4
32-bit processors without a
floating-point unit.

'ARM-Cortex—-M4'

'ARM-Cortex—-M4'

For the ARM Cortex M4
32-bit processors with a
floating-point unit.

'ARM-Cortex—-M4'

'ARM-Cortex—A7"

For the ARM Cortex A7 32-bit
processors (Gnueabih ma-
chine type).

'ARM-Cortex—-A7"

'ARM-Cortex—A8"'

For the ARM Cortex A8
32-bit processors (Gnueabih
machine type).

'ARM-Cortex—AS8"'

'ARM-Cortex—A9'

For the ARM Cortex A9
32-bit processors (Gnueabih
machine type).

'ARM-Cortex—A9'

'ARM-Cortex—-Al5"

For the ARM Cortex Al15
32-bit processors (Gnueabih
machine type).

'ARM-Cortex—-Alb5"'

'ARM-Cortex—-A53"

For the ARM Cortex A53
64-bit processors (Gnhueabih
machine type).

'ARM-Cortex—-A53"

'ARM-Cortex—-A72"'

For the ARM Cortex A72
64-bit processors (Gnhueabih
machine type).

'ARM-Cortex—-A72"'

'TI-Cortex—-Al5"

For the ARM Cortex AIl5
32-bit processors (Gnueabih
machine type).

'TI-Cortex-Al5'

'NVIDIA-Cortex—-A57"'

For the NVIDIA Cortex A57
64-bit processors (Aarch ma-
chine type).

'NVIDIA-Cortex—-A57"'

'AARCH-Cortex—-Ab57"

For the ARM Cortex A57 64-
bit processors (Aarch ma-
chine type).

'AARCH-Cortex—A57"

'AARCH-Cortex—-A72"

For the ARM Cortex A72 64-
bit processors (Aarch ma-

'AARCH-Cortex—-A72"

32-bit platforms (supports
MinGW compiler).

chine type).

'PowerPC' For 32-bit PowerPC based | 'PowerPC-Gnu'
platforms (supports GCC
compiler).

'"PowerPC64" For 64-bit PowerPC based | 'PowerPC64—-Gnu'
platforms (supports GCC
compiler).

'MinGW32' For Windows x86 based | 'x86"'

continues on next page
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Table 14.5 - continued from previous page

platform

Description

Portal Selection

'MinGW64'

For Windows x86_64 based
64-bit platforms (supports
MinGW compiler).

'x86_64"

'dSPACE-MABII'

For the dSPACE MicroAuto-
Box Il real-time system (sup-
ports Microtec compiler).

'dSPACE-MABII-Microtec'

'dSPACE-MABIII'

For the dSPACE MicroAuto-
Box Il real-time system (sup-
ports Gcec compiler).

'dSPACE-MABIII-Gcc'

'dSPACE-MABXITI'

For the dSPACE MicroAuto-
Box Il real-time system (sup-
ports Microtec compiler).

'dSPACE-MABII-Microtec'

'dSPACE-MABXIITI'

For the dSPACE MicroAuto-
Box Il real-time system (sup-
ports Gcc compiler).

'dSPACE-MABIII-Gcc'

'Speedgoat-x86"

For Speedgoat 32-bit real-
time platforms (supports Mi-
crosoft compiler).

'Speedgoat-x86"

'Speedgoat-x64"'

For Speedgoat 64-bit real-
time platforms (supports Mi-
crosoft compiler).

'Speedgoat-x64"'

'ITAtomE680_Bachmann'

For Bachmann PLC plat-
forms (supports VxWorks
compiler).

'IAtomE680-VxWorks'

Note: [f asolver for another platform is requested, FORCESPRO will still provide the simulation
interfaces for the 'Generic' host platform to enable users to run simulations.

Cross compilation

To generate code for other operating systems different from the host platform, set the appro-
priate flag from the following list to 1:

codeoptions.win
codeoptions.mac
codeoptions.gnu

Note that this will only affect the target platform. Interfaces for the host platform will be

automatically built.

Mac compilation

When compiling for mac platforms it's possible to select the compiler to be used for the
web compilation. Select from the available values gcc (default) and clang with the following

codeoption:

codeoptions.maccompiler
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SIMD instructions

On x86-based host platforms, one can enable the sse field to accelerate the execution of the
solver

’codeoptions.sse = 1;

On x86-based host platforms, one can also add the avx field to significantly accelerate the
compilation and execution of the convex solver, from version 1.9.0,

’codeoptions.avx = 1;

Note: Currently when options avx and blckMatrices are enabled simultaneously,
blckMatrices is automatically disabled.

Note: When sparse parameters are present in the model, the options avx and neon are
automatically set to zero.

Depending on the host platform, avx may be automatically enabled. If the machine on which
the solver is to be run does not support AVX and the message ‘lllegal Instruction” is returned
at run-time, one can explicitly disable avx by setting:

codeoptions.avx = —1;

If the host platform supports AVX, but the user prefers not to have AVX intrinsics in the gen-
erated code, one can also keep the default option value of the solver:

’codeoptions.avx = 0;

On ‘NVIDIA-Cortex-A57', ‘AARCH-Cortex-A57 and ‘AARCH-Cortex-A72" target platforms, one
can also enable the field neon in order to accelerate the execution of the convex solver. From
version 1.9.0, the typical behaviour is that the host platform gets vectorized code based on
AVX intrinsics when avx = 1, and the target platform gets AVX vectorized code if it supports
it when avx = 1 and NEON vectorized code if it is one of the above Cortex platforms and
neon = 1.

For single precision, the options are

codeoptions.floattype = 'float'
codeoptions.neon = 1;

For double precision, the options are

codeoptions.floattype = 'double'
codeoptions.neon = 2;

In case one wants to disable NEON intrinsics in the generated target code, the default value
of the neon option is

codeoptions.neon = 0;

If NEON vectorization is being used and there is a mismatch between float precision and the
value of the neon option, the solver is automatically generated with the following options:

codeoptions.floattype = 'double'
codeoptions.neon = 2;
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and a warning message is raised by the MATLAB client.

Note: From version 1.9.0, ARMv8-A NEON instructions are generated. Hence, target plat-
forms based on ARMV7 and previous versions are currently not supported.

14.1.15 Tips for solving QPs in single precision

Solving QPs in single precision can be rather challenging, ie non-converging solves are likely
to occur due to the lack of accuracy. In order to mitigate this undesirable behaviour, several
options can be tuned to make convergence more robust. They are shown and commented in
the code snippet below.

codeoptions.floattype = 'float';

codeoptions.regularize.epsilon = 1E-5; % Tolerance on pivot in factorization
codeoptions.regularize.delta = 5E-3; % On-the-fly regularization coefficient in_
—factorization

codeoptions.regularize.epsilon2 = 1E-5; % Tolerance on pivot in factorization
codeoptions.regularize.deltaz2 = 5E-3; % On—-the-fly regularization coefficient in_,

—~factorization

o\

codeoptions.accuracy.ineq = le—4;
—inequalities
codeoptions.accuracy.eq = le—4;

infinity norm of residual for_

infinity norm of residual for equalities

codeoptions.accuracy.mu = le—6; % absolute duality gap
codeoptions.accuracy.rdgap = le-4; % relative duality gap := (pobj-dobij)/pobj
codeoptions.init = 1;

In general, the rationale behind this tuning is to make the tolerances looser and increase the
regularization in the linear algebra. Note that these tips are only applicable to QP solvers.
Solving NLPs in single precision is even more challenging and we currently do not offer a set
of options to robustify convergence on this type of problems.

14.1.16 MISRA 2012 compliance

If your license allows it, add the following field to generate C code that is compliant with the
MISRA 2012 rules:

codeoptions.misra2012_check = 1;

This option makes the generated solver code MISRA compliant. After compilation, the client
also downloads a folder whose name terminates with _misra2012_analysis. The folder con-
tains one summary of all MISRA violations for the solver source and header files. Note that the
option only produces MISRA compliant code when used with algorithms PDIP and PDIP_NLP.

14.1.17 Optimizing code size

The size of the solver libraries generated with code option PDIP_NLP can be reduced by means
of the option nlp.compact_code. By setting

codeoptions.nlp.compact_code = 1;
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the user enables the FORCESPRO server to generate smaller code, which results in shorter
compilation time and slightly better solve time in some cases. This feature is especially effec-
tive on long horizon problems.

The size of sparse linear algebra routines in the generated code can be reduced by changing
the option compactSparse from 0 to 1:

codeoptions.compactSparse = 1;

14.1.18 Optimizing Linear Algebra Operations

Some linear algebra routines in the generated code have available optimizations that can be
enabled by changing the options optimize_<optimization> from 0 to 1. These optimiza-
tions change the code in order to make better use of somme embedded architectures in which
hardware is more limited compared to host PC architectures. Therefore, these optimizations
show better results in embedded platforms such as ARM targets rather than during simula-
tions on host PCs. The available optimizations are:

- Cholesky Division: This option performs the divisions included in the Cholesky factor-
ization more efficiently to reduce its computation time.

- Registers: This option attempts to use the architecture’s registers in order to reduce
memory operations which can take significant time.

- Use Locals: These options (which are separated into simple/heavy/all in ascending
complexity) make better use of data locality in order to reduce memory jumps

- Operations Rearrange: This option rearranges operations in order to make more efficient
use of data and reduce memory jumps

- Loop Unrolling: This option unrolls some of the included loops in order to remove their
overhead.

- Enable Offset: This option allows the rest of the optimizations to take place in cases
where the matrix contains offsets.

codeoptions.optimize_choleskydivision = 1;
codeoptions.optimize_registers = 1;
codeoptions.optimize_uselocalsall = 1;
codeoptions.optimize_uselocalsheavy =

codeoptions.optimize_uselocalssimple = 1; % overriden if uselocalsheavy i1s enabled
codeoptions.optimize_operationsrearrange = 1;

codeoptions.optimize_loopunrolling = 1;

codeoptions.optimize_enableoffset = 1;

1; % overriden 1f uselocalsall is enabled

14.1.19 Dump problem formulation

The MATLAB client of FORCESPRO provides a built-in tool to dump the problem formulation
to reproduce the exact same solver for future reference. This tool is explained in detail in
Section 15 and can be turned on by using the setting:

’codeoptions.dump_formulation = 1;

14.2 High-level interface options

The FORCESPRO NLP solver of the high-level interface implements a nonlinear barrier interior-
point method. We will now discuss how to change several parameters in the solver.
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14.2.1 Integrators

When providing the continuous dynamics the user must select a particular integrator by set-
ting nlp.integrator.type as outlined in Table 14.6.

Table 14.6: Integrators options

nlp.integrator.type | Type Order
'"ForwardEuler' Explicit Euler Method | 1
"ERK2' Explicit Runge-Kutta 2
"ERK3' Explicit Runge-Kutta 3
"ERK4' (default) Explicit Runge-Kutta 4
'BackwardEuler' Implicit Euler Method | 1
"IRK2' Implicit Euler Method | 2
"IRK4' Implicit Euler Method | 4

The user must also provide the discretization interval (in seconds) and the number of inter-
mediate shooting nodes per interval. For instance:

codeoptions.nlp.integrator.type = 'ERK2';
codeoptions.nlp.integrator.Ts = 0.01;
codeoptions.nlp.integrator.nodes = 10;

Tip: Usually an explicit integrator such as RK4 should suffice for most applications. If you have
stiff systems, or suspect inaccurate integration to be the cause of convergence failure of the
NLP solver, consider using implicit integrators from the table above.

Note: Note that the implicit integrators BackwardEuler, IRK2 and IRK4 currently rely on the
CasADi AD tool to work.

Expert options for implicit integrators

The implicit integrators BackwardEuler, IRK2 and IRK4 do not just evaluate the differential
equation, but actually solve a nonlinear equation to obtain the state trajectory. This is done
by means of Newton iterations, with default values of 10 iterations for BackwardEuler and 5
iterations for IRK2 and IRK4. These default values can be overwritten by using the following
option:

codeoptions.nlp.integrator.newtonIter = 3;

In order to reduce computational effort, the Jacobian of the nonlinear equation is only com-
puted once by default. If your differential equations are highly nonlinear, it may be worth the
effort to recompute it at every Newton iteration. This is achieved by means of the following
option:

codeoptions.nlp.integrator.reuseNewtonJacobian = false;

14.2.2 Accuracy requirements

One can modify the termination criteria by altering the KKT tolerance with respect to station-
arity, equality constraints, inequality constraints and complementarity conditions, respectively,
using the following fields:
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% default tolerances

codeoptions.nlp.TolStat = 1E-5; % inf norm tol. on stationarity
codeoptions.nlp.TolEgq = 1E-6; % tol. on equality constraints
codeoptions.nlp.TolIneq = 1lE-6; % tol. on inequality constraints

[}

codeoptions.nlp.TolComp = 1E-6; % tol. on complementarity

All tolerances are computed using the infinitiy norm |||l cc-

14.2.3 Barrier strategy

The strategy for updating the barrier parameter is set using the field:

codeoptions.nlp.BarrStrat = 'logo';

It can be set to 'logo' (default) or to 'monotone'. The default settings often leads to faster
convergence, while "monotone' may help convergence for difficult problems.

14.2.4 Hessian approximation

The way the Hessian of the Lagrangian function is computed can be set using the field:

codeoptions.nlp.hessian_approximation = 'bfgs';

FORCESPRO currently supports BFGS updates ('bfgs') (default) and Gauss-Newton approx-
imation ('gauss—newton'). Exact Hessians will be supported in a future version. Read the
subsequent sections for the corresponding Hessian approximation method of your choice.

BFGS options

When the Hessian is approximated using BFGS updates, the initialization of the estimates can
play a critical role in the convergence of the method. The default value is the identity matrix,
but the user can modify it using e.g.:

codeoptions.nlp.bfgs_init = diag([0.1, 10, 41);

Note that BFGS updates are carried out individually per stage in the FORCES NLP solver, so the
size of this matrix is the size of the stage variable. Also note that this matrix must be positive
definite. When the cost function is positive definite, it often helps to initialize BFGS with the
Hessian of the cost function.

This matrix is also used to restart the BFGS estimates whenever the BFGS updates are skipped
several times in a row. The maximum number of updates skipped before the approximation
is re-initialized is set using:

codeoptions.nlp.max_update_skip = 2;

The default value for max_update_skip is 2.

In order to set the BFGS initialization through the bfgs_init codeoption one must first come
up with a guess for a good BFGS initialization. One way to do so is to first run the solver without
any user-defined BFGS initialization (i.e. not setting codeoptions.nlp.bfgs_init)and using
the BFGS matrix reached upon convergence as an inizialization. One can export the BFGS
matrix by setting

codeoptions.exportBFGS = 1;
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Istead of specifying the BFGS initialization at codegen one can also specify it at run-time. In
order to do this one should set

codeoptions.nlp.parametricBFGSinit = 1;

before generating the FORCES PRO solver. Having done this, the generated solver will expect
an input problem.BFGSinitLower<stage number> for every stage. This is a vector which
specifies the BFGS hessian initialization in LOWER TRIANGULAR ROW MAJOR format. Thus,
in order to specify e.g. the matrix

ay 0 0
0 ag 0
0 0 as

for constants a1, as,a3 > 0 as the BFGS inizialization at stage 6 out of 50 stages in total, one
would specify

problem.BFGSinitLower06 = [a_1l, 0, a_2, 0, 0, a_3];

Gauss-Newton options

For problems that have a least squares objective, i.e. the cost function can be expressed by a
vector-valued function r; : R®* — R™ which implicitly defines the objective function as:

1
Jr(ze ) = §||7’k(2k7pk)||§ )

the Gauss-Newton approximation of the Hessian is given by:
V2, Ly, ~ V(2. k) Vi (20, pk) T

and can lead to faster convergence and a more reliable method. When this option is selected,

the functions r, have to be provided by the user in the field Lsobjective. For example if

r(z) = V10027 + /623, ie. f(z) = 5022 + 322, then the following code defines the least-squares

objective (note that r is a vector-valued function):

) 0.1x z(1)"2 + 0.01xz(2)"2;

nlp.objective = @Q(z
= @(z) [sqgrt(0.2)*z(1l); sgrt (0.02)xz(2)];

nlp.LSobjective

Important: The field Lsobjective will have precedence over objective, which need not be
defined in this case.

When providing your own function evaluations in C, you must populate the Hessian argument
with a positive definite Hessian.

14.2.5 Line search settings

The line search first computes the maximum step that can be taken while maintaining the
iterates inside the feasible region (with respect to the inequality constraints). The maximum
distance is then scaled back using the following setting:

o

% default fraction-to-boundary scaling
codeoptions.nlp.ftbr_scaling = 0.9900;
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14.2.6 Regularization

To avoid ill-conditioned saddle point systems, FORCES employs two different types of regu-
larization, static and dynamic regularization.

Static regularization

Static regularization of the augmented Hessian by §,,1, and of the multipliers corresponding
to the equality constraints by —§.I helps avoid problems with rank deficiency. The constants
0, and ¢, vary at each iteration according to the following heuristic rule:

0w = 1w min(pe, [le(@) )% - (@ +1)77 + b min
0c = nemin(p, [|c(@)[]))7 - (i +1)77 + de,min

where (i is the barrier parameter and i is the number of iterations.

This rule has been chosen to accommodate two goals: First, make the regularization depen-
dent on the progress of the algorithm - the closer we are to the optimum, the smaller the
regularization should be in order not to affect the search directions generated close to the
solution, promoting superlinear convergence properties. Second, the amount of regulariza-
tion employed should decrease with the number of iterations to a certain minimum level, at
a certain sublinear rate, in order to prevent stalling due to too large regularization. FORCES
NLP does not employ an inertia-correcting linear system solver, and so relies heavily on the
parameters of this regularization to be chosen carefully.

You can change these parameters by using the following settings:

% default static regularization parameters
codeoptions.nlp.reg_eta_dw = 1E-4;
codeoptions.nlp.reg_beta_dw = 0.8;
codeoptions.nlp.reg_min_dw = 1E-9;
codeoptions.nlp.reg_gamma_dw = 1.0/3.0;

codeoptions.nlp.reg_eta_dc = 1E-4;
codeoptions.nlp.reg_beta_dc = 0.8;
codeoptions.nlp.reg_min_dc = 1E-9;
codeoptions.nlp.reg_gamma_dc = 1.0/3.0;

Note that by choosing §,, = 0 and §. = 0, you can turn off the progress and iteration dependent
regularization, and rely on a completely static regularization by ¢y, min @Nd ¢ min, respectively.

Dynamic regularization

Dynamic regularization regularizes the matrix on-the-fly to avoid instabilities due to numerical
errors. During the factorization of the saddle point matrix, whenever it encounters a pivot
smaller than g, it is replaced by 4. There are two parameter pairs: (¢, §) affects the augmented
Hessian and (eq, d2) affects the search direction computation. You can set these parameters
by

)

% default dynamic regularization parameters

codeoptions.regularize.epsilon = 1E-12; % (for Hessian approx.)
codeoptions.regularize.delta = 4E-6; % (for Hessian approx.)
codeoptions.regularize.epsilon2 = 1E-14; % (for Normal egs.)
codeoptions.regularize.delta2 = 1E-14; % (for Normal egs.)
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14.2.7 Linear system solver

The interior-point method solves a linear system to find a search direction at every iteration.
FORCES NLP offers the following three linear solvers:

- 'normal_egs' (default): Solving the KKT system in normal equations form.

- 'symm_indefinite_fast': Solving the KKT system in augmented / symmetric indefinite
form, using regularization and positive definite Cholesky factorizations only.

- 'symm_indefinite': Solving the KKT system in augmented / symmetric indefinite form,
using block-indefinite factorizations.

The linear system solver can be selected by setting the following field:

codeoptions.nlp.linear_solver = 'symm_indefinite';

It is recommended to try different linear solvers when experiencing convergence prob-
lems. The most stable method is 'symm_indefinite', while the fastest solver is
'symm_indefinite_fast'.

Note: Independent of the linear system solver choice, the generated code is always library-
free and statically allocated, i.e. it can be embedded anywhere.

The 'normal_eqgs' solver is the standard FORCES linear system solver based on a full reduc-
tion of the KKT system (the so-called normal equations form). It works well for standard prob-
lems, especially convex problems or nonlinear problems where the BFGS or Gauss-Newton
approximations of the Hessian are numerically sufficiently well conditioned.

The 'symm_indefinite' solver is the most robust solver, but still high-speed. It is based on
block-wise factorization of the symmetric indefinite form of the KKT system (the so-called aug-
mented form). Each block is handled by symmetric indefinite LDL factorization, with (mod-
ified) on-the-fly Bunch-Kaufmann permutations leading to boundedness of lower triangular
factors for highest numerical stability. This is our most robust linear system solver, with only a
modest performance penalty (about 30% compared to 'symm_indefinite_fast"').

The 'symm_indefinite_fast' solver is robust, but even faster. It is based on block-wise fac-
torization of the symmmetric indefinite KKT matrix, where each block is handled by a Cholesky
factorization. It uses regularization to increase numerical stability. Currently only used for
receding-horizon/MPC-like problems where dimensions of all stages are equal (minus the
first and last stage, those are handled separately). It is more robust and faster than the normal
equations form. This solver is likely to become the default option in the future.

14.2.8 Automatic differentiation tool

If external functions and derivatives are not provided directly as C code by the user, FORCE-
SPRO makes use of an automatic differentiation (AD) tool to generate efficient C code for
all the functions (and their derivatives) inside the problem formulation. Currently, three dif-
ferent AD tools are supported that can be chosen by means of the setting nlp.ad_tool as
summarized in Table 14.7.

Table 14.7: Automatic differentiation tool options

nlp.ad_tool Tool URL
'casadi' CasADiv2.42 CasADi
'casadi-351" CasADi v3.5.1 CasADi
'symbolic-math-tbx' | MathWorks Symbolic Math Toolbox | MathWorks

278 Chapter 14. Solver Options


https://web.casadi.org
https://web.casadi.org
https://www.mathworks.com/products/symbolic.html

."
embotech FORCESPRO User Manual

Note that MathWorks Symbolic Math Toolbox requires an additional license, which is why the
default option is set to

codeoptions.nlp.ad_tool = 'casadi';

Also note that the use of implicit integrators BackwardEuler, IRK2 and IRK4 (see Section
14.2.7) currently still rely on using the CasADi AD tool.

14.2.9 Safety checks

By default, the output of the function evaluations is checked for the presence of NaNs or INFs
in order to diagnose potential initialization problems. In order to speed up the solver one can
remove these checks by setting:

’codeoptions.nlp.checkFunctions = 0;

14.3 Convex branch-and-bound options

The settings of the FORCESPRO mixed-integer branch-and-bound convex solver are accessed
through the codeoptions.mip struct. It is worthwhile to explore different values for the set-
tings in Table 14.8, as they might have a severe impact on the performance of the branch-and-
bound procedure.

Note: All the options described below are currently not available with the FORCESPRO non-
linear solver. For mixed-integer nonlinear programs and the available options, please have a
look at paragraph Mixed-integer nonlinear solver.

Table 14.8: Branch-and-bound options

Setting Values Default
mip.timeout Any value >0 31536000 (1 year)
mip.mipgap Any value >0 0

mip.branchon 'mostAmbiguous’', 'leastAmbiguous'’ 'mostAmbiguous’
mip.stageinorder | 0 (OFF), 1 (ON) 1 (ON)
mip.explore 'bestFirst', 'depthFirst' 'bestFirst'
mip.inttol Any value >0 1E-5
mip.queuesize Any integer value > 0 1000

A description of each setting is given below:

- mip.timeout: Timeout in seconds, after which the search is stopped and the best solu-
tion found so far is returned.

- mip.mipgap: Relative sub-optimality after which the search shall be terminated. For
example, a value of 0. 01 will search for a feasible solution that is at most 1%-suboptimal.
Set to zero if the optimal solution is required.

- mip.branchon: Determines which variable to branch on after having solved the re-
laxed problem. Options are 'mostAmbiguous' (i.e. the variable closest to 0.5) or
'leastAmbiguous' (i.e. the variable closest to O or ).

- mip.stageinorder: Stage-in-order heuristic: For the branching, determines whether to
fix variables in order of the stage number, i.e. first all variables of stage ¢ will be fixed before
fixing any of the variables of stage i+1. This is often helpful in multistage problems, where
a timeout is expected to occur, and where it is important to fix the early stages first (for
example MPC problems). Options are 0 for OFF and 1 for ON.
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- mip.explore: Determines the exploration strategy when selecting pending nodes. Op-
tions are 'bestFirst', which chooses the node with the lowest lower bound from all

pending nodes, or 'depthFirst ', which prioritizes nodes with the most number of fixed
binaries first to quickly reach a node.

- mip.inttol: Integer tolerance for identifying binary solutions of relaxed problems. A
solution of a relaxed problem with variable values that are below inttol away from

binary will be declared to be binary.

- mip.queuesize: Maximum number of pending nodes that the branch and bound solver
can store. If that number is exceeded during the search, the solver quits withanexitflag

value of -2 and returns the best solution found so far.

14.4 Solve methods

As a default optimization method the primal-dual interior-point method is used. Several other

methods are available. To change the solve method set the solvemethod field as outlined in

Table 14.9.

Table 14.9: Solve methods

solvemethod

Method

Description

'pDIP"' (default)

Primal-Dual Interior-Point Method

The Primal-Dual
Interior-Point Method
is a stable and ro-
bust method for most
problems.

'ADMM'

Alternating Direction Methods of Multipliers

For some problems,
ADMM may be faster.
The method variant
and several algorithm
parameters can be
tuned in order to
improve performance.

'DEG'

Dual Fast Gradient Method

For some problems
with simple  con-
straints, our imple-
mentation of the dual
fast gradient method
can be the fastest
option. No parameters
need to be tuned in
this method.

'FG'

Fast Gradient Method

For problems with no
equality constraints
(only one stage) and
simple constraints,
the primal fast gra-
dient method can
give medium accuracy
solutions extremely
quickly.  The method
has several tuning
parameters that can
significantly affect the
performance.
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14.4.1 Primal-Dual Interior-Point Method

The Primal-Dual Interior-Point Method is the default optimization method. It is a stable and
robust method for most of the problems.

Solver Initialization

The performance of the solver can be influenced by the way the variables are initialized. The
default method (cold start) should work in most cases extremely reliably, so there should be no
need in general to try other methods, unless you are experiencing problems with the default
initialization scheme. To change the method of initialization in FORCESPRO set the field init
to one of the values in Table 14.10.

Table 14.10: PDIP solver initialization

init Method Initialization method

0 (default) | Cold start Set all primal variables to 0, and all dual variables to the
square root of the initial complementarity gap g : z; =
0,s; = \/ho, \i = \/pio. The default value is yo = 10°.

1 Centered start Set all primal variables to zero, the slacks to the RHS of
the corresponding inequality, and the Lagrange multipli-
ers associated with the inequalities such that the pair-
wise product between slacks and multipliers is equal to
the parameter g : z; = 0, 8; = bineq aNd s;\; = Lio.

2 Primal warm start | Set all primal variables as provided by the user. Calculate
the residuals and set the slacks to the residuals if they are
sufficiently positive (larger than 10~%), or to one otherwise.
Compute the associated Lagrange multipliers such that
S'L')\'L = Ho-

Initial Complementary Slackness

The default value for g is 10°. To use a different value, use:

codeoptions.mu0 = 10;

Accuracy Requirements

The accuracy for which FORCESPRO returns the OPTIMAL flag can be set as follows:

codeoptions.accuracy.ineq = le-6; % infinity norm of residual for inequalities
codeoptions.accuracy.eq = le—6; % infinity norm of residual for equalities
codeoptions.accuracy.mu = le—6; % absolute duality gap
codeoptions.accuracy.rdgap = le-4; % relative duality gap := (pobj-dobj)/pob]

Line Search Settings

If FORCESPRO experiences convergence difficulties, you can try selecting different line
search parameters. The first two parameters of codeoptions.linesearch, factor_aff and
factor_cc are the backtracking factors for the line search (if the current step length is in-
feasible, then it is reduced by multiplication with these factors) for the affine and combined
search direction, respectively.
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codeoptions.linesearch.factor_aff = 0.9;
codeoptions.linesearch.factor_cc = 0.95;

The remaining two parameters of the field 1inesearch determine the minimum (minstep)
and maximum step size (maxstep). Choosing minstep too high will cause the generated
solver to quit with an exitcode saying that the line search has failed, i.e. no progress could be
made along the computed search direction. Choosing maxstep too close to 1is likely to cause
numerical issues, but choosing it too conservatively (too low) is likely to increase the number
of iterations needed to solve a problem.

codeoptions.linesearch.minstep = 1le-8;
codeoptions.linesearch.maxstep 0.995;

Regularization

During factorization of supposedly positive definite matrices, FORCESPRO applies a regular-
ization to the i-th pivot element if it is smaller than e. In this case, it is set to §, which is the
lower bound on the pivot element that FORCESPRO allows to occur.

codeoptions.regularize.epsilon = le-13; % if pivot element < epsilon ...
codeoptions.regularize.delta = le-8; then set it to delta

o°

Multicore parallelization

FORCESPRO supports the computation on multiple cores, which is particularly useful for large
problems and long horizons (the workload is split along the horizon to multiple cores). This is
implemented by the use of OpenMP and can be switched on by using

codeoptions.parallel = 1;

By default multicore computation is switched off.

14.4.2 Alternating Directions Method of Multipliers

FORCESPRO implements several optimization methods based on the ADMM framework. Dif-
ferent variants can handle different types of constraints and FORCESPRO will automatically
choose an ADMM variant that can handle the constraints in a given problem. To manually
choose a specific method in FORCESPRO, use the AbMMvariant field of codeoptions:

codeoptions.ADMMvariant = 1; % can be 1 or 2

where variant 1 is as follows:

S 1
minimize inHy—i—ny
subjectto Dy=c
z2<z<z
y==z
and variant 2 is as follows:

L 1
minimize -y Hy+ f'y

2
subjectto Dy =c

Ay ==z

z<b
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Accuracy requirements

The accuracy for which FORCESPRO returns the OPTIMAL flag can be set as follows:

codeoptions.accuracy.consensus = le-3; % infinity norm of the consensus equality
codeoptions.accuracy.dres = le-3; % infinity norm of the dual residual

Note that, in contrast to primal-dual interior-point methods, the required number of ADMM
iterations varies very significantly depending on the requested accuracy. ADMM typically re-
quires few iterations to compute medium accuracy solutions, but many more iterations to
achive the same accuracy as interior-point methods. For feedback applications, medium ac-
curacy solutions are typically sufficient. Also note that the ADMM accuracy requirements have
to be changed depending on the problem scaling.

Method parameters

ADMM uses a regularization parameter p, which also acts as the step size in the gradient step.
The convergence speed of ADMM is highly variable in the parameter p. Its value should satisfy
p > 0. This parameter can be tuned using the following command:

’codeoptions.ADMMrho = 1;

In some cases it may be possible to let FORCESPRO choose the value p automatically. To
enable this feature set:

’codeoptions.ADMMautorho = 1;

Please note that this does not guarantee that the choice of p will be optimal.

ADMM can also include an ‘over-relaxation’ step that can improve the convergence speed. This
step is typically useful for problems where ADMM exhibits very slow convergence and can be
tuned using the parameter «. Its value should satisfy 1 < « < 2. This step using the following
command:

codeoptions.ADMMalpha = 1;

Precomputations

For problems with time-invariant data, FORCESPRO can compute full matrix inverses at code
generation time and then implement matrix solves online by dense matrix-vector multipli-
cation. In some cases, especially when the prediction horizon is long, it may be better to
factorize the matrix and implement matrix solves using forward and backward solves with
the pre-computed factors. To manually switch on this option, use the ADMMfactorize field of
codeoptions.

When the data is time-varying, or when the prediction horizon is larger than 15 steps, FORCE-
SPRO automatically switches to a factorization-based method.

codeoptions.ADMMfactorize = 0;

14.4.3 Dual Fast Gradient Method

For some problems with simple constraints, our implementation of the dual fast gradient
method can be the fastest option. No parameters need to be tuned in this method.
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14.4.4 Primal Fast Gradient Method

For problems with no equality constraints (only one stage) and simple constraints, the primal
fast gradient method can give medium accuracy solutions extremely quickly. The method has
several tuning parameters that can significantly affect the performance.

Accuracy requirements

The accuracy for which FORCESPRO returns the OPTIMAL flag can be set as follows:

codeoptions.accuracy.gmap= le-5; % infinity norm of the gradient map

The gradient map is related to the difference with respect to the optimal objective value. Just
like with other first-order methods, the required number of FG iterations varies very signif-
icantly depending on the requested accuracy. Medium accuracy solutions can typically be
computed very quickly, but many iterations are needed to achieve the same accuracy as with
interior-point methods.

Method parameters

The user has to determine the step size in the fast gradient method. The convergence speed
of FG is highly variable in this parameter, which should typically be set to be one over the
maximum eigenvalue of the quadratic cost function. This parameter can be tuned using the
following command:

’codeoptions.FGstep = 1/1000;

In some cases it may be possible to let FORCESPRO choose the step size automatically. To
enable this feature set:

’codeoptions.FGautostep =1;

Warm starting

The performance of the fast gradient method can be greatly influenced by the way the vari-
ables are initialized. Unlike with interior-point methods, fast gradient methods can be very
efficiently warm started with a good guess for the optimal solution. To enable this feature set:

codeoptions.warmstart = 1;

When the user turns warm start on, a new parameter z_init_0 is automatically added. The
user should set it to be a good guess for the solution, which is typically available when solving
a sequence of problems.
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Chapter 15

Dumping Problem Formulation
and Data

15.1 Why to use the dump tool?

Along with its MATLAB client, FORCESPRO provides a tool that allows the user to dump the
formulation and actual data of an optimization problem. This information allows to exactly
reproduce the same solver for a given formulation and to feed it with exactly the same data to
yield exactly the same results (provided it is run on the very same target hardware). Problem
formulation and data stored in “stand-alone” mat files, i.e. there is no need to keep copies of
other files that may be used to specify the formulation (such as the dynamic equations).

The dump tool may be helpful for a couple of use cases such as:

- Debugging: a dumped problem allows you to re-run single solver calls without the need
to have your full simulation environment up and running.

- External support: you may send a dumped problem to whomever is in charge of provid-
ing support and it will enable that person to exactly reproduce your issue.

- Testing: keeping dumps of problems that performed as expected can be used to run
regression tests to ensure they work as expected after future changes.

Note that the dump tool does not merely save your MATLAB structs into a file. Those structs
may contain MATLAB function handles referencing external functions. Instead, the dumped
formulation already contains C code generated by the automatic differentiation tool. Thus,
keep the following in mind:

Important: A dumped problem will contain complete information about the solver that
you have setup. In particular, it may be used to reverse-engineer your problem formulation
(including dynamic model, objective function, constraints etc.). Thus, only share a dumped
problem with persons that have a right to obtain this information.

15.2 How to use the dump tool?

Dumping a problem consist of two steps:

1. Dumping the problem formulation: once a new solver has been generated, a
formulation struct, the codeoptions struct and optionally the outputs struct need
to be stored.
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2. Dumping problem data: for each problem instance, the problem params struct needs to
be stored. It is possible to store data of multiple problem instances for the same problem
formulation.

15.2.1 Dumping the problem formulation

For dumping the problem formulation, the following three steps need to be taken:

1. Enabling creation of a formulation dump: This is done by using the option

’codeoptions.dump_formulation = 1;

2. Obtaining the dumped formulation: Calling FORCES_NLP with the before-mentioned
code option enabled will make it return a formulation struct as third output argument

’[stages, codeoptions, formulation] = FORCES_NLP ( model, codeoptions, outputs );

3. Storing the necessary structs into a file: After calling FORCES_NLP, you should use the
following function to store both the formulation and codeoptions struct

’tag = ForcesDumpFormulation( formulation, codeoptions,outputs );

The third argument outputs is optional. The function ForcesDumpFormulation will create a
mat file in the directory from where it is called containing the passed information. The filename
is automatically chosen and will contain the name of your solver, a unique tag, a timestamp
as well as the suffix _F, e.9. myFORCESsolver_ABC3DEFGHIJ_20200101120000000_F .mat.

Note that this function returns a tag that is unique for a given formulation and code options.
It is strongly recommended to use it when also dumping corresponding problem data.

15.2.2 Dumping problem data

Assuming your generated FORCESPRO solver is called myFORCESsolver and you are calling it
with the following command

’[output, exitflag, info] = myFORCESsolver ( problem );

then dumping the problem data of any problem instance is as simple as calling

’ForcesDumpProblem( problem,tag );

Here, you need to provide both the problem parameter struct as well as the unique
tag that has been generated when dumping the problem formulation. The function
ForcesDumpProblem will create a mat file in the directory from where it is called con-
taining the passed information. The filename is automatically chosen and will con-
tain the name of your solver, a unique tag, a timestamp as well as the suffix _p, eg.
myFORCESsolver_ ABC3DEFGHIJ_20200101120001000_P.mat

You may dump as many problem instances as you have disk space available.

15.2.3 Running a dumped problem

After you have dumped a problem formulation and at least one set of problem
data, you can use those mat files to exactly reproduce your solver and problem in-
stances. To do so, you need to perform the following two steps (where we assume you
have stored the two files myFORCESsolver_ ABC3DEFGHIJ_20200101120000000_F.mat and
myFORCESsolver_ABC3DEFGHIJ_20200101120001000_P.mat at a location in your MATLAB
path%
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1. Re-generate the FORCESPRO solver by loading the formulation mat file and using its
content to call the code generation:

F = load('myFORCESsolver ABC3DEFGHIJ_20200101120000000_F.mat");
FORCES_NLP ( F.formulation,F.codeoptions,F.outputs );

This will re-create the solver MEX function myFORCESsolver. Note that the third input
struct containing the outputs is only available if you included it into your dump.

2. Running the solver with dumped problem data by loading the data mat file and using
its content to call the generated solver:

P = load('myFORCESsolver ABC3DEFGHIJ_20200101120001000_P.mat");
myFORCESsolver ( P.problem );

You may repeat this step for as many problem instances as you have dumped.

15.3 Limitations

Currently, the dump tool has the following limitations:
- It is only provided for the MATLAB client of FORCESPRO.
- It cannot be used if you pass external functions in form of C code.

We aim at overcoming these limitations in a future release.
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Chapter 16

Frequently asked questions

16.1 Quick links

Features of FORCESPRO
Issues during code generation
Issues when running the solver
Simulink interface

Code deployment

Other topics

16.2 Features of FORCESPRO

- 1 have been using FORCES in the past. Why should | use FORCESPRO?

The development of the free version of FORCES by ETH (forces.ethz.ch) has been discontinued,
and the code generation service is no longer available.

The professional version of FORCESPRO comes with professional support, additional interfaces,
and a large performance increase.

- Can FORCESPRO target dSpace hardware?

Yes, FORCESPRO can be seamlessly integrated in the dSpace design flow with the new
Simulink interface. For more details see dSPACE MicroAutoBox Il and dSPACE MicroAuto-
Box 1.

- Can | use FORCES for hon-multistage programs?
Yes, FORCESPRO supports the case N =1, i.e. a general QCQP of the form

L 1
minimize izTHz—kaz
subjectto Dz =c¢
z2<z<Z
Az <b
2TQz+q z<r

In order to use this feature, simply call stages=MultistageProblem(1) and fill in the matrices as
described in Low-level interface.
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- I need to re-linearize the model of my plant each sampling time. Does FORCESPRO
support this?

When re-linearizing non-linear dynamics, you obtain in each sampling time a different matrix
A, B and also a new affine part ¢:

Tp41 = Az + Bug + g

FORCESPRO supports changing these variables at run-time by defining them as parameters.

- I don’t have a state-space model of my system. Can I still use FORCESPRO to design
an optimal controller?

Yes, the graphical interface allows one to design optimal controllers for models described by a
Simulink diagram - there is no need for equations. If you have a model in another form, please
send us a feature request and we will try to support your model type as soon as possible.

16.3 Issues during code generation

- 1 get the following error message when generating code: Error downloading URL.
Your network connection may be down or your proxy settings improperly config-
ured.

Your current MATLAB configuration is not accepting our website's SSL certificate. Please follow
this link to add our certificate to Matlab’s list of certificates manually. You can download the
embotech certificate using your browser.

- 1 get the following error message when generating code: Invalid MEX-file. The spec-
ified module could not be found.

Please install the Visual Studio redistributable libraries from here.

- | get the following error when generating code: java.io.lOException: Server is not
responding, it might not support the current protocol. Missing ServerHello.

Some MATLAB versions and some Java installations give problems when communicating us-
ing HTTPS from MATLAB. Please edit the file callSoapService.m. Search for the line

’url = URL (endpoint) ; ‘

and replace it with

’url = URL([], endpoint, sun.net.www.protocol.https.Handler) ‘

- 1 get the following error when generating code: java.io.lOException: The issuer can
not be found in the trusted CA list.

Some MATLAB versions and some Java installations give problems when communicating us-
ing HTTPS from MATLAB. Please edit the file callSoapService.m. Search for the line

’url = URL (endpoint) ; ‘

and replace it with

’url = URL([], endpoint, sun.net.www.protocol.https.Handler) ‘

- 1 get the following error when generating code: javax.net.ssl.SSLException: Unrec-
ognized SSL message, plaintext connection?

If you are using the enterprise version of FORCESPRO (separate server in your company net-
work), had previously altered the file callSoapService.m to accept secure HTTP connections
and the enterprise server is listening on an HTTP port, you receive this error. To fix: Please edit
the file callSoapService.m. Search for the line
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’url = URL([], endpoint, sun.net.www.protocol.https.Handler) ‘

and replace it by the default

’url = URL (endpoint) ; ‘

- 1 get the following error when generating code:

Server was unable to process request. —-——> There is no parameter that maps to c of

—stage 1

However, according to the multistage formulation, my D, is empty in my problem, so ¢; should
also be empty.*

We recommend to reformulate the optimization variables for each stage so that D; is not
empty for performance reasons.

If this is not possible and D; must remain empty, then the inter-stage equality constraint
equations become
Ci—1zi-1+ Dz = ci—1
instead of
Cic1zi-1 + Dz = ¢
- 1 get the following error message when using the MATLAB interface: 'Unable to cast

object of type ‘csmatio.types.MLDouble’ to type ‘csmatio.types.MLStructure’’

Please check that you have your MEX compiler correctly set up. If the problem persists please
send your MATLAB and platform settings to support@embotech.com.

- 1 get the following error message when using the Python interface: csma-
tio.io.MatlablOException: Incorrect Matlab array class: int32

Make sure that the parametric data is passed to the solver as numpy arrays of floating point
numbers, i.e. instead of

’problem['Q'] = np.array([1 117) ‘
use
’problem['Q'] = np.array([1.0 1.0]) ‘

- The code generation process gets stuck displaying Generating and compiling code...
and sometimes it returns an error after 10 minutes.

By default, the code is compiled will all optimizations turned on (-O3). When the size of your
code is large, typically when you have a long prediction horizon, it can take a very long time
to compile the code with all optimizations turned on. If this process takes too long the server
times out and returns a compilation error. You can reduce the compilation time by changing
the compiler optimization flags to -OO0, -O7, or -O2. You can change this setting using the
following flag set to the appropriate value.

’codeoptions.optlevel = 2;

16.4 Issues when running the solver

- When I run the solver in MATLAB | get the following error: 2?? Error using ==> Test-
Solver freopen of stdout did not work.
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This is a printing error that occurs in some old versions of MATLAB because stdout is not
defined inside MEX files. Supported versions of MATLAB should not produce this error. You
can avoid this error by setting

codeoptions.printlevel = 0;

- My solver is producing a segmentation fault.

When the solver has a large amount of parameters or the problem is relatively large, compiling
with codeoptions.optlevel = O; can produce a segmentation fault. Please try to increase the
value of codeoptions.optlevel or submit a bug report to support@embotech.com.

- ADMM does not converge for my problem.

Unlike interior-point methods, the convergence of ADMM depends on the problem scaling.
If the matrices for the problem data have very high condition numbers and norms, ADMM
can converge extremely slowly regardless of the algorithm parameters. In some cases, ADMM
might not converge at all due to severe accumulation of numerical errors.

However, often the problem is choosing the right ADMM parameters p and a to obtain fast
convergence of the algorithm.

- The solver outputs exitcode -7.

Exitcode -7 means that the solver could not proceed. A common cause is the problem being
infeasible. FORCESPRO does not have infeasibility detection to speed up the solution time.
However, one can use the function stages2qcgp to convert the FORCES problem into a stan-
dard (QC)QP that can be given to standard QP solvers like quadprog, MOSEK or CPLEX to
check for infeasibility.

- | am generating code from 32-bit MATLAB. When I run the code it produces a seg-
fault. What is the problem?

By default, the code is compiled will all optimizations turned on (-O3). We have observed that
sometimes there are problems when linking on 32-bit versions of MATLAB. This problem does
not occur when the compiler optimization flags are set to -OO0, -OJ, or -O2. You can change
this setting using the following flag set to the appropriate value.

codeoptions.optlevel = 2;

16.5 Simulink interface

- When | have a long prediction horizon | have too many input and output ports that
I need to wire up in my Simulink interface. When | change my prediction horizon |
heed to re-wire them all again and this is a pain.

The new version of FORCESPRO provides a ‘compact’ version of all Simulink interfaces that
can be called with stacked parameters and has a small and constant number of input ports
independent of the prediction horizon.

To check the dimensions of the new stacked parameters click on the ‘Help’ button in the
dialogue of the ‘compact’ Simulink block.

16.6 Code deployment

- 1 get the following error message when deploying a solver on dSpace hardware:
OPUS MAKE: Don’t know how to make ...

This is well-known deployment issue with compiled files. During building for target the
compiler is looking for the source code of the solver. The resulting object file is added in
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the folder <solvername>_<target_ext> which is automatically generated by the com-
piler. Therefore, to use the object file you need to move it to that folder in order for the
compiler to detect it and skip compilation. A possible workaround is to use the static
library of the solver as specified in dSPACE MicroAutoBox Il.

16.7 Other topics

- How can | obtain information about the KKT conditions at the solution?

The printlevel solver option allows the user to control how much information is printed
by the solver. See here for more information on how to define solver options.

When printlevel is set to 2 the solver outputs information related to the KKT conditions
at every iteration. In particular:

- res_eq is the maximum ||C;_1z;—1 + D;z; — ¢;||o for all 4,

- If we rewrite all inequality constraints as Gz < g and s are slack variables for the same
constraints, res_ineq is equal to ||Gz — g + ||,

- If X are the Lagrange multipliers for the inequality constraints, u is equal to AT s di-
vided by the number of constraints, i.e. the average complementary slackness.

- What system information am | sharing by using FORCESPRO?

When contacting the solver generation server, the FORCESPRO client sends the following
system information:

- Machine username
- MAC address
- Fingerprints

The fingerprint is platform dependent. We create two fingerprints using different system
information to create hashes and validate with either of them in order to have a more
stable validation:

- For Windows, each fingerprint uses a subset of the below information:
* Mac addresses
* CPU ID (register with machine support)
* Volume Serial Number
* Volume GUID
- For MacQS, each fingerprint uses a subset of the below information:
* Cputype and Cpusubtype
* Network node hostname
* Mac addresses
- For Linux, each fingerprint uses a subset of the below information:
* Network node hostname
* Jetc/machine-id
* Mac addresses
* Linux user uid

The above information is hashed to create the fingerprint which means that it cannot be
recovered by using the fingerprint.
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- Why am | being asked to update the FORCESPRO client software every nhow and
then?

We have a development policy of continuous deployment, which unfortunately means
that we have to ask users to update their clients every time there is a substantial change in
the code. To make this process easier and faster, FORCESPRO comes with a functionality

that allows users to update their clients by simply typing the following in the MATLAB
command prompt:

>> updateClient
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