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MATLAB EXIPO

"

Mapping the environment

Occupancy Grid

* Test Terrain

* 2D occupancy map

* 3D occupancy map

e 2.5D cost (elevation) map
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Mapping the environment

Lidar SLAM Structure from motion

Enough Parallax Between Key Frames

Point Cloud Map (after optimization)
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Localization

GPS & IMU fusion
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Path planning

plannerAStarGrid
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Path planning

Create a map
of the environment

occMap = mapMaze(20,5);
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Path planning

Create a map Create state space

of the environme

occMap = mapMaze(20,

and space validator

©
H
g
°

stateSpace =
stateSpaceSE2([@ 50; © 50; -pi pi]);

statevalidator = ...
validatorOccupancyMap(stateSpace, "Map”,occMap);

statevalidator.validationDistance = 1;

yyyyyyyyyy
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Path planning

Create a ma Create a planner

of the environn

occMap = mapMaze(2

©
H
g
°

planRRT = plannerRRT(stateSpace,
statevalidator, "MaxConnectionDistance", 3,
"MaxNumTreeNodes", 1e3);

yyyyyyyyyy

planPRM = plannerPRM(stateSpace,
statevalidator, "MaxConnectionDistance™, 3,
"MaxNumNodes"”, 8e2);

planAStarGrid = plannerAStarGrid(occMap);
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Path planning

Create a map Plan the path ate a planner

of the environmen
)

occMap = mapMaze(20,5

©
H
g
°

[ pathRRT, So0lRRT] plan(planRRT, start, stop);

blannerAstarGrid(occMap);

yyyyyyyyyy

[pathPRM, solPRM] plan(planPRM, start, stop);

plan(planAStarGrid,
[50-start(2) start(1)]*resolution,
[50-stop(2) stop(1l)]*resolution);
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Path planning

Create a map Visualize* reate a planner

of the environme

occMap = mapMaze(20,

InnerRRT(statespace, ...
dator, "MaxConnectionDistance", 3, ...
leelodes”, 1e3);

show(occMap) ;

InnerPRM( stateSpace, ...

thd on "’,8;;1(;);(%ne(tionDistan(e”, 3, ...
scatter(start(1), start(2));
= plannerAstarGrid(occMap);
PN scatter(stop(1), stop(2)); plannerastardrid(occhap)

plot(solRRT.TreeData(:,1), ...

SOlRRT.TreeData(:,2), "Color”,"blue”,"LineWidth”,1)
plot(pathRRT.States(:,1), ...
pathRRT.States(:,2), "Color”,"red”,"LineWidth",3); Plan the path

PIRRT] = plan(planRRT, start, stop);
b1PRM] = plan(planPRM, start, stop);

arGrid, ...
t(2) start(1)]*resolution, ...
p(2) stop(1)]*resolution);

figure
show(planAStarGrid)
title("plannerAastarcrid™);
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Path planning

Create a map
of the environme

occMap = mapMaze(20,

optPathRRT

optPathPRM

MATLAB EXIPO

Optimize the path

optimizePath(pathRRT.States(:,1:2), occMap);

optimizePath(pathPRM.States(:,1:2), occMap);

tatespace, ...
xConnectionDistance"”, 3, ...

InnerPRM( stateSpace, ...
, "MaxConnectionDistance", 3, ...

= plannerAstarGrid(occMap);

Plan the path

PIRRT] = plan(planRRT, start, stop);

b1PRM] = plan(planPRM, start, stop);

arGrid, ...
t(2) start(1)]*resolution, ...

p(2) stop(1)]*resolution);
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Path planning

Create a map Create state space Create a planner
of the environment and space validator

planRRT = plannerRRT(statesSpace, ...
ochap = mapMaze(ze-, 5)} statespace = ... statevalidator, "MaxConnectionDistance™, 3, ...

Binary Occupancy Grid stateSpaceSE2([@ 50; © 50; -pi pi]); MaxhunTreeliodes”, 1e3);
statevalidator = ...
validatorOccupancyMap(stateSpace, "Map",occMap);

. . . . lanPRM = plannerPRM(stateSpace, ...
statevalidator.validationDistance = 1; p P ( pace,

statevalidator, "MaxConnectionDistance", 3, ...
"MaxNumNodes", 8e2);

planAstarcrid = plannerAstarGrid(occMap);

Optimize the path Visualize* Plan the path

show(occMap) ;

optPathRRT = optimizepath(pathRRT.States(:,1:2), occMap); hold on [pathRRT, solRRT] = plan(planRRT, start, stop);
scatter(start(1), start(2));

scatter(stop(1), stop(2));
plot(solRRT.TreeData(:,1), ...

SolRRT.TreeData(:,2),"Color"”,"blue”,"LineWidth",1) [pathPRM, solPRM] = plan(planPRM, start, stop);
plot(pathRRT.States(:,1), ...
pathRRT.States(:,2), "Color","red"”,"Linewidth",3);

optPathPRM = optimizePath(pathPRM.States(:,1:2), occMap);

plan(planAStarGrid,

figure ” p * .
show(planastararid) [5@-start(2) start(1l)]*resolution,

title("plannerAstarGrid"); [50-stop(2) stop(1)]*resolution);
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Controllers
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Types of controllers

 PID
* Active Disturbance Rejection Controller
* Model Predictive Control

* Reinforced Learning Controller

* Fuzzy Logic Controller
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PID Controller

 Pterm increases controller speed ‘ Procrtonl Gan
&
* | term removes steady state error ‘
* D term minimizes the overshoot and oscilations
Simple design = Works best with SISO LTI systems
Able to satisfy most control problems = Doesn't handle disturbances and noise well
Autotuning with MATLAB

J\L

e Good initial choice in most cases




MATLAB EXIPO

PID Controller

Insert the PID controller block

PID(s) _/ |~ control_sig output |

reference PID Controller

Plant




PID Controller

Insert the PID cont

PID(s) /-

reference PID Controller
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Plant
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MATLAB EXIPO

Tune the controller gains

|/PID Controller)
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PID Controller

Discretize the tuned controller

I nsertt h e P I D) contr Block Parameters: PID Controller
PID 1dof (mask) (link)
This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as anti-

windup, external reset, and signal tracking. You can tune the PID gains automatically using the "Tune..." button (requires
Simulink Control Design).

PID(s) /-

reference

PID Controller

ontroller: PID ~ | Form: |Parallel

Time domain: Discrete-time settings

[ PID Controller is inside a conditionally executed subsysten

(O Continuous-time

Sample time (-1 for inherited): |0.001
» Integrator and Filter methods:

@ Discrete-time

¥ Compensator formula

N
L
1+N.T,
z-1

Main  Initialization  Saturation  Data Types  State Attributes
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PID Controller

Insert the PID controller block Tune the controller gains Discretize the tuned

controller

Rebot [ 055) Drvn [%a] Block Parameters: PID Controller

E C PID 1dof (mask) (link)
PID(s) /S control_sig output .

This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as anti-

windup, external reset, and signal tracking. You can tune the PID gains automatically using the "Tune..." button (requires
Simulink Control Design).
PID Controller
Plant

reference

ontroll ~ | Form: Parallel

Time domain: Discrete-time settings

Ampitute

e (] PID Controller is inside a conditionally executed subsyster

Sample time (-1 for inherited): |0.001
©® Discrete-time

» Integrator and Filter methods:

[¥ Compensator formula

Main Initialization ~ Saturation ~ Data Types State Attributes
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Active Disturbance Rejection Control

Extended State Observer is used to estimate uncertainties and disturbances

Error feedback

controller

Controller reduces the effect of that estimate on the known part of the system

Motor and
Inverter

ol Extended state observer

Handles nonlinearities and disturbances Tuning isn't always easy

Requires only an approximate model Efficiency depends on ESO

Can provide better performance than PID

J\L

Uncertain dynamics, unknown disturbances, time-varying parameters and approximate plant model

J\L
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TuningSignal

reference

autotune F——»—] »-o
o, ., fb

Signal Editor Terminator

Manual Switch
Active Disturbance Rejection Control Water-Tank System

stepRef

Open-loop config.
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Active Disturbance Rejection Control

Select the controller order

Parameters Block

Time domain

O discrete-time
Sample time (sec) |0.01

@ continuous-time

Model type

@ first-order Formula YV = bou + f(t)

O second-order Critical gain b0 [0.15

Tuning goals

Controller bandwidth (rad/sec)

Observer bandwidth (rad/sec)
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Active Disturbance Rejection Control

Provide a reasonable guess for critical gain

Parameters Block

Time domain

(O discrete-time
Sample time (sec) 0.01
@® continuous-time

Model type

@ first-order Formula V = bou + f(1)

O second-order Critical gain b0 :

Tuning goals

Controller bandwidth (rad/sec) |D.8

Observer bandwidth (rad/sec) |8
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MATLAB EXIPO

Parameters Block

Time domain

O discrete-time

® continuous-time

Model type

@ first-order Formula ¥ = bou + f(t)

O second-order Critical gain b0 :

Tuning goals

Controller bandwidth (rad/sec) :
Observer bandwidth (rad/sec) :
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Active Disturbance Rejection Control

Insert the ADRC block

TuningSignal

reference
Ref

EFI‘ autotune ——»—] ——— »° Output > D
EL @/O—P 1

Signal Editor Terminator

Active Disturbance Rejection Control Water-Tank System

stepRef

Step Open-loop config.

Set the controller and observer bandwidths

Parameters  Block

Time domain

O discrete-time
Sample time (sec) |0.01
@® continuous-time

Model type
® first-order Formula ¥ = bou + f(t)

O second-order Critical gain b0 :

Tuning goals
Controller bandwidth (rad/sec) |O.8

Observer bandwidth (rad/sec) 8

Manual Switcl Scope

MATLAB EXIPO

Select the controller order

Parameters  Block

Time domain

O discrete-time
Sample time (sec) 0.01
@® continuous-time

Model type
@ first-order Formula Y = bot + f(t)

O second-order Gritical gain b0 ;

Tuning goals

Controller bandwidth (rad/sec) ‘O.B

Observer bandwidth (rad/sec) [8

Provide a reasonable guess for critical gain

Parameters ~ Block

Time domain

O discrete-time
Sample time (sec) 0.01
@ continuous-time

Model type

@ first-order Formula ¥ = bou + f(t)

© second-order Critical gain bo :

Tuning goals

Controller bandwidth (rad/sec) ‘O.B

Observer bandwidth (rad/sec) 8
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Model Predictive Control

* Internal model of the plant to predict its future state
Optimizer [~
. . Reference | @o Plant
e Ilteratively calculates the optimal sequence of control commands Pregiio e
MPC Controller
* The first few actions are used and the entire proces is reiterated y
Can take future actions into consideration = The model accuracy heavily impacts performance

More responsive = Resource heavy

Well suited to handle MIMO systems

J\L

*  Complex MIMO systems with constraints / operating limits

Must be able to fit at least 10-20 samples in the span of the rise time

We have an accurate model of the system
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Model Predictive Control

Insert the MPC block
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(4 Define MPC Structure By Linearization

MPC Structure

Number of MVs:

— —

Measured Disturbances N Unmeasured
— % .
v Number of MDs: 1

Sefpoints
(reference) |

Manipulated Variables Inputs Qutputs
MPC P » Plant ———>  Number of UDs: 0

Unmeasured Disturbances > Measured Number of MOs: 1

»
| — —

-

Number of UOs:

|§EF Change I/O Sizes |

Controller Sample Time

Specify MPC controller sample time (default sample time in the MPC block):
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[ Input and Output Channel Specifications

Plant Inputs

Channel Name Nominal Value |Scale Factor

u(1) Y MPC Contraller 0 1
u(2) MD Zero-Order Hald1 0 1

Plant Outputs

Channel Name MNominal Value |Scale Factor

y(1)

State-Spacei 0 1

|  Help | | OK | | Cancel || Apply |
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Insert the MPC bl Choose prediction and control horizons /0 signal constraints

\\\\\\\\\\\\\\

MPC DESIGNER

MPC Controller[mpc‘l — | >ampletimel @ 'H’T

: .| Prediction horizon| 10 . : L
Internal Plant|_ plant = | Constraints Weights Estimation

Control horizon| 2 Models =
HORIZOM DESIGM

\\\\\\\\\\\

CONTROLLER
Plants

scenariol: Input X
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Insertthe MPCbl Select weights for the optimization function

nnnnnnnnnnnnnn

[ Weights (mpcT)

\\\\\\\\\\\\\\

Input Weights (dimensionless)

Channel

u(1)

Rate Weight
0.1

Type Target

MY

nominal

ccccccccccc

QOutput Weights (dimensionless)

Channel

y(1)

Type
MO

prediction and control
horizons

ECR Weight (dimensionless)

ptimalcost/MPC Controller1)

Weight on the slack variable: | 100000 ‘ =
g it
Prediction horizon| 10 Constraints Weights Estimation
Control horizon| 2 Madels ~

| Help | | OK | | Cancel | | Apply | HORIZON DESIGN

nnnnnnnn 1: Input X
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PC Controller1)

Sample time| 1

tion horizon

itrol horizon

HORIZON

it

Constraints  Weights

DESIGN

Estimation

; g
Closed-Loop Performance

!

|
Aggressive]

|
State Estimation
PERFORMAN

1
Faster

MATLAB EXIPO

Channel Specifications

Name

Scale Factor
1
1

Nominal Value
0
0

MPC Controller
Zero-Order Hold1

scenariol: Input X

Input Respeonse (against internal plant)

scenario?. Qutput X

MPC Controller1
o
©

Output Response (against internal plant)

1 O @ Q6

State-Space1

Zero-Order Hold1
o

02}

4
Time (seconds)

‘Unil Nominal Value ‘Sule Factor

MO |state-spacet | 0 [1

Type ‘ Name

Cancel | [ Apply |

prediction and control
horizons

alcost/MPC Controller1)

Sample time

it

Weights

Prediction horizon| 10

- ‘ Constraints
Control horizon

Estimation
Madels ~

HORIZON DESIGN

scenariol: Input X
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Model Predictive Control

Insert the MPC block Choose structure and sampling
time

— [& Input and Output Channel Specifications
4 Define MPC Structure By Linearization

Plant Inputs.
MPC Structure

Channel Name Nominal Value | Scale Factor

Number of MVs: ) MPC Controller [ 1

2 |u@) i Zero-Order Hold1 0 1

Number of MDs:

Manipulated Variables

{reference) Number of UDs

lant Outputs
Unmeasured Disturbances Measured Number of MOs:

Channel ‘ng ‘Unil Nominal Value ‘Sule Factor

1y M |state-spacet | 0 [1

Number of UOs:

P Change 1O Sizes

Controller Sample Time

Specify MPC controller sample time (default sample time in the MPC block): Cancel | [ Appy |

Tune the response Select weights for the Choose prediction and control
optimization function horizons

4 weignts (mpet)

utput Response (aginst internal plan) Input Weights (dimensionless)

) ‘r,,,e Weight Rate Weight Torget ﬂ MPC Designer (mpc_optimalcost/MPC Controllert)

u(t) [mav o 01 nominal
MPC DESIGNER TUNING

— Sample time FAnl
Output Weights (dimensioniess) MPC Controller| mpc1 - | O ﬂ-T

———————| Prediction horizon . 5 g
chamnel [Type  |weignt Internal Plant| plant - | Constraints Weights Estimation

(1) [Mo 1 — Control horizon Madels ~
CONTROLLER HORIZON DESIGN

£CR Weight (dimensionless) Plants : scenariol: Input X

Weight on the slack variable: [ 100000

Tim (seconce)
Help ok ) cancel | [ Ay |
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Reinforcement Learning

AGENT

Machine Learning agent interacting with the environment

"Policy" - a Deep Neural Network

Policy updated through rewards and punishments

Can handle different kinds of outputs = Training takes time and effort
Well suited for MIMO systems — Resource heavy

Maximizes goal function

J\L

When it is difficult to characterize dynamics and operating conditions, and learning control policies directly from

data is more practical

The hardware platform can support it

J\L
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Reinforcement Learning

Create environment Create the reward signal Create the agent and the critic

and its interface neural networks
7, 4\
0 o)

Eavironment Rewvard Signa-\

Train the neural networks

@ cuj e njrb‘, @

%

Training




Oprogramowanie \4
Naukowo-Techniczne
p.200.

Fuzzy Logic

* Defined by rules, membership functions and corresponding actions

A weighted action is calculated based on membership functions

J\L

Works with hard-to-model systems Relies on our knowledge of the system

In some cases, might be more intuitive = Might be difficult to tune

Interpretable

J\L

* When it's easier to infer logical rules of control rather than a mathematical model
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Fuzzy Logic

Create a Fuzzy Inference System object

cpFIS = mamfis(...
‘NumInputs', 1, 'NumInputMFs', 2,...

‘NumQutputs', 1, 'NumOutputMFs', 2,...
'AddRule', 'none');
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Fuzzy Logic

Create a Fuzzy Inferen Define inputs parameters

System object

cpFIS = mamfis(...
'NumInputs', 1, 'NumInputMFs', 2]
'‘NumOutputs', 1, 'NumOutputMFs',
'AddRule', 'none');

Inputs(1l).Name = 'Theta';
cpFIS.Inputs(1).Range = [-pi, pil;
cpFIS.Inputs(1).MembershipFunctions
cpFIS.Inputs(1).MembershipFunctions
cpFIS.Inputs(1).MembershipFunctions(1).Parameters = [-0.5 0.5];
cpFIS.Inputs(1l).MembershipFunctions(2).Name = 'Positive';
cpFIS.Inputs(1l).MembershipFunctions(2).Type = 'smf';
Inputs(1).MembershipFunctions(2).Parameters = [-0.5 0.5];

1) .Name = 'Negative’;
1).Type = ‘zmt";

—~ e~~~
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Fuzzy Logic

Create a Fuzzy Inferen Define outputs parameters

System object

cpFIS = mamfis(...
'NumInputs', 1, 'NumInputMFs',
'‘NumOutputs', 1, 'NumOutputMFs',
'AddRule', 'none');

.Outputs(1l).Name = 'Force';
cpFIS.Outputs(1).Range = [-20, 20];
cpFIS.Outputs(1).MembershipFunctions(1).Name = 'NM'; % Negative Medium
cpFIS.Outputs(1).MembershipFunctions(1).Type = 'gbellmf';
cpFIS.Outputs(1).MembershipFunctions(1).Parameters = [5, 2, -12];
.Outputs(1).MembershipFunctions(2).Name = 'PM'; % Positive Medium
.Outputs(1).MembershipFunctions(2).Type = 'gbellmf';
.Outputs(1).MembershipFunctions(2).Parameters = [5, 2, 12];
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Fuzzy Logic

Create a Fuzzy Inferen Spec|fy the rules

System object

me = "Force"’;
s(1).Range = [-20, 20];

s(1) .MembershipFunctions(1).Name = 'NM'; % Negative Medium
s(1) .MembershipFunctions(1).Type = 'gbellmf';

s(1) .MembershipFunctions(1).Parameters = [5, 2, -12];

s(1) .MembershipFunctions(2).Name = 'PM'; % Positive Medium
s(1).MembershipFunctions(2).Type = 'gbellmf';
s(1).MembershipFunctions(2).Parameters = [5, 2, 12];

cpFIS = mamfis(...
'NumInputs', 1, 'NumInputMFs', 2]
'‘NumOutputs', 1, 'NumOutputMFs',
'AddRule', 'none');

rules = [s:.
"If Theta is Negative then Force is NM";...
"If Theta is Positive then Force is PM"];

cpFIS = addRule(cpFIS, rules);]
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Fuzzy Logic

Create a Fuzzy Inferen Add a Fuzzy Logic Controller block

System object

.Name = 'Force';
.Range = [-20, 20];

.MembershipFunctions(1).Name = 'NM'; % Negative Medium
.MembershipFunctions(1).Type = 'gbellmf';
.MembershipFunctions(1).Parameters = [5, 2, -12];
.MembershipFunctions(2).Name = 'PM'; % Positive Medium
.MembershipFunctions(2).Type = 'gbellmf';
.MembershipFunctions(2).Parameters = [5, 2, 12];

cpFIS = mamfis(...
'NumInputs', 1, 'NumInputMFs',
'‘NumOutputs', 1, 'NumOutputMFs',
'AddRule', 'none');

Group 1 cart_force
cart_force .

Impulse

theta

-
-
-

»in [\ out b+ > theta_dot

position

velocity

Cart & Pole
Dynamics
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Fuzzy Logic

Create a Fuzzy Inference
System object

cpFIS = mamfis(...
'NumInputs', 1, 'NumInputMFs', 2,...

'‘NumOutputs', 1, 'NumOutputMFs', 2,...
'AddRule', 'none');

Define inputs parameters Define outputs

cpFIS.Inputs(1).Name = 'Theta'; -g“:l’uzzgz-’;::e: 'T";;e';m

= q T .Outpu . = [- ;
CPFIS.Inputs(1).Range = A[_pl' p}], i o .OutEuts(l).MemgershipFuﬁctions(l).
cpFIS.Inputs(1).MembershipFunctions(1).Name = 'Negative'; {0Utputs(1):MenbershipFunctions (1)}
cpFIS.Inputs(1).MembershipFunctions(1).Type = 'zmf'; .Outputs(1).MembershipFunctions(1).
cpFIS.Inputs(1).MembershipFunctions(1).Parameters = [-0.5 0.5]; .Outputs(1).MembershipFunctions(2).
cpFIS.Inputs(1).MembershipFunctions(2).Name = 'Positive’; .Outputs(1) .MembershipFunctions(2).
cpFIS.Inputs(1).MembershipFunctions(2).Type = ‘smf'; .Outputs(1).MembershipFunctions(2).
cpFIS.Inputs(1).MembershipFunctions(2).Parameters = [-0.5 0.5];

Add a fuzzy logic controller Specify the rules

Group 1

cart_force +

Impulse

block

cart_force

rullest=N[5e.
"If Theta is Negative then Force is NM";...
"If Theta is Positive then Force is PM"];

theta

theta_dot

cpFIS = addRule(cpFIS, rules);|

position

velocity

Cart & Pole
Dynamics

parameters

Name = 'NM'; % Negative Medium
Type = 'gbellmf';

Parameters = [5, 2, -12];
Name = 'PM'; % Positive Medium
Type = 'gbellmf';

Parameters = [5, 2, 12];




[ - cp_fuzzy_sim: Cart & Pole Animation

File Edit Wiew Insert Tools Desktop Window Help

Jdadde @ 0DE L (E

Time: .45
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Summary OO0 -best  © -worst

Learning

nonlinearities, () OO OO0 ok Lo T k] )

disturbances etc.

Handling

Ease of
implementation

VOO VOO Ok Lk X VO

Hardware 000 o0 o o 000

resources required

In the presence of uncertain Complex MIMO systems When it is difficult to In systems that are easy to
When to use Often the best first choice dynamics, disturbances and  with constraints / operating  characterize dynamics and understand but hard to
without detailed model limits operating conditions model

Based on MathWorks white paper: https://www.mathworks.com/campaigns/offers/next/field-oriented-control-techniques-white-paper.htmi
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APPLICATIONS

» Robotics and Automation
» Computational Finance

» Autonomous Vehicles

» Electronics

» Artificial Intelligence

» Biomedical Engineering

» Systems Engineering and .
certification :

» Power Electronics and .
Systems .

» Communications and Radar
Systems
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