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1 Product Overview

Simulink Control Design Product Description

1-2

Linearize models and design control systems

Simulink Control Design lets you design and analyze control systems modeled in
Simulink. You can automatically tune arbitrary SISO and MIMO control architectures,
including PID controllers. PID autotuning can be deployed to embedded software for
automatically computing PID gains in real time.

You can find operating points and compute exact linearizations of Simulink models at
various operating conditions. Simulink Control Design provides tools that let you
compute simulation-based frequency responses without modifying your model.

Key Features

* Automatic tuning of PID, gain-scheduled, and arbitrary SISO and MIMO control
systems in Simulink

+ PID autotuning algorithm deployable to embedded software

* Operating-point calculation (trimming) and model linearization
*  Frequency response estimation from simulation data

+ Batch linearization for varying parameters and operating points

*  Numerical optimization of compensators to meet time-domain and frequency-domain
requirements (with Simulink Design Optimization™)



Steady-State Operating Points

+ “What Is a Steady-State Operating Point?” on page 2-2
+  “Steady-State Operating Points (Trimming) From Specifications” on page 2-3
* “magball Simulink Model” on page 2-12
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Steady-State Operating Points

What Is a Steady-State Operating Point?

2-2

A steady-state operating point of a model, also called an equilibrium or ¢rim condition,
includes state variables that do not change with time.

A model can have several steady-state operating points. For example, a hanging damped
pendulum has two steady-state operating points at which the pendulum position does not
change with time. A stable steady-state operating point occurs when a pendulum hangs
straight down. When the pendulum position deviates slightly, the pendulum always
returns to equilibrium. In other words, small changes in the operating point do not cause
the system to leave the region of good approximation around the equilibrium value.

An unstable steady-state operating point occurs when a pendulum points upward. As long
as the pendulum points exactly upward, it remains in equilibrium. However, when the
pendulum deviates slightly from this position, it swings downward and the operating
point leaves the region around the equilibrium value.

When using optimization search to compute operating points for nonlinear systems, your
initial guesses for the states and input levels must be near the desired operating point to
ensure convergence.

When linearizing a model with multiple steady-state operating points, it is important to
have the right operating point. For example, linearizing a pendulum model around the
stable steady-state operating point produces a stable linear model, whereas linearizing
around the unstable steady-state operating point produces an unstable linear model.

See Also
findop

More About

. “Compute Steady-State Operating Points”

. “Simulink Model States Included in Operating Point Object”

. “Steady-State Operating Points (Trimming) From Specifications” on page 2-3

. “Compute Operating Points at Simulation Snapshots”



Steady-State Operating Points (Trimming) From Specifications

Steady-State Operating Points (Trimming) From Specifications

This example shows how to compute a steady-state operating point by specifying known
state values and constraints using the Linear Analysis Tool.

Open the Simulink model.

sys = 'scdspeed';
open system(sys)

ihectle:ng. Combustion
throtlie Air charge | Air charge Engine
{degrees) ; f ;
— B Engine Spead, N Air Charge Air Charge radis Spead
N o rpm {rpm)
T ———————— il >
Throllle & Manifold il *| Teng
Induction to = H M | 30/pi D
Throttle Power Stroke Delay
Tload
perturbation
o Vehicla
Dynamics
Drag Torgue

m Spark Advance

(Degrees)
Spark Advance

To open the Linear Analysis Tool, in the Simulink model window, select Analysis >
Control Design > Linear Analysis.



2 Steady-State Operating Points

4\ Linear Analysis Tool - scdspeed

PLOTS AND RESULTS

LINEAR ANALYSIS ESTIMATION
'E Load Session Analysis I0s:  Model IOz M Result Viewer ¢
il save Session Operating Point: | Model Initial Condition Eecarzatog b i/} ﬁ /\A/—g @; / 4 -
Step Bode Impulse Nyquist Michols
FILE LINEARIZE

Data Browser

Search workspace variables P v|

w MATLAB Workspace |

Mame Value
sys ‘scdspeed’

w Linear Analysis Workspace

MName « Value

w Variable Preview

In the Linear Analysis Tool, on the Linear Analysis tab, in the Operating Point drop-

down list, select Trim Model.
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Steady-State Operating Points (Trimming) From Specifications

rim the model

‘

Options

States |nputs Outputs

State Specifications
State Value
[ Known | Steady State | Minirum | Maximum | dx Minimurm | dx Maximum

scdspeed/Throttle 8 Manifold/Intake Manifold/p0 = 0.543 bar

State - 1 | o33 | ] | [ aef | e [ af |
scdspeed/Vehicle Dynamics/w = T//) w0 = 209 rad//s

State - 1 S ] | [ aef | e [ af |

Sync with Model Import... Export...
[= Start trimming Generate MATLAB Script

By default, on the States tab, the software specifies both model states to be at
equilibrium, as shown by the check marks in the Steady State column. both states are
also specified as unknown values; that is, their steady-state values are calculated during
trimming, with an initial guess specified in the Value column.

Change the second state, the engine angular velocity, to be a known value. In the
Known column, select the corresponding row and, in the Value column, set the value to

180.

2-5



2 Steady-State Operating Points

Trim the model X

Specifications  Qptions

States |nputs Outputs

State Specifications
State Value
[ Known | Steady State | Minirum | Maximum | dx Minimurm | dx Maximum
scdspeed/Throttle 8 Manifold/Intake Manifold/p0 = 0.543 bar
State - 1 | o33 | ] | [ aef | e [ af |
scdspeed/Vehi i = = fs
State - 1 180 )] | e | e [ amf | it

| Sync with Model || Import... || Export... |

| [= Start trimming | | Generate MATLAB Script |

You can also specify bounds for model states during trimming. For this example,
constrain the first state to be between 0.5 and 0. 7. To do so, enter these values in the
Minimum and Maximum columns, respectively.
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Steady-State Operating Points (Trimming) From Specifications

Trim the model X

Specifications  Qptions

States |nputs Outputs

- - State Specifications
tate zue [ Known | Steady State | Minirum | Maximum | dx Minimurm | dx Maximum

scdspeed/Throttle 8 Manifold/Intake Manifold/p0 = 0.543 bar - -

State - 1 | o33 | ] | o5 | o7 ) e |
scdspeed/Vehicle Dynamics/w = T//) w0 = 209 rad//s

State - 1 [ 180 | | | e | e [ amf | it

| Sync with Model | | Import... | | Export... |
| [= Start trimming | | Generate MATLAB Script |

To compute the operating point that meets these specifications, click Start trimming.

The software uses optimization to find the operating point that meets your specifications.

Trim progress viewer x

Optimizing to solwve for all desired dx/dt=0, =({k+1)-x{k)=0, and y=ydes.

(Maximum Errcr) Block

(1.46816e+01) scdspeed/Vehicle Dynamics/w = T//d wl = 209 rad//s
(1.49098e-01) scdspeed/Vehicle Dynamics/w = T//J wl = 209 rad//s
{5.068093e-05) scdspeed/Throttle & Manifold/Intake Manifeold/pd = 0.543 bar
{2.47122e-10) scdspeed/Throttle & Manifold/Intake Manifeold/pd = 0.543 bar
(2.47122e-10) scdspeed/Throttle & Manifold/Intake Manifeold/pd = 0.543 bar

Operating point specifications were successiully met.

An operating point op triml has been created.
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2 Steady-State Operating Points

The Trim progress viewer shows the optimization progress and that the optimization
algorithm terminated successfully. The (Maximum Error) column shows the maximum
constraint violation at each iteration. The Block column shows the block to which the
constraint violation applies.

The trimmed operating point, op triml, appears in the Linear Analysis Workspace.

w Linear Analysis Workspace

MName Value

@ 1x1 Operat...

w Variable Preview

Trimmed ocperating point for
scdspeed

Search finished as: Operating
point specifications were
successiully met.

-

2 states and 1 inputs

To evaluate whether the resulting operating point values meet the specifications, in the
Linear Analysis Workspace, double-click op triml.

In the Edit dialog box, on the State tab, the Actual Value for the first state falls within
the Desired Value bounds, and the actual angular velocity is 180, as specified.

The Actual dx column shows the rates of change of the state values at the operating
point. Since these values are at or near zero the states are not changing, showing that
the operating point is in a steady state.



Steady-State Operating Points (Trimming) From Specifications

Optimizer Output | [

State |nput Output

State Desired Value Actual Value Desired dx Actual dx
scdspeed/Throttle & M anifold/p0 = 0.543 bar

State - 1 [ | ros,071 | 0.56920 | 0 [ [ 24m2e-10
scdspeed/Vehicle Dynathics/w = T//) w = 2090 rad//s

State - 1 | 180 | 180 | 0 [ | 20301e13

Initialize model...

You can also constrain the derivatives of states that are not at steady state. Using such
constraints, you can trim derivatives to known nonzero values or specify derivative
tolerances for states that cannot reach steady state.

For example, suppose that you want to find the operating condition at which the engine
angular velocity is 180 rad/s and the angular acceleration is 50 rad/s?. To do so, first open
the Trim the model dialog box. In the Linear Analysis Tool, in the Operating Point
drop-down list, select Trim Model.

In the Steady State column, clear the selection in the corresponding row. Then, in the
dx Minimum and dx Maximum columns, set both state derivative bounds to 50.



2 Steady-State Operating Points

Specifications Options
States |nputs Outputs
State Specifications
State Value . - . -
[ Known | [] Steady State | Minirum | Maximum | dx Minimurm | dx Maximum
scdspeed/Throttle 8 Manifold/Intake Manifold/p0 = 0.543 bar
State - 1 | o33 | ] | | o5 | o7 ] am |
scdspeed/Vehicle Dynamics/w = T//) w0 = 209 rad//s
State - 1 [ 180 | § O Y o [ m (] 0 | 50
= - U= -
| Sync with Model | | Import... | | Export... |
| [= Start trimming | | Generate MATLAB Script

To compute the operating point, click Start trimming.

In the Linear Analysis Tool, in the Linear Analysis Workspace, double-click
op_trim2.

2-10

In the Edit dialog box, in the second row, the Actual dx column matches the Desired dx
column. Therefore the operating point meets the specified state derivative constraints.



See Also

Edit: op_tnim2 X
Optimizer Output | [
State |nput Output
State Desired Value Actual Value Desired dx Actual dx
scdspeed/Throttle & Manifold/Intake Manifold/p0 = 0.543 bar
State - 1 [ ros,o7 | 0.66605 | 0 | 204108
scdspeed/Vehicle Dynamics/w = T//) w0 = 209 rad//s — —
State - 1 | 180 | 180 [ 50 | 50 )
Initialize model...
More About

. “magball Simulink Model” on page 2-12
. “Compute Steady-State Operating Points”

. “Compute Operating Points at Simulation Snapshots”

. “Steady-State Operating Points (Trimming) From Specifications” on page 2-3

2-11



2 Steady-State Operating Points

magball Simulink Model

The Simulink model magball includes the nonlinear Magnetic Ball Plant in a single-loop
feedback system.

Reference Errar

— v h I
Sare In1 1 # In Out » |:|

Scope

Magnetic
Ball Plant

The Magnetic Ball Plant subsystem is shown in the following figure.

7
P L
dhdt

Gravity height

The Magnetic Ball Plant model represents an iron ball of mass M. This ball moves under

-2
the influence of the gravitational force, Mg, and an induced magnetic force, ﬁL The
presence of the squared term in the induced magnetic force results in a nonlir{Iear plant.

The inductor in the electric circuit, shown in the following figure, causes the induced
magnetic force. This circuit also includes a voltage source and a resistor.

2-12



magball Simulink Model

The following table describes the variables, parameters, differential equations, states,
inputs, and outputs of the Magnetic Ball Plant subsystem.

Variables

h is the height of the ball.
1 is the current.

Vis the voltage in the circuit.

Parameters

M is the mass of the ball.

g 1s the gravitational acceleration.

p 1s a constant related to the magnetic force.
L is the inductance of the coil.

R is the resistance of the circuit.

Differential
equations

The height of the ball, A, is described in the following equation:

2 .2
uah_ Mg _Bi”
dt? h

The current in the circuit, i, is described in the following equation:

[ P
dt

2-13




2 Steady-State Operating Points

States h
dh/dt
i

Inputs \%

Outputs h

See Also

More About

. “Steady-State Operating Points (Trimming) From Specifications” on page 2-3
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Linearization

+  “Applications of Linearization” on page 3-2

* “Open-Loop Response of Control System for Stability Margin Analysis” on page 3-3
* “Bode Response of Simulink Model” on page 3-7

+ “watertank Simulink Model” on page 3-12



3 Linearization

Applications of Linearization

Linearization is useful in model analysis and control design applications. After you
linearize a Simulink model at a specific operating point, you can use your linear model

to:

Compute the Bode response of the Simulink model.
Evaluate loop stability margins by computing open-loop response.

Obtain linear state-space, transfer-function, or zero-pole-gain representation of the
combined Simulink model that contains only linear blocks.

Analyze and compare plant response near different operating points.

Design linear controller

Classical control system analysis and design methodologies require linear, time-
invariant models. Simulink Control Design automatically linearizes the plant when
you tune your compensator. See “Design Compensator Using Automated PID Tuning
and Graphical Bode Design”.

Analyze closed-loop stability.

Measure the size of resonances in frequency response by computing closed-loop linear
model for control system.

Generate controllers with reduced sensitivity to parameter variations and modeling
errors (requires Robust Control Toolbox™).

Examples and How To

“Open-Loop Response of Control System for Stability Margin Analysis” on page 3-3
“Bode Response of Simulink Model” on page 3-7
“Steady-State Operating Points (Trimming) From Specifications” on page 2-3

More About

“Linearize Nonlinear Models”



Open-Loop Response of Control System for Stability Margin Analysis

Open-Loop Response of Control System for Stability Margin
Analysis

This example shows how to use the Linear Analysis Tool to analyze the open-loop
response of a control system.

This example shows how to compute a linear model of the combined controller-plant
system without the effects of the feedback signal. You can analyze the resulting linear
model using, for example, a Bode plot.

Open Simulink model.

sys = 'watertank';
open system(sys)

Href »( ) » Fifs) plinput  Output |-

Desired PID Centraller Scope
Water Level W ater-Tank Systemn

The Water-Tank System block represents the plant in this control system and contains
all of the system nonlinearities.

In the Simulink Editor, specify the portion of the model to linearize. For this example,
specify the loop opening using open-loop output analysis point.

1  Right-click the PID Controller block input signal (the output of the Sum block), and
select Linear Analysis Points > Input Perturbation.

2 Right-click the Water-Tank System output signal, and select Linear Analysis
Points > Open-loop Output.

Annotations appear in the model indicating which signals are designated as analysis
points.

3-3



3 Linearization

10— s PICE) oIt Output Ix ]
Desired FID C ontraller Scope
ater Lewel N ater-Tark System

Tip If you do not want to introduce changes to the Simulink model, you can specify the
analysis points in the Linear Analysis Tool. For more information, see “Specify Portion of
Model to Linearize in Linear Analysis Tool”.

Open the Linear Analysis Tool for the model.

In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

By default, the analysis points you specified in the model are selected for linearization,
as displayed in the Analysis I/Os drop-down list.

-
4\ Linear Analysis Tool - watertank EI@
[ LINEAR ANALYSIS ESTIMATION PLOTS AND RESULTS =
1 Load Session Analysis I/0s:  Model V0s « 7 Result Viewer e |'q|, {---\ X/
- ) o = = /
%53\@ Session Operating Po Wode! Mitial Condition [ Diagnostic Viewer / [ \\J [ \_:{ P e
G P ter Variati Mone {5} More Options Step Bode Impulse Myguist Nichols
FILE GENERAL OPTIONS LINEARIZE
Data Browser ®
m

To linearize the model using the specified analysis points and generate a Bode plot of the

linearized model, click Bode.

By default, the Linear Analysis Tool linearizes the model at the model initial conditions,
as shown in the Operating Point drop-down list. For examples of linearizing a model at
a different operating point, see “Linearize at Trimmed Operating Point” and “Linearize
at Simulation Snapshot”.



Open-Loop Response of Control System for Stability Margin Analysis

Tip To generate response types other than a Bode plot, click the corresponding button in
the plot gallery.

To view the minimum stability margins for the model, right-click the Bode plot, and
select Characteristics > Minimum Stability Margins.
| BodePlotl |

Bode Diagram
From: Sum1 To: Water-Tank System

35
-
30 - T -
) —~
= T
ag | T —
% - RH""-—_\_\_
=3 —
=
= —
S 20 — 4
g —
e
15 |- Systems g H'““'x.____h_ ]
Characteristics ! Peak Response ]
10 Show ' Minimurmn Stability Marginsp, ——
00 | Grid All Stability Margins -
v Full View .
~ _of |- . S
o] o Properties ...
- ;
— -
@ a0 - _
W o
= -
b= e
O ol o~ -
-
a0 " i

107"

Frequency (rad/s)

The Bode plot displays the phase margin marker. To show a data tip that contains the

phase margin value, click the marker.



3 Linearization

3-6

| BodePlotl |

Bode Diagram
From: Sum1 To: Water-Tank System

40 :
a0 |
E h-"‘"\-..
E R-""‘-m.
@O 20 - _""‘-h-.__\_____\_ -
E T
S of T 2
g H“‘“-u-_
= -"‘"—-.._____H_
D= e e e e e e e :""“-c..:\_;_: —————————
10 L
an - e T -
il _,"' H\\.‘_\\\
an - \\\ —
_ .
@ 90| System: linsys1 1
& ¥ sy
‘EJ' . Phase Margin (deg): 20 |
@ o Delay Margin {sec): 3.93
E -90 |- At frequency (rad/s): 0.4 .
- Closed loop stable? Yes
80 [ .. -
-90 [ | 1 \‘\*—:

102 107! 100

Frequency (rad/s)
For this system, the phase margin is 90 degrees at a crossover frequency of 0.4 rad/s.
Related Examples

+ “Bode Response of Simulink Model” on page 3-7
+ “Steady-State Operating Points (Trimming) From Specifications” on page 2-3

More About

+ “Linearize Nonlinear Models”

+ “watertank Simulink Model” on page 3-12



Bode Response of Simulink Model

Bode Response of Simulink Model

This example shows how to linearize a Simulink model at the operating point specified in
the model using the Linear Analysis Tool.

Open Simulink model.

mdl = 'watertank';
open system(mdl)

i

hJ

Impurt Ourtpurt

Hiref —p-@—» Fifs)
b

Desired FID Controller Scope
Water Level Water-Tank System

The Water-Tank System block represents the plant in this control system and includes
all of the system nonlinearities.

In the Simulink window, specify the portion of the model to linearize:

1 To specify the linearization input, right-click the output signal of the PID Controller

block, and select Linear Analysis Points > ié' Input Perturbation.
2 To specify the linearization output, right-click the output signal of the Water-Tank

System, and select Linear Analysis Points > Tw Open-loop Output. An open-
loop output point is an output measurement followed by a loop opening, which
removes the effects of the feedback signal on the linearization without changing the
model operating point.

When you add linear analysis points, the software adds markers at their respective

locations in the model. For more information on the different types of analysis points, see
“Specify Portion of Model to Linearize”.

3-7



3 Linearization

[re=ired
iater Lewel

10 —h-@—b Fliz) +2 Input  Output 1x ]

Input Point Cutput Point

hJ
hJ

F 3

FIC Controller Scope

W gter-Tark System

Loop Opening

For more information on defining analysis points in a Simulink model, see “Specify
Portion of Model to Linearize in Simulink Model”. Alternatively, if you do not want to
introduce changes to the Simulink model, you can define analysis points using the Linear
Analysis Tool. For more information, see “Specify Portion of Model to Linearize in Linear

Analysis Tool”.

To open the Linear Analysis Tool for the model, in the Simulink model window, select
Analysis > Control Design > Linear Analysis.



Bode Response of Simulink Model

A\ Linear Analysis Tool - watertank

LINEAR ANALYSIS ESTIMATION PLOTS AND RESULTS
" Load Session Analysis IDs: | Model I0s ~ I Resutt Viewer « /1
[ save session Operating Point: | Mode! Infial Condtion w [ Diagnostic Viewer r/T Y M @ [ [ -
[eF L ati None (&) More Options Step Bode Impulse Nyquist Nichols
FILE | SETUF | OFTIONS | LINEARIZE | a

Data Browser ®
Search workspace variables P

w MATLAB Workspace

Mame = Value
Ha 20
H Href 10
HH 2
Hb 5

w Linear Analysis Workspace

Mame « Value

w Variable Preview

To use the analysis points you defined in the Simulink model as linearization I/Os, on the
Linear Analysis tab, in the Analysis I/Os drop-down list, leave Model I/0s selected.

For this example, use the model operating point for linearization. In the Operating
Point drop-down list, leave Model Initial Condition selected.

To linearize the system and generate a response plot for analysis, in the Linearize
section, click a response. For this example, to generate a Bode plot for the resulting

linear model, click

3-9



3 Linearization

The software adds the linearized model, 1insys1, to the Linear Analysis Workspace
and generates a Bode plot for the model. 1insys1 is the linear model from the specified
input to the specified output, computed at the default model operating point.

4\ Linear Analysis Tool - watertank - Bode Plot 1

The linearization result "linsys1" is created in the Linear Analysis Workspace.

LINEAR ANALYSIS ESTIMATION PLOTS AND RESULTS BODE PLOT 1
[ Load Session Analysis IDs: | Model I0s ~ I Resutt Viewer
E Save Session Operating Point:  Model Initial Condition I Diagnostic Viewer ﬁ K/T ___\J /\/\/—g @ hd
@ i e o {5} More Options Bode Plot 1 Step Bode Impulse Nyquist
FILE | SETUP OFTIONS LINEARIZE =
Data Browser ® | BodePlot1 3|
Search workspace variables R .
Bode Diagram
w MATLAB Workspace
From: PID Confroller To: Water-Tank System
Mame Value 20 T T
4 2 o
- Href 10 T
— 10 — -
E a 2 % ~—
b 5 = T~
8 0 ~ 4
E ~
=] —
. - © N
w Linear Analysis Workspace = .y
-10 ]
Mame »
@ linsys1 Txl ss
-20 : :
g ____‘————__\__‘__hh ' '
—
_ x.,&\
g .
L .
w Variable Preview @ 45 ™~ 7
& N
m“‘ah
H"““h——_______
90 | |
103 102 107! 10°
Frequency (rad/s)

For more information on analyzing linear models, see “Analyze Results Using Linear

Analysis Tool Response Plots”.

You can also export the linearized model to the MATLAB® workspace. To do so, in the

Data Browser, drag 1insys1 from the Linear Analysis Workspace to the MATLAB

Workspace.
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See Also

IR
FILE

Data Browser @

Search workspace variables P

w MATLAE Workspace

Mame = Yalue
A 20
Href 10
a 2
b 5 | 5
T
c|h| mdl ‘watertank'

¥ Linear lysis Workspace

Mame Yalue

Tx1 =5

See Also

More About

. “Linearize Nonlinear Models”

. “watertank Simulink Model” on page 3-12

. “Open-Loop Response of Control System for Stability Margin Analysis” on page 3-3
. “Steady-State Operating Points (Trimming) From Specifications” on page 2-3
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3 Linearization

watertank Simulink Model

The Simulink model watertank includes the nonlinear Water-Tank System plant and a
PI controller in a single-loop feedback system.

B—Dt »| Flis) II | [nput Output » I:ll

Desired PID Controller Scope
Water Level Water-Tank System

The Water-Tank System is shown in the following figure.

Water enters the tank from the top at a rate proportional to the voltage, V, applied to the
pump. The water leaves through an opening in the tank base at a rate that is
proportional to the square root of the water height, H, in the tank. The presence of the
square root in the water flow rate results in a nonlinear plant.
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watertank Simulink Model

bv

& Watar in

The following table describes the variables, parameters, differential equations, states,
inputs, and outputs of the Water-Tank System.

Variables H is the height of water in the tank.
Vol is the volume of water in the tank.
V is the voltage applied to the pump.
Parameters A is the cross-sectional area of the tank.

b is a constant related to the flow rate into
the tank.

a 1s a constant related to the flow rate out
of the tank.

Differential equation

D en = 0 ol
dt dt

States H

Inputs \%
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Outputs
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4 PID Control Design

PID Controller Tuning in Simulink

This example shows how to automatically tune a PID Controller block using PID Tuner.

Introduction of the PID Tuner

PID Tuner provides a fast and widely applicable single-loop PID tuning method for the
Simulink® PID Controller blocks. With this method, you can tune PID controller
parameters to achieve a robust design with the desired response time.

A typical design workflow with the PID Tuner involves the following tasks:

(1) Launch the PID Tuner. When launching, the software automatically computes a
linear plant model from the Simulink model and designs an initial controller.

(2) Tune the controller in the PID Tuner by manually adjusting design criteria in two
design modes. The tuner computes PID parameters that robustly stabilize the system.

(3) Export the parameters of the designed controller back to the PID Controller block and
verify controller performance in Simulink.

Opening the Model

Open the engine speed control model with PID Controller block and take a few moments
to explore it.

open_system('scdspeedctrlpidblock');

»!
ot +_ p— Flis) " = Throttle Ang. Combustion
Speed r Air charge | Ar charge Engine
Referance »| Engine Speed, N Air Charge | Ar Charge radls Speed
»{n to rpm (rpm)

Torque Teng

Thrattle & Manifold Speed
2e
Induction to N M #(300pi P
Power Stroke Delay
Tload
Load Wehicle
- Dynamics Spasd

Drag Torque

¥

Copyright 2004-200% The MathWorks, Inc.



PID Controller Tuning in Simulink

Design Overview

In this example, you design a PI controller in an engine speed control loop. The goal of
the design is to track the reference signal from a Simulink step block
scdspeedctrlpidblock/Speed Reference. The design requirement are:

* Settling time under 5 seconds

+ Zero steady-state error to the step reference input.

In this example, you stabilize the feedback loop and achieve good reference tracking
performance by designing the PI controller scdspeedctrl/PID Controller in the PID
Tuner.

Opening the PID Tuner

To launch the PID Tuner, double-click the PID Controller block to open its block dialog.
In the Main tab, click Tune.

Main | PID Advanced | Data Types | State Attributes

Controller parameters

Proportional (P): 1 = Compensator formula

Integral (I): 1

Tune... .

Initial PID Design

When the PID Tuner launches, the software computes a linearized plant model seen by
the controller. The software automatically identifies the plant input and output, and uses
the current operating point for the linearization. The plant can have any order and can
have time delays.

The PID Tuner computes an initial PI controller to achieve a reasonable tradeoff between
performance and robustness. By default, step reference tracking performance displays in

the plot.

The following figure shows the PID Tuner dialog with the initial design:

4-3
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PID TUNER Ha d sl

Plant: Type: PI Domain: & - @ - { » p618 ) E D
Plant = Form: Parallel Time = Slower Response Time (secends) Faster
\{, Inspect & options + E Add Plot I t t t i - | 5.6 %+ Reset Show Update
Aggressive Transient Behavior Robust Design  Parameters Block =
PLANT CONTROLLER DESIGN TUNING TOOLS RESULTS
S - | Step Plot: Reference tracking |
-
=
=)
s}
= Step Plot: Reference tracking
1.4
I T I I

Tuned Response

Amplitude

Time (seconds)

Displaying PID Parameters

Click Show parameters to view controller parameters P and I, and a set of performance
and robustness measurements. In this example, the initial PI controller design gives a
settling time of 2 seconds, which meets the requirement.
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PID Controller Tuning in Simulink

ponse Time (seconds) Faster =
: W : | B + Reset
Transient Behavior Robust Design
|
Controller pararneters
Tuned Baszeline
p 0.0042253
ﬁ 1 0.0092411
0]
M
Performance and robustness
Tuned Bazeline
= Rize time 0.45 seconds MaM =econds
Settling time 1.96 seconds MaM seconds
Chvershoot 7.5 % Mal %
- |Peak 1.08 Inf
Gain rmargin 254 dB @ 16.7 rad/s -199 dB @ 19 rad/s

Phase rnargin

59.9 deg @ 2.95 rad/s

-46.6 deg @ 60.3 rad/s

- |Closed-loop stability

Stable

Lndefined

Adjusting PID Design in the PID Tuner

The overshoot of the reference tracking response is about 7.5 percent. Since we still have
some room before reaching the settling time limit, you could reduce the overshoot by
increasing the response time. Move the response time slider to the left to increase the
closed loop response time. Notice that when you adjust response time, the response plot
and the controller parameters and performance measurements update.

The following figure shows an adjusted PID design with an overshoot of zero and a
settling time of 4 seconds. The designed controller effectively becomes an integral-only
controller.
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PID Controller Tuning in Simulink

Controller parameters

Tuned Baseline
P il
I 00021263
)
M
Performance and robustness
Tuned Baseline
Rise time 2006 seconds MaM seconds
Settling time 345 seconds MaM seconds
Cwershoot 0401 % Mah %
Peak 1 Inf
Gain rargin 18.9 dB @ 3.27 rad/s -199 dB @ 19 rad/s

Phase margin

69.3 deg @ 0645 rad/s

-46.6 deg @ 60.3 rad/s

Closed-loop stability

Stable

LIndefined

Completing PID Design with Performance Trade-Off

In order to achieve zero overshoot while reducing the settling time below 2 seconds, you

need to take advantage of both sliders. You need to make control response faster to
reduce the settling time and increase the robustness to reduce the overshoot. For
example, you can reduce the response time from 3.4 to 1.5 seconds and increase

robustness from 0.6 to 0.72.

The following figure shows the closed-loop response with these settings:
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PID Controller Tuning in Simulink

Controller parameters

Tuned Baseline
P 00014551
I 00043791
)
M
Performance and robustness
Tuned Baseline
Rise time 1.09 seconds MaM seconds
Settling time 1.51 seconds MaM seconds
Cwershoot 0% Mah %
Peak 0.999 Inf
Gain rargin 32.8 dB @ 15 rad/s -199 dB @ 19 rad/s

Phase margin

72 deg @ 1.33 rad/s

-46.6 deg @ 60.3 rad/s

Closed-loop stability

Stable

LIndefined

Writing the Tuned Parameters to PID Controller Block

After you are happy with the controller performance on the linear plant model, you can
test the design on the nonlinear model. To do this, click Update Block in the PID Tuner.

This action writes the parameters back to the PID Controller block in the Simulink

model.

The following figure shows the updated PID Controller block dialog:
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4 PID Control Design

Main | FID Advanced | Data Types | State Attributes

Controller parameters

Proportional (P): 0.00145510935265297 = Compensator formula

Integral (I): 0.00437914512223441 1
P+I=
a2

Tumne...

Completed Design

The following figure shows the response of the closed-loop system:

} Engine Speed (rpm) |: E|E|
B LPLPL AEE @ A F ~

Speed
3500

2500

2000
=

1500L
0

Time offset:

The response shows that the new controller meets all the design requirements.
You can also use the Control System Designer to design the PID Controller block, when

the PID Controller block belongs to a multi-loop design task. See the example "Single
Loop Feedback/Prefilter Compensator Design".
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See Also

bdclose ('scdspeedctrlpidblock")

See Also
PID Tuner

More About

“Tune PID Controller to Favor Reference Tracking or Disturbance Rejection”
. “Analyze Design in PID Tuner”
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