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Introduction

Position, rate & acceleration saturations are:

I ubiquitous in most systems,

I particularly active during aggressive maneuvers,
I often the main cause for:

I performance degradations,
I stability degradation (reduced stability domain)

I non invertible, hard nonlinearities.

Consequence

In any control laws design process, these saturations must then be
taken carefully into account either a priori or a posteriori.
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Introduction: usual saturations are static

Normalized magnitude saturations
After symmetry has been restored (if necessary), by constant input
signals, magnitude saturations are easily normalized as follows:
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Next, it can be replaced by a deadzone-type nonlinearity, whose
nominal (inactive saturation) value is interestingly zero:
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Introduction: usual saturations are static

Rate saturations
Approximating relays with high slope saturations :
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one finally obtains, after normalization:
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making it possible to consider dynamic rate limitations as encapsu-
lated static saturations.
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Introduction: usual saturations are static

Limited Integrator
This operator is defined by:
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since:
lim
λ→∞

|v − ṽ| = 0
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Introduction: usual saturations are static

Towards a unified representation
From the previous slides, it is clear that any nonlinear actuator,
involving magnitude & rate limitations, as well as limited integrators,
can be (after rather straightforward transformations) rewritten in
the following standard form (the illustration is given here with 2
deadzones, but there might be more):
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Introduction: Analysis & Design Problems
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I Stability & Performance Analysis
I Global stability test
I Stability Domain Evaluation
I Limit-Cycle Analysis

I Stability & Performance Enhancement by anti-windup design
I restore global stability
I enlarge stability & performance domains
I remove unstable limit cycles or increase their magnitude
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Anti-Windup Design → the anti-windup structure
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Remark: Without saturations (w = 0), the anti-windup compen-
sation disappears (immediately or progressively according to the dy-
namics in J(s)) so that the closed-loop plant recovers its nominal
properties.
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Anti-Windup Design → loop transformations
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Anti-Windup Design → Nonlinear Closed-Loop Model

Under mild conditions, M(s) is assumed strictly proper:

M(s) =

[
CΦ

Cp

]
(sI −A)−1[BΦ Bv] (1)

while J(s) is researched in the general form:

J(s) = CJ(sI −AJ)−1BJ +DJ (2)

The nonlinear closed-loop model Σ then reads:

Σ :

 ẋ =

[
A BvCJ
0 AJ

]
x+

[
Bφ +BvDJ

BJ

]
Φ(z)

z =
[
Cφ 0

]
x , zp =

[
Cp 0

]
x

(3)
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Anti-Windup Design: → Stability & Performance

Two different design strategies can be considered:

I a Lyapunov-based approach: search for a quadratic Lyapunov
function V (x) whose level sets will characterize stability and
performance domains.

∀x ∈ E = {x/V (x) ≤ 1} , V̇ (x) +
1

γ
z′pzp < 0 (4)

I a (possibly conservative) rigorous approach
I limited to medium-order plants (nstates < 20)

I an H∞-based approach: minimization the weighted transfer
Tw→z(s) ”seen” by the deadzone nonlinearity.

I structured gains can be obtained on large systems,
I linear framework ⇒ no access to specific domains

J-M. Biannic 12 / 24 Anti-Windup Design



Introduction Anti-Windup Design Tools & Application

Anti-Windup Design

Property of the Lyapunov-based approach
The resolution of (4) boils down to an LMI problem and is thus
convex in the following cases:

I full-order case: dim(AJ) = dim(A)

J(s) = CJ(sI −AJ)−1BJ +DJ

I fixed-order case with fixed poles

J(s) = CJ(sI −AJ)−1BJ +DJ

I static gain
J(s) = DJ
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Anti-Windup Design: → An Algorithm

Fixed-Dynamics Anti-Windup Synthesis

1 perform a convex full-order synthesis:
1 Minimize γ in (4) under LMI contraints
2 Compute J(s).

2 Fixed-Dynamics Synthesis
1 Choose a set of relevant poles in J(s),
2 Fix AJ and CJ from the selected poles
3 Minimize γ under modified LMI constraints
4 Compute BJ and DJ .
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Why a Toolbox ?

I The above algorithm is not straightforward and requires a signif-
icant expertise to be implemented and cover all possible cases,

I Even with a powerful routine implementing all different cases
(full, reduced and fixed order anti-windup design), the construc-
tion of the input argument Σ(s) is not trivial...

Contents of the SAW Library
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The SAW Library: SAWLIB Simulink interface
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Application: Design & Simulation diagrams with SAWLIB

Example of a design model for anti-windup synthesis against
magnitude & rate saturations (”AW design model.slx”)

... and its simulation-oriented version (”AW design sim.slx”)
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Application: Call to the main routine awlsyn

Static Anti-Windup Design
>>[J,P,crit]=awsyn(’AW design model’);

Full-Order Anti-Windup Design
>>[J,P,crit]=awsyn(’AW design model’,’full’);

Fixed-Dynamics Anti-Windup Design
>>[J,P,crit]=awsyn(’AW design model’,[-3 -6+2*j]);
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Results: response to 20 deg step command on α
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Plot 0 - orange

Without anti-windup

Unstable

The PID controller works until the reference remains below 7 deg.
Beyond, performance degradations are observed and stability is lost
when αr > 7.8 deg.
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Results: response to 20 deg step command on α
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full−order dynamic AW controller            
optimizing the amplitude of the input signal

without AW

(plot 1) 

(plot 0) Plot 1 - black

Full-order
(stability)

Stable, but
poor performance

This controller is computed to maximize αr under which the stability
is guaranteed ( ᾱr = 29.6 deg!), without looking at performance.
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Results: response to 20 deg step command on α
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full−order dynamic AW controller
optimizing the performance      

full−order dynamic AW controller            
optimizing the amplitude of the input signal

without AW

(plot 1) 

(plot 2) 

(plot 0) Plot 2 - blue

Full-order
(performance)

Correct response,
but small overshoot

This controller minimizes the energy γ of the error α− αlin.
A reasonably small value is obtained (γ = 0.11)
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Results: response to 20 deg step command on α
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optimizing the performance      

full−order dynamic AW controller            
optimizing the amplitude of the input signal

reduced−order AW controller

without AW

(plot 1) 

(plot 2) 

(plot 3) 

(plot 0) Plot 3 - red

Reduced Anti-windup
fixed poles

Fast response
no overshoot

The poles of the full-order controller are analyzed and a selection is
achieved:
−0.0013 −0.45 −1.80 − 4.21 − 5.53± 3.23j −548 −4750
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Results: response to 20 deg step command on α
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full−order dynamic AW controller
optimizing the performance      

full−order dynamic AW controller            
optimizing the amplitude of the input signal

reduced−order AW controller

static AW controller 

without AW

(plot 1) 

(plot 2) 

(plot 3) 

(plot 4) 

(plot 0) Plot 4 - magenta

Static anti-windup
(performance)

Correct reponse,
but a bit slow

This controller reduces to: J(s) = DJ .
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CONCLUSION & PERSPECTIVES

In this talk, a brief introduction to saturated systems and anti-
windup design has been presented with a special focus on the cur-
rent version of the SMAC/SAW Library.

New versions of the tools will appear in a near future including:

I improved H∞-based anti-windup design

I limit-cycle detection & avoidance tools.
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