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For linear systems, the control law design is often performed so that the resulting closed-loop meets
specific frequency-domain requirements. However, in many cases, it may be observed that the obtained
controller does not enforce time-domain requirements amongst which the objective of keeping an output
variable in a given interval. In this article, a transformation is proposed to convert prescribed bounds on an
output variable into time-varying saturations on the synthesized linear control law. This transformation
uses some well-chosen time-varying coefficients so that the resulting time-varying saturations do not
overlap in the presence of disturbances. Using an anti-windup approach, it is demonstrated that the origin
of the resulting closed-loop is globally asymptotically stable and that the regulated variable satisfies the
time-domain constraints in the presence of an unknown finite-energy bounded disturbance. An application
to a linear ball and beam model is presented.

Keywords: constrained control; linear systems; unknown disturbance; interval constraint; time-domain
constraint; anti-windup

1. Introduction

To stabilise a given system, many techniques exist to obtain a control law satisfying to specified
constraints. As far as MIMO systems are concerned, H,, loop-shaping can for example be used
to enforce frequency-domain requirements. However it is possible that, using such control law,
time-domain requirements on a so-called regulated variable « = C,y € R are not fulfilled. This is
illustrated on Fig. 1 where « time-response violates expected bounds [a(t), @(t)]. In practice, a good
knowledge of the studied system is often sufficient to shape its time-response. However, designing
controllers satisfying to such prescribed time-domain requirements remains tedious and relies on
numerous trial-and-errors involving simulations. Consequently, for more complex systems, and from
the theoretical point of view, dedicated methods are often required to enforce both stability and
time-domain constraints.

Amongst existing strategies to enforce time-domain requirements like response-time or overshoot
limitation, it is possible to mention the work presented in Gevers (2002) which introduced the notion
of Tterative Feedback Tuning (IFT). The idea is to shape the closed-loop in response to specific
input signals so as to satisfy time-domain constraints. In the PID-tuning case, a comparison with
practitioners methods was performed in Mossberg, Gevers, and Lequin (2002) which gives a hint
on how to achieve time-domain requirements using this method. Time-domain specifications are
also treated through optimal control strategies as extensively presented in Goodwin, Seron, and de
Donéd (2005). These approaches include model predictive control (MPC) in which the optimisation
problem can take constraints into account, see for example Chen and Allgéwer (1996) or Chen and
Allgéwer (1999). Computationally effective methods close to MPC are reported in Ghaemi, Sun,
and Kolmanovsky (2012). The notion of reference-governor to adjust the reference trajectory so
that the constraints on the system are satisfied is also noticeable. It was presented in Gilbert and
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Kolmanovsky (2002) with an application to aerospace systems in Pol6ni, Kalabié¢, McDonough, and
Kolmanovsky (2014). The combination of frequency-domain and time-domain constraints has been
explored in Apkarian, Ravanbod-Hosseini, and Noll (2011) and references therein. This method
makes use of non-smooth bundle optimization methods and is referred to as “constrained structured
Ho-synthesis”. It combines simulation optimization with H,, synthesis to enforce both frequency-
and time-domain requirements.

a(t)
//\\\ a
— « t
d G(s) Y \V/ o
K(s)

Figure 1. Illustration of system (G) in closed-loop with controller K. The requirement on the regulated variable a(t) is violated.

These strategies often include the control law design, especially when an optimising scheme is
used. Alternative schemes including anti-windup systems were proposed for example in Turner and
Postlethwaite (2002) and Rojas and Goodwin (2002). Compared to the aforementioned results, the
anti-windup design is interesting because the nominal control law remains unchanged when acting
far from the constraints. Also, an extensive literature on the subject is available, see Tarbouriech
and Turner (2009) or Galeani, Tarbouriech, Turner, and Zaccarian (2009) for instance. However,
there is not necessarily a guarantee on the fact that the time-domain constraints will actually
be satisfied. In this article, the approach presented in Burlion (2012) and applied for example
in Burlion and de Plinval (2013) is presented in-depth for state-feedback minimum-phase linear
systems subject to disturbances. The output— to input—saturation transformation (OIST) theory
proposes to reformulate prescribed bounds on the regulated variable « into state-dependent satura-
tions on the control input u. This approach is illustrated on Fig. 2 where an ad hoc saturating block
is inserted before the system control input. As indicated in this figure, additional information may
be required to express these saturations. Using this method along with some assumptions, it is pos-
sible to obtain guarantees on the fulfilment of the time-domain constraints when an unsatisfactory
control law has already been designed.

Figure 2. Illustration of system (G) in closed-loop with the saturations obtained using OIST, and expected performance result.

This article is an extension of the work presented in Chambon, Burlion, and Apkarian (2015a). It
gives a comprehensive description of the method for minimum-phase linear systems with unknown
finite-energy bounded disturbances. It also provides a stability proof when inserting the obtained
saturations in the closed-loop. Other cases of application were presented in Chambon, Burlion, and
Apkarian (2015b).

The article is organised as follows: the ball and beam example is introduced in Sect. 2 as a
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case study to introduce the OIST problem formulation. Notations and definitions along with some
functions properties are also presented in this section as well as the assumptions satisfied by the
considered class of systems. Then, the output to input saturations transformation proposed to
solve this problem is presented in Sect. 3. Due to the conservatism introduced by the bounds on
the disturbances, special attention is paid in the selection of the design parameters so that the
resulting time-varying saturations do not overlap!. Stability of the system in closed-loop with the
obtained saturated control is established in Sect. 4. Finally, the whole approach is applied to the
linear ball and beam model in Sect. 5. Conclusions and perspectives are then presented in Sect. 6.

2. Problem formulation

2.1 Definitions and notations

Before introducing the problem in Sect. 2 and for the sake of consistency, some definitions and
notations are presented or recalled here.

2.1.1 Acronyms
The acronyms listed in Tab. 1 are used throughout the article.

Table 1. Acronyms.

Acronym  Definition

CICS Converging Input Converging State

GAS Globally Asymptotically Stable (system)
GES Globally Exponentially Stable (system)

ISS Input-to-state Stable (system)

LQR Linear-Quadratic Regulator

LTI Linear Time-Invariant

MIMO Multiple Inputs Multiple Outputs (system)
OIST Output to Input Saturation Transformation

2.1.2 Notations

If not stated otherwise, the state-space representation of a LTI system (G) is denoted G =
(A,B,C,D) where A e R"™", B = [Bqg By Be] eER™ CeR™"andD =[Dgq Dy, D] €
R™*!_ The state vector is then denoted 2 € R™ and the measurements vector is denoted y € R™
with m < n. The input vector lying in R is divided between the control inputs denoted u and
the unknown inputs (disturbances) which are denoted d (state disturbance) and e (measurements
disturbance). The transfer function from an input u to an output y is denoted To,—sy(s) where s is
the Laplace variable.

Inequalities involving matrices of identical dimensions are understood component-wise: let
(A,B) e R then, A<B & V1<i<n,Vl<j<m, A < Bj;.

For a given bounded vector x(t), if the bounds are known they are denoted (x(t),z(t)), i.e.
vt, z(t) < x(t) < z(t).

The saturation and deadzone functions applied to a bounded variable & are respectively denoted
sat® (x) and Dz% (x). They are related to each other by

sat2 (z) = = — D72 (z) (1)

1For more details on how the notion is used in the following, the reader should refer to Def. 1.
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The standard Euclidean norm of a given signal x(t) defined for ¢ > 0 is denoted |x||. The
Lo-norm of the same signal is denoted |||, and is given by

], = /0 ()2 dt @)

2.1.3 Definitions

Some definitions are now introduced, starting with the notion of the “overlap” of two signals:

Definition 1: In the article, the term “overlap” is used to refer to two signals taking the same
value at a given instant and possibly changing order. Given two unidimensional signals s(t) and
5(t), a definition of overlapping would thus be: 3¢t; > 0, § > 0 such that V¢ < 1, s(t) < 5(t) and
Vt € [t1,t1 + 6], s(t) > 5(t).

The Lambert function will be used to define constants. It is defined as follows:

Definition 2: Let Vz € R, F(z) = xze”. The inverse function of F' is the Lambert function denoted
Wo(y) which fulfils Yy, F (Wy(y)) = Wo(y)e"o®) =y,

This definition is used to define constants which in turn will help define differentiable approxi-
mates of some non-differentiable functions:

Definition 3: Let define the constants £ := %WO (%) + % and Z := £ — tanh(§)¢ > 0. Using these
notations, let also define the following functions, V(z,y) € R?:

fabs () = tanh(z)x +E
Jmax (SU,Z/) = % [x"i_y"i'fabs (.%' _y)] (3)
g(x, y) = fmax (fabs (LL’) , Jabs (y))

which definition is extended to vectors (x,y) € R"*? in a component-wise manner. This definition
triggers some remarks:

Remark 1: Note that ¢ is the solution to the equation (2z — 1)e?® = 1. Also note that fabs, fmax
and g are continuous differentiable over R or R%. Moreover,

o Vz € R, fabs () > |2[;
i V($7y) € R27 fmax ($7y) 2 max(xay)'

1

Proof. First, let f(z) = (22 — 1)e**. Then, f(§) = Wy (2) Wo(De = 1 x e = 1 by definition of
the Lambert function. Second, using the basics of functional analysis on the function h(z) defined
by Vz, h(z) = fabs (z) — |z|, the inequalities in Remark 1 are achieved. As far as the function
fmax 18 concerned, the same study is performed using the following equality: V(z,y), max(z,y) =
3z +y+lz—yll.

O

The following definitions are directly related to the implementation of the OIST method.

Definition 4: Let k£ € N. Considering a LTI system (G), the regulated output variable a(t) =
C.y(t) is said to be of relative degree k with respect to w if and only if
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Figure 3. Representation of the absolute value function (in black) and its differentiable approximate f,ps (in blue) over the
interval [—3, 3].

V0 <i<k—1, CoA'B, =0 and C,AF 1B, #0 (4)

Definition 5: Let S = [50 sk] € R¥*1, The function

o(S) = [o(s0) ... o(sp)] (5)

where

N ) osi i 1<i<k
o(si) '_{ s if i=0 (6)

is called the cyclic permutation of length k£ + 1 on the elements of S.

2.2 Case study

In this section, an example is introduced where the control synthesis problem has been solved. In
this case, there is a violation of the expected time-domain performance of the considered regulated
variable o which motivates the formulation of a new problem in Sect. 2.3. The solution to this
problem is the main result proposed in this article.

Note that in this example, a more thorough control design study may be sufficient to enforce the
time-domain requirement. However, this is not considered in this article for two reasons:

e the OIST method was proposed to enforce time-domain requirements when the controller is
not able to do so;

e other criteria often enter in the control design. Enforcing the time-domain criterion may
degrade nominal performance from other points of view.

The OIST method proposes to achieve a time-domain requirement while ensuring the nominal®
performance. This case study is dedicated to the position control of a ball on a beam. The physical
system and the notations are represented in Fig. 4.

2In the sense: when the time-domain condition is met.
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Figure 4. Ball and beam system example, thick dots represent fixed axes of rotation

0.05
0

—0.05

1L

60 70

0 10 20 30 40 50 80 90 100

0.04
0.02

—0.02 +

—0.04

10 20 30 40 50 60 70 80 90 100

Figure 5. Disturbances d and e applied to the ball and beam system in simulation.

The beam is actuated using a lever arm. An unknown disturbance force d is eventually applied
to the ball acceleration and an unknown bias? e is introduced on the measure of the ball position
r. Both disturbances are represented on Fig. 5. The state vector of the system is defined by
T = [r 7'“]T and the measurements vector by y = 4+ D.e where D, = [1 O]T. The regulated
variable is defined as:

a(t) = Cay(t) = Cax(t) + CoDee(t) = Cox(t) + Eqe(t) (7)
with C, = [1 O] and E, = 1. It corresponds to the measured disturbed ball position.

The reason for monitoring this variable is quite obvious. The beam length is limited to L = 1 m
which means that even a theoretically stabilizing control law can result in the ball falling off the
beam. The objective — i.e. the time-domain requirement — is thus to satisfy V¢, 0.1 < a(t) < 0.9
(in meters) while driving the system from 79 = 0.5 m to the setpoint rs = 0.6 m. The system
state-space representation is given by:

3In simulation, a uniform number generator with limited rate is used.
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0O 10 20 30 40 50 60 70 80 90 100

Figure 6. Simulation of the control signal v using the controller with integral action defined in Eq. (10).

01 0 0 0 00 1
A:[o 0]’32[1 —0.21 o]’C:IQ’D:[o 0 0] ®)

where the inputs are respectively d, u and e. As far as the nominal control design is concerned,

it is decided to implement a state-feedback controller with integral action to achieve steady-state
accuracy. Let consider the following augmented system

A 0 B, 0
Aa - |:_Cint 0:| 9 B(l - |: 0 1:| (9)

where B, = [0 —0.21]T and Cijpx = 7. Using LQR design on this augmented system with

R = diag ([10 4]) and Q = diag ([1 10 10] ), the following state-feedback gain K, and integral
action gain K; are obtained:

K _ [0-3156 —2.0037] o _ [0.0644
P~ 00322 —0.7661|° T |1.5779

which state-space representation is given by

() { Tx (1) -Ki(2)zg(t)+ [0 1] {y, —y(t)}
y(t) = —Kizx(t) +Kp{ys—y(t)}

(1)

where y, = [rs O]T. This dynamic controller is stable and yields good results on 7s-setpoint
tracking. The control signal simulation is shown on Fig. 6. However, violation of the time-domain
requirement 0.1 < a(t) < 0.9 occurs as one can see on Fig. 7.

2.3 Problem formulation

Let consider a LTI system (G) with the following state-space representation:
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Figure 7. Simulation of the regulated variable o (in blue). The time-domain requirement (in red) is clearly violated. The
set-point 75 is represented in green.

x(t) = Ax(t)+ Byu(t) + Bgd(t) State
(G)< y(t) = x(t) + Dee(t) Measurements (12)
a(t) = Cux(t) + Eqe(t) Regulated variable

where u € R is the control input, d € R is an unknown disturbance and e € R is an unknown

signal. The time-domain constraint consists in ensuring «(t) € [a(t), a(t)], ¥t where «a(t) and a(t)

are design parameters. This is expressed in the following problem — which was introduced in Burlion
(2012) and translated in the linear framework in Chambon et al. (2015a):

Problem 1: Find [u(t),u(t)] and Cy such that

a(t) € [at),at)], vi (13)

for the system described as

z(t) = Az(t)+ Byu(t) + Bgd(t)

y(t) = & t) + Dee(t)

a(t) = Cuax(t) + Eqe(t) (14)
ut) € [ult),u(t)]

o e C

where x € R™, y € R™, u € R is the command input, d € R is an unknown disturbance and e € R
is an unknown signal with E, € R.

Remark 2: Note that d and e are chosen as unidimensional signals. This is non-limiting as long
as the hypotheses are satisfied on each component in case of multidimensional signals.

Finding a solution to this problem motivates the Output to Input Saturation Transformation
(OIST) where a constraint on the output « is transformed into saturations [u(t), u(t)] on the control
input wu.
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2.4 Assumptions

Prior to the application of the transformation which will be presented in Sect. 3, the considered
system has to fulfil some assumptions which are recalled here. First, the time-domain requirements
needs to be meaningful:

Assumption 1: [t is assumed that the expected bounds on the requlated variable o are chosen
constistently:

Vt, @(t) > a(t) (15)

Assumption 2: The time-domain requirement signals are supposed to converge towards constant
values satisfying Assum. 1:

li =a”, lim a(t) =a* 1
Jim a(t) = a”, lim a(t) =@ (16)
Second, the relative degrees of the regulated variable with respect to the inputs is detailed:

Assumption 3: Let (k,1) € N? such that 1 <1 < k. It is supposed the regulated variable o is of
relative degree k (resp. 1) with respect to u (resp. d).

Let D(t) = [d d ... d(k*lfl)]T e R'and E(t) = [e ¢ ... e(k)]T € R*1. The next
assumption makes sure that these quantities are bounded by known time-varying matrices.

Assumption 4: Continuous time-varying bounds [D(t),D(t)] on the unknown disturbance and
its derivatives D(t) are supposed to be known, that is

D(t) < D(t) < D(t), Vt (17)

or, more precisely,

VO<i<k—1—1,d9) <dP@) <do(t), vt (18)

The same holds for E(t) with time-varying bounds [E(t),E(t)]. Also:

. o * . — . . . o * . - . =x
lim D(t) = D", lim D(t) =D, lim E(t) = " and lim E(1) =& (19)
where D* = [d* 0 ... 0}, etc.

As conservative as this assumption may be, it is not so different from supposing the disturbances
follow some theoretical model. The following assumptions will be used in the proof of the system
state convergence in closed-loop:

Assumption 5: The disturbance d is supposed to be of finite energy ||d||, < co. The same holds
for e with energy ||el|, < co.

Assumption 6: Let K(s) = (Ax,Bk,Cxk,Dxk) a strictly stable controller with state vector di-
mension ny . It is supposed the control law u = K (s)y asymptotically (resp. exponentially) stabilizes
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system (G) to the origin ** = 0 (without loss of generality), under Assum. 5 (resp. d = 0 and
e =0). The controller state at the equilibrium is denoted x7, = 0.

In this article, only minimum-phase systems are considered. In the non-minimum-phase case,
additional analysis is required to ensure stability, which is considered as a perspective for future
works.

Assumption 7: The zeros of the transfer function T\,—(s) from the control input u to the regu-
lated variable o are supposed to be of strictly negative real part.

To simplify the formulation of iterative expressions for the saturations components, the following
assumption is made to ensure some terms will not re-appear upon derivation of the components:

Assumption 8: The relative degrees in Assum. 3 satisfy to the relation 21 > k.

For any system fulfilling these hypotheses, the Output to Input Saturation Transformation
(OIST) is proposed as a solution to Pb. 1. This transformation is detailed in the following section
while closed-loop stability is established in Sect. 4.

3. Output to Input Saturation Transformation

The Output to Input Saturation Transformation is presented in this section in the case of known
LTT systems fulfilling Assum. 3 to 8. In presence of unknown disturbances d and e, time-varying
coefficients are used in the obtained saturations so as to avoid overlap. Their expressions are derived
from the known bounds on D(t) and £(t).

3.1 Regulated variable differentiation and relative degree

Using Assum. 3 and 8, the k-th derivative of the regulated variable « in function of u, d and e(®)
has the following expression:

k
a®(t) = CoAFa(t) + Eae®™ (t) + CoAF ' Byu(t) + > CoAV 'Bad* ) (1) (20)
j=l

By definition of the relative degree (Def. 4), the k-th derivative of the regulated variable a thus
depends on the control input signal u(¢). In the next section, a lemma will be formulated so that
properly differentiated design bounds on « can lead to saturations on u, using Eq. (20).

3.2 Fulfilling the time-domain requirement

Considering Pb. 1, the objective is to ensure a(t) € [a(t), a(t)], Vt. In this section, it is shown how
adequate constraints on the successive derivatives of o can be used to fulfil this requirement. Let
consider a vector of known positive time-varying signals

k(t) = [k1(t) ... k()] € RE (21)

which will act as “design parameters”. Let o(®(t) = a(t) and o©O(t) = a(t). Also con-
sider the vectors A(t) = [a(t) ... oz(k)(t)]T, Q) = [aO@%) ... ﬂ(t)]T and Q(t) =

10
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__ N
[a(o) t) ... ak® (t)] . Using these notations, the following lemma is proposed:

Lemma 1: Let A(0) € [£2(0),Q(0)]. Let define V1 < j < k, Vt:

—

ad(t) = 0 (a(jfl)@) — a(jfl)(t)) + a(j‘l)(t)

P (22)
al(t) = () (aGD(E) —ali-D(1)) + alT-D(t)
Then,
aW(t) e [& (t),%(t)} V= alt) € [alt), alt)], vt
Proof. See Appendix A. O

Remark 3: As shown in Sect. 3.3, the OIST method consists in transforming output constraints
into time-varying input saturations. It will be proved in Th. 1 that the introduction of the time-
varying coefficients k(t) in Eq. (21) is crucial to avoid the time-varying input constraints to overlap.
Note that in the absence of unknown disturbances, these coefficients could be chosen positive
constants, see Burlion (2012).

Remark 4: Considering Eq. (22), the notations are determining. For example, it should be clear
that Vj, Vt, a9 (t) # () () (t). More generally, and using notations defined later?, V¢, Q(t) # A(t).
Moreover, while A(t) can be determined quite easily, this is much more difficult for £(¢) since it
depends on possibly unknown variables.

The main purpose of this lemma is to be able to satisfy the time-domain requirement on «(t)
while setting constraints on a(*)(¢). Since the k-th derivative a¥)(t) depends on wu, this in turn
leads to saturations on the control input signal which allow to fulfil a(t) € [a(t), @(t)], Vt. This is
presented in the next section.

Remark 5: Note this Lemma is still valid when introducing more conservative bounds @ (t) and
Bi(t) on aW)(t), V1 < j < k:

vt, a9(t) < f(t) < a9 (t) < Fi(t) < al(t) (23)

Of course, there is no more relation between these new bounds such as in Eq. (22). Their expres-
sions can however be obtained using the expressions of the original bounds. This remark will be used
in Sect. 3.5.1 to derive differentiable k(t)-coefficients from differentiable — yet more conservative —
bounds.

3.3 Control saturations

Given Assum. 3, there is CoA* 1B, # 0. Let also suppose that CoA* 1B, > 0. Considering
Lemma 1 and Eq. (20), and supposing that the expressions of a*)(t) and a(*)(t) are known V¢,
the saturations to apply to the control input u are obtained in Eq. (24). In this case, it is also
supposed that d and e are known signals:

4See Sect. 3.4.

11
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ult) = g {ﬂ(t) — C AFx(t) — Eae®(t) — ZJ , Co AT 1Bydk=9) (¢ )}
NG) (24)
ut) = sxw [a(k)(t) — CoAFx(t) — Eae®(t) — Z * CoATTIBdF ) (¢ )}

In case the disturbances d and e are unknown but Assum. 4 is satisfied, the following more
conservative expressions are obtained:

ult) < wlt) = gabg [a(t) - Calla(t) + || max (e (t)], 1R (1))

+ )| Ca AT~ By max (|a=2) (1), [dF-3)(¢ r)}

L (25)
at) > wet) m[a<k>(t)—caAkm() B, |max(|e |)

34| CaAd ™ By  max (|40 (1), \d’w()r)}

With a slight abuse of notation, the expressions from Eq. (25) will be used and denoted re-
spectively u(t) and u(t). Before concluding this section, the following remark is made where it is
observed that the expressions in Eq. (25) may be inconsistent due to the introduced conservatism:

Remark 6: For the saturations definition in Eq. (25) to be consistent and to avoid the control
input saturations to overlap, one must ensure that u(t) < u(t), V¢, i.e.:

k
a1(t) = M (1) > 2 B max (1), [e®]) + 23 [Co AT By  max(|d* D], [dF))  (26)
j=l

Remark 7: In case C,A* !B, < 0 and to avoid loss of generality, proper re-ordering of u(t) and
u(t) is required. For a given input signal u, the saturating operator can be defined as follows:

sat(u)(t) := max(min(u(t), w(t)), min(u(t), max(u(t), u(t)))) (27)

Proof. It is proved here that the operator sat(u)(t) as defined in Eq. (27) fulfils sat(u)(t) €
(), a(t)), Vi

e suppose u(t) > u(t), Vt. Then, min(u(t),u(t))
Eq. (27) becomes sat(u)(t) = max(u(t), min(u(t
e Suppose u(t) < wu(t), Vt. Then, min(u(t),u(t))
Eq. (27) becomes sat(u)(t) = max(u(t), min(u(t),

gl

‘ﬁ\_/
—~—
~— 4 ~— T

and max(u(t),u(t)) = w(t). Thus,

—~
~

)
) and max(u(t), () = w(t). Thus,

gl g |l

(

In both cases, the expected result is obtained. O

~
S~—
S—

3.4 Determination of bounds on the regulated variable derivatives

In this section, an expression is established of the successive bounds on the derivatives of the
regulated variable «. This is done using the iterative definition given in Eq. (22) and supposing at

12
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first that d and e as well as their derivatives are known.
For any integer j such that 1 < j < k, let define the two following vectors:

o Ui(t) = [ul(t) ... ui:(t)] € R (*+1) where u]( ) =1and Vi > j, u!(t) = 0;
o Vi(t) = [vé(t) vi_l_l(t)} € R0 where Vi > max(—1,j — 1 — 1), vf(t) =0 and

T _ . T
Let A = [Q @ (7)(@} e R A4 = |5 5§ @™ and ®@ =
[C, CoA ... C,A ] e RE+Dxn SQupposing 8( ) and D(t) are known, one can express the
bounds o (¢) € R and a()(¢) to be satisfied by o) (t), Vt, as

ad(t) = UI(t) {A(l) — Ox(t) — Ea€(1)} + CaAla(t) + Eae)(t) — VI(1)D(1)

all(t) = UI(t) {A(t) — Ox(t) — E,€(t)} + CaAla(t) + Ened(t) — VI()D(1)

(28)

Then, using Eq. (22), one can obtain the coefficients vectors U7 and V7 iteratively. This is
illustrated in Eq. (29) where o (U7~1) (¢) is the cyclic permutation of length k + 1 on the elements
of UI7Y(t), as defined in Def. 5.

v = [0 0
Vist.1<j<k U(t) = n()UJ )+ 070 + o (U1)
Vist.0<j<l, V(i) = 0 |
Vistl<j<k, VI(t) = () (VITU(t) + CaATTTH[AFIB, L. AZTIBY]) + V(1)
+U(Vj_1(t)) [ZJ -1 jf (t)CaAl*Hde 0 .. O}
(29)

Proof. Tedious rewriting of Eq. (28) in explicit form and using Eq. (22) to express aUt1) for j > 0
starting with o9 () = a(t) leads to Eq. (29). The same calculus is performed as far as the upper
bound is concerned. O

Remark 8: Using the obtained iterative expressions and the fact that ud(t) = ki(t), one can
determine that Vj, 0 < j < k, u§-+1 )=S0 K (t).

However, €(t) and D(t) are concatenations of unknown signals. By Assum. 4, only bounding
signals are known on these disturbances. As stated in Remark 5, Lemma 1 is still valid if more
conservative bounds are considered for application on the derivatives a9 (t). In case £(t) and D(t)
are bounded by known bounds, the expressions in Eq. (28) become

gt = U’ (t) {A(t) — (t)}+]E HU‘7 \max(\é’ )| \8 \)+CaAjac(t)
+ |Eo |max<‘€ ’ D-l—‘vj ‘max(\'D ) "D ‘) (30)
30
Bi(t) = U(t) {At) - Ox(t)} — \E HUJ )| max (|E(t)], |E(t)]) + CaAlz(t)
— || max (|e0)(1)], [0 (1)) = [V2 ()] max (1D(1)],[D(0)])

13
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In case differentiable bounds are expected, the expressions in Eq. (31) are considered, where
Def. 3 is used.

V(t) = U {A(1) ~ Oz (D)} + |Eal funs (U7(1)) g (E(6),E(1) + Cahla(?)
+1Eal g (€92(6), 6D (1)) + fan (VI(1) g (D(8), D))

_ o . _ (31)
() = UI) {AW) - O2(t)} — [Bal furs (U (1)) g (E(1), E(1)) + CoAa(2)
~Bal g (¢9)(8),e0(1)) ~ fuvs (VI(1)) 9 (D(1), D))
where the following is fulfilled VO < j < k, V¢:
al(t) < Ft) < A
_ _ (32)

aO(t) > Bi(t) = (1)

which is compatible when used along with Lemma 1 as stated in Remark 5. However, the intro-
duction of some conservatism requires to choose the coefficients k(t) in U’(t) and V7(t) wisely.
This is considered in the next section, along with other problems.

3.5 Saturations analysis

Using the expressions in Eq. (30) with j = &, the objective is to ensure a®)(t) € [ﬁk( ), BE(t )} , Vi
so that, after using Lemma 1, the time-domain requirement is fulfilled:

Bt = UR() {A() - Ox(t)} + [Eal [U* (1) max ()] [E(®)]) + CaAla(t)

+ |Eq |max<‘e 8|, ‘ (k) (¢ D—i—‘Vk )| max (|D(t)], |D(t)])
_ _ (33)
BE(t) = UF@E) {A(t) — Ox(t)} — |Eq| [UF(t)| max (|E(t)],|E()]) + CaAFx(t)

~ || max (|e® )], [®(0)]) = [V*(@0)| max (2)], [D(#)])

These expressions are then used in Eq. (25) in place of a®)(¢) and a(®)(t) to obtain explicit
expressions of the control input saturations:

ut) = gatgs UM CAW) — Ow()} + |Bol [UF(0) max (1E()

®1)

+2|Ea|max(\&(t)\,]@(t)‘)+|vk )| max (|D(t |\D )|

+ Y8 | Ca T By max (|a*=9) ()], [ (1))
(34)

g
—~
~
~—

C,A" 1B,
®)]

— b |CaAT 1By | max (1d% ) (¢)], [ (1))

2| E,| max (\&(t)\ , ]@(t)‘) — |VE(t)| max (|D(%)

)
)
s [UR () {A(t) — ©x(t)} — |Ea| |[UR(2) |max(|£ ), }S )|)
)
)

14
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These now depend on the design parameters k(t) from Eq. (21), A(t) and A(t) and on the signals
describing the limited knowledge of the disturbances: D(t), D(t), £(t) and E(t). As suggested by
Remark 6, some further analysis is however required. It is particularly important to detect possible
saturations overlap — by choosing the k(t)-signals wisely — or to study the reachability of the origin
— a result which will be used to prove the closed-loop stability.

3.5.1 Saturations overlap

Let define Vt, Ag(t) := a(t) — a(t) and, V1 < j < k, A;(t) := Bi(t) — B%(t). By Assumption 1,
Ap(t) > 0 is satisfied V¢. Thus,

Aj(t) =T’ (1) {A(t) — A(t)} — 2|Eq| |U? (t)| max (JE()] , [E(t)])
=2 |VI(t)] max (|R(1)], [D(1)]) — 2|l max (|2(0)|,[¢D(1)]) (35)

Using Eq. (30) and the fact that the signals in x(¢) are chosen positive by construction (see
below), the dependence on k;(t) can be made explicit, V1 < j < k, Vt:

Aj(t) > Aj(t) = () [UT() {AE) — AR} — 2| Eo| [UF ()| max (IE(2)], [E(1)])
—Z‘Vj_l(t)—l—CaAj_l_l [AF'B,; ... A%~ de ‘max ID(t)|, |D(t) } }

+ [0 0+ o (U )] (A - A
72|Ea|max<)&(t)‘,‘e(j)( D fz‘v” ") + o (VT 1(>)+

T+ (U ( OINELOI)

Sl (AR 0 ”maX(Q ). /D)) (36)

which is, in turn, less conservative than the differentiable approximate:

~

i) 2 By(t) = my(t) [U () LA — A} — 2|Bal fu (U7 (1) g (E(1),E()
~2fus (V1) + CoAT 1 [AIIB, L ARC de])g('D )]
+ [0 (1) + 0 (UI0) | {A) — AWM} = 2|Eal fars (U7 (1) +0 (U71(1)) ) 9 (E0).E(1))
= 21Balg (€2, €0(8)) = 2fus (V' (0) + 0 (vj—l(t)) -
S ) (DC A By 0 0]) g (D(1), D) (37)

which is simplified into

Aj(t) = ri (A (@) + X7 (1) (38)

where /)\\?(t) and X?(t) only depend on k;(t) with I < j. Considering Remark 6, the following lemma
is proposed:

Lemma 2: Saturations overlap is avoided if

15
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o Ay(t) >0, Vt, which is true by Assumption 1;
o V1<j <k, Aj(t) >0,V
o Ay(t) > 2|Eq| max (y&u |@;) +23°0 | |Co AT By max(|d*=D) |, |dk—1)]), .

The last condition ensures that w(t) — u(t) > 0, Vi. A constructive definition of the coefficients
k;j(t) in Eq. (21) can be used to fulfil Lemma 2.

Theorem 1: Saturations overlap is avoided if

o Assumption 1 is satisfied, i.e. a(t) > a(t) and /):‘f(t) # 0, Vt;
o V1 < j <k, one ensures Aj(t) > 0 by choosing, Vt,

() = % (39)

where &; > 0 is chosen such that k1(t) > 1, Vj > 1, k;(t) > 1 and :\\;l-&-l(t) # 0, Vt.
e for j =k, one ensures

k
Ap(t) = 2|Eaf max (|, 1e)]) 23" |CaAT ™ By| max(|d™=7), |d))
j=l

by choosing, Vt,

e = M () + 2| B max (1], [e®)]) +2 4 |C0 AT By max(|d* ), [dF=7)))

) = ()

(40)
where Ky, > 0 is chosen such that k(t) > %, Vt.

Proof. Straightforward using Lemma 2 and Eq. (38). As far as the minimal values for the x;(t) are
concerned, this is discussed in the proof of Prop. 2, in Appendix B. O

Remark 9: Note that g (t) is not differentiable with respect to ¢ by definition but this is not
required contrary to the other coefficients.

By the end of this section, a vector of design parameters K = [/%1 e F@k] is obtained, ensuring
no overlap and the differentiability of k(t) (to the exception of kg(t)).

3.5.2 State-independent saturations

It is interesting to note that only one term depends on the state vector z(t) in the expressions of
the control input saturations obtained in Eq. (34). Let define:

U*t)®e

Y Ranll) = A,

c RIx™ (41)

It is observed that introducing saturations on the control input « is equivalent to saturating the
signal v defined as:

16
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0(t) = u(t) + Kot (y(t) = ut) + Ko ()2(t) + Ko ()Dee(t), Vi (42)

by the following state-free saturations:

W(t) = ult) + Ko ((t) + | Koim (t)De| max (le(t)], [£(2)]) N
5(t) = lt) + Ko ((t) — | Keoiw(t)De| max (le(t)], [E(1)]) (43)
or, more precisely
v(t) = oatr |[USOAR) + |Eal [U(6)| max (1E(0)],[E(1)]) + 2| Ea| max (|eD )], [F(t)))

+ V@) max (ID()], [D(1)]) + X5 [CaAd ™ By| max (|a*=2 (1), [dFD(1)]) |
+ [ Koist () De| max (le(t)] , [e(t)])

W) = oatm [U’“() A(t) — | Bo| [U(2) \max(ye )L [E®)]) - 2|Ea |max(yek> )|, ) D
— V()| max (ID(®)], [P(#)]) — 5, |Cari™ 1Bd|max(\dk ()], |9 (¢ |)]
— [Koist (t)De| max (|e(t)] , [e(2)])
(44)
R}(lamark 10: One now has to ensure that v(t) — v(¢) > 0, V¢ using similar considerations than in
Th. 1.

Using v instead of u as the new input to system (G) in Eq. (12), the saturated system becomes

&(t) = [A — By Kot ()] z(t) + Busatzgg (v(t)) = BuK oist (t)Dee(t) + Bad(t) (45)

3.5.8  Admissible asymptotic equilibrium

Using Eq. (34) and the definitions of the state-free saturations in Eq. (43) the saturations in Eq. (44)
were obtained. Using Assum. 2, it comes that:

. s T e e [
tlggloA(t)—[g 0 ... 0 ,g&A(t)_[a 0 ... 0 (46)

Considering Th. 1 along with Assum. 5, it can be observed that the design signal () in Eq. (21)
converges towards a constant value. Thus, this is also the case of vectors U’ (t) and V7 (t),V1 < j <
k, and limy_ 00 Koist(t) = K. Consequently, as far as the saturations in Eq. (44) are concerned
and using Assum. 4, they tend towards the following limits:

17
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v = ot [t er + |Bal |ub| max (i), @) + {[u*| + [CaA 1 Ba| f max (17,2
+ | Kt De| max (|e*] , [€*])
T = oot [T — |Bal |ub| max (i), 1)) - {[o*| + [CaA* 1 Ba| f max (17, 2]

— | K De| max (|e*], [€*])
A7)

—

and the unsaturated state-free control becomes®:

v*=Cgaxl + (Dx + Kiy) (@ + Dee*) =0 (48)

In the following proposition it is shown that the origin is an admissible equilibrium under some
condition. This condition can be evaluated during the analysis phase of the unconstrained closed-
loop system.

Proposition 1: Let x* € R" and suppose Assum. 2, 4 and 5 are satisfied. In the non-restrictive
case where x* = 0, this is an admissible asymptotic equilibrium if

v* =0 € [v*, 7] (49)

or, more precisely, if:

1 kx %
m |:U07*Q + ‘EO&‘

k%
Uy

max (|e"|, ")) + {[of*

+ | K0 De| max (], [€7]) < 0 < — [K7;De| max (|e*], [€7])

+ ‘CQA’HBd‘} max (|d"], ']

1
o [ |Bal [ub| max (1], 74) = {[u*| + [Caa™ 1By max (17,2
C., A" 'B,
(50)
Proof. Straightforward using the asymptotic results in Eq. (47) and (48). O

Using this analysis on the saturations, the stability of the system in closed-loop with the saturated
nominal controller is studied in the next section.

4. Closed-loop stability

In this section, the stability of the system is proved in closed-loop with the saturated control signal

Satgg (Cxxi(t) + Dry(t)), where u(t) and u(t) have been obtained using the approach presented

in Sect. 3.

5In the non-pathological case where e is a physical signal converging to zero under Assum. 5.
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4.1 Considered system

As mentioned in Sect. 3.5.2, the control signal saturations depend on the system state x(t). Chang-
ing the control signal into v(t) = u(t) + Koist (t)y(t), the system studied in this section is equivalent
to the system in Eq. (51) where the saturations on v(¢) do not depend on the state vector anymore.

B(t) = [A—ByKex(t) z(t) + Busatl) (v(t)) — BuK oist (HDee(t) + Bad(t)
y(t) = x(t) + Dee(t)
(G)) &x(t) = Agmr(t)+ Bry(t) (51)
v(t) = Cgxi(t)+ (Di + Koist(t)) y(t)
| a(t) = Caz(t) + Eae(t)

The following lemma will be used to demonstrate the final theorem of this paper:

Lemma 3: Vx(t) € R", Vt, the function —K ,;s(t)x(t) is Lipschitz (with respect to x). Moreover,
—K yist(t)x(t) is Ki-Lipschitz, where K1 = maxy || K 5is:(t)]| € R.

Proof. Let define, YV € R", Vt, f(x,t) = —Kost(t)x(t). Then, V& € R", g—i (z,t) =
—K st (t). Since Koigt(t) is continuous V¢ by definition of the coefficients k(t) and continuity
of [D(t), D(t), E(t), E(t)] (see Assum. 4), the function f is continuously differentiable with respect
to the state @. This implies that K (¢)x(t) is a Lipschitz continuous function with respect to
T. O

4.2 Closed-loop stability using an anti-windup approach

Due to the presence of a dynamic controller and saturations, unexpected closed-loop behaviour is
expected. Anti-windup techniques have been widely studied and used to avoid behaviours like con-
troller state divergence. Some of these techniques are presented in Grimm et al. (2003); Kapoor,
Teel, and Daoutidis (1998); Tarbouriech and Turner (2009). The approach proposed in Menon,
Herrmann, Turner, Bates, and Postlethwaite (2006) and Herrmann, Menon, Turner, Bates, and
Postlethwaite (2010) deals with a specific class of nonlinear systems to which the system presented
in Eq. (51) belongs. In this article, the anti-windup framework is used to prove the closed-loop
stability of the system in Eq. (51) where the time-varying gain K s (f) and saturations are respec-
tively given by Eq. (41) and Eq. (44).

Proposition 2: The open-loop system

o(t) = [A — BuK ois(t)] () (52)

is GES.
The proof is inspired by Herrmann et al. (2010).
Proof. See Appendix B. O

To ensure asymptotic stability of the closed-loop containing the dynamic controller, it is necessary
to introduce an anti-windup. Considering the system in Eq. (51), the following anti-windup with
state x, € R™ is introduced
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sat(v)

sat(u)

Kois (1)

G(s) y=z+Dece

Kot (t) X
Ya = Ta Ga(s) Uq
E
Figure 8. Closed-loop illustration.
2, (t) = Axy(t) + Buug(t)
ya = &g
(Ga) o(t (53)
ua(t) = —Kos(t)yq(t) — Dzuy) (v(1))
vi(t) = —[K(s)+ Koist(t)] Ya(t)
The control v is then modified into
U(t) = u(t) + Koist(t)y(t) + Ul(t) (54)

Crer(t) + Dr (Y(t) — ya(t)) + Koist (1) (Y(t) = Ya(t))

The main result of this section is the following theorem which proves stability of the system in
closed-loop with the saturated nominal controller. Both this theorem and its proof are inspired
from Menon et al. (2006) and Herrmann et al. (2010).

Theorem 2: If Assum. 1 to 8 are satisfied® (resulting in Th. 1 and Prop. 2), the origin of the
closed-loop system consisting of the system in Eq. (45) — where the time-varying saturations are
given in Eq. (44) — the control law in Eq. (54) and the anti-windup compensator given in Eq. (53)

is GAS.
Proof. See Appendix C.

O]

An illustration of the system in closed-loop with the anti-windup and saturating block is given
in Fig. 8. This is the typical structure obtained when implementing OIST on a linear system.

6 And in the non-pathological case where d is a non-converging finite energy distribution, which is not a realistic physical case.
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Figure 9. Disturbances d and e applied to the ball and beam system in simulation, with bounds in red.

5. Example

The ball and beam example which served as a case study in Sect. 2.2 is considered again for
application of the method which was presented in Sect. 3.

5.1 Assumptions

In this section, the assumptions in Sect. 2.4 are reviewed in the case of the ball and beam example
introduced in Sect. 2.2.

Assum. 1 and 2 are satisfied as was already illustrated on Fig. 7;

As far as the relative degrees are concerned, k = 2 and [ = 2 which fulfils Assum. 3 and §;
The disturbances and bounds are represented on Fig. 9. They fulfil Assum. 4;

Assum. 5 is satisfied;

The state-feedback controller with integral action proposed in Eq. (10) asymptotically sta-
bilises the augmented system in Eq. (9). Also, it is strictly stable (see Eq. (11)), hence
Assum. 6 is satisfied;

e The system is equivalent to a double-integrator with no transmission zero: T, _,4(s) = —
Assum. 7 is fulfilled.

0.21

s2

Remark 11: Note that the set-point 7, = 0.6 m (and 7 = 0 m/s) is not the origin of the system
(it is still a feasible equilibrium). However, using some transformation equivalent to a translation,
one can obtain a set-point on the origin of the system. Hence Th. 2 and its proof are still valid.

5.2 OIST implementation

Using results in Sect. 3 and considering o = 0.1 m, @ = 0.9 m, the following expressions are
obtained for the successive A;(t):

Ao(t) = 0.8
Vi, & AL(t) = ki(H)AL(E) + AT(D) (55)
Ao(t) = ra(t)M(t) + A5(t)
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where

M) = [m( 1 ] {A — A1)} = 2fans ([r1(1) 1 0]) g (E(2),E(1)) (56)

~2g (D), e (1))

() = [i(t) ma(r) 1] {A®) = A®)} - 2fas ([1(1) m1(t) 1]) g (E(),E®))

~2g (1), @ (1))

Then, the values of the design signals x;(t) are deduced from these expressions and Th. 1:
_ R1=AT()
mt) = X 57
Fo—AZ (t)+2max(|e® (¢)],|e®(t)|)+2|Co AB4| max(|d(t)
) = (ECTNE (a1 7o)

where K = [/21 /%2] = [0.05 2} are chosen so that the conditions in Th. 1 are satisfied. It

is then possible to obtain saturations on the control signal in the form of Eq. (34). Note that
C,AB, = —0.21 < 0 in this example so the operator in Eq. (27) is used to obtain the adequate
saturations. As far as the anti-windup design is concerned, the time-varying coefficient K yis(t) is
defined as follows:

U*(t)e

Koist (t) C AB

(58)

where U?(t) = [Ra(t)r1(t) + /1(t) ki(t) + ka(t) 1] and © = [C, CoA CaAZ].

5.3 Simulations and results

Using the results in Sect. 5.2, simulations are performed over 100 s. The disturbance signals used in
simulation are shown in Fig. 9. At time ¢ = 65 s, the non-null disturbance input d is used to show
that the nominal control law is recovered when the time-domain constraint is not violated (see
results). The simulation results are represented on Fig. 10 to 12. The data are represented in blue
when considering the nominal control law only (no saturations) and in orange when the saturations
obtained using OIST are introduced in the closed-loop. As mentioned in Sect. 2.2, the synthesized
controller is not efficient enough and the ball falls off the beam. Using OIST and the knowledge
on the disturbances bounds, the time-domain constraint is satisfied and nominal performance is
recovered whenever the constraint is not violated. Note that the proposed approach results in some
conservatism due to the lack of knowledge on d and e, which do not necessarily equal their known
bounds. Also, some conservatism is introduced by using differentiable upper-approximates of the
absolute value and maximum functions.

On Fig. 11, it appears that the control law variations are much sharper in the saturated case.
This is a trade-off required for complying with the time-domain requirement. Optimization of the
constants £ may help to obtain less demanding although satisfying control laws. This is considered
future works.
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On Fig. 12, the coefficients x1(t) and ka(t) as well as the quantities A;(t) are represented. This
allows to check that the assumptions and conditions in Th. 1 are fulfilled.
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6. Conclusion

In this article, the problem of keeping a linear system output — or regulated variable — in an interval
has been formalized. A solution based on a transformation from the output expected “saturation”
to a saturation on the existing linear control input has been proposed. A constructive method to
apply this transformation has been introduced. Time-varying saturations are obtained and used in
closed-loop. Special attention is paid to choose the OIST time-varying design parameters k;(t) in
Eq. (21) in order to avoid saturations overlap. Using results from the anti-windup design community,
the stability of the system in closed-loop with the resulting non-linear control has been proved. An
application to a linear ball and beam model has been proposed, showing satisfactory results.

However, throughout this article, the specific class of minimum-phase linear systems has been
considered. Also, it has been supposed that the whole state is measured. Future works will be
dedicated to extend the approach to non-minimum phase systems and to systems with output
feedback. Optimizing the coefficients & will also be considered.

References

Apkarian, P., Ravanbod-Hosseini, L., & Noll, D. (2011). Time domain constrained H-synthesis. Interna-
tional Journal of Robust and Nonlinear Control, 21(2), 197-217.

Burlion, L. (2012). A new Saturation function to convert an output constraint into an input constraint. In
Mediterranean Conference on Control and Automation (pp. 1218-1222). Barcelona, Spain.

Burlion, L., & de Plinval, H. (2013). Keeping a Ground Point in the Camera Field of View of a Landing UAV.
In Proceedings of the IEEE International Conference on Robotics and Automation (pp. 5763-5768).

Chambon, E., Burlion, L., & Apkarian, P. (2015a). Output to input saturation transformation: Demonstration
and application to disturbed linear systems. Osaka, Japan. (To appear in Proceedings of the 54th
IEEE Conference on Decision and Control)

Chambon, E., Burlion, L., & Apkarian, P. (2015b). Robust output interval constraint using O/I saturation
transformation with application to uncertain linear launch vehicle. In Proceedings of the 1/th European
Control Conference (pp. 1796-1801). Linz, Austria.

Chen, H., & Allgéwer, F. (1996). A quasi-infinite horizon predictive control scheme for constrained nonlinear
systems. In Proceedings of the 16th Chinese Control Conference (pp. 309-316). Qindao.

Chen, H., & Allgower, F. (1999). Nonlinear model predictive control schemes with guaranteed stability. In
R. Berber & C. Kravaris (Eds.), Nonlinear model based process control. Dordrecht: Kluwer Academic.

Galeani, S., Tarbouriech, S., Turner, M., & Zaccarian, L. (2009). A tutorial on modern anti-windup design.
European Journal of Control, 15(3-4), 418-440.

Gevers, M. (2002). A decade of progress in iterative process control design: from theory to practice. Journal
of Process Control, 12, 519-531.

Ghaemi, R., Sun, J., & Kolmanovsky, I. (2012). Robust control of constrained linear systems with bounded
disturbances. IFEE Transactions on Automatic Control, 57(10), 2683-2688.

Gilbert, E., & Kolmanovsky, I. (2002). Nonlinear tracking control in the presence of state and control
constraints: a generalized reference governor. Automatica, 38(12), 2063-2073.

Goodwin, G. C., Seron, M. M., & de Don4, J. A. (2005). Constrained control and estimation. Springer-Verlag
London.

Grimm, G., Hatfield, J., Postlethwaite, I., Teel, A. R., Turner, M. C., & Zaccarian, L. (2003). Antiwindup
for Stable Linear Systems with Input Saturation: An LMI-Based Synthesis. IFEE Transactions on
Automatic Control, 48(9), 1509-1525.

Herrmann, G., Menon, P. P., Turner, M. C., Bates, D. G., & Postlethwaite, I. (2010). Anti-windup synthesis
for nonlinear dynamic inversion control schemes. International Journal of Robust and Nonlinear
Control, 1465-1482.

Hu, X., Lindquist, A., Mari, J., & Sand, J. (2012). Geometric Control Theory [Lecture notes]. KTH, Royal
Institute of Technology, Sweden.

Isidori, A. (1999). Nonlinear control systems II. Springer London.

24



October 9, 2015

International Journal of Control ijc’OIST

Kapoor, N.; & Daoutidis, P. (1999). An observer-based anti-windup scheme for non-linear systems with
input constraints. International Journal of Control, 72(1), 18-29.

Kapoor, N., Teel, A. R., & Daoutidis, P. (1998). An Anti-Windup Design for Linear Systems with Input
Saturation. Automatica, 34(5), 559-574.

Khalil, H. K. (1996). Nonlinear Systems. New Jersey: Prentice Hall.

Menon, P. P., Herrmann, G., Turner, M. C., Bates, D. G., & Postlethwaite, I. (2006). General Anti-windup
synthesis for input constrained nonlinear systems controlled using nonlinear dynamic inversion. In
Proceedings of the 45th IEEE Conference on Decision and Control (pp. 5435-5440). San Diego, CA,
USA.

Mossberg, M., Gevers, M., & Lequin, O. (2002). A comparison of iterative feedback tuning and classical
PID tuning schemes. In Proceedings of the International Conference on Signal Processing, Robotics
and Automation. Cadiz, Spain.

Poléni, T., Kalabi¢, U., McDonough, K., & Kolmanovsky, I. (2014). Disturbance canceling control based on
simple input observers with constraint enforcement for aerospace applications. In IEEE Conference
on Control Applications (pp. 158-165).

Rojas, O. J., & Goodwin, G. C. (2002). A simple anti-windup strategy for state constrained linear control.
In Proceedings of the 15th IFAC World Congress. Barcelona, Spain.

Sontag, E. D. (1989). Remarks on stabilization and input-to-state stability. In Proceedings of the 28th IEEE
Conference on Decision and Control (pp. 1376 — 1378). Tampa, FL: IEEE.

Tarbouriech, S., & Turner, M. (2009). Anti-windup design: an overview of some recent advances and open
problems. IET Control Theory and Applications, 3(1), 1-19.

Terrell, W. J. (2009). Stability and stabilization: an introduction. Princeton University Press.

Turner, M. C., & Postlethwaite, I. (2002). Output violation compensation for systems with output con-
straints. IEEE Transactions on Automatic Control, 47(9), 1540-1546.

Appendix A. Proof of Lemma 1

The proof is performed iteratively with fixed k. Let j such that 1 < j < k. Suppose that ¥ (t) €
[ﬂ ®),a®(t)] = a)(t) € [@ (t),a(j)(t)], Vi, Also, ali=1(0) € [au—l)(()), ao‘—l)(O)] Only
the lower bound is considered. The demonstration is similar in the upper bound case. Suppose

Jty > 0, a(j_l)(tz) < a(j_l)(h) (A1)

—)

then, since a/=1(0) € [a(j_l)(O), a=1)(0)| and, by continuity of /=1 and oU—1

U= D(t) = aU=D(t)
dtq, 0 < t1 < to, ) ] (A2)
Vi€ [ti,ta], aU D) < aU-D()
But, using the recurrence hypothesis, the definition of &%) (t) and the fact that V¢, k;(t) >0, one
obtains, Vit € [t1,ta],

oDty > al(t)

> k(1) (@U=V(t) — al=D(1)) + VD (1) (A3)
> Oz(j_l)(t)
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hence, using the property of integrals,

JizaPNdr = firalZ)dx (A1)
U= D(ty) —alU=D(t)) > aU=V(ty) —al¥=Y(t))
which contradicts Eq. (A1). In other words
vt >0, aUD(t) > oV (1) (A5)

which proves the lemma.

Appendix B. Proof of Proposition 2

Considering Eq. (42) and the system in Eq. (51), this problem is equivalent to studying the stability
of the system @(t) = Az (t)+Byu(t) in closed-loop with v(t) = 0 or u(t) = —Kist (t)x(t) (d(t) =0
and e(t) = 0). The transfer function between u and the regulated variable « is given by

a = Tu—>a(3)

ST 4p1s™ T b AP 15+Dm
st+dysm i 4 Fdn_15+dy

(B1)

with & = n —m (see Assum. 3). Theoretically speaking, a minimum state-space representation of
this transfer can be represented in the canonical form which can in turn be expressed as a chain
of integrators in addition to the considered transfer zero dynamics, see (Hu, Lindquist, Mari, &
Sand, 2012, Chapter 4). The chain of integrators is given by

o@ = &
ak=2) _ (k-1 (B2)
= —U*t)®xz + C,Arz

where the last equality is obtained by observing that u = — K (t)x (and d = 0, e = 0). Let
VO<j<k-1v=aP +U/(H)®x — CoAz and T = [y ... 7_1] € R Using Eq. (22)
and (28) with null disturbances, the chain of integrators in Eq. (B2) can be re-written as
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—k1y 1 0 0 T
) 0
r = r
0 (B3)
—KEk—1 1
L 0 0 —KiJ
= ArDl

This is completed by the zero dynamics as shown in (Hu et al., 2012, Chapter 4) which results
in the open-loop transfer in Eq. (B1) being equivalent to the following state-space representation

—

M |Ar 0 T
2=l A7 ®
where
0 1 0 0 7
0 0 1
L—Pm —Pm-1 —pP2 —P1d

and A zp is the null matrix except for the coefficient A zp (n — k, 1) = 1. Considering Assum. 7, A
eigenvalues are with strictly negative real parts. As far as the dynamics of Eq. (B4) is concerned,
the following candidate Lyapunov positive definite function is considered

1
V(r,z)=I'r+ %ZTZ (B6)
where € is a positive constant. Then
V(,Z)=T"AT +€¢Z"AyZ +€Z" Ay (B7)

where, using the logarithmic function concavity and the fact that V1 <i <k, vi—17v < |vi—17%l:

TTAT = S k2 + 5
k—1 k—1 k—2
< =Yg R + % >is v+ %Zi:o % (B8)
I''AT < —-T'DyT
< —I‘Tdiag(fﬂ—%,/@—17---7’%—1_17’%/?_%)F

so that Dyr is a positive definite diagonal matrix upon adapted selection of the positive time-
varying coefficients k;(t). In the same vein
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T
¢Z AT < % (A}FZ) AlLZ + QirTr (B9)
v
where v is a positive constant. It comes that

V([,Z) < -T'DyrT + 2irT1‘ te (ZTAZZ + ng (AZFA}F) Z) (B10)
14

Using the notations Apin (M) and Apax(M) to denote the minimal and maximal real parts of the
eigenvalues of the matrix M, it is observed that

ZTALZ + ng (AZFA}F) Z < dnax(AZ)ZTZ + gxmax (AZFA}F) AR/ (B11)
and
—T"DyT + 2i1“T1“ < —Amin (Dyr) TTT + 231“1“ (B12)
1% 1%
By choosing v = _#ﬁgp) > 0 (since AzrAJp is positive semi-definite) and ¢ =

VAmin(Dyr) > 0 and by observing that the eigenvalues of Ay are with strictly negative real
parts (see Assum. 7) and Dy is a positive definite matrix, one obtains

V(Fa Z) < _%)\min(DVF)FTF + %)\max(AZ)ZTZ
< —min Anin(Dvr), = Amax(Az)) V(T, Z) (B13)
< —le(F, Z)

where k1 > 0. Also note that V(O, 0) = 0. As a consequence, the candidate function V' is a Lyapunov
function and the open-loop system & = [A — B, K ist (t)] « is GES.

Appendix C. Proof of Theorem 2

First, considering Prop. 1, the origin is a reachable equilibrium of the system in closed-loop with
the saturated control signal. Thus, it is of some interest to study the asymptotic stability of this
equilibrium. Using Eq. (1), the state equation in Eq. (45) can be re-written as

&(t) = Az(t) + B, [—Koist(t)wa(t) + Crax(t) + Di (y(t) — za(t)) — Dzity) (u(t))] + Bad (C1)

Using a similar approach to Kapoor and Daoutidis (1999), let define e, (t) := x(t) — xq(t). It
follows that

ex(t) = (A+B,Dg)es(t) +ByCrax(t) + B,DgD.e(t) + Byd(t)

. (C2)
ZL'K(t) = AK:L'K(t) + BKez(t) + BKDee(t)
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Let X = [em a:K]T and W = [d e]T, then

: A+B,Dx B,Cxk B, B.,DgD.| |d
X = X
Bk Ay ] * [ 0 BxDe ] [e} (C3)
= AxX +BxW

Under Assum. 4 and 5, |W/||, is finite and ||[W|| is bounded. It follows that || X||, is finite and
|| X|| converges to zero. In case W = 0, the state X converges exponentially to zero. Replacing v
in Eq. (53) by its expression in Eq. (54), one obtains the following equation:

£q(t) = [A — BuKoist (t)] @a(t)

— BuDzy() (Koist(t)ex(t) + Koist (Dee(t) + Drces(t) + DxDee(t) + Cxzi(t)) (C4)

Considering Prop. 2, the open-loop system @, = [A — B, K ist(t)] €4 () is exponentially stable.
Thus, for some positive definite function V (x,), there exist by the converse Lyapunov theorem,
see Khalil (1996), constants a;, 1 <14 < 4, such that

allza? £ Vi) < azllza?

oV (x,

H%a)‘ < agllxd (C5)
W) [Awy — By Kost(@a] < —au

Since, by Eq. (C4):

. oV (x,
V(x,) = 82: ) [Az, — By, Koist(t) ]
oV (xz, P
— 85(:: )BuDzyEg (Koist(t)ex(t) + Dxey(t) + Craxi(t) + (D + Koist(t)) Dee(t)) (C6)
it comes

V(za) < —au [z

+ s all 1Bl [Pz (Koo (ea(t) + Dicea(t) + Crcet) + (D + Koja(t) Dee(t)| - (€7)

First, using Lemma 3 and e, := & — x,, it is observed that since K yis;(t)x is K;-Lipschitz then

[ K oist () ez || < K1 [lex|| , vt (C8)

Second, by property of the deadzone function, HDZgEg (v(t))” < |lv(®)]|, Vt. It comes that
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V(za) < —asf@all” +as || Bull |zall {K1 + IDx] (lex ] + IDell lel) + ICxk | llzx 1}
< —aglzal® +as | Bul llzall [K1 + [Pk Cx][]] 11X] (C9)
+a || Bull lzall [K1+ ([0 D] [[] D]l [W]]

Using k1 > 0 and k2 > 0 such that

ki > a3 HBuH [Kl + H [DK CK] H] eR (Cl())
ke > ag HBuH [K1 + H [0 DK] H] HDe” eR

then Eq. (C9) becomes
V(@a) < —au |[@al® + [|l2all (k1 | X || + ko W] (C11)

Applying the inequality 2e ||z, || | X || < €2 ||za|® + H%HZ for e > 0, Eq. (C11) is re-written as

y 2 2 2 k? 2 k2 2
V(wa) < —oullwal® + 3436 zall® + 3363 lal® + 2 |1 X% + 44 W
2 k2 2 k2 2
< (maut 3RS + 5KER) laal® + % 1 X112 + & W (C12)

2 k? 2 k2 2
< —as wal + B IX )2+ W

where ay = g — %k%e% - %kgeg > 0 if the constants €; and ey are chosen small enough so that
Qq > %k%e% + %k%e% Using (Isidori, 1999, Lemma 10.4.2, p.21), V is thus an ISS-Lyapunov function
for the system

&0 = fi (a: [V)‘(/D (C13)

where f is a non-linear function adequately defined. According to (Isidori, 1999, Theorem 10.4.1,
p.21), the system in Eq. (C13) is thus ISS. At the beginning of this proof, it has been shown that —
for a specific class of bounded finite energy disturbances d and e — || X ||, is finite and || X || converges
to zero. Using a similar approach to the previous case, there exists Vx and strictly positive constants
B1, B2 such that Vx(X) < —f1 | X|* 4+ B2 ||[W||*. This function is an ISS-Lyapunov function to
the following system

X =f (X, W) (C14)

where fy is a linear function adequately defined. Using (Isidori, 1999, Theorem 10.5.2, p.34), it is
possible to conclude that the cascade of systems in Eq. (C15) is ISS. The cascade is illustrated on
Fig. C1. Note that in case d = 0 and e = 0 and using (Isidori, 1999, Corollary 10.5.3, p.35), the
origin (x4, X) = (0,0) is GAS for the cascade.
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Figure C1. Illustration of the interconnections in the cascade described by Eq. (C15).

o = D (ma’ {V)‘(/D (C15)

X = f2(X7W)

Using the relation between ISS and CICS property, as stated in (Terrell, 2009, Theorem 16.4,
p.373), it comes that the cascade in Eq. (C15) is CICS. Hence, using the theorem in Sontag (1989)
(where CIBS property is a weaker property than CICS), the origin (x4, X) = (0,0) is GAS for the
cascade. This concludes the proof.
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