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Static Anti-windup Synthesis for
a Class of Linear Systems

Subject to Actuator Amplitude
and Rate Saturation

LIU Sheng!  ZHOU Li-Ming?

Abstract For a wide class of linear saturated systems, we
address the anti-windup synthesis problem. By absorbing the
actuator dynamics into the augmented system, we show that the
original system can be simplified to a larger system with only
amplitude saturation. The static anti-windup gain is therefore
obtained through the proposed linear matrix inequality (LMI)
based optimization procedures with regional closed-loop stabil-
ity and minimized nonlinear L, gain. A simulation example
illustrates the effectiveness of the approaches.
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Linear systems with saturating actuator have attracted
much attention for the past decadel 14, However, effec-
tively solvable controller synthesis approaches have rarely
been established, especially with practically encountered
actuator amplitude and rate saturation, such as in reac-
tion processes and ship steering control systems“iQ]. More
specifically, most of the works adopted the framework of
direct nonlinear design[2_3]7 whereas the approaches based
on the anti-windup framework were preferred, since the
design parameters could always be obtained via convex
optimization[‘“g]. The anti-windup framework, composed
of an unconstrained controller and an anti-windup com-
pensator, can fully utilize the mature linear design tech-
niques in synthesizing the former. When the actuator sat-
urates, the anti-windup compensator ensures less perfor-
mance degradation and stability deterioration. In com-
parison with the traditional global sectors, the recently
proposed generalized sector condition led to less conser-
vative analysis methods® 1% and more effective controller
design techniques using linear matrix inequalities (LMIs)
and/or bilinear matrix inequalities (BMIs)® 4. Accord-
ingly, Hu introduced the polytopic differential inclusions
and the norm-bounded differential inclusions that contain
the saturated system and obtained more effective regional
analysis tools!*?. Following this direction, we discuss here
the static anti-windup problems with neat theoretical re-
sults.

Notations. For u € R™, the standard vector-valued
saturation function is defined as

|u1| S 1
|u1| >1

(sat(u)): = { Sgr’it(i’l;i)7

For u € R™, there are two norms ||u||c = max; |u;| and

[lull2 = (fo"u™ (Bu(t)dt)?.
HeX = X + X7 where X is a matrix.
A; belongs to the diagonal matrix set with all the diag-

onal elements being either 0 or 1.
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With a matrix H € R™*", L(H) is the set {z € R" :
|Hz||o <1}

For a positive definite matrix P, the ellipsoid {z € R" :
zT Pz < 1} is denoted as £(P), for which the following set

inclusion condition holds!®—10!
EQTH CLH) = [YlT 2} >0, 1<i<m (1)
1

where Y is the [-th row of Y = HQ.
1 Problem formulation

Consider a class of linear systems

T, = ApZp+ Bpulp + Bpow
P Y, = Cpyp + Dpyuttp + Dpyow (2)
Zp = szzp + Dpzuup + Dpzww

with the actuator dynamics given by

A: s =
Ya =

where z, € R",y, € R",u, € R™,w € R", and 2, € R?
are, respectively, the state, the measured output, the con-
trol input, the exogenous input (reference and disturbance),
and the performance output. K; and K> are diagonal ma-
trices and 6,u,,y, € R™ are the internal state, input, and
output vectors of the actuator.

Suppose that an unconstrained controller (i.e., neglecting
the saturation effect in (3) and under the interconnection
Yo = Ua,Ya = Up) has been designed as

C: { e =
Ye =

with closed-loop stability and desired performance.
In order to deal with the saturation nonlinearity, we re-

arrange the original system (2)~ (4) and design a static
anti-windup compensator F' as shown in Fig. 1.
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Fig.1 Closed-loop system with static anti-windup

With the actuator dynamics being absorbed into the aug-
mented plant, the augmented vectors are

. = z.€R"

z, = (zx, §HTeR"™™
g = (7 g)Ter™
,!—lp — (yg‘ (ST)T c Rl+m

where n = Kiuq + K20 from (3). The anti-windup term Fgq
may enter not only the augmented controller state equation
but also the output equation. Clearly, the closed-loop sys-
tem depicted in Fig.1 corresponds to the general form in
Fig. 2, since the amplitude and rate saturation has been
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~ ~ ~ Ac Bey 0 Bew ~ ~ ~ A, 0 Bpu 0 By
%c ?cy ?cw 0 0 I 0 ‘_417 _Bpu _Bpw 0 0 0 I 0
Ce Dey Dew| =|KC. 0 Ko 0 ) Cpy  Dpyu  Dpyw| = [Cpy 0 Dpyu 0 Dpyw
B Des ;o 00 Cp: Dpsu Dpow 0o I 0 0 0
0 K Cpz 0 Dpzu 0 Dypruw
B Bw AP + 7BPuAu7DCyCPy _ ‘BfWLA c _ Bl + BQF _Bpw + _BpuAu(_Dcw + D_cy 711yw)
p Dq D _ chApru Ac + chA pyuCe Bew + chAy(Dpyw + pychw)
C. Dur Do DeyAyCpy  Ce+ DeyAyDpyuCe Yi+Y2F  Dew+ DeyAy(Dpyw + DpyuDew)
épz + DpzuAchycpy DpzuAucc Zl + Z2F Dpz’u) + DpzuAu (Dcw + Dcpryw)
_BpuAu = = ) B —1
B Y1 Z1 Ay —BeyAyDpyu —Dey Ay Dpyu DpzulBu (I = DeyDpyu)
By Yo Zy Ay BpuAuDey _

Bcl + ch Apryu Dc?

transformed into the standard amplitude saturation. From
(2) ~ (4), it is obvious that the corresponding matrices in
(5) ~ (7) are uniquely determined by the equations shown
at the top of this page.
é . { .’li?c = Igcjc + chgp + Bcww + Echq
Y =

CeZe + Deyy, + Deww + De2Fg (5)

B z, = A%, + Bputly + Bpuw
P Y = QPy-"’p + Dpyullp + Dpyww (6)
zZp = sz.’l_lp + Dpzu'l_llp + Dpzww

For a saturated linear system (as depicted in Fig. 2) with
the general form

r = Ax+ Byq+ By,w

y = Cyx+ Dyq+ Dyww (7)
z = C.x+ D.q+ D.yw

g = da(y)

where z € R",q € R™,y € R™,w € R",z € R, and the
vector-valued deadzone function dz(:) : R™ — R™ is de-
fined as dz(y) = y — sat(y), we assume that the algebraic
loop in the second equation of (7) is well-posed. Also note
the following;:

T, = (I — Aiqu)ilAi
A = A+ BqTiCy, B; = By, + BqTiDyw (8)
CZ' = Cz + quTiCy7 Dz = Dzw + quTiDyw
w___ L,z
H
q Yy
dz

Fig.2 The general framework of saturated linear systems

Dc2 + DcyApryuD(ﬁ

DpzuAuD(;Q

2 Main results

Lemma 1'%, Given a matrix Q € R™*", Q > 0, and
a real positive number v, let V(z) = 2TQ 'z . For system
(7), if there exists a matrix Y € R™*" satisfying (1) and

A:Q - B, ;Y B 0
He 0 —1/2 0 <0 (9)
CiQ—-D., ;Y D; —~*I/2

then V(w,w)+7%sz <wTwforallz € £(Q™"). Moreover,
£(Q™') is a contractively invariant ellipsoid with w = 0 and
llz[l2 < ~[lwl|2 for £(0) =0, [lw[]> < 1.

Lemma 2['2, Given a matrix Q € R"*",Q > 0, and
a real positive number v, let V(z) = 2TQ 'z . For sys-
tem (7), if there exist a matrix Y € R™*"™ and a diagonal
matrix U > 0 satisfying (1) and

AQ B 0 B,U
0 12 0 0
He | 6.0 Dow =102 p.,u | =9
C,Q—Y Dy, 0  —U+ DU
(10)

then the same conclusion as in Lemma 1 can be drawn.

Remark 1. Based on the polytopic differential inclu-
sions instead of the norm-bounded differential inclusions,
the condition of Lemma 1 is less conservative than that of
Lemma 2, at the cost of introducing more LMIs and thus
bringing a higher computational complexity. So the system
synthesis tools induced from Lemma 1 are intrinsically less
conservative.

Theorem 1. Given a matrix Q € R™™™,Q > 0, and
real positive numbers € and 7, we assume that F'q does not
enter the controller output equation, namely, the lower part
of the anti-windup gain matrix F' € R(etm)x2m ¢ Omx2m-
For the augmented system (5) and (6) with the closed-loop
interconnection as shown in Fig. 1, if there exist matrices
Y,G e R™", G = CyQ — Y satisfying (1) and (11), then
E(Q™Y) is a contractively invariant ellipsoid with w = 0
and [|zl[2 < yllwllz for 2(0) = 0, |w|]2 < 1.

AQ By + (B1 + B2F)A; Dy 0 Bi + BoF 0
0 —1/2 0 0 0
He |C.Q+ Z1A:G D.w + Z1A; Dy, —~21/2 0 0 <0 (11)
0 0 0 —€/2 0
G 0 0 0 —1/(2¢)
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Proof. Under the assumption

FE {|: Fl :| ’ F1 ERnCXQ'm}
Omem

simple calculation shows that Dy = 0 and D., = Z1 are
definite matrices. We can argue that the algebraic loop
of the system is well-posed, since D, certainly satisfies
a well-posedness equivalent condition that the values of
det(I — Dy,A;) are all nonzero and have the same sign?.

Noting that T; = A;, we have the condition in Lemma 1
as follows

AQ + BinG Bo + BinDyw 0
He 0 —I/2 0 <0
C.Q + D.qAiG D,y + D.qA;Dyy —~*1/2
(12)

where G = CyQ — Y. Recall the well known fact that if
eDD" + ¢ 'ETE <0

is feasible for some real number ¢ > 0, then DAE +
(DAE)T < 0 holds for all matrices A satisfying ATA < T.
By applying the above fact and the Schur complements, we
get (11) which is a sufficient condition of (12). The proof
ends finally from Lemma 1. a

Remark 2. Since (11) is not an LMI, we actually im-
plement an iterative LMI optimization procedure with two
steps. First, solve the following LMI with a randomly pre-
setted € > 0, then start the new iteration by choosing a new
€ according to the norms of B, and G. In general, the pro-
cedure does not guarantee a global or even local optimum.
However, better results can be expected in conjunction with
some other heuristic optimization algorithms.

Q>0.F.G 7
s.t. (11) and

(1) with Y =C,Q -G (13)

Theorem 2. Given a matrix ¢ > 0 and a real num-
ber v > 0, if there exist matrices Y € R™" M €
R(etm™*2m and a diagonal matrix U > 0 satisfying (1)
and the following LMI, then £(Q™') is a contractively
invariant ellipsoid with w = 0 and ||z|]2 < 7|jw||z for
z(0) = 0, ||w|l2 < 1. In addition, the static anti-windup
gain F is given by MU 1.

AQ B 0 B1U + BoM
0 —1/2 0 0
Hel' oo Do —212  zw+zm |50
C,Q-Y Dy 0 —U+YiU+YaM
(14)

Proof. The LMI condition (14) stems directly from the
condition (10) of Lemma 2 by substituting FU = M and
recalling from above that B; = B1+ B2 F, Dyq = Y1+ Y2 F),
and D., = Z; + Z2F. Then, according to Lemma 2, we
completes the proof. a

3 Numerical example

Consider the system (2) and (3) with the parameters

0 1 0.1 1
O [ S

Cpoy=[1 0], Dpyu=08, Dpyuw=1

Ky =11, Ky;=-05

It is easy to see from the above parameters that ||z,||3 =
J So(m% +a3 Jr'u,g)dt7 which covers the guaranteed cost con-
trol problem with quadratic cost function. The parameters
of the pre-designed unconstrained controller (4) are listed
as:

[-2 o0 12 [0l 4 [-1.24
T G N

By solving the optimization problem (13), we get a static
anti-windup gain as

1.350 0.499
F* =10.348 0.831
0 0

with € = 2.89,7" = 24.957. While from Theorem 2, we
can get another static anti-windup gain as

5.227  1.926 x 1078
F*=10.600 4.436 x 107°
—0.035 0.909

with U* = diag{0.434,8.089 x 10"} and a smaller y* =
5.785, indicating that the second method outperforms the
other for this case. But this is not always true since it is
hard to theoretically analyze the conservativeness of the
two methods.

Subject to an impulse disturbance with unit energy, the
state responses starting from zero initial condition are plot-
ted in Fig. 3 for four cases. To justify the effectiveness of the
proposed methods, the magnified curves around the peak
are also shown in the top left margin. From the dotted and
the solid curves, we can see that the unconstrained perfor-
mance seriously deteriorates when the the actual saturation
is considered. The proposed two anti-windup design meth-
ods do work in that the dashed and the dash-dot curves
keep closer to the solid curve.
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Fig.3 State responses with and without anti-windup

4 Conclusion

For a certain class of linear saturated systems, an appro-
priate static anti-windup solution is proposed, as shown in
Theorem 1, with guaranteed algebraic loop well-posedness.
The problem of well-posedness in Theorem 2 needs further
study. Dynamic anti-windup compensator introduces more
free parameters in system synthesis and is hence potential
in improving the results.
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