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THE NONLINEAR REGULATOR PROBLEM
FOR CONSTANT SIGNALS

VLAD IONESCU, VLADIMIR RASVAN

The general principle of synthesizing a stabilizing and regulatir.,g compensator tfor linecar
systems is considered under actuator nonlinear uncertainties. The properties of the compensator
are preserved if absolute stability of all possible stationary points is ensured. A design example

is given.

1. STATE OF THE ART

A nonlinear regulator problem has been formulated and studied via input-output
approach for rather general exogeneous signals in [2]. Among the results of this
paper one could mention as most important a negative one: exact regulation (i.c.
zeroing the regulated output) is possible in the nonlinear case only for constant or
asymptotically constant signals (see also [3]). Heuristically this can be explained
by the fact that only in these cases steady-state constant solutions exist. It is probably
this reason that lead other authors to formulate and solve, independently, a non-
linear regulator problem for the case of constant exogeneous signals [9]. Their
solution consists essentially in the extension of the basic system with an ideal integra-
tor to cope with asymptotic rejection of exogeneous constant disturbances and
asymptotic tracking of constant references (speciﬁc application of the internal
model principle, see [10]), stabilization of the extended system via state feedback
and introduction of several uncertain nonlinear elements to describe the actuators;
these functions verify a sector (Lur’e type) condition and, in order to obtain absolute
stability i.e. global asymptotic stability for all nonlinear functions belonging to the
considered class, a Popov-type frequency condition has been applied.

The implementation of the above approach is nevertheless concerned with the
fact that not all state variables are available for feedback; also the regulated and the
measured outputs do not entirely coincide. In the linear case these facts lead to the
general formulation of the measured-error-activated compensator synthesis [4],
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[5]- Here the same case of the general linear compensator will be considered under
actuator sector restricted nonlinear uncertainties, generalizing the results of [9]
and also results of [6] which dealt with nonlinear uncertainties for the linear
quadratic optimal stabilization problem.

2. PRELIMINARIES. PROBLEM STATEMENT

In what follows the same notations for the linear system and for the compensator
as in [4], [5] will be used. Consider the tandem composed of the linear system

Xp = Ayx; + Asxy + byu(t), x,(0) = x

’tl == O 5 Xz(o) = .xzo

\ | (2.1)

y o=Cx; + Cyxy
z =dix; + dyx,

and the nonlinear element modeling the actuator

u = o(n) (2.2)

Here x, e R™ is the state of the controlled system, u € R is the control function,
y € R? is the error (the deviation) of the measured output, z € R is the error of the
controlled (regulated) output and x, e R™, n, = 2, the state of the exogeneous
system generating the class of the reference and of the disturbance signals. Note
that in the general case [4], [5] the exogeneous signals are generated by the solutions
of the linear system

%y = Ayxy;, x3(0) = x,0 (2.3)

Here, in order to obtain only constant exogeneous signals, it was assumed that
4, =0.
The nonlinear function ¢: R —» R belongs to the class
?Q={¢O<QM<9,7714:112: limqo(n):ioo} (2.4)
Ny — 12 1 oo

where ¢ is some positive number and, for convenience ¢ > 1 is assumed. Remark

that this is a nonlinear system with scalar control and scalar controlled output;

it is subject to exogeneous constant (step) signals.

Assume for a while that () = #; obviously ¢ € &, since ¢ > 1; this is the case
of a linearized control system for which the Linear Structurally Stable Regulator
Problem (LSSRP) [4], [5] is formulated:

Find a measured-error-activated linear compensator

X, = Ax. + By, x,(0) = x,
no=fixe + 9oy (2.5)
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in order that the resulting closed loop linear system
Xy = (A1 + blgICl) Xy + (Aa + blgcTCz) Xz0 T+ b1.chxc
X, = B.Cyxy + B.Cyxzp + AcX. (2.6)

should be asymptotically stable in the autonomous case (in the absence of the exo-
geneous signals i.e. for x,o = 0), lim z(¢) = 0 for any x,, # 0; also these properties
t— w0

should hold for any A5 and for small parameter uncertainties of the pair (4, by).
In most practical situations a compensator which is synthesized to solve LSSRP

has to cope also with actuator nonlinear uncertainties. This means that the com-

pensator (2.5) should be viewed as working together with the system (2.1)—(2.2).

Therefore the following nonlinear closed loop system occurs

Xp = ArXg + by 0(n) + Egxso, xg(0) = xgo

N = faXg + gr¥Xao (2.7)
z = dgxg + dixs
where
(% ng _ ) . (4 0 _(by
“\R<XC>ER s Hg = Ny + A AR_<Bch1 AC>, bR”(O s
A .
b= () R=WC D). d=dlCe E=@o0) (Y

The requirement that the properties obtained by solving LSSRP should remain
true in the nonlinear case is dictated by common sense but, due to the fact that
system (2.7) is nonlinear and the characteristic of the nonlinearity is not well known
except that it exists in a sector, the asymptotic stability requirement should be replaced
by absolute stability (i.e. asymptotic stability for all nonlinear functions of the
considered class) of all possible stationary solutions of (2.7). The stationary solu-
tions are defined from

Agxg + bk(/’(f}-{rxk + ggxzo) + EgXyo =0 (2.9)

and it can be seen that for each x,, there corresponds, provided some conditions are
fulfilled, a certain stationary point. We are now in position to state

Nonlinear Structurally Stable Regulator Problem (NSSRP). Given the system
(2.1)—(2.2) find a compensator (2.5) such that the closed loop system (2.7) has the
following properties:

(AS) (Absolute stability.) For any ¢ € #, and any x,,€R" a unique stationary
point exists (i.e. (2.9) has a unique solution) and this stationary point is globally
asymptotically stable; moreover this property holds uniformly with respect to all
functions from & .

(R) (Regulator property.) Together with (AS)(for specified x,,) one has lim =z(t) =

=0 to o
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(STS) (Structural stability.) The above properties should remain valid for any
Aj and also for small parametric uncertainties of the pair (4, by).

3. COMPENSATOR STRUCTURE DESIGN

Consider the system (2.1)—(2.2) under the following basic assumptions:
(i) the pair (44, by) is stabilizable and the pair (C,, 4,) is detectable;
. . (A; by . . . , . .
(ii) the matrix <dT 0 ) is nonsingular, i.e. =0 is not a transmission zero
of the triple (4;, by, d}); there exists g € R?, ¢ + 0 such that (d] d3) = ¢"(C, C,),
i.e. controlled output z is readable from the measured output y(z = q"y).

Consider ¢(n) = n; the above basic assumptions are necessary and sufficient
[4], [5] for the existence of a compensator (2.5) which solves the LSSRP. Its structure
is given by

A, a, B, T T T
4= (6 0) 2= (i) A g o

where (4,, d,; By, fu, fur go) defines a stabilizing compensator for the extended
system
%o = Aexe + b, n(t)

(3.2)

Ve = CeX,

(A, 0 _ (b, _(c,0 _(xl (v
Ac *(d}" 0>> be _<O >, Cc _<0 1)3 Xe = \xa s Ve = X,

(3.3)

where

and the compensator is given by
W = AWW + Bwy + aaxil
o= LW+ gly + fx,

(3.4)

Worth to mention that due to (i) and (ii) such a stabilizing compensator can always
be constructed but the structure resulting from the separation theorem — state
feedback + observer — is not compulsory. On the contrary the integrator occurs
in a necessary way and must be always present in the structure of the compensator;
moreover, for a structurally stable design with respect to 4,, b, A5 this integrator
must be contained in the compensator even if the initial system contains an integrator
(i.e. has a zero eigenvalue). From (3.1} and (3.4) the following compensator equations
can'be written

w = Aw+ a,x, + B,y
X, = qty (3.5)
no=fow + fixa + gay
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The compensator (3.5) with the subcompensator (3.4) designed in order to stabilize
the extended system (3.2) will be implemented in the nonlinear system (2.1)—(2.2).
In what follows it will be shown that, with some additional, absolute stability-type
assumptions, this compensator solves also the NSSRP — the problem just formulated.

4. MAIN RESULT

In order to show that the compensator solving LSSRP solves also NSSRP the
following should be proved: a) the closed loop system has a unique stationary
point for any exogeneous signal x,, and any ¢ € #,; b) the stationary regulated
output i.e. the regulated output corresponding to the stationary point is zero; c)
each stationary point is globally asymptotically stable for all ¢ € #,. This last
property means that, even if the stationary point is defined for some nonlinear
function from # ,, its stability is ensured for all ¢ € &, uniformly. The main result
is the following.

Theorem. Consider the system (2.1)—(2.2) under the basic assumptions (i)—(iii)
with a compensator (2.4) designed in order to solve LSSRP for the linearized system
(2.1)—(2.2). Assume, additionally, that the compensator is such that: (iv) there
exists « € R such that

/o — Re (1 + jox) Hg(jw) > 0 (4.1)
for all we R such that det(jol — Ag) # 0; here Hgy(s) = fa(sl — Ar)™" bg, f
Ag, bg being those of (2.8). Then: a) the nonlinear closed loop system (2.7) has
a unique stationary point for any x,, and ¢ € #, and the corresponding stationary
controlled output is zero; b) each stationary point is absolutely stable in the class
F, where ¢ > 1 is the one in the frequency domain inequality (4.1) and also
lim z(t) = 0. Moreover these properties are true for any 4, and for small variations

of (A, by).
Remark that, Ag, by, fg being those of (2.8), the transfer function Hg(s) reads
Hi(s) = —T.6) T(s)
where T(s) = C,(sI — A;)™! b, is the transfer function matrix of the plant and
T.(s) = go + fo(sI — A.)"' B, is the transfer function matrix of the compensator;

therefore Hg(s) is the transfer function of the linear part of the system as in any
absolute stability problem. If (3.1) are also taken into account then

Ts) = g% + f3(5T = A,)7" By + () [y + 26T — A) " a]q" o
what shows a PI structure of the compensator. The difference between this compen-

sator and the ideal PI controller occurs from the dynamics of the stabilizing com-
pensator synthesized for the extended system (3.2).
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5. AN EXAMPLE

Consider the system
Z1 = {5 + %310 .
kz = -0 + @(’1) + %3500 : (5'1)

y =ro =4, z=y

where ry is a constant reference, v, is a constant disturbance and a3; (i = 1,2
are uncertain what means that the disturbance can occur in any point of the
plant. The linear part has the eigenvalues 2, = 0, 2, = — 1 hence it is not asympto-
tically stable. In the sequel a compensator solving the NSSRP will be constructed.

1% Consider the linear extended system
N, = —n + ,Lt(l‘) ,
Ny = —ny (5'2)

“\.'u = 2 Ve = (:I,2>

For this system a stabilizing linear compensator is designed using the separation
principle: first the spectrum assignment by linear state feedback is performed

o= king + knp + kax, (5.3)

where k; are chosen in order to obtain the desired spectrum in %~ ; taking into
account the closed loop characteristic equation the following restrictions on k; are
obtained from the Routh-Hurwitz conditions:

ki<1l, ky,>0, ky>0, k;+ kk, <k, (5.4)

Remark that in (5.3) only 5, and x, can be directly used (are “measurable”).
In order to obtain an estimate for #, a minimal order observer is designed

W=00-=-Dw+00-1)n+u
w + On,

I

N (5.5)
M1

where 6 < 1 in order to get a stable observer (this is a necessary condition for
stabilization via state feedback + state estimation). Replacing 7, by #; in (5.3) and
combining (5.3) and (5.5) a linear error-activated stabilizing compensator for system
(5.2) is obtained

W= (0+k — 1w+ (00 —1+ k) + ky)ns + ksx, (56)
w=kw o+ (k0 + o)y + kax, '
From (3.5) it follows that the stabilizing and regulating linear compensator is given by

W= (0 + ky = 1)w A+ kyx, + (0(ky + 0 = 1) + k) ny

X, =1, (5.7

no=kw + kyx, + (k0 + ky)n,
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2° Taking into account that #, stands for the measured (and regulated) error
ro — {; and n, stands for the state variable {,, the following closed loop system
equations are obtained

{i= (o + asyv
L==0+ fP(ﬂ) + o320
W= (0 +k; — ) w+ ksx, + (000 + ky — 1) + k) (ro — £y) (5.8)

X, =79 — {4

no=kw+ kyx, + (k0 + k) (ro — ¢4)
The parameters ky, k,, k; which are subject to restrictions (5.4) and 6 < 1 can be
used for the free assignment of the spectrum for the overall system; however here
a trade-off between spectrum assignment and the frequency domain inequality (4.1)
must be perforimed. The transfer function Hg(s) is
(k,0 + k) s + (ks — ky(0 — 1)) s — ky(0 — 1)

S5+ ) (s+1—-0—ky)

Hg(s) = —H/(s)H(s) = —

(5.9)
The double pole at the origin implies that one must take & = +oo (Popov [7])
hence (4.1) takes the form

+o Im Hy(jo) < 0 (5.10)

Some elementary manipulation shows that in order to satisfy (5.4) and (5.10) it is
sufficient to assign

ki <0; k,>0; ky>0; —ky—ky — ki <ky+kk, <k,;

__kl_l\/(kf—ki(lg+k2(1+k1))><0<min{1,—%+

2 2 .

+ %\/(kf - % (ks + k(1 + kl)))} (5.11)

If 8 is chosen also in order that k, + 0k; > 0 a minimum phase compensator is
obtained.

Due to the form of (5.10) ¢ = oo hence the NSSRP is solved for ¢ € #, i.e. for
all monotonic nonlinear and linear functions such that lim ¢(n) = + oo.

no>tw
6. PROOF OF THE MAIN RESULTS

This proof will consists of several steps.

A. First existence and uniqueness of the stationary point for given x,, and ¢
will be proved. The compensator solves LSSRP hence it stabilizes the system (2.1) to
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(2.2) with ¢(y) = n. Therefore (2.7) with ¢(7) = 7 is stable hence the matrix Ars =
= Ag + bxfs is a Hurwitz matrix; it is therefore nonsingular. Denoting #s =
= faXrs + 9Rx50, Where Xg, is a solution of (2.9), (2.9) can be written as

Agsxg, + brlo(ns) — ns) + (Er + bRgg) X20 =0
and, therefore '

Xps = —Agy br((ns) — n,) — AEEI(ER + brdr) X20 o (6.1)
Taking into account the definition of #, it follows from (6.1)

Hex(0) 9(n) = (1 + Hee(0)) 0, — [(1 + Hye(0)) 07 — fidis Ee] x20 (62)
where Hgs(s) = fa(s] — Ax — bpfa) ' bg = fa(s] — Agg)~! bg. The basic return

difference formula shows that

Hys(s) = fa(sI — Ag — befg) ' by = _ Hy(s)

1 — Hg(s)
where Hg(s) = fa(sI — Ag)™* bg. From a well known identity [8, p. 43]:
det (sI — Az — bfq)

1-H, = - &
<) det (sI — AL)

it follows that

L Hg() e Lo det (sI — Ag) i
1 — Hg(s) det(s] — Ag — befy)
and, if s = 0,
d
|+ Heg(0) = St
det Agy
But (2.8) and (3.1) show that det Az = 0. Therefore (6.2) becomes
(P(ﬂs) = —fa4rs ErX20 (6.3)

But ¢ € #, hence the mapping ¢: R — R is invertible for any x,, and #, obtained
from (6.3) is unique. Replacing this 5, in (6.1) the unique stationary point Xg, is
obtained.

B. It will be shown that the controlled output corresponding to the stationary
point is zero. Indeed, if the structure of Ay given by (2.8) and (3.1) is again taken
into account, (2.9) reads

A1 0 O xls bl A3
chl Aw a, Ws + O (p(fl’{ers + g§x20) + BWC2 x20 = 0
qg"C;y 0 0/ \x, 0 dy

hence q"C x4, + d3x,o = 0. But the readability assumption (iii) gives that q7C, =
= d]. Therefore

T T T T
0 = dix; + dyx;0 = drXps + d2Xp0 = 2,
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It should be also mentioned that (6.3) holds for any matrix 4; — a submatrix of
Ep — and for small variations of 4, and b, which allow the spectrum of Ay to
remain in C~. Therefore the existence of the unique stationary point is robust
(structurally stable) with resp=ct to disturbance location and plant parameter un-
certainties.

C. In order to prove absolute stability of any stationary point, consider some
¢ € Z,where ¢ > | is the one of (4.1) and some x,, = 0. Let xg, be the correspond-
ing stationary point of (2.7). Introducing the deviation from the operating point
Er = xg — Xg, and taking into account (2.9), (6.3) and the expression of n, it follows

g = A:ECR + be[o! il + 1) — o(n,)] (6.4)
z = dkéR

Introducing the nonlinear function y: R — R defined by ¥(n) = o(n + n,) — o(n.)
system {6.4) becomes

L = Arlr + b¥(fele) s 2 = dple ' (6.5)
Due to the fact that ¢ € &, the function \ verifies the sector inequalities
0 <y(mn<o (6.6)

Also ¥(n) = 0 iff » = 0. The only stationary solution of (6.5) is the trivial one.
If absolute stability of the trivial solution of (6.5) is obtained, this property implies
absolute stability of any stationary point because the system in deviations is the
same for all stationary points. But the absolute stability of the zero solution of (6.5)
in the class (6.6) is a standard absolute stability problem. Applying a quite general
result [8, p. 251] the following sufficient absolute stability conditions are found:

a) there exist ¢ > 0 and o € R such that
lle — Re(l + jowx) Hg(jw) 2 0, weR\{w|det(jol — Ag) = 0} ;

b) there exists g, € (0, ¢) such that A, + gobgfx is a Hurwitz matrix;
¢) the left-hand side of the frequency domain inequality is not identically zero.

But from the assumptions of the Theorem it follows that g, = 1 and a) together
with ¢) follow from the strict frequency domain inequality (4.1). Therefore absolute
stability of (6.5) in the class of (6.6) follows hence absolute stability of each stationary
point in the class %, is obtained.

Taking into account that lim &(t) = 0, lim dg &(t) = lim z(¢) = 0.

t— o t— oo t—w

The robustness of the above properties is ensured by the strict frequency domain
condition (4.1). Indeed, as it can be seen from the expressions of T(s) and T(s),
Hg(s) is independent of Aj; if “small variations” of plant parameters (44, b,, C,)
are allowed such that for the modified transfer function Hy(s) the nonstrict frequency
domain inequality

/o — Re(l + joa) He(jw) = 0
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still holds then, according to the general result of [8, p. 251], absolute stability of
(6.5) in the class (6.6} is still valid. Remark that usually small variations of Hy(s)
can be compensated in order that (4.1) holds by suitable modification of the free
parameter «. Therefore robustness of statement b) of the Theorem has been obtained;
this completes the proof.

7. CONCLUDING REMARKS

The result of the paper is concerned with the case of a single nonlinear element
and a single regulated output while there are several measured outputs. The result
can be casily extended to the case of several noninteracting nonlinear elements and
of severa! regulated outputs. The single variable case was considered only for the
simplicity of the exposition. Two facts should be mentioned.

First, the structure of the frequency domain condition (4.1)

/o + Re(l + jozx) T.(jw) T(jw) > 0

shows that the compensator transfer function matrix acts like a multiplier ensuring
positive realness for the tandem transfer function. The idea of using multiplers for
frequency domain absolute stability criteria is not new {e.g. [1]); however here the
multiplier occurs in a different way, namely from a lincar compensator synthesis.

From here the next fact that should be pointed out: the synthesis of the compen-
sator should be performed — as the example shows — by taking into account the
restrictions imposed by the frequency domain inequality (4.1). If the structure of the
compensator is imposed {for instance, by the application of the separation principle)
the parameters should be chosen according to the requirements of the frequency
domain inequality.
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