Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Volume 44 « MNumber1 « January 2008 ISEN 0005-1098

automatica

A Journal of IFAC The International
Federation of Automatic Control

IFAC

www.elsevier.com/locate/automatica

This article was published in an Elsevier journal. The attached copy
is furnished to the author for non-commercial research and
education use, including for instruction at the author’s institution,
sharing with colleagues and providing to institution administration.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Available qnline at www.sciencedirect.com
. ScienceDirect

Automatica 44 (2008) 128134

automatica

www.elsevier.com/locate/automatica

Brief paper

MIMO controller synthesis with integral-action integrity*

A.N. Giindes*, A.N. Mete

Department of Electrical & Computer Engineering, University of California, Davis, CA 95616, USA

Received 17 March 2006; received in revised form 19 Novemeber 2006; accepted 10 April 2007
Available online 10 August 2007

Abstract

A controller synthesis method is presented for closed-loop stability and asymptotic tracking of step input references with zero steady-state
error. Integral-action is achieved in two design steps starting with any stabilizing controller and adding a PID-controller in a configuration that
guarantees robust stability and tracking. The proposed design has integral-action integrity, where closed-loop stability is maintained even when
any of the proportional, integral, or derivative terms are removed or the entire PID-controller is limited by a constant gain matrix. The integral

constant can be switched off when integral-action is not wanted.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

We consider integral-action controller design for linear, time-
invariant (LTT) multi-input multi-output (MIMO) plants. Our
goal is to achieve closed-loop stability and robust asymptotic
tracking of step-input references with zero steady-state error.
This objective is extended to type-m integral action in each
output channel so that polynomial references up to order m — 1
applied at each input would be asymptotically tracked.

The simplest controllers that achieve integral-action are in the
proportional+integral+derivative (PID) form. However, closed-
loop stability can be achieved using these low order controllers
only for certain classes of plants, and many others cannot be
stabilized using PID-controllers (Giindes & Wai, 2005). The
standard method of achieving integral-action is the well-known
full-order observer-based integral-action controller design
based on an augmented plant model, which uses linear quadratic
regulator (LQR) or pole-placement methods to find state-
feedback gains for the states of the integrators in addition to the
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states of the plant (Goodwin, Graebe, & Salgado, 2001). Al-
though this method achieves both closed-loop stability and
steady-state accuracy, the integrators cannot be completely
switched off without affecting closed-loop stability. Further-
more, this standard method does not easily extend to higher
integral-action type (Giindes & Kabuli, 1998). In this paper
we propose a two-step integral-action synthesis procedure
that achieves robust tracking by adding a PID-controller over
a previously designed stabilizing controller that is already
present in the feedback loop. An initial stabilizing controller,
which does not have integral-action, is designed (to be op-
timal and to satisfy given design objectives) for the original
plant using any method (LQR, H,, etc.). Then an additional
PID-controller is designed for a stable system (the numerator-
matrix of the plant). The two controllers are then configured
to achieve closed-loop stability and integral-action together.
All integral-action controllers can be obtained by inclusion of
a free controller parameter. The main advantage of this two-
step approach is that the PID-controller block containing the
integral-action designed in the second step can be switched
off (taken out completely and the states are reset) without
affecting closed-loop stability. The PID-controller can be de-
signed with an additional property that we call integral-action
integrity, where closed-loop stability is maintained even when
any of the proportional, integral, or derivative terms are re-
moved or the entire PID block is limited by a constant gain
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matrix. If the design requires a higher or lower integral-action
type, the initial design can be easily modified by including
incrementally designed additional integrator terms in the con-
troller. High-order integral terms can be deleted to achieve
a lower type all without re-designing the entire stabilization
loop. This incremental feature of the design starting from sta-
bilizing controllers for the original plant and adding on inte-
grators as necessary makes it possible to compare the system
performance for different integral-action types since all designs
are based on the original plant instead of different augmented
systems. In contrast with the standard approach to integral-
action design for an augmented system, the design proposed
here does not use an augmented system identification and does
not need to re-identify the plant for a stabilizing controller
without that integral-action component or a lower/higher-order
integral-action component. Simulation comparisons of the pro-
posed method with the standard augmentation-based method
were given for a stable plant in Mete and Giindes (2004). Since
the performance of integral-action control depends on the sys-
tem operating in a linear range and integral-action controllers
suffer serious loss of performance due to integral windup, which
occurs when the actuators in the control-loop saturate, it may
be desirable to switch off the integral term while maintain-
ing closed-loop stability for protection against windup (Doyle,
Smith, & Enns, 1987; Kothare, Campo, Morari, & Nett, 1994;
Kapoor, Teel, & Daoutidis, 1998). The methods proposed here
simply design controllers whose integral-action components
can be turned-off (or limited), and are not intended as alternate
anti-windup schemes. When the integral-action is turned-off,
the states in the part of the controller implementation that is
taken out of service are all set to zero and the initial conditions
and outputs are reset to zero.

Although continuous-time systems are discussed, all results
apply also to discrete-time systems with appropriate modifi-
cations. Notation: U is the extended closed right-half plane,
ie, U ={s € C|Re(s) =20} U {oo}; R, Ry denote real and
positive real numbers; R, denotes real proper rational func-
tions of s; S C Ry is the stable subset with no poles in /;
M(S) is the set of matrices with entries in S; I,, is the n x n
identity matrix; we use I when the dimension is unambigu-
ous. The Hy-norm of M(s) € M(S) is denoted by ||M(s)||
(i.e., the norm | - || is defined as [|M|| := sup,.q G(M(s)),
where ¢ is the maximum singular value and 0/ is the bound-
ary of U). For simplicity, we drop (s) in transfer matrices
such as G(s). We use coprime factorizations over S; i.e., for
G € Ry, G = XY~ denotes a right-coprime-factorization
(RCF), G = Y~ Xdenotes a left-coprime-factorization (LCF),
where X, X € S>4 Yy € S99, Y € S8, detY(oc0) # O,
det Y (oc0) # 0.

2. Problem description and preliminaries

Consider the LTI, MIMO unity-feedback system Sys(G, 6)
in Fig. 1; G € Ry and C € R{™" denote the plant’s and the
controller’s transfe&functions. It is assumed that Sys(G, C ) is
well-posed, G and C have no unstable hidden-modes, and G €

u c

v
w y
4? a

Fig. 1. Unity-feedback system Sys(G, 6).

(O))

;, 4 is full normal rank. Let H,,=(I, +Ga)*] =1 —66(1,+
GC)'=: 1, — GHy,=: I, — Hy, denote the (input-error)
transfer- functlon from u to e.

Definition 1. (i) The system Sys(G, 6) is called stable iff the
closed-loop transfer—functlon from (u v) to (y, w) is stable. (11)
The controller C stabilizes G iff C is proper and Sys(G, C ) is
stable. (iii) The stable system Sys(G, C) has integral-action iff
H,, has blocking-zeros at s = 0; it has type-m integral action
in each output channel iff H,, has (at least) m blocking- zeros
at zero, i.e., (s~ DH,,)(0) = 0. (iv) The controller C is
called a controller with 1ntegral -action iff C stabilizes G and
D of any RCF C= N.D_. ! has blocking-zeros at s =0, i.e.,
D:(0) =0; C is called a controller with type-m integral action
iff C stabilizes G and D, has (at least) m blocking-zeros at
s=0,ie, (s"™DDH0)=0

Let G = XY~ = Y-1X be any RCF, LCF of the plant,
C N.D;'=D; 1N be any RCF, LCF of the controller. Then
c stablhzes Gif and only if My, := =Y D.+ X N, is unimodular,
equivalently, Mg = D.Y + N X is unimodular (Gindes &
Desoer, 1990; Vidyasagar, 1985). Suppose that Sys(G, C) is
stable. Then the error e(¢) due to step inputs u(¢) goes to zero as
t— 00 1f and only if H,,(0) =0. Therefore, the stable system
Sys(G, C) achieves asymptotic tracking of constant reference
inputs with zero steady-state error if and only if it has integral-
action; it achieves asymptotic tracking of polynomial references
up to order m — 1iff it has (at least) type-m integral action
(Ledn de la Baga, Emami-Naejni, & Ckincén, 1998). W~rite

eu_(l—i-GC)_l—I—GC(I—i—GC)_l—D MY =
I — XMy N By Definition 1, Sys(G C ) has 1ntegral action
if and only if Hey(0) = (DeM; 'Y)©0) = 0. If C =N, D!
is an integral-action controller. Nthen Sys(G, C ) has integral-
action. For H,,(0) = (DCML_IY )(0) = 0, it is sufficient but
not necessary to have D.(0) = 0. For plants that have poles
at s = 0, rank Y (0) <r and hence, the system may achieve
integral-action_even if D.(0) # 0. For plants with no poles
at s = O,rank Y(O) =r 1mp11es Sys(G, C) has integral-action
if and only if C = N:D_ " is an integral-action controller, i.e.,
D.(0) =

Lemma 2.1 states two necessary conditions for integral-
action. In Lemma 2.2, stabilizing controllers are decomposed
into a sum of two components. A controller designed to stabi-
lize the stable numerator X of the plant G can be added through
a denominator factor to any controller that stabilizes G:

Lemma 2.1 (Necessary conditions for integral-action). Let
G e er,xq. If the system Sys(G, C) has integral-action, then
(1) (normal) rank G = r <m; (ii) G has no transmission-zeros
ats =0.
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r><q

Lemma 2.2 (Two -step controller syntheszs) Let G € Ry
let G=XY ™! be any RCF and G = YIX be any LCF ofG
Suppose that Cq is any controller that stabilizes G; let Cq =

1N be an LCF of Cq such that D Y+ Ng = 1. Suppose
that Cx is a controller that stabilizes X € M(S). Then, for any
Q € M(S) such that det(Dy — QX)(00) # 0,

Co=(Dy— 0X)"'[(Ng + QY) + C,] (1)

also stabilizes G. For Q =0, 6Q becomes C = Eglﬁg +
N1 N1
D, Ce=C+ D, Cy.

The controller achieved as a sum in Lemma 2.2 is particularly
useful when the controller is designed to satisfy a criterion such
as asymptotic tracking. The poles at s = 0 can be designed
into the term C, so that the controller C ends up with integral-
action. Designing a special C, with poles at a specific location
(e.g., s =0) for the numerator X, which is stable, is easier than
designing one for the actual plant G, which may be unstable.

3. Main results

The simplest integral-action controllers are in PID form.
We consider the following (realizable) form of proper PID-
controllers; Kp, K1, Kp € R?*" are the proportional, the inte-
gral, and the derivative constant (Goodwin et al., 2001):

Ki Kps
Cpld—Kp-i-T-I— Tds~|—1'
A pole is typically added to the derivative term (with tq > 0)
so that the transfer-function Cpig in (2) is proper. The only
U— pole of the PID-controller in (2) is at zero. The integral-
action in the PID-controller is present when K # 0. Subsets
of the PID-controller in (2) are: proportional + integral (PI)
Cpi = Kp + K1/s (when Kp = 0); integral + derivative (ID)
Cia=Ki/s+Kps/(tgs+1) (when Kp=0); integral (I) Ci=K7y/s
(when Kp= Kp=0); derivative (D) Cq= Kps/(tqs+1) (when
Kp = K1 = 0); proportional (P) C;, = Kp (when K1 = Kp =0).

If the design also ensures that any subsets Cpi, Cpd, Cid,
Ci, Cq, Cp of Cpig or all of the Cpig can be removed without
affecting closed-loop stability, then this property of the PID-
controller is called integral-action integrity. Integral-action is
not maintained once K1 =0,

2)

Definition 2. The PID-controller i m (2) has integral-action in-

tegrity iff C¢A4 := [PpKp + <I>1 + &p TKv'fl]A also main-

tains closed-loop stability for @p € {I;, 0}, &p € {1, 0}, D1 €
{1,,0}, and for all 4 = diag[dy, d2,...,6,],9; € (0,1], j =

1,...,r.

In Definition 2, 4 is a constant (possibly unknown) mul-
tiplicative perturbation. The channels of a PID-controller that
has integral-action integrity can be scaled individually.

3.1. Two-step integral-action controller synthesis

Although PID-controllers are simple and achieve integral-
action, some unstable plants cannot be stabilized using PID-

controllers of the form (2). Consider the following example,
where we introduce a two-step approach to design integral-
action controllers for an unstable plant that is not stabilizable
using PID-controllers. The two-step synthesis approach is for-
malized in Proposition 3 and Theorem 4 below.

Example 1. Consider the plant G = (s — 1)/(s + 1)(s — 2).
which cannot be stabilized using PID-controllers and is not
even strongly stabilizable (Vidyasagar, 1985). Consider e.g.,

=9(s + 1)/(s —5); every controller stabilizing this plant is
unstable. The PID-controller Cpig = 0.2 4 0.08s/(0.1s + 1) +
(—0.2/s) as in (2) is designed to stabilize X = (s — 1) /(s + 1?2
of G=XY"!. For every PID-controller that stabilizes X, K1 <0
since X (0) < 0. By Lemma 2.2, Cy = Cp;q can be used together
with C, to introduce integral-action: The integral-action con-
troller

Cig = (Dg — QX)™'(Ng + QY + Cpia)
(s =95 -\ (s —2)

- <<s+ DT 1)2) <9+ °eFD +C"‘d>
also stabilizes G for all Q € M(S), including Q = 0. Since
G has one zero at s = 1 between an integral-action controller’s
pole at s =0 and the plant’s pole at s =2, every integral-action
controller for G has an odd number of positive real-axis zeros in
the interval (0, 2). The controller C =[(s+1)(0.925249.265 —
0.2)]/5(0.1s+1)(s —5) has a zero at s =0.0216 in this interval.
The PID-controller block in Cjp that introduces the integral-
action is designed so that it can be partially or fully turned
off, or scaled down while maintaining closed-loop stability.
With C, = 0.2, Cq = 0.085/(0.1s '+ D, G = (=0.2/s), the
system Sys(G, C(M) is stable with Cqu = (D — QX) l(N +
QY + [PpCp, + PpCy + D1Ci]4), where each of Pp, Pp, Py
may be zero or identity, and 4 € (0, 1]. Any or all of the
proportional, derivative, integral terms in the PID-controller
portion of C ipcan be removed (multiplied by zero), or the terms
that remain may be multiplied by a scaling factor 0 <4< 1.
Closed-loop stability is maintained with any of the subsets of
the PID-controller, but the integral-action is present only when
the integral term is not multiplied by zero. [J

Proposition 3 shows that stable systems can be stabilized
using PID-controllers, with K1 # 0 if and only if the system
has no transmission-zeros at s = 0, and proposes a method of
selecting the proportional, integral, derivative constants for a
PID-controller design with integral-action integrity.

Proposition 3 (PID-controller synthesis with integrity for sta-
ble systems). Let X € S"*9, rank X (s) = r <q. If K1 is to be
nonzero, also let rank X (0)=r. Let X (0)! be a right-inverse of
X(0) (if r=gq, then X (0)' =X (0)™"). Let ®p, &p, &1 € {1, 0}.
Let A=diag[d1,62,...,0,],6; € (0,11, j=1,...,r. Choose
any Kp, Kp € RI*" 14> 0. (a) Choose any y € Ry satisfying

. Kps XX =1
X(Kp+ D )+ ()X ©)
Tqs + 1 K

3

O<y<
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Let Kp = “,)Iep, Kp = “/I%D, K= “/X(O)I; then

. 9XO)'  yKps
Cpia = 7Kp + + 4
pid = Y&Pp s a5 + 1 4

is a PID- controller that stabilizes X. For KD =0, (4) is a PI-
controller; for Kp 0, (4) is an ID-controller; for KD Kp 0,
(4) is an I-controller.

(b) Choose any y € Ry satisfying

Kps
Tas + 1

< min
Pp, Pp, Py

X (@p[%p + &p

+¢1(X(s)X(0)‘ -D|
S

(&)

With y satisfying (5), Cpia in (4) is a PID-controller that sta-
bilizes X. Furthermore, Sys(X, CpA) is also stable for all A =
diag[dy, 02, ...,6,],0; € (0,1], j=1,...,r, where Cod =

N . I o
[@pyKp + &K 4 dop 280514,

Any subset of the PID-controller designed as in Proposition
3(b) also stabilizes X; i.e., Kp, K1/s, Kps/(tq4s + 1) each stabi-
lize X individually, or in pairs, or all together. The proportional,
integral, derivative blocks that remain in service can all be mul-
tiplied by the unknown diagonal multiplicative perturbation A
that has “small gain”.

Theorem 4 proposes a two-step approach for integral-action
controller synthesis applicable to any general plant G. The two-
step procedure starts with any stabilizing controller (without
integral-action) for G = XY~! and then adds a PID-controller
that was designed for the stable numerator X. Although this
PID-controller for X can be designed using any method, we
use the method of Proposition 3 that designs the PID-controller
block with integral-action integrity. The closed-loop system re-
mains stable even when any or all parts of the PID-controller
is taken out of service or is perturbed by any diagonal constant
matrix 4 such that ||4]| < 1. Integral-action is present unless the
integral term inside the PID block is taken out of service com-
pletely (switched-off). The integral-action in each channel can
be scaled without affecting other channels since the individual
channels may be multiplied by different factors.

Theorem 4 (Two-step controller synthesis with integral-action
integrity). Let G € er,xq, rank G(s)=r <q, and let G have no
transmission-zeros at s = 0. Let G = XY~ be any RCF and
G =YX be any LCF of G. Let X (0)! be any right-inverse of
X(0). Let <Dp, &p, @1 € {1;,0}. Let A =diag[dy, 62, ..., 0,1,
0; €(0,1], j=1,...,r.Choose any controller C, € Rgxrthat
stablllzes G; let Cg = Bglﬁg be an LCF of Cg such that
EgY + Z\NJgX =1. Let a PID-controller Cpiq that stabilizes X €
8" be designed as in Proposition 3(b), where y € R satisfies
(5). Then for any Q € 87" such that det(Dgy — QX)(00) # 0,
all integral-action controllers that stabilize G are given by

Cig = (Dg — 0X)™'[(Ng + QY) + Cpial. )

Fig. 2. The controller 6¢A as in Theorem 4.

For =0, (6) becomesa o (Ng+ Cpia)=Cy + Dy ! Cpia.
Furthermore, Sys(G, C4>A) is stable for all A where quA—
(D — 0X)™'(Ng + QY + Cod) = (Dy — 0X) ™' (Ng + 07 +
[@pyKp + P1(X (0)!/5) + PpyKps/(tas + 1)]4).

The block-diagram of Sys(G, am) is shown in Fig. 2. The
main advantage of the two-step design proposed in Theorem
4 is that the integral-action is added as part of a separate
module, which can be removed or limited without affecting
closed-loop stability. Even if the plant is directly stabilizable
by PID-controllers, this two-step approach may be preferred to
switch the integrators off, e.g., to prevent integrator windup.

The two-stage design in Theorem 4 is extended in Corollary
5 to type-m integral-action achieving asymptotic tracking of
polynomial references up to order m — 1. As in the type-1
case, the block C,, that provides type-m integral-action can be
turned-off completely without losing closed-loop stability:

Corollary 5 (Extension to controller synthesis with type-m
integral-action integrity). Under the assumptions of Theo-
rem 4, let Cpig be a PID-controller that stabilizes X € S™4
designed as in Proposition 3(a). If g >1, define G; =
XCpiaI + XCPid)*l; ifq>2,for2<v<q — 1, define G, :=

v .
X Cpia =i [ 1=y k(I + X Cpia + X Cpia _22 Tk e
]=
S™", For 2<v<gq, choose any k, € Ry satisfying (7) and let
Cp, be as in (8):

Go-1(s) =1
s

-1
0<kv<H ‘ , ™

m J
Cp = Cpid + Cpl Z l_[ (3)
2 =2

Then with & = 1;, all type-m integral-action controllers that
stabilize G are given by

Cip = (Dy — 0X)™'[(Ny + QY) + ®C,], ©9)

for any Q € S9%" such that det(ﬁg - Q?)(oo) # 0. The
controller Cig stabilizes G also when ® = 0.

Remarks. ((1) All achievable closed-loop transfer-functions
using integral-action controllers): With the initial controller
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C,, the achievable closed-loop (input—output) transfer-function
of the stable Sys(G, Cig) is HY, := GCyq(I + GCo)™! =
X (N + QY ) and the corresponding input-error transfer-
function is HS, := (I + GCg) ! = (Dg — XQ)? With the
1ntegral action controller Cq)A = (Dg — QX) ! (Ng + QY +
[<Dppr + &1(yX (0) /s) + <PD(VKDS/Tds + l)]A) in Theorem
4, all achievable H,, = (I, + GCIQ) =1—-Hy, =(Dg —
XQ)Y XCopA(Il + XCopA)~ 1(D - XQ)Y becomes

Hey = (I + XCopA)~'HE,. (10)

When &1 =1, A4 # 0, the integral term is present in CgpA4
and (I + XCpA)~1(0) = 0, which implies integral-action.
Achievable input-error maps with or without integral-action
can be easily compared using (10). W1th C(M, E}ll achiev-
able Hyu_l Hoyy =+ XCopd)™ X(N +QY)+(1
XCo) 'XCopd=1—(+ XCod)~ "HS, =X (Ng + QY) +
XCgA(I + XCgA)~'(Dg — X Q)Y becomes

Hyy = HS, + XCoA(I + XCop )" HE,. (11)

Again, setting @1 = I or @1 = 0, achievable input—output
maps with or without integral-action can be easily com-
pared using (11). Similarly, with the type-m integral-action
controller Cig in (9), Hy, = (I + XCm) YHY, + (0 +
XCw) 'XCp = Hfy + XCp(I + XCp) 'HE,, where Cp,
can be completely removed. The achievable transfer-functions
Hy, and Hfu can be compared to evaluate the system per-
formance with or without the integral-action, which intro-
duces to H o the add1t10nal term XCpig(I + XCpia)™ 1H§,
(or XC,,(I + XC m) HE,). The following complemen-
tary sensitivity and sensitivity bound comparisons are ob-
tained for the system with and without the integral action:
”Hyu” = ||H§Ll + chid(l + XCpid) 1 eu” < ”H u” +
IXCpia(I + XCpia) "' N HE N (| Hewll = 1 HE, — XCpiaI +
XCpia)™ HEN < I+ X Cpia) ™ NI HE -

(2) (Two-step integral-action synthesis with an observer-
based controller): The integral-action controllers in (6) can also
be expressed using a state-space representation (A, B, C, D) of
the plant G, where A € R"*", (A, B) is stabilizable and (C, A)
is detectable. Let K € R?*" and L € R™*” be such that Fg :=
(sI —A+BK) ' e M(S) and F;, :== (s — A+ LC)"' €
M(S). In terms of this_state-space representation, an RCF
and LCF G = XY ~! —Y ¢ are givenby Y =1 — KFgB,
X=(C—DK)FxB+D,Y=I-CF; L, X=CF(B—LD)+D
Vidyasagar, 1985. With Dg—I—i-(C DK)FkL, Ng—KFKL
Dg =14+ KFp.(B—-LD), Ng = KF L satisfying D Y +
NgX = I, a stabilizing controller isC, = Dy lNg = NgD 1—
K(sI —A+BK+L[C—DK])"'L.The PID controller Cpig
is designed for the stable numerator X = (C — DK)Fg B + D,
where X (0)=(C—DK)(—A+BK)~'B+D.If Cpid is designed
following Proposition 3(b), then with C &4 as in Theorem 4,
Sys(G, C & 4) 1s stable. With the full-order observer-based con-
troller C, the expression (6) for the integral-action controllers
of Theorem 4 is obtained as CIQ =[I+ KFL(B LD) —
Q(CFL(B LD)+ D) Y [KF.L+ QU — CFLL) + Cpid |,

Fig. 3. The controller apA using full-order observer-based controller Cg.

where O € S7*" is such that det(/ — Q(o0)D) # 0. With
0 =0, the integral-action controller Cjp becomes C;=C,+[/+
KFi(B—LD)]"! Cpid- The block diagram of Sys(G, apA) is
shown in Fig. 3, with the full-order observer-based controller
C,.

4. Conclusions

We proposed a systematic integral-action synthesis procedure
in Theorem 4, which achieves robust asymptotic tracking of step
references in two steps: First, an initial stabilizing controller
that does not have integral-action is designed for the original
plant using any method. Second, a PID-controller is designed
for the stable numerator-matrix of the plant using Proposition 3,
which defines the proportional, integral and derivative constants
explicitly. The two controllers acting together achieve closed-
loop stability and integral-action. The PID-controller block de-
signed in the second step can be removed and even limited by
a constant gain matrix, multiplying the channels with arbitrary
constants varying between zero and one. The design for the
PID-controller in Proposition 3 also allows any or all of the
(MIMO) terms Kp, K1, Kp to be zero without losing stability.
The significance of this integral-action integrity property is that
it is possible to completely remove the integral term together
with or separately from the proportional and derivative terms.
The integral-action type can be iteratively increased or higher
integral terms can be decreased by using the same stabilizing
controller designed in the first step without plant augmentation
or re-design.

Appendix

Proof of Lemma 2.1. If Sys(G, C‘) is stable, H,,(0) =
I, — GHy,(0) = 0 implies GH,,(0) = I,; ie., (nor-
mal) rank (GHy,) = r < min{rank G, rank Hyu} nnphes
r<rank G < min{r, ¢}. By Hey = De M;'Y =1 — XMy'N,,

H,, (0)=0implies X (O)ME1 ) Nc (0)=1,; hence, rank X (0)=
rank ]\N/C(O) =r.
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Proof of Lemma 2.2. The controller C;, = N, D_ stabilizes

G =Y 'X if and only if M, = YD + XNg is unimod-
ular. Now C, stabilizes X € M(S) if and only if C,(I +
XC,)~' € M(S), which implies (I + XC,)~! € M(S). De-
fine D, := (I + XC,)"'Dy € M(S), Ne := [Ng + YC (I +
XC )—ng] € M(S). Since (C,X+Y)=D; "', for 0=0, write
CQ C =N.D;'. Then YD, + XN, _Y(1+ch) 1Dg+
XNg+XYCx(I+XCx) ng_Y(I—i—XC )" 'Dy + XN, +
YXC.(I + xcx) 'Dy =YDy + XNy = M, is un1modular
hence, C= N, D_ stabilizes G Since all stabilizing controllers
for G can be expressed as (D QX) 1(N + QY) (1) is
also a stabilizing controller for G for any QO € M(S) such that
det(Dg— QX) is biproper (Giindes & Desoer, 1990; Vidyasagar,
1985).

Proof of Proposition 3. We prove (b); (a) is a special case
when ®p = &p = &y = I,. Write Cpig = [(s + a)_lstid]
[(s + a)_lslr]_1 for any a>0. If &1 = I, define M, :=
(sI+yA)_1s1+(s1+yA)_ sXCpldA_(sI—i-yA)_ sT+(sI+
74)” VSX(¢PKP+<PDKDS/(TdS+1)+X(0) [)A=1+(s]+
7 M)~ 'ys[ X (@pKp + PpKps/(1as + 1)) + (XX (0)' — 1)/s14.
Since ||4|| <1 and ||(sI +y4)~ Lg || =1, M, is unimodular for
y > 0 satisfying (5); hence, Sys(X, CeA)is stable for @p, Pp €

{0, Iy}, If ®y=0, then Mgpq = I + 7X (PpKp + PpLE1)4

is unimodular since y < ||((Dplep + ¢DI€DS/(TdS + 1))x|!
and || 4]| < 1. Hence, Sys(X, C¢A4) is stable without the integral
term in Cpig for @p, Pp € {0, 1,}.

Proof of Theorem 4. By Lemma 2.2, with C,=C;q, a 0 in (6)
stabilizes G and has integral-action due to Cpiq. By Proposition
3, the PID-controller for X has integral-action integrity, i.e.,
Co4 also stabilizes X. Therefore, Sys(G, Cg,4) is stable with
Cq4 as in Eq. (6).

Proof of Corollary 5. Since C, is a stabilizing controller, (9)
stabilizes G when @ = 0. When @ = I, write Cpig = [(s/(s +
a))Cpialls1/(s +a)]~! for any a € R.. Define

I
Gta), . > XCyia
(s+7) s+y  s+vy
3 Kps XX -1
_I+/ |: ( p+ b )+ ©) :|
s+y Tqs + 1 )

Then M is unimodular for y € Ry asin 3). f m> 1, G| =
Ml_l(s/(s +a)XCphig=( + XCpid)_lXCpid € M(S). With
G1(0) = 1, for any k, satisfying (Eq. (7)),

sI M- kZSXCpid

My = = sl + kG
2= g U Gt a) (S+a)[ 2G1]

is unimodular since

(s+a) kas (XX = 1)

G+k) o k) s

If ¢ > 2, for v=2, G, becomes

kZSXCp1d

1 ka
Gy = (M M)~
(s +a)

(1+G1—) 1G1
ko \ ™ k
=7 +chid +chid? chid? € M(S)

since (M|M53) is unimodular. With G2(0) = I, for any k3
satisfying (7),

s1 1 kok3s X Chpig
M; = + (M My) T =P
s+a (s +a)

1
= Gt a [sI 4+ k3G>]

is unimodular. If m > 3, continue similarly; define

G ﬁ M SXCpidnlj}t]kj
v : J (S +a)l)
j=1
forv=3,...,m—1; G, is stable since (H3:1 M) is unimod-

ular. With G, (0) = I, for any k, satisfying (7),
sI v SXCpldl—[U+l

M.
s+a jli[l / (s +a)’*!

Myyy =

= sI + kyir1Gy
(s—i—a)[ +1Gy]

is unimodular. Finally,

m m m

s s
M; | = 1 XC
1_[ / (s+a)” + s+a)™" "

Jj=1

is unimodular and therefore, C,, stabilizes X. By Lemma 2.2,
with Cy = Cyy,, CIQ in Eq. (9) stabilizes G and has type-m
integral-action due to Cy,.
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