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Controller Synthesis with Guaranteed Closed-Loop Phase Constraints

Wassim M. Haddad, VijaySekhar Chellaboina, and Behnood Gholami

Abstract— In this paper, we present an analysis and synthesis
framework for guaranteeing that the phase of a single-input,
single-output closed-loop transfer function is contained in the
interval [—q;, o] for a given o > 0 at all frequencies. Specifically,
we first derive a sufficient condition involving a frequency
domain inequality for guaranteeing a given phase constraint.
Next, we use the Kalman-Yakubovich-Popov theorem to derive
an equivalent time domain condition. In the case where o = 7,
we show that frequency and time domain sufficient conditions
specialize to the positivity theorem. Furthermore, using linear
matrix inequalities, we develop a controller synthesis frame-
work for guaranteeing a phase constraint on the closed-loop
transfer function. Finally, we extend this synthesis framework
to address mixed gain and phase constraints on the closed-loop
transfer function.

I. INTRODUCTION

The ability to address gain and phase uncertainties is es-
sential for maximizing achievable performance in controlling
uncertain dynamical systems. The small gain theorem guar-
antees robust stability by requiring that the loop gain (includ-
ing desired weighing functions for loop shaping) be less than
unity at all frequencies. The small gain theorem, however,
does not make use of phase information in guaranteeing
stability. To some extent, phase information is accounted for
by means of positivity theory [1-5]. In this theory, a positive
real plant and a strictly positive real uncertainty are both
assumed to have phase less than 90° so that the loop transfer
function has less than 180° of phase shift, hence guaranteeing
robust stability in spite of gain uncertainty. Other notable
results addressing phase information include concepts such
as principal phases [6], [7], multivariable phase margin
[8], phase spread [9], phase envelope [10], phase matching
[11-14], phase-sensitive structured singular value [15], [16],
and plant uncertainty templates [17-19]. With the exception
of positivity theory all of the aforementioned methods are
restricted to frequency domain characterizations and are not
amenable to state space formulations necessary for devel-
oping controller synthesis methods with guaranteed phase
constraints.

In this paper, we present an analysis and synthesis frame-
work for guaranteeing that the phase of a single-input, single-
output closed-loop transfer function is contained in the inter-
val [—a, o] for a given o > 0 at all frequencies. Specifically,
we first derive a sufficient condition involving a frequency
domain inequality for guaranteeing a given phase constraint.
Next, we use the Kalman-Yakubovich-Popov (KYP) theorem
to derive an equivalent time domain condition. In the case
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where a = 7, we show that frequency and time domain

sufficient conditions specialize to the positivity theorem.
Furthermore, using linear matrix inequalities (LMIs), we
develop a controller synthesis framework for guaranteeing a
phase constraint on the closed-loop transfer function. Finally,
we extend this synthesis framework to address mixed gain
and phase constraints on the closed-loop transfer function.

II. MATHEMATICAL PRELIMINARIES

In this section, we introduce notation and several key
results necessary for developing the main results of this
paper. Let R denote the set of real numbers, let R™*™ denote
the set of real n x m matrices, let S™ denote the set of n xn
symmetric matrices, and let AT and A* denote the transpose
and complex conjugate transpose of A, respectively. We write
| -]l2 to denote the Euclidean vector norm, I,, or I to denote
the n X n identity matrix, and M > 0 (resp., M > 0) to
denote the fact that the symmetric matrix M is nonnegative-
definite (resp., positive-definite). Furthermore, we write

o~ [#2]

to denote the state space realization of the transfer function

G(s) = C(sI — A)~'B + D. The notation “'~"” is used
to denote a minimal realization. In the case where G(s) is a
scalar transfer function, /G (jw) denotes the phase of G(jw).

Let Lo denote the space of bounded Lebesgue measurable
functions on [0, co). For a measurable function v : [0, 00) —
R" recall that the Lo function norm with Euclidean spatial
norm is given by

lo@)lle, 2 ( / N |v<t>||§dt) "

and the H, norm of a transfer function G(s) with input u
and output y is defined as

16l 2 sup WDley

wOrers Nulle, SUD Omax |G (Jw)].

weR

Next, we state the well-known Kalman-Yacubovich-Popov
(KYP) theorem.

Theorem 2.1 ([20]): Let

oo~ [443].

where A € R™*", B € R™*™, C € R™*™ and D € R™>™,
Furthermore, let () € S!, S € R™™, and R € S™. Then,

G*(w)QG(w) + G*(yw)S + STG(w) + R <0,
w e R, (1)
if and only if there exists P € S™ such that
ATP+PA-CTQC PB—CT(QD+5)
A A . ~ A <0.
BTP—(QD+5)T™C —(R+STD+DTS+DTQD)| ~
)
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Remark 2.1: Note that if in Theorem 2.1 Q < 0 and A is
Hurwitz, then P > 0.

Corollary 2.1: (Bounded Real Lemma [2]) Let v > 0
and consider the linear dynamical system

where A € R"*", B € R»*™_ (C € R*™, and D € RI*™,
Then the following statements are equivalent:

i) There exists matrices P € R"*", [ € RP*™ and

W € RP*™ | with P positive definite, such that
0 = A"TP+PA+CTC+L"L, (3)
0 = PB+C'D+L™W, )
0 = ~°I,,—-D'"D-WTw. (5)

i) IG()lloe < -

Proof. The proof is a direct consequence of Theorem 2.1
and Remark 2.1 with Q = —I;, S = 0, and R = ~2I,,.
P > 0 follows from the fact that (A, C) is observable. [

Remark 2.2: Note that (3)—(5) can be written as
ATP+PA+CTC  PB+CT™D <0 ©)
(PB+C*D)Y  —4%L,+D'D | =7
and in dual form as
AQ + QAT + BBT
(QC™ + BD™)T
where @ > 0.

The following theorem gives sufficient conditions for
guaranteeing that the phase of a scalar transfer function G(s)
is bounded by +a, where a € (0, 3.

Theorem 2.2: Let o € (0, 5], let

oo-[215].

where A € R"*" B e R"*1 C € R*" and D € R, and
let A > 0. Then,

T T
QC* + BD ]SO, o

21+ DDT

0 = ATP+PA+CTC+L"L, (8)
0 = B'"P+(D-\NC+W'L, )
0 = 2D —D? - X2cos’a—WTW, (10)

where P € S*, L € RP*" and W € RP*!, if and only if

G* (Jw)G(w) — A(G* (jw) + G(Jw)) + A cos? a < 0,
weR. (1D
Furhtermore, if (11) or, equivalently, (8)—(10) hold, then
LG(yw) € [—a,a], w € R.
Proof. The equivalence of (8)—~(10) and (11) is a direct
consequence of Theorem 2.1 with Q = —1, S = ), and
R = —)2cos® a. To show that /G (jw) € [ a, o, where

a € (0,Z] and w € R, define G(jw) = Be’?, where 8>0
and 0 € ﬁ% In this case, (11) can be written as
B2 —2XBcosb + N cos®a <0, (12)
or, equivalently,
(B — Acosa)? + 2)\B(cosa — cosf) <0, (13)

which implies cosa < cosf. Hence, ZG(jw) € [—a,ql],
where o € (0, 7] and w € R. O
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Remark 2.3: Note that if in Theorem 2.2 A is Hurwitz,
then P > 0. If, in addition, (A, C) is observable, then P > 0.

Remark 2.4: A dual representation to (8)—(10) is given by

0 = AQ+ QAT +BBT 4+ LLT, (14)
0 = CQ+(D-NBT + WLT, (15)
0 = 2\D—D%*—Xcos®’a—-WWT, (16)
or, equivalently,
T T T _
AQ + QAT + BB QCT +(D-\B <0, (17)

CQ+ (D—XNBY —2\D+ D? + X cos?a| —

where () € S™. The sign definitness of () can be established
using identical assumptions as in Remark 2.3.

Remark 2.5: Note that it follows from Theorem 2.2 that

if there exists P € S”, L € RP*™ and W € RP*! such that
0 = ATP+PA+cosaCtC+ LTL, (18)
0 BTP +cosaDC —C +WTL, (19)
0 = 2D —cosaD?—cosa — WTW, (20)

or, equivalently,

cos a(G* (Jw)G (jw)+1)—(G*(jw)+G (w)) < 0,
wER, (21)
then /G(jw) € [—a,a], w € R. To see this, note that
(8)—(10) are identical to (18)—-(21) with A\ = seca and P,

L, and W replaced by Pcosa, Ly/cosa, and W/cosa,
respectively.

The next corollary specializes Theorem 2.2 to the gener-
alized positive real theorem.

Corollary 2.2: (Generalized Positive Real Theorem) Let

oo~ [415].

where A € R»*", B € R"*!1 C € R*™ and D € R. Then

0 = ATP+PA+LTL, (22)
0 = B'Pp—-Cc+W"'L, (23)
0 = 2D-WTW, (24)

where P € S*, L € RP*" and W € RP*!, if and only if
G (w) + G(w) = 0, (25)
Furthermore, 1f (25) or, equivalently, (22)—(24) hold, then

w e R.

LG(w) € [-%, 5w ER.
Proof. The proof is a direct consequence of Theorem 2.2
with o = 7/2. O

III. CONTROLLER SYNTHESIS WITH GUARANTEED
PHASE AND GAIN CONSTRAINTS

In this section, we present a control design framework for
single-input, single-output systems with guaranteed closed-
loop phase and gain constraints. We formulate this problem
using linear matrix inequalities. First, we present the phase
constrained control problem.

Phase Constrained Control Problem. Given the linear
dynamical system

(t) = Ax(t) + Bu(t) + Dyw(t), x(0) =0, t>0,

(26)
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with performance variables
z(t) = Eiz(t) + Eu(t) + Daw(t), (27)

where z(t) € R”, u(t) € R™, w(-) € Ly, A € R™™7,
B € Rnxm’ D1 c RnX1, El c Rle, E'2 c Rlxm’ and
Dy € R, determine a static feedback control law

u(t) = Kz(t), (28)

that satisfies the following design criteria:

i) The undisturbed (w(t) = 0) closed-loop system given
by (26) and (28) is asymptotically stable, that is, A +
BK is Hurwitz; and

ii) ZG(yw) € [~a, a] for some given o € (0, 5], where
G(s) is the closed-loop system given by

= A+ BK | Dy
Gls) ~ { Ei+E:K | Dy |
Theorem 3.1: Consider the linear dynamical system (26)
and (27), and assume that (A, D) is stabilizable and (A, E1)
is detectable. Let « € (0, 5] and A > 0. Suppose there exist
Q € R™"™ and Z € R™*", with @ positive definite, such

that
FERA R 29)
where
X 2 AQ+ QAT +BZ+Z BT + D,DT, (30)
M & QETF +Z EY + (Dy— \)Dx, 31)
Y 2 _2AD,+ D2+ M\cos?a. (32)

Then the feedback controller (28) with K = Z Q! guaran-
tees that A+ BK is Hurwitz and ZG(jw) € [—a, o], w € R.

Proof. Note that the closed-loop system (26)—(28) is given
by

at) =

z(t) =

where A = A+ BK and E = FE; + E5 K. Now, it follows
from (29) that

Az(t) + Dyw(t),

Ex(t) + Daw(t),

x2(0) =x9, t>0,(33)

(34)

0>AQ+QAY +BZ+Z"B" + D, D}, (35)
which can be equivalently written as
0> (A+ BK)Q+ Q(A+ BK)" + D, DY . (36)

Hence, since (A, Dy) is stabilizable by assumption, (A4, D;)
is also stabilizable, and hence, since ) > 0, A = A+ BK
is Hurwitz.

To show that /G(jw) € [—a,a], where a € (0, 5] and
w € R, note that with Z = K@, (29) can be written as

A~Q + QAT + D, DT QET + (Dy — A) Dy <0
EQ+ (D2 — A\)DT  —2\Ds + D% + N2 cos®*a| =
(37
or, equivalently,
U N
{ NT OV ] <0, (38)

ThB15.1
where
U 2 (A+BK)Q+Q(A+ BK)" +D;DY, (39)
N 2 Q(E1 + E2K)" + (Dy — \) Dy, (40)
v 2 —2A\Dy + D2 4+ M\ cos® a. (41)

Now, it follows from Theorem 2.2 and Remark 2.4 that
ZG(jw) € [~a, a], where a € (0, 3] and w € R. O

Remark 3.1: Note that in the case where Dy = 0, (29)
and (32) imply that A2 cos? a < 0, which holds if and only
if « = % Hence, if the direct transmission term Dy = 0 in
the performance variable z, then the only feasible value for «
is Z. Since for Ho optimal control we require that Dy = 0, it
folfows that it is impossible to guarantee a closed-loop phase
of +a € (0, §) for optimal linear-quadratic regulators.

Mixed Phase and Gain Constrained Problem. Given
the linear dynamical system (26) with performance variables
(27), determine a static feedback control law (28) that
satisfies design criteria i), ii), and

iii) The H,, norm of the closed-loop system satisfies
IG(s)|loo < 7, for some given constant v > 0.
Theorem 3.2: Consider the linear dynamical system (26)
and (27), and assume that (A, D,) is stabilizable and (A, E1)
is detectable. Let o € (0, 3], A > 0, and v > 0. Suppose

there exist Q € R™*™ and Z € R™*", with ) positive
definite, such that (29) holds and

X M

- <0 42
MT —’Y2+Dg =Y (42)

where X is given by (30) and

M 2 QET 1 ZEF 4+ DD, (43)
Then the feedback controller (28) with K = Z Q™! guaran-
tees that A + BK is Hurwitz, ZG(jw) € [—a,af, w € R,

and [[|G(s)[[loc <.

Proof. Asymptotic stability of the closed-loop system
(26)—(28) and the phase constraint ZG(jw) € [—a, ], where
a € (0, %] and w € R, follow as a direct consequence of (29)
using Theorem 3.1. Next, it follows from Corollary 2.1 and
Remark 2.2 that |||G(5)|||cc < 7 if and only if

AQ + QAT + D\DT  QE™ + DD,
AT T 2 2 <0, “4
(QE" + D1D>) -+ D;
or, equivalently,

U N
- <0 45
) O )

where U is given by (39) and
NE Q(E1 + E2K)" + D1 D,. (46)

Hence, since (45) is equivalent to (42) with Z = K@, the
result follows. O

IV. ILLUSTRATIVE NUMERICAL EXAMPLE

Consider a mass-spring-damper system with mass m =
1, damping coefficient ¢ = 1, and spring stiffness £ = 1.
Suppose that the inputs to the system consists of a control
force u(t) exerted by an actuator and an external disturbance
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w(t), where w(-) € Lo. The dynamic equations of the system
are given by (26) with

0 1 0 0
A_[_l _1}, B_[l}, Dl_{l}. 7)
Let the performance variable z(¢) be given by (27) with
E, =0, 1], E5 = 1, and Dy = 1. Here, we consider two
designs. First, we impose a phase constraint on the closed-
loop system. Specifically, let « = 10 degrees and A = 1.18.
The YALMIP [21] and SeDuMi [22] MATLAB toolboxes are
used to solve the LMI feasibility problem given by Theorem
3.1. The feasible value of the controller gain was found to
be K* = [0.0719 — 0.7245]. For the second design, we add
a gain constraint of v = 1.1 and solve the LMI feasibility
problem given by Theorem 3.2. The feasible value of the

controller gain was found to be K* = [0.0051 — 0.9762].

The magnitude and phase plots for both closed-loop designs
along with a standard H ., control design are given in Figure

1 and 2, respectively.

1.3
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Fig. 1. Magnitude plot of closed-loop system
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Fig. 2. Phase plot of closed-loop system
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V. CONCLUSION

In this paper, we developed a controller design framework

for guaranteeing closed-loop phase constraints of single-
input, single-output systems. The framework can be easily
extended to ensure that the phase of the loop-gain transfer
function is well behaved in frequency regimes in which
the loop transfer function has gain greater than unity. In
particular, phase stabilization can be used to allow high
loop gains, and hence, achieve high system performance in
frequency regimes in which sufficient phase information is

available thereby avoiding gain stabilization (e.g., rolloff)
needed to ensure stability where the phase of the system is
poorly known. Finally, using the recently developed notion
of the structured phase margin [23], future research will
concentrate on multivariable extensions of the proposed

phase stabilization approach.

REFERENCES

[1] B. D. O. Anderson, “A system theory criterion for positive real
matrices,” STIAM J. Contr. Optimiz., vol. 5, pp. 171-182, 1967.

[2] ——, “The small-gain theorem, the passivity theorem and their
eqivalence,” J. Franklin Insitute, vol. 293, pp. 105-115, 1972.

[3] J. C. Willems, “Dissipative dynamical systems part II: Linear systems
with quadratic supply rates,” Arch. Rational Mech. Anal., vol. 45, pp.
352-393, 1972.

[4] W. M. Haddad and D. S. Bernstein, “Robust stabilization with positive
real uncertainty: Beyond the small gain theorem,” Sys. Contr. Lett.,
vol. 17, pp. 191-208, 1991.

[5] ——, “Explicit construction of quadratic Lyapunov functions for the
small gain, positivity, circle, and Popov theorems and their application
to robust stability, part I: Continuous-time theory,” Int. J. Robust and
Nonlinear Control, vol. 3, pp. 313-339, 1993.

[6] I. Postlethwaite, J. M. Edmonds, and A. G. J. MacFarlane, “Principal
gains and principal phases in the analysis of linear multivariable
feedback systems,” IEEE Trans. Autom. Contr., vol. 26, pp. 32-46,
1981.

[7]1 B. Kouvaritakis and I. Postlethwaite, “Principal gains and phases:
Insensitive robustness measures for assessing the closed-loop stability
property,” IEE Proceedings, vol. 129, Pt. D, pp. 233-241, 1982.

[8] J. R. Bar-on and E. A. Jonckheere, “Phase margins for multivariable
control systems,” Int. J. Contr., vol. 52, no. 2, pp. 485498, 1990.

[9] D. H. Owens, “The numerical range: A tool for robust stability
studies,” Sys. Contr. Lett., vol. 5, pp. 153-158, 1989.

[10] A. Iftar and U. Ozguner, “Modeling of uncertain dynamics for robust
controller design in state space,” Automatica, vol. 26, pp. 141-146,
1991.

[11] P. Harshavardhana and E. A. Jonckheere, “Spectral factor reduction
by phase matching — The continuous-time SISO case,” Int. J. Contr.,
vol. 42, pp. 43-63, 1985.

[12] E. A. Jonckheere and J. W. Helton, “Power spectrum reduction by
optimal Hankel-norm approximation of the phase of the outer spectral
factor,” IEEE Trans. Autom. Contr., vol. 30, pp. 1192-1201, 1985.

[13] M. Green and B. D. O. Anderson, “The approximation of power
spectra by phase matching,” in Proc. IEEE Conf. Dec. Contr., Athens,
Greece, 1986, pp. 1085-1090.

[14] R. Li and E. A. Jonckheere, “An L°° error bound for the phase
aproximation problem,” IEEE Trans. Autom. Contr., vol. 32, pp. 517—
518, 1987.

[15] L. Lee and A. L. Tits, “Robustness under uncertainty with phase
information,” in Proc. IEEE Conf. Dec. Contr., Tampa, FL, 1989, pp.
2315-2316.

[16] A. L. Tits, V. Balakrishnan, and L. Lee, “Robustness under bounded
uncertainty with phase information,” IEEE Trans. Autom. Contr.,

vol. 44, pp. 50-65, 1999.
[17] 1. M. Horowitz, Synthesis of Feedback Systems. New York: Academic

Press, 1963.

[18] O. D. I. Nwokah, “Synthesis of controllers for uncertain multivariable
plants,” Int. J. Contr., vol. 40, pp. 1189-1206, 1984.

[19] B. C. Bartlett, “Nyquist, Bode and Nichols plots of uncertain systems,”
in Proc. Amer. Contr. Conf., San Diego, CA, 1990.

[20] J. C. Willems, “Least squares optimal control and the algebraic Riccati
equation,” IEEE Trans. Autom. Contr., vol. 16, pp. 621-634, 1971.

3760

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on August 25, 2009 at 15:57 from IEEE Xplore. Restrictions apply.



46th IEEE CDC, New Orleans, USA, Dec. 12-14, 2007

[21] J. Lofberg, “YALMIP : A toolbox for modeling and
optimization in  MATLAB,” in  Proceedings  of  the
CACSD  Conference, Taipei, Taiwan, 2004, available from
http://control.ee.ethz.ch/ joloef/yalmip.php.

[22] SEDUMI 1.1R2, A Matlab Toolbox for Optimization Over Symmetric
Cones, Advanced Optimization Lab, McMaster University, Canada,
2006.

[23] V. Chellaboina, W. M. Haddad, S. Kalavagunta, and A. Kamath,
“Structured phase margin for stability analysis of linear systems with
time delay,” in Proc. IEEE Conf. Dec. Contr., Maui, HI, 2003, pp.
5035-5040.

3761

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on August 25, 2009 at 15:57 from IEEE Xplore. Restrictions apply.

ThB15.1



