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Abstract

This paper presents a systematic method for designing PID controllers through optimization of the PID
parameters to directly shape the Nyquist plot of the open-loop transfer function without introducing fre-
quency weightings. The method is based on a recently developed theoretical tool, the generalized Kalman-
Yakubovich-Popov (GKYP) lemma, that provides a unified characterization of frequency domain inequalities
(FDIs) in (semi)finite frequency ranges in terms of linear matrix inequalities (LMIs). A comprehensive sum-
mary of the GKYP results is given first without proofs, including a new FDI/LMI conversion formula in the
d-domain for digital controller synthesis as well as standard ones in the continuous-time and discrete-time
settings. The GKYP synthesis method is then extended to include, in the control specifications, robustness
with respect to parameter perturbations to encompass practical situations. The proposed design methods are
illustrated and their effectiveness is demonstrated through several numerical examples of PID control designs.

1 INTRODUCTION

The PID control is a representative of the classical control schemes and has been adopted in many engineering
applications due to its essential functionality and structural simplicity that allow for relatively easy manual tuning
to achieve tracking and regulation. Systematic methods for designing PID controllers have been extensively
studied in the literature, including self-tuning of the PID parameters [1]-[3], loop-shaping and H ., control [4]-[
7], digital control [8], [9], and robust design [10], [11]. Recent advances and state of the art are discussed in a
recent special issue in Control Engineering Practice [12], indicating everlasting importance of and interests in the
PID control.

In the general paradigm of loop-shaping design for a unity feedback control system with plant P(s) and
controller K (s), the open-loop transfer function L(s) := K (s)P(s) is “shaped” to meet the requirements given
in terms of frequency domain inequalities (FDIs) in various frequency ranges. For example, suppose P(s) is
marginally stable, and a set of design specifications on the controller K (s) is provided in terms of the Nyquist
plot L(jw) as illustrated in Fig. 1. The three colored regions in the figure indicate where the Nyquist plot should
lie to meet fundamental design requirements in three different frequency ranges. The blue half plane constraint
relates to the high-gain requirement in the low frequency range for sensitivity reduction, while the small green
disk centered at the origin corresponds to the roll-off or small-gain requirement in the high frequency range for
robust stability. In addition, a certain stability margin specification should be satisfied in the middle frequency
range, which can be set by the yellow region below the straight line lying to the right of the critical point —1 + ;0.
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Figure 1: Open-loop shaping specifications. There are three fundamental design specifications on the Nyquist plot L(jw),
namely, high-gain requirement in the low frequency range (blue) for sensitivity reduction, stability margin requirement in
the middle frequency range (yellow), and roll-off or small-gain requirement in the high frequency range (green) for robust
stability.

This approach called “open-loop shaping” often leads to a convex optimization problem when applied to
the PID control design as the open-loop transfer function is linearly dependent upon the PID gains [6]. The
resulting problem, however, is infinite dimensional and may be difficult to solve exactly. In particular, the PID
gains are constrained by infinitely many inequalities, parametrized by the frequency variable in certain ranges.
For numerical tractability, these FDIs are typically approximated either by a finite number of FDIs on selected
frequency points or by an H, norm condition with frequency dependent weights.

The objective of this paper is to present a new approach to the open-loop PID shaping by directly dealing with
the FDIs in (semi)finite frequency ranges. Our approach allows for an exact treatment of multiple FDI specifica-
tions, completely avoiding the approximations associated with the frequency gridding or the frequency weights.
The resulting synthesis conditions are given as a finite dimensional convex optimization problem described by
linear matrix inequalities (LMIs) for which commercial software packages are available. The key technical result
underlying the proposed design method is the generalized Kalman-Yakubovich-Popov (GKYP) lemma [13]-[16]
that equivalently transforms an FDI in a (semi)finite frequency range into a set of LMIs. This is an extension of
the standard KYP lemma [17], [18] in which the entire frequency range is considered.

We will first provide a general and comprehensive summary of the GKYP results [15] without proofs. This
summary includes some new results that have not been reported. First, in addition to the FDI/LMI conversion
formulas in the continuous-time (imaginary axis) and discrete-time (unit circle) settings, a formula for the 4-
domain (circle with center at —1/7"+ 50 and radius 1/7" where T is the sampling period) is also given. Designing
digital controllers in the -domain has several advantages such as consistency with the continuous-time setting
and numerical conditioning [8], [19] when compared with the usual z-domain approach. Second, the GKYP
lemma is extended to treat robust FDI condition subject to parametric uncertainties. The idea of Lyapunov
functions that depend on the parameters in a linear fractional manner [20] is employed to obtain a sufficient
LMI condition for a family of FDIs to hold. Several numerical examples will be given to illustrate the proposed
design procedure and to demonstrate the effectiveness of the J-domain and robust loop-shaping designs of PID
controllers.



We use the following notation. For a Hermitian matrix, M > 0 and M < 0 denote positive definiteness and
negative definiteness, respectively. The real and imaginary parts of matrix M are denoted by R(M ) and I(M).
The symbol H,, stands for the set of n x n Hermitian matrices. For matrices ¢ and P, & ® P means their
Kronecker product. The function o : € x Hy — IR is defined by

U(A,Q)::li\] Qli\],

where A € € and 2 € Ho.

2 Generalized KYP Lemma

2.1 Unified representations

In this section, we shall present the GKYP lemma and its dual version. The results are in slightly different
forms than, but follow as special cases from, the ones reported earlier [15]. To state the results, let G(\) be a
p X m matrix-valued rational function, Il be a Hermitian matrix, and define a subset of complex numbers

A@, 1) :={Ae@|o(\®) =0, o(\,T) >0}, (1)

where ®, ¥ € Hs. Let A := A if A is bounded and A := A U {oo} if unbounded. The set A(®, ¥) is seen
as curve(s) on the complex plane that represents a finite frequency interval. We will later discuss what type of
curve(s) can be represented by what choices of ¢ and V.

For now, let us present a unified form of the GKYP lemma [15], which establishes the equivalence between
an FDI and LMIs.

Theorem 1 LetIT € H),, ¢,V € Hoy, and a rational function
G(\):=C\E—-A)YB-X0)+D (2)

be given, where A, E € C"*", B,O € ¢™"*™, C € CP*", and D € CP*™. Suppose (a) det(\E — A) # 0 for
all \ € A(®,V), and (b) either E is nonsingular or A is bounded. Then, the parametrized inequality condition

G\ TIG(\) <0, VA€ A(P,0) 3)
holds if and only if there exist matrices P, QQ € H,, satisfying

Q>0 F'ZF<0, Z:=diag(®®P+¥®Q,II),

where F is defined by
A B

F=|F O

C D

The class of G()) in Theorem 1 contains possibly nonproper rational functions (e.g. polynomials) which can
be realized as in (2) with singular matrix E. A version of the GKYP lemma that explicitly treats polynomial
matrices are given in [15]. The following is the dual version of the generalized KYP lemma, which is more
suitable than Theorem 1 for the controller synthesis and will be used later in this paper.



Theorem 2 If G is a rational function given by
G(\) :=(C = XNO)(\E — A)~'B+D, 4)
where A,E € €™, C,0 € CP*", B € C"*™, and D € CP*™, then the parametrized inequality condition
GVIGN)* <0, VAeA(P,V) 5)
holds for given 11 € H,,, and ®,V € Hy, if and only if there exist P, Q) € H,, satisfying

Q>0, FZF*<0, Z:=diag(® @ P+ gQ,0),

where F is defined by
A FE B
Fi= l ¢ O D 1 ’

provided (a) det(\E — A) # 0 for all A € A(®, V), and (b) either E is nonsingular or A is bounded.

2.2 Various curves on the complex plane

The set A (P, V) is visualized as a curve (or curves) on the complex plane, depending on the choice of (®, V).
We shall discuss three classes that are important in the context of dynamical systems analysis. Specifically,
A(P, V) is (part of) the imaginary axis, unit circle, or a circle of radius r with center at —r + j0. The first class
defines the frequency range (s-transform) in the continuous-time setting, while the second and third classes define
those (z- and §-transforms) in the discrete-time setting. The matrix pair (®, ¥) can also be chosen so that the set
A(®, V) is a segment of the real axis. This version of the GKYP lemma will be useful for robust control with a
single real parametric uncertainty [21], but will not be pursued in this paper. In what follows, it is assumed that
the matrices ® and ¥ are chosen so that the set A(®, ¥) is neither empty, a single point, nor the entire complex
plane.

o Frequency ranges in the continuous-time setting
The set A(P, ¥) becomes a subset of the imaginary axis for a specific choice of ® as follows:

A(Ps,P) = {jw: we}, @Szzl? é],

where 2 C IR is the frequency range specified by W. Table 1 summarizes the choices of W that lead to certain
frequency ranges where w, w1, wy € IR are given numbers, and w, := (w; + w2)/2.

Table 1: Frequency ranges in the continuous-time setting
+(jw| —|w|]) >0 | H(w—w) >0 | £(w—w1)(w—1w2) >0
v o+ Y L0 T

0 w ] 2w JWo W02

o Frequency ranges in the discrete-time setting (z-transform)
Part of the unit circle can be represented by A(®, ¥) for a particular choice of ® as follows:

A@,, ) ={c?: 0c®}, @Z:Zlé _01]



Table 2: Frequency ranges in the discrete-time setting (z-transform)

+(|9| —10]) >0 +(¥—60) >0 +(0 —11)(0 —92) >0
0 1 0 —jedv/? 0 —edo
vl 1 —2cos? + je 792 2gin(9/2) + —e7 7% 2cosvy

where ® C IR is specified by W. Table 2 summarizes the choices of W that lead to certain frequency ranges ©
where ¥, 91, 2 € IR are given numbers, ¥, := (91 + ¥2)/2, and ¥4 := (99 — ¥1)/2. The set O is characterized
by each entry in the first row of the table, together with the additional condition |0| < 7.

e Frequency ranges in the discrete-time setting (d-transform)

The §-transform is a modified version of the z-transform to describe discrete-time systems in the frequency
domain, which is useful for digital control synthesis [19]. The main difference is that § := (e/“7 — 1)/T does
coincide with the Laplace variable s := jw in the limit where the sampling time 7' approaches zero, while
z := e7*T does not. This convergence property in the é-transform helps us to link the continuous-time frequency
domain design specifications to the discrete-time counter parts while preserving the physical meanings, and it
may have an advantage in computations for small sampling period.

Table 3: Frequency ranges in the discrete-time setting (J-transform)

W + (| — |w|) >0 +(w—w1)(w—wz) >0
L1g 1 0 Ts B L1y 0 0y — 01 _
VI T | 1s asi—o) | "% | TlE= | 2 sy a0 —sp0r | T2
w +(w—-w)>0
4l 1 0 (s —jle+ )T | _
o T {(wT+7r)T (s+j(c+1)T 4s 2

The set of the § variables in the frequency range W is given by

ij_l
A(@g,\P):{eT: weW}, @ézzl{ H

where W C 1R is specified by W. Note that A(®s,0) is the circle of radius 1/7 with center at —1/7" + 50,
and A(®gs, V) is its arc. Table 3 summarizes the choices of ¥ leading to various frequency ranges W where
w, w1, ws € IR are given numbers such that || < 7 and —7 < @71 < weT < 7, and
=il 1
s:=sin(wT), c:=cos(wT), §;:= — (i=1,2).

Some details of the derivation can be found in the Appendix A. The set W is characterized by each entry in the
first row of the table, together with the additional condition [w7'| < 7. Note that the case for +(w — w1)(w —
wo) > 0 is the general result that basically covers the other two cases. It can be verified that these choices of
® and Y recover those for the continuous-time setting in the limit when 7" approaches zero. Note that there are
many other choices of ® and ¥ which represent the set W but do not satisfy the convergence property.

3 Controller Synthesis via GKYP Lemma

3.1 LMI formulation for synthesis

This section is focused on how to apply the GKYP lemma to control system design. The design problem is
to find a set of design parameters in the controller so that prescribed design specifications expressed in terms of



multiple FDIs
Gr(MILLGE(N)* <0, Ve A(Dy, Uy) (6)

hold for all £ = 1,...,¢, where all G}, relate to a single controller K ()\) to be designed. We show how the
problem can be reduced exactly (i.e., without conservatism) to LMIs under certain assumptions. For brevity of
exposition, let us consider the case ¢ = 1, i.e. we have just one FDI specification and drop the subscript “k” in
equation (6). The case with multiple specifications can be handled by simultaneously solving the set of LMIs that
result from all FDIs.

When designing a controller, the FDI specification is often given by (6) with the following form of G(\):

GO =[ L) I, | ; L) := CL(AM = Ap)™'B, + Dy, 7

where L(\) is a p X ¢ transfer function that depends on the controller parameters. Let us partition the weighting
matrix I € Hy, accordingly:

m— [ ITy; IIio

, Il € Hy. 8

In the context of open-loop shaping design, L(\) corresponds to the open-loop transfer function. Various choices
of IT define desired properties of the frequency response L(\), including positive real and small gain specifica-
tions. For SISO systems, this framework captures a general specification where a segment of the Nyquist plot in
a certain frequency range is required to lie in an arbitrarily specified conic section (half plane, ellipse, parabola,
etc.) on the complex plane. See [15] for details.

For tractability of the problem, let us impose the following:

Assumption 1
(a) L(\) depends affinely on the design parameter vector p.
(b) 111 > 0.

When Assumption 1(a) holds true, a state space realization of L(\) can be chosen such that B (p) and D, (p) are
affine functions of p while A, and C|, are independent of p. The condition in Assumption 1(b) ensures that the set
of L satisfying the specification (5) is convex. Note in particular that, when ¢ = p = 1, the design specification
(5) defines a convex region on the complex plane in which L(\) is desired to lie. Under these assumptions, the
feasible domain of the design parameter p, specified by (5) and (7), is clearly convex. Furthermore, Theorem 2
can be used to reduce the problem to LMIs, as summarized below.

Proposition 1 Suppose Assumption 1 hold. Then the condition (5) holds if and only if there exist Hermitian
matrices P and Q) such that

W(P,Q.,p) T(p)
> 0, 5 <0 9
© l T R ©)
hold, where R and S are full-rank factors of 1111 such that I1;; = SR™1S* and R > 0, and
A 17, ; A, 1)

o 0 B (p)a _ | Bulp)
Vip) = l B (p)* Dp(p) o +1I5,D. (p)* + Il 1 - Tle) = [ D.(p) ] 5



Clearly, condition (9) defines LMIs in terms of the variables P, (), and p, and hence can be solved through
numerical computations. It was shown in [15] that the following design problems can be treated within this
framework: (i) open-loop shaping by a controller with fixed poles such as the PID controller, (ii) closed-loop
control design with the )-parametrization of all stabilizing or H , controllers, and (iii) structure/control design
integration.

We now explain how our method applies to the open-loop shaping problem. Suppose that state space realiza-
tions of the plant P(\) and the controller K () are given by

AT A, B T AT, A Bg(p) Tk
P\ : Pl = por P K\ = ) 10
R A R R R i "
We assume that the controller transfer function K () is affinely dependent upon the design parameter p, and its
state space realization has been chosen such that By (p) and Dy (p) are affine functions of p. This means that the

poles of K () are fixed and the zeros are designed through the choice of p. A state space realization of the loop
transfer function L(\) := P(A) K ()) is given by

ATy, A 0 B(p) Tk
L) : | Xxp | = | B,Cy A, BpDi(p) zp |- (11)
Yy DypCr Cp DypDi(p) e

Let us consider L in (7) and define its state space matrices (A, B,,C}, D) by the above equation. Clearly, B,
and D, and hence L(\), depend on p in an affine manner, satisfying Assumption 1(a). Therefore, the synthesis
problem is convex and can be reduced to LMIs whenever 1117 > 0.

3.2 PID controller synthesis

The transfer function of the PID controller is described by

) (12)

where Ty > 0 is a small parameter introduced to approximate the differentiator by a proper transfer function. If
Ty is fixed, all the design parameters (k,,k;,kq) appear affinely in the numerator of the open-loop transfer function
L(s), and hence its state space realization can be chosen such that B, (p) and D (p) are affine functions of p by
using the observable canonical form of K (s) for instance.

Let us now demonstrate the effectiveness of the proposed method through numerical examples of PID con-
troller design for a three-disk torsional system. The plant transfer function is given by

440.5(s% + 0.748s + 540) (s + 0.7493s + 3668)
5(s 4 2.002)(s2 + 2.366s + 1277)(s2 + 1.188s + 4099)

P(s) = (13)

The system has two lightly damped flexible modes at w = 36 and 64 rad/s, and two anti-resonant modes at
w = 23 and 61 rad/s.
e Continuous-time PID controller synthesis

DESIGN 1: Our objective here is to design a continuous-time PID controller (12) with T;; = 0.001 by
minimizing 1 subject to the following multiple design specifications on the loop transfer function L(s) :=
P(s)K(s)

RIL(Gw)] + S[LGw) <m : 1<w<5.
“OR[L(jw)] + S[L(jw) €1 : w>5, (14)
L) 02 : || > 150,



Figure 2: Nyquist plots of the loop transfer functions achieved by continuous-time synthesis. DESIGN 1 (left) and DESIGN
2 (right). The GKYP synthesis allows for direct shaping of the Nyquist plots through design specifications in various
frequency ranges indicated by the red lines

The minimization of ~; implies maximizing the sensitivity reduction in the low frequency range, and the second
and third constraints relate to the stability margin in the middle frequency range and the robustness requirement
in the high frequency range, respectively. It turns out that the optimal controller has the PD structure (i.e., k; = 0)
due to the fact that the plant itself has an integrator. To ensure sufficient disturbance attenuation, we choose to
add another constraint k£; > 0.1 in the design. As a result, we obtained the PID controller

0.1  0.0645s
K(s) = 0.4489 4 —— 4 0295
(5) = 0.4489 + == + T o015

with the optimal value v; = —4.540.

DESIGN 2: Although the above controller meets all the specifications, the Nyquist plot traces two large circles
in the frequency range containing the two flexible modes of the plant as seen in Fig. 2 (left). In order to reduce
the oscillation due to the flexible modes, we consider an extra specification that makes the circles smaller. In
particular, we add the following constraint:

|IL(jw) —c| <72 30 <w <150,

where ¢ = 1.5 — 0.55 and minimize v, while fixing v; = —3. Note that -5 is the radius of disk on which the
Nyquist plot is required to lie in the specified frequency range. The optimal PID controller with these specifica-
tions has been found to be

0.1 0.0391s
K(s) =0.3072 + 5 + 150,001

We see from the Nyquist plot shown in Fig. 2 (right) that the circles are reasonably shrunk as expected. This
example illustrates the effectiveness of multiple finite frequency constraints to describe the design specification.
e Digital PID controller synthesis

DESIGN 3: We design digital PID controllers through discretization of a continuous-time PID controller.
Let us first design a continuous-time PID controller with the same specifications as (14) except that the third
constraint is relaxed to be

|L(jw)] <025 : |w| > 150.



The optimal PID controller is found to be

0.2771 0.0760s
14 0.001s"

K,(s) = 0.4207 +

Three digital PID controllers K ;(z) are then obtained by discretizing K.(s) using the Tustin transform, i.e.,

Ku(z) = K, (% : %) with the sampling period T = 0.01, 0.02, and 0.03. Figure 3 (left) shows the step

responses of the digital feedback systems where P(s) is controlled by each of the controllers K 4(z) with ideal
sampler and zero-order hold. The response for the small sampling period case (T' = 0.01) is quite similar to that
for the continuous-time case. However, the step response becomes worse as 7' becomes larger. Specifically, the
response for T" = 0.03 is very oscillatory and the design is considered unsatisfactory.

DESIGN 4: Next we design digital PID controllers by directly shaping the Nyquist plot of the §-domain loop
transfer function using the J-domain GKYP lemma presented in Section 2. The loop transfer function is given by
Lq(0) := Py(0)K4(0), where P;(J) denotes the zero-order hold equivalent discretized plant in the § domain and
K 4(6) is the the PID controller to be designed. Note that K 4(z) and K ;(9) are different functions but we use the
same symbol K ; with a slight abuse of notation. The PID controller in the J-domain is given by

k; kqd

Kd(é) = kp + g + (1 — e_T/Td)/(T/Td) + Td(s.

The synthesis process is completely the same as that for the continuous-time case. We minimize -y subject to the
following specifications

%[Ld(é)] + %[Ld(é)] <v : 1<w<h,
—2%[Ld(5)] + %[Ld(5)] <1l : w?>25,
ILa(8)] <0.25 : |w| > 100,

where § := (e/*T — 1)/T. As seen in Fig. 3 (right), large amplitude oscillations are no longer observed in the
step responses even when T' = 0.02 and T' = 0.03. It has also been confirmed that the method is still effective
even when 7' = (.04 for which the discretized controller makes the closed-loop system unstable. These less
oscillatory responses are achieved by optimizing the sensitivity reduction in the low frequency range with the
explicit knowledge of the sampling period. We see that the step response becomes slower when 71" becomes
larger, indicating that the controllers are carefully designed by taking the limitation of the long sampling period
into account. The comparison of DESIGNS 3 and 4 clearly indicates the advantage of the J-domain design over
the continuous-time design followed by discretization. It also demonstrates effectiveness of our proposed method
for designing digital PID controllers with relatively long sampling periods.
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Figure 3: Step Responses of the closed-loop systems with digital PID controllers. DESIGN 3 (left) and DESIGN 4 (right).
If a controller is designed in the continuous-time setting and then discretized by the Tustin transform (DESIGN 3), the
closed-loop system becomes highly oscillatory as the sampling frequency reduces and comes close to the flexible modes
of the plant. The GKYP synthesis enables the direct design of digital controllers in the 4-domain (DESIGN 4) so that the
undesirable oscillations can be alleviated by explicitly taking the sampling-time limitation into account during the design
process

Before closing this section, we show how to apply the GKYP synthesis technique to MIMO PID designs. The
idea is to split the design into two steps; pseudo-diagonalization followed by multiple of single-loop PID designs.
First we design an MIMO pre-compensator K () or a gain matrix K which satisfies

Ki(\) =1, i=1,...,n,

Py(N|<&j  i#j 5 A€ A,

where P(\) := P(\)K()\) and A,, denotes a frequency range around the cross over frequency. The first con-
straint avoids the trivial solution of the second inequality. By minimizing the weighted sum or maximum value of
€;; with these constraints, a pseudo-diagonalized plant P (M) is obtained. The second step is to design a diagonal
PID controller K ()), where the diagonal elements of open loop function L(\) = P(\)K () can be shaped by
the same method as the SISO open-loop shaping with the following constraint

|Lij(M| <eij i#]; A€ Am,

with small ¢;;. The final controller is implemented as K (A\)K(\). The basic idea presented above can be
found in [22] where a method is proposed to achieve pseudo-diagonalization at a selected frequency. The main
technological advance made here is the ability of pseudo-diagonalization in a frequency range.

4 Robustness Consideration

4.1 Robust GKYP analysis and synthesis

In many applications, the rational function G(\) in Theorem 2 is not completely known but contains some
uncertain parameter vector ¢ that belongs to a given set § C @*. One would then like to verify if condition
(5) holds for all possible parameter variations 6 € 4. This problem can be addressed (with some potential
conservatism) as follows.

10



In view of Theorem 2, the problem is to check if, for each § € 9, there exist Ps and ()5 such that
Q; >0, FZ;F; <0, Z;:=diag(®' @ P+ ¥ ® Qs,10) (15)

hold, where F; is a matrix defined as in Theorem 2 but now is dependent upon the parameter ¢ (the subscript s
indicates this dependence). Let us consider the case where the dependence is linear fractional, i.e., each entry of
F is a rational function of §.

We assume the following structures:

P5 :./\/’577/\/:;*, Q5 :MM5*7 (16)

where N is a given rational matrix of § while PP and Q are variables independent of §. In general, P; and @, in
(15) are not necessarily rational and hence these restrictions on P; and (s may introduce potential conservatism.
However, it may be possible to show, using the result in [23], that the rational dependence of P; and ()5 on é can
be assumed without loss of generality (i.e., without introducing conservatism) if the order is chosen sufficiently
high.

Theorem 3 Consider the inequalities in (15) where Fs is a matrix-valued rational function of 6 € C™. Let a
rational matrix N of 6 be given and define M; := Fsdiag(N5s,N;,I). Let M;; and Nj; be, respectively, the
coefficient matrices of some realizations of M and Ni:

M = Myy+(Mig—M3V)(MaozV—Mag) ' Moy,  Nj = Nyj+(Nia—N13A)(NogA—Nag) ™t Noy ,(17)

where A and YV are (arbitrarily chosen) matrices containing 6. Then, there exist Hermitian-valued, rational
matrices Py and Q)5 of the form (16) satisfying (15) for all § € § if and only if there exist Hermitian matrices P,
O, X, and Y such that

MXM* <0, X :=diag(® @P+1U" ®Q,II.x),

NYN* >0, Y :=diag(Q,)),

[v I}X[v I}*zo, VVew, (18)

[A I}y[A I}*go, VAcA, (19)

where M and N are constant matrices whose (1, j) blocks are given by M;; and N;;, respectively, and A and V
are the sets of A(0) and V (0) spanned by § € 6, respectively.

Proof. Note that the condition in (15) can be written as
N;ONF >0, M;SM; <0, = diag(®' @ P + ¥ ® Q,1I). (20)

We show that the second inequality holds for all § € 4 if and only if there exists X" satisfying M XM * < 0 and
(18). The first inequality can be treated similarly. Clearly, M ;SM; < 0 holds if and only if

V' MsSMiv <0
holds for all nonzero vector v. Defining

w* = v* (Mg — MisV)(MasV — Mps) ™Y,

11



we see that the original inequality holds if and only if

-U-*-Mll M11 i (

holds for all nonzero v and w such that

v 17 _Mlg M13 I —0
w Mo Mg -V | 7

Then, using the quadratic separator in [20] (Lemma 10), we have the result. n

When the uncertain parameter set d is real, it can often be normalized to be the set of vectors with each entry
of magnitude less than or equal to one. The uncertain matrix A is usually taken as a diagonal matrix with repeated
entries of J;, i.e., A = diag(d1/k,, . -.,9mIk,, ). In this case, the constraint in (19) can be satisfied by enforcing
a certain structure on X or considering vertex conditions; the techniques include the (D, G)-scaling [24], LFT-
scaling [25], quadratic separator [20], [26], and full block multiplier [27]. A similar comment applies to V as
well. The resulting problem is then a standard linear matrix inequality problem that can be solved numerically.
Finally, the primal condition in Theorem 1 can also be “robustified” in a similar manner.

So far we have shown how a robust FDI condition can be reduced to LMIs at a somewhat conceptual level. Let
us now provide some details of computations. In particular, we consider the case where F's is linearly dependent
upon A, and give a formula for a realization of M . In this case, it may be reasonable to look for P; and Qs with
linear basis function ;. Hence we consider

Fy = F, + F1AF, N; =N, + N1AN:. 2D
It can be verified that realizations of M and N in (17) are given by
F,Ho |0 0| F FoHy
M=|FH,|[I 00 FH |, N:[%" ? Aofll (22)
Ho |0 |0 0 2
. N 0
H, = dlag(NmNmI)a L L NQ 0 O
V = diag(A, A, A), H= 8 /\gl Il VAN b 3)

We now turn our attention to the synthesis problem. A technique similar to the one presented in Section 3
is valid for the robust control synthesis. To illustrate the idea, let us consider the specification given by (6)—(8)
where the design parameter vector p linearly enters B, (p) and D, (p), and uncertain matrix A(¢) linearly enters
AL(6) := A, + UA(0)V. In this case, F; and N can be given by (21) with

A, I B, o]y FI::[U]7 RB=[V 00 0],

For=\'c 0 D, I 0

NO::[O I}, Ny =T, NQI:[I 0}.

The choice of the basis function Vs is not unique. The one suggested above shares the same basis matrix U as
the system [20]. Another choice would be N7 := I.

The specifications are robustly satisfied against parameter perturbation 0 € ¢ if conditions in Theorem 3 are
satisfied for M, N and V defined by (22) and (23). The conditions are quadratic in terms of B, and D, with
the coefficient matrix of the quadratic term being II;;. Hence they can be made linear in the design parameter p
through the Schur complement as has been done in Proposition 1. The design problem can thus be reduced to an
LMI problem.

12



4.2 Robust PID controller synthesis

The following numerical examples confirm the effectiveness of the method outlined in the previous subsec-

tion. Let us consider two sets of plants given by
10
(s+1)(s2+ (1+0)s+10)’
10
(s+1+6)(s2+s+10)’
where ¢ is the uncertain parameter. We shall design a PID controller K (s) in (12) with Ty = 0.05 for each
uncertain plant by minimizing 3 subject to the following design specifications on the loop transfer function
L(s) = P;(s)K(s) withi =1 or 2
|IL(jw)] < 0.1 : |w|>T7,
3R(L(jw)) + 8> I (L(jw)) : w>0.05,
I (L(jw)) < =2 : 0.05 <w <045,

where these FDI requirements are enforced robustly against all perturbations satisfying |d| < 0.3. Note that the
parameter 0 linearly enters A, in (10). Hence A, defined by (11) can be expressed as A (0) = A, + UAV
with A := §. The design equations explained in the previous section can then be applied to find an approximate
optimal PID controller for each uncertain plant.

The PID controllers K;(s) with ¢ = 1,2, and the associated objective function values are found to be

ky,=0.2133, k;=1.0842, kq=0.1579, B=0.9373: for P(s),
k,=0.6271, k;=13021, kq=02331, B=18048: for Py(s).

Pl(S) =

PQ(S) =

The Nyquist plots of the loop transfer functions for the plants with various values of § are shown in Fig. 4. It can
be seen from these figures that the proposed method is effective for designing robust PID controllers. The design
for P (s), in particular, is quite tight in the sense that the straight line specifying the stability margin (almost)
touches the Nyquist plots twice; once in the low frequency range for § = 0.3 and another time in the middle
frequency range for 6 = —0.3. Noting that the minimization of [ pushes down the straight line subject to the
constraint that the Nyquist plots lie below the line, the degree of conservatism associated with the robust PID
design appears small for this design.

5 Conclusion

We have presented a method for designing PID controllers to meet multiple FDI specifications on the open-
loop transfer function in (semi)finite frequency ranges. The method is based on the GKYP lemma and enables
direct loop shaping through LMI optimizations without frequency gridding or weights. The resulting synthesis
condition is nonconservative; its infeasibility implies that no PID controller exists to meet the specifications. The
design method is extended to deal with systems with parametric uncertainties using the Lyapunov function that
depends on the parameter in a linear fractional manner. The robust PID control design is also reduced to an
LMI optimization problem, albeit with some potential conservatism. The effectiveness of the proposed design
methods has been demonstrated through several numerical examples.

The robust GKYP synthesis described in this paper applies not only to the PID control design but also to any
open-loop shaping and filtering problems where the poles of the controller or filter are fixed (see [28], [29] for
further design examples and software tools). The method does not apply directly to feedback control synthesis
problems with closed-loop specifications and hence requires some modifications. Such extensions are currently
under investigation [30], [31].
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Figure 4: Nyquist plots of the loop transfer functions achieved by robust PID controllers. P; K (left) and P, Ko (right).
For each design, several curves indicate the Nyquist plots for different values of the uncertain parameter within the assumed
range of perturbation. The design specifications (indicated by the straight lines and circles) are robustly satisfied, with
seemingly small conservatism
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A Derivation of the formulas for the j-transform

Consider the set of frequencies in a (semi)finite range in the 6-domain:

edwT _q
A = {T 7w —w)(w—w2) >0, [WT <7}

where 7 is +1 or —1, and T, w;, w2 € IR are given scalars such that 7' > 0 and —7 < /T < w1 < . We
would like to choose @, ¥ € Hj so that A = A(P, V) where

AP, 0):={0eC: 0(5,P) =0, 0(6,¥) >0 }.

Such choices are not unique and we are interested in choosing one that recovers the continuous-time result in the
limit 7" — 0. In particular, we require

imd—= |2 Y gmwor| 1 I 24)
750 1 0 T—0 JWe W13

where w, := (wy + w2)/2.
The set A is an arc of the circle of radius 1/7" with center at —1 /7" described by the set of § € € satisfying

[ Té6+1=1 or Té5+0+0"=0.
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Hence an obvious choice of ® is

T 1
@:[1 0]. (25)

Any multiple of ® provides the same circle, but this is the one that has the desired property in (24).

To fix U, note that A can be seen as the intersection of the circle o(d, ®) = 0 and a half plane with the
boundary passing through the points §; := (e/%iT — 1)/T, (i = 1,2). The boundary is described by the set of
points & = « + j3 such that

(a2 —a1)(B—01) — (B2 — Bi)(a—a1) =0
where «; + j3; := ¢;. This boundary equation can be written as o (0, ¥,,) = 0 with
_ 0 Pr—Pa—jlon —ag) | _ 0 02 — 61
B1— P2+ jlar —az)  2(Bacn —azfh) 0] — 05 0301 — 0207 |

Noting that o(d, ¥,,) > 0 is the half plane below/above the line o (6, ¥,) = 0 if (2 < ay)/(a2 > 1), we see
that A = A(®, 77,) holds. However, this choice of ¥ does not satisfy the limiting property in (24).
We now modify W, so that (24) holds. First note that

v, :

A=AD, 7Y, =A(P,V), V:=r71(ad+0V,)

holds for any a, b € IR such that b > 0. It turns out that the choices
1 1
e Y
@ T’ (’{IJQ —w 1)T

will make W satisfy (24). This can be verified as follows. First note that

1 1T 1 JT(e1 — e2)
U = —_—— . 26
T [ /T 0 1 + (w1 — @a) T3 [ —jT (el —e5) 2(s1co — c182 — 81 + S2) (26)
where, fori =1, 2,
e = ed™T g = sin(ew;T), ¢ = cos(w;T).

Then by direct calculations,

lim T\Ifll =1
T—0
. ) 1 Jjler —e2)
lm 70, = lim (= 4 L2
7o 12 =0 (T + (w1 — w2)T?
_ oy @ @)T e — )
T—0 (w1 — ’LTJQ)T2
— lim (w1 — w2) — (wie1 — waea)
T—0 2(@1 — WQ)T
— lim —j(w%el — w%eg)
T—0 2(@1 — ’LTJQ)
_ —j(wi — =)
2(@1 — WQ)
= —jwe.
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sin((wl — LTJQ)T) — 81+ 82

lim 7¥9 = lim
T—0

T-0 (w1 — @2)T3/2

— lim (w1 — w2) cos((wy — w2)T) — wicy + wace
T—0 B(W]_ — w2)T2/2

— lm —(w1 — @2)?sin((w1 — @2)T) + w?s1 — wisy
T—0 3(@1 — WQ)T

— lim — (w1 — w2)3 cos((wy — w2)T) + wi{’q — w;’@

750 3(ww1 — o)

—(w1 — @)’ + @} — @}

3(w1 — w2)
(w1 — @2)(w? + w1 + @3) — (w1 — w2)?
3(w1 — w2)

(@} + w12 + @3) — (w1 — w2)?
3

= wiw.

In summary, the solution to the problem is given by (25) and (26).
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