INTERNATIONAL JOURNAL OF ROBUST AND NONLINEAR CONTROL
Int. J. Robust Nonlinear Control 2001; 11:1415-1434 (DOI: 10.1002/rnc.667)

Generalization of the Nyquist robust stability margin and its
application to systems with real affine parametric uncertainties

Charles T. Baab', Juan C. Cockburn?, Haniph A. Latchman® and
Oscar D. Crisalle!**

" Department of Chemical Engineering, University of Florida, Gainesville, FL 32611, U.S.A
2 Department of Electrical Engineering, Florida A&M University-Florida State University, Tallahassee, FL 32310, U.S.A
3 Department of Electrical Engineering, University of Florida, Gainesville, FL 32611 U.S.A

SUMMARY

The critical direction theory for analysing the robust stability of uncertain feedback systems is generalized
to include the case of non-convex critical value sets, hence making the approach applicable for a much
larger class of relevant systems. A redefinition of the critical perturbation radius is introduced, leading to
the formulation of a Nyquist robust stability measure that preserves all the properties of the previous
theory. The generalized theory is applied to the case of rational systems with an affine uncertainty structure
where the uncertain parameters belong to a real rectangular polytope. Necessary and sufficient conditions
for robust stability are developed in terms of the feasibility of a tractable linear-equality problem subject to
a set of linear inequalities, leading ultimately to a computable Nyquist robust stability margin. A
systematic and numerically tractable algorithm is proposed for computing the critical perturbation radius
needed for the calculation of the stability margin, and the approach is illustrated via examples. Copyright
© 2001 John Wiley & Sons, Ltd.

1. INTRODUCTION

The critical-direction theory developed by Latchman and Crisalle [1] and Latchman et al. [2]
addresses the problem of robust stability of systems affected by uncertainties that can be
characterized in terms of frequency—domain value sets. The approach introduces the Nyquist
robust stability margin kn(w) as a scalar measure of robustness analogous to the structured
singular value u [3] and the multivariable stability margin k., [4]. This paper extends the critical
direction theory to the more general case where the critical value-set may be non-convex. The
key to extending the theory is the introduction of a generalized definition of the critical
perturbation radius in a fashion that preserves all previous results. Non-convexity of the critical
value set is observed in a number of interesting problems, including the case studied by Fu [5]
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consisting of rational systems where the uncertainty appears affinely in the form of real
parameters that belong to a known rectangular polytope. The generalized critical direction
theory is applied to this particular class of uncertain systems, and is used to calculate the
required Nyquist robust margin with high precision and in the context of a computationally
manageable framework.

The robust stability problem studied by Fu is part of an extensive literature on systems where
the uncertainty appears in the form of parameters that vary in prescribed real intervals, a
situation of relevance to many engineering problems. Early advances in this field are due to
Kharitonov [6,7] who derived necessary and sufficient conditions for the robust stability of
interval polynomials, that is, polynomials with independent coefficients that take values in
closed real intervals. An extension of Kharitonov’s theorem to rational interval plants is
proposed in Chapellat et al. [8], where the objective is to assess the stability of a family of plants
by testing a subset of extreme plants or extreme segments. The number of extreme plants
required to determine robust stability depends on the functional relationship between the
uncertain parameters and their bounding interval-sets. Comprehensive results based on extreme
plants or segments are known to exist only for a restricted set of uncertainty structures. A
detailed account of Karitonov-like methods can be found in Barmish [9] and in the references
therein. For contextual value, it is worth mentioning that many of the methods proposed are
based on determining the stability of a set of Kharitonov plants (or extreme plants) derived from
the interval bounding-set description. For example, Chapellat ez al. [8] and Bartlett et al. [10]
give conditions that use 32 Kharitonov segments or edges. Barmish [11] prove that when using
first-order compensators it is necessary and sufficient that 16 of the extreme plants be stable;
furthermore, under certain conditions only eight or twelve plants are necessary.

In this paper the generalized critical direction theory is applied to systems with affine
parametric uncertainty and exploits earlier results of Fu [5] regarding the mapping of the
uncertain parameters from their polytopic domain to the Nyquist plane to develop a
computationally tractable algorithm for calculating the Nyquist robust stability margin.

The paper is organized as follows. Section 2 generalizes the critical direction theory for
systems with non-convex critical value sets. Sections 3—-6 are concerned with the application of
the generalized theory to the case of affine uncertain rational systems with real polytopic
parametric uncertainties. Section 3 introduces a precise definition of the uncertain system
considered, and Section 4 derives two robust-stability theorems for these types of systems.
Section 5 presents a systematic method for calculating the critical perturbation radius, and
Section 6 provides two examples of the analysis method, including the case of a convex and the
case of nonconvex critical value set. Overall conclusions are given in Section 7.

2. GENERALIZATION OF THE CRITICAL DIRECTION THEORY

2.1. Preliminaries
Consider the single-input—single-output linear time-invariant system

g(s) = go(s) + 9(s) (1
where go(s) is a known nominal transfer function, and (s) € A is an unknown perturbation

belonging to a known perturbation family A. The focus of this analysis is on the robust stability
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Figure 1. Unity feedback control scheme for an uncertain plant g(s).

of the closed-loop system that results when the uncertain system (1) is configured in the unity
negative feedback control structure shown in Figure 1. The following standard assumptions are
made throughout this paper:

(A1) The nominal transfer function gg(s) is stable under unity negative feedback.
(A2) The set of allowable perturbations A is such that g(s) and go(s) have the same number of
open-loop unstable poles.

The robust stability analysis is based on a frequency-domain description of the uncertain
perturbations using value sets. The uncertainty value set of g(s) at frequency w is defined as

1) := {g(jo)lg(o) = gy(jo) + d(o), i(s)eA}

and ¥ (w) is said to lie on the Nyquist plane. A generic uncertainty value set is shown in
Figure 2.

The critical-direction theory advanced in Latchman and Crisalle [1] and in Latchman et al. [2]
is based on the observation that the destabilizing perturbations occur along the critical
direction

which is interpreted as the unit vector with origin at the nominal point g,(jo) and pointing
towards the critical point —1+j0 (¢f. Figure 2). This direction in turn defines the critical line
1) == go(jo) + ad.(jw), o€ R, where R" denotes the non-negative real numbers. The critical
line r(w) is interpreted as a ray that originates at the nominal point g,(jw) and passes through
the critical point —1 4+ j0. The intersection of the uncertainty value set with the critical line
determines the critical uncertainty value set ¥ .(w) := ¥ (w) N r(w) which may be (i) a single
straight-line segment or a single isolated point (in which case 7" (w) is a convex set) or (ii) a
union of disjoint straight-line segments and isolated points (in which case 7 ¢(w) is a non-convex
set). Figure 2 shows the case of a non-convex critical uncertainty value set. Finally, the
boundary of the uncertainty value set is denoted 07 (w), and the set of critical boundary-
intersections AB.(w) is defined as

Be(w) := {077 (w) 0 r(@)}\go(jw)

where ‘\’ is the set-difference operator. For the special case where 077 (w) N r(w) contains g,(jw)
as its only element, the following definition is applied:

Be() := {go(jo) }

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001; 11:1415-1434
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Figure 2. Schematic of an uncertainty value set 7" (w,) (shaded area), and the critical perturbation radius

p.(wy) at a frequency w;. Also shown in the figure are the critical line r(w;) (dashed line); and the non-

convex critical uncertainty value set #".(w;) which in this case is the union of two disjoint straight-line
segments (shown by the dotted lines).

Note that to determine %.(w) it is necessary to have knowledge of the uncertainty value set
boundary only along the critical line. Clearly, %.(w) contains a single element if ¥"¢(w) is a
convex set, and contains at least two elements if ¥ () is non-convex.

When the critical value set ¥ .(w) is convex (as in the case of star-shaped value sets

with respect to the nominal point, for example), the critical perturbation radius is defined as
[1, 2]

pe(w) = max {olz = go(jo) + 0de(joo) € 77 () } 2

Definition (2) states that the critical perturbation radius for the case of a convex set ¥ (w) is
simply the distance along the critical direction between the nominal point g,(jow) and the
uncertainty value set boundary 07 (w). Note also that the critical perturbation radius captures
the ‘size’ of the uncertainty that is relevant for stability analysis. Definition (2) is not suitable,
however, for the case of non-convex critical value sets ¥ ¢(w). In this paper, we propose the
following generalization of the definition of the critical perturbation radius, which is applicable
to both the convex and non-convex cases:

() = |1+ go(jw)| — E(@) if —1+j0¢ ¥ (w) "
e B }1 + go(jw)| + &(w) otherwise
where
E(w) = min |1 + 2| @)

zeB(®)
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represents the distance from —1+j0 to the point in %.(w) that is closest to the critical
point —1+j0. The upper statement in definition (3) states that when —1+j0 is not an
element of ¥"(w), the critical perturbation radius p. (w) is defined as the difference between
two distances, namely, the distance from the critical point —1+j0 to the nominal point
go(jw) (represented by ]1 + go(jw)‘) and the distance from the critical point —1+j0 to
the closest critical-boundary intersection (represented by &(w)). On the other hand, when —1+j0
is an element of #"(w), the lower statement in (3) states that the critical perturbation radius is
taken as the sum of the two distances in question. Observe that when the critical uncertainty
value set is convex, %.(w) has only one element (i.e. there is only one critical boundary
intersection), and definition (3) becomes equivalent to definition (2). Note also that to compute
the critical perturbation radius from (3) it is necessary to have full knowledge of the set of
critical boundary intersections %.(w) and to be able to evaluate whether the set membership
condition —1 4 jO € ¥"(w) holds; both of these issues are completely resolved in Sections 3 and 4
of this paper for the case of systems with real affine parametric uncertainties. For either
definition it can be shown that p (w) >0 for all frequencies. Finally, the Nyquist robust stability
margin
. Plw)

is defined as the ratio of the critical perturbation radius to the distance between the nominal
point g,(jow) and the critical point —1+j0 measured along the critical direction. Note that
kn(w)=0 for all frequencies.

2.2. Analysis of Robust Stability

The analysis of the robust stability of the uncertain feedback system being considered can now
be given in terms of the following theorem.

Theorem 1
Consider the uncertain system g(s) given in (1) with assumptions (A1) and (A2). Then, the
closed-loop system is robustly stable under unity feedback if and only if

—14j0¢ 7 (@) Yo (6)

Theorem 1 is simply a restatement of the well-known zero-exclusion principle [9], and it gives a
necessary and sufficient condition for the robust stability of the closed loop in question.
However, Theorem 1 does not provide a measure of the degree of robust stability of the loop, a
quantity that would be most useful as the basis for the synthesis of optimally robust controllers
or for the assessment of the relative merits of alternative control schemes. The critical direction
theory seeks to quantify the robust stability of such systems in terms of the Nyquist robust
stability margin (5), which plays a role analogous to that of the structured singular
value [3] and of the multivariable stability margin [4]. Efficiency in the analysis is obtained
through the realization that it suffices to verify condition (6) only for value-set points that lie
along the critical direction; more precisely, the set membership condition (6) holds if and only if
—1+j0¢ 7 .(w) holds. These observations lead to the following key result of the critical
direction theory.

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001; 11:1415-1434
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Theorem 2
Consider the uncertain system g(s) given in (1) with assumptions (Al) and (A2). Then the
closed-loop system is robustly stable under unity feedback if and only if

kn(w)<1 Yo (7

Proof
A complete proof is given in Latchman and Crisalle [2] for the case where 7 .(w) is convex. For
the non-convex case in which the generalized definition (3) of p.(w) is utilized the proof is
extended as follows. From Theorem 1 the uncertain closed-loop system is stable if and only if
—1+j0¢ 7 (w) V. Therefore, to prove that (7) is sufficient for robust stability, we must show
that if kn(w)<1 Vo then —1+j0¢ 7 (w) Vw. To prove by contradiction, assume that
kn(w)<1 Vo and that dw such that —1 + j0 € ¥"(w). Then applying definitions (3) and (5) for
a frequency at which —1 + j0 € 7" (w) gives

p@) |1+ gylio)] + @) &)
|1 + go(jw)| |1 + go(jw)| |1 —+ go(jw)|
where &(w) is the non-negative real scalar given by (4). Hence ky(w)>=1 for at least one
frequency, which contradicts the assumption. Therefore, if kn(w)<1 Vo then it follows that
—1+j0¢ 7 (w) Vo.To prove that (7) is necessary for robust stability, one must show that if
—14+j0¢ 7 (w) VYo then kn(w)<1 Vo. To establish this, note that if —1+j0d 7 (w) VYo
then by definitions (3) and (5)

p@) [T+ gio)| —&@) | o)
|1+ go(jo)| |1+ goljo)| |1+ go(jo)|

kn(w) =

Yo

kn(w) =

where ¢(w) is given by (4). In this case, however, since —1 +j0 ¢ #"(w) it follows that —1 +
j0¢ %B.(w), and thus &(w) must necessarily be a positive number. Using this fact in the above
equality leads to the conclusion that An(w)<1 V. O

From Theorem 2 it follows that the scalar kn(w) serves to quantify the robust stability of the
closed-loop system. The computation of kn(w) requires knowledge of the critical perturbation
radius p.(w) defined in (3). The challenging task in a given problem is in fact the calculation of
the critical perturbation radius.

When 7 () is convex, definition (2) indicates that p.(w) represents the distance between the
point gy(jw) and the (unique) point where the critical line intersects the boundary of ¥"(w). On
the other hand, when ¥ ¢(®) is non-convex there are multiple points where the critical line
intersects the boundary of 7"(w). In such cases, definition (3) indicates that p () is a function of
the distance between g,(jw) and the boundary-intersection point that is closest to the critical
point —1 + jO. Since in many cases the convexity of #".(w) at any given frequencies may not be
known a priori, the generalized critical radius definition allows the application of the critical
direction theory without conservatism to a more general class of uncertain systems, including
the case of real affine uncertain systems discussed in ensuing sections. The Nyquist robust
stability margin kn(w) computed using the general definition (3) for p (w), is attractive from an
analysis standpoint because through Theorem 2 it gives necessary and sufficient conditions for
robust stability. On the other hand, if kn(w) is computed using equation (2) for p (w), then the

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001; 11:1415-1434
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condition kn(w) <1 Vw is only sufficient for robust stability when the set ¥ .(w) is non-convex.
From a control design point of view, however, it may be advantageous to adopt the
computationally simpler definition (2) even for the case where 7 .(w) is non-convex, and accept
the result as a suboptimal design, as is done in the context of the structured singular value
paradigm where control design is based on an upper bound rather than on the exact value of the
structured singular value. It must be remarked, however, that when 7" () is in fact convex,
using definition (2) for p.(w) makes the resulting condition An(w)<1 Vw necessary and
sufficient for robust stability; and in such cases the results are not conservative. It must also be
emphasized that the uncertainty value set 7" (w) itself does not have to be convex for the critical
uncertainty value set ¥ ¢(w) to be convex.

3. SYSTEMS WITH AFFINE UNCERTAINTY STRUCTURE

In the remaining sections the generalized critical direction theory developed in Section 2 is
specialized to systems with real parametric uncertainties that appear in an affine fashion,
namely, an uncertain rational function of the form

~no(s) + D00, qini(s)

s, q) = > , q€ 8a
90 = G+ T gty 1 C ()
where
¢
no(s) := ZnOksk
k=0
and

do(s) = Z d()ksk
k=0

are known nominal polynomials,

£
. k
ni(s) == E NS
k=0

and

di(s) ==Y _ dixs
k=0

are known perturbation polynomials, and q = [¢q; ¢> . . . qp]T € R? is a vector of real perturbation

parameters belonging to the bounded rectangular polytope

0={qeR|¢ <qi<q’,i=12,...,p} (8b)

where ¢; and ¢/,i = 1,2,..., p are finite real bounds. Equations (8a) and (8b) define a class of
finite dimensional, linear, time-invariant, real plants with affine parametric uncertainties. For
completeness, the perturbation family A is implicitly understood to be the set A :=
{5(s, q) = g(s,q) — g(s,qy)lq € Q} for this class of uncertainties.

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001; 11:1415-1434
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The value set 7 (w) at a given frequency o is defined as the set of the Nyquist-plane
points g(jw,q) obtained for all q € Q. Let 07 (w) represent the boundary of the uncertainty
value set #'(w) and E(Q) represent the 2°'p edges of the bounding set Q. Furthermore,
let g(jo, E(Q)) represent the frame of the value set, namely, the image of the edges of Q
on the Nyquist plane under the mapping ¢g(jw,q). Two important properties of the
value sets generated by systems with affine uncertainty are the following [5]: (i) at each
fixed frequency the boundary 07 (w) of the uncertainty value set ¥ (w) is spanned by
the image of the edges of Q, e.g. 07 (w) is spanned by the frame of the value set and (ii)
the image of each edge of Q is either a circular arc or a line segment that can be easily
calculated analytically. The second property is a consequence of the affine structure
of the uncertainty which induces a linear fractional mapping. In the following sections
we exploit these properties to develop a computational approach to find the Nyquist
stability margin for affine uncertain systems. The results allow the efficient verification of
the set membership (6) invoked in Theorem 1 via a linear feasibility problem, and
permit the calculation of the robust stability margin invoked in Theorem 2 via a systematic
algorithm.

4. ROBUST STABILITY AND UNCERTAINTY VALUE-SET MEMBERSHIP

The first step in the computation of the generalized critical perturbation radius for the uncertain
system (8a)—(8b) is to determine whether the critical point —1+j0 belongs to the uncertainty
value set #"(w). The more general problem of determining if an arbitrary point w € C belongs to
¥ (w) is solved in this section, and the results are then utilized to reformulate Theorem 1 in
terms of computable quantities.

The affine uncertain system (8) can be written in the vector—matrix form

noo_ nyp N0 -+ Npo q1
no1 nyp npyp - Ny q>2
[1 ) i1 95] +
o1 ny Nyl || g sT(ng + N,q)
g(s,q) = 3 £ £ == . )

doo dig dy - dyo | | @1 sq(do + D,q)
dor di doy - dyp | | @2

[1 s Sm—] Sm] +
dOm_ dlm d2m toe dpm qp

where s, and s; are vectors of lengths £+ 1 and m+ 1, containing powers of the Laplace
variable s, and  where mye R, dy e R""!, N, e R“"D*7 and D, e R D7 are
constant vectors and matrices that represent the structure of the affine parametric un-
certainty. The value set at frequency w is obtained by evaluating (9) at s = jo for all q € O to
yield

SZ,R(HO,R + Np,Rq) +js;, (HO,R + Np,lq) q
Sg,R (dO,R + Dp,Rq) + js}J (dO,I + Dp,]q)’

9(o,q) = eQ (10)

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001; 11:1415-1434
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where
S;rt,R = |:1 —a)z (1)4 — a)6] ER[€/21+1, S;rl,l = [a) _a)S (US — a)7...:|0€R|—(€+1)/2-‘
S},R — [1 —wr ot —wb-- } c R[’"/ZHI’ S},l — [CO —} W —w-- ] c RKWHI)/Z]
[ 1o | nyp Ny v Mpo
nog = | "2 | e RI/2HL Npg= M2 722 = M| e R{¢/2H1)xp
7101 ] niy n21 o Npl
ng; = | 03| e R/ Ny, = ™3 723 -0 M3 | g RIED/2ke
doo dio dy -+ dy
dor = do c R[m/ZHI, D,x = dpo d»n - dpz e R([m+2]/l)><p
and
d()] dll d21 dpl
dy; = dos e RH"H'])/Z], D,; = diz dy - dy e RI(m+D/21xp

where [.] represents the greatest-integer function.

Now consider an arbitrary Nyquist-plane point w = wg+jw; € C with Afinite
magnitude. Clearly, we ¥ (w) if and only if there exists a vector qeQ such that
g(jo,q) = w. Using (10) this condition is equivalent to finding a vector q € Q that solves the
equation

Sg, r(n0.r + Nprq) + J'S;J (nos + N,q)

. = wg +jw an
S;,R (dO,R +D,rq) + Js},/ (dOJ +D,,q)

This problem can be characterized as a linear equality problem as shown below.

Theorem 3
Let w € C be an arbitrary point with finite magnitude on the Nyquist plane. Then w € ¥ (w) if
and only if there exists a feasible solution q € R” to the linear equality

A(w)q = b(w) (12a)

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001; 11:1415-1434
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subject to the linear-inequality constraint

T 1 00 0] af
-1 0 0 0 —q
0 10 0 4
0 -1 0 0 q< —q; (12b)
0 00 1 q,
| 0 0 0 -1 -4,
where
Al - SZ’RNP,R — WRSZRDP’R + WZSLDI,J ) 2p
(w) := T T T eR (13)
Sn,lNliJ — WRSd,le,l — W]Sd,RDp,R ]
T T T
—S, gMo,r — WrS; gdo.r — wis; do
b(w) = | R TOGRIRET TR g2 (14)
7Sn’lno,[ — WRSde(),/ + WISd’RdO,R
Proof

A finite point w € C belongs to ¥ (w) if and only if there exists a vector q € Q that satisfies
equation (11). Since the denominator on the left-hand side of (11) is non-zero due to the finite
magnitude of w, the equality can be rationalized by multiplication by the denominator, and after
isolating the real and imaginary parts leads to the equivalent set of equations

T T T
S, &Np.R — WrSq RDp.R + WiSg Dy

T

Sn,l

T Ry T
[ S, RI0,R + WRS(],RdO,R — W]Sd’[d(),l ]

T T T T T
Npi = wrSgDpi — wisq gDp.r =S, Mo + WrSq oy + wis gdo.r

which becomes equality (12a) after the matrix A(w) and the vector b(w) are defined as given in
(13) and (14), respectively. From (8b), the restriction that q € Q can be described by the linear
inequality (12b). Hence, it follows that w € C is an element of ¥"(w) if and only if there exists a
feasible solution to the linear equality/inequality problem (12). O

Theorem 3 poses the uncertainty value set membership problem as a standard linear equality/
inequality feasibility problem whose solution can be found in classical linear programming
references (see Reference [12], for example). The linear map given by (12)—(14) is obtained for
the rational function (1) with the affine uncertainty structure given by (8). A formally analogous
linear map based on the zero-exclusion principle has been developed by Bhattacharyya et al. [13]
for the case of affine uncertain polynomials. Equations (12)—(14) constitute an extension of that
approach to the case of rational systems, and a generalization to the case of an arbitrary point
on the complex plane.

To calculate the critical perturbation radius using (3) it is necessary to determine if —1+j0 is
an eclement of the uncertainty value set #(w). From Theorem 1, the solution to this set-
membership problem directly defines the robust stability of the system. Therefore, the robust
stability of systems with real affine parametric uncertainty can be efficiently determined by

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001; 11:1415-1434
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solving the feasibility problem by specializing Theorem 3 to the case w= —1+j0. The result is
given in the following theorem.

Theorem 4

Consider the real affine uncertain system given in (6a) and (6b) with assumptions (A1) and (A2).
Then the closed-loop system is robustly stable under unity feedback if and only if the following
linear equality/inequality problem in q € R? is infeasible at all frequencies:

A(—1 +j0)q = b(—1 + j0) (15a)
subject to
100 01 [ 4 ]
—1 0 0 0 —qy
0 10 0 4
0 -1 0 0|q<| % (15b)
0 00 - 1 q
L0 00 - —1] —q;
where
—sT N,g+sT' R
A(—l—l—jO):l n,f p.R Td,l PR e R2%p
=S, /Ny +8;,Dp;
—sT ng.gr — st .d
b(—1+joy= | EETTARRA ¢ g
=8, Mo — S, o
Proof

From Theorem 1, the condition —1 + jO & #"(w) for all frequencies w is necessary and sufficient
for ensuring robust stability. The result follows by applying Theorem 3 to the special case of the
point w=—1+]0. Ul

Theorem 4 represents a systematic method for determining the robust stability of systems with
real affine parametric uncertainties.

5. COMPUTATION OF THE CRITICAL PERTURBATION RADIUS

The computation of the Nyquist robust stability margin kn(w) for the affine uncertain system (8)
requires that the critical perturbation radius p.(w) be calculated first. As indicated by (3) and
(4), this in turn requires determining the set %.(w). Once all the elements of %.(w) have been
identified it is straightforward to calculate p () from the applicable formulas. For the case of
affine-uncertain systems of the form (8a), the critical boundary-intersections set % .(w) can be
effectively identified using a two-step strategy.

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001; 11:1415-1434
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The first step consists of finding the set of points F={P,, i=1, 2, ..., k} that correspond to all
the intersections between the critical line r(w) with the frame g(jw, E(Q)). This reduces to a
simple problem in two-dimensional computational geometry after recognizing that the critical
line is a ray and that the frame is a collection of arcs of circles and straight-line segments.
Further details are given in Section 5.1. Note that all the points in the frame-intersection set F
are elements of ¥ .(w) because each point in turn belongs to r(w). It is straightforward to
conclude that Z.(w) < F after arguing that some elements of the frame-intersection set F may
not liec on the value-set boundary 07 (w), and that all elements of %4.(w) must be elements of F.

The second step consists of constructing the set of critical intersections %.(w) by selecting
from F all the points that also belong to %.(w). For the special case where F = {go(ja))} it
follows that Z.(w) = { go(ia))}. For the more general case where g, (jo) is not the only element of
F, then %.(w) is constructed by selecting all the points in F that lie on the boundary 07 (w). In
accordance with the general definition of %.(w), the point g,(jw) must be excluded. Therefore, if
go(jw) € F, the set F must be redefined by excluding from it the element g,(jw) through the
assignment F'\g,(jo) — F. Without loss of generality, assume that the points in F are ordered in
increasing distance from the nominal point g,(jw), and that P, and Py, are respectively the closest
and farthest points from g,(jw). Clearly, 4.(w) contains the point P,. When k > 1 the additional
elements of #.(w) can be readily identified from F by considering all the straight-line segments
PP, ,n=1,2,..., k—1, P,eF. Clearly, if one interior point of the segment P,P, | lies
outside the value set #"(w), it can be concluded that both P, and P, lie on the boundary of the
value set and hence, both P, and P, are elements of %.(w). It is easily seen that this is a
necessary and sufficient condition for the membership of P, and P, in %.(w). All the elements
of Z.(w) can be systematically identified through such a sequential analysis of the points in F.
Note that to determine if the end points of a given segment P, P, belong to %.(w) it suffices to
test if any interior point, say the midpoint, of the segment lies outside of ¥ .(w). This set
membership condition can be readily determined by applying Theorem 3 to the segment
midpoint.

5.1. Intersection of a ray and arcs in the complex plane

As discussed above, the first step in the computation of the critical perturbation radius consists
of finding the set of points F = {P;(w), i =1, 2,..., k} that correspond to intersections of the
critical line r(w) with the frame g(jw, E(Q)). This is equivalent to determining the intersection of
a ray (the critical line) and arcs or straight-line segments (the frame) in the complex plane. The
equations needed for characterizing the intersection of the critical line with straight-line
segments are trivial and are therefore omitted for brevity. The determination of all the
intersections of the critical line with a finite number x of arcs of circle is somewhat more subtle
and is therefore discussed in greater detail.

The basic geometric objects of interest are defined as follows. A line passing through two
points py, p; € C can be represented by

L(po,p1) :={z€ Clz = po+ tp1 — po), 1€ R} (16)

The same relation can be used to represent a ray, r(pg, p1) with origin at py and pointing towards
p1 by restricting the parameter ¢ to adopt only non-negative values. The line L(pg, p;) is said to
be the supporting line for r(pg, p1). The critical direction r(w) is therefore represented by the ray

r(po, p1) with po = gy(jw) and p; = —1 + jO.
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Consider a set x of circles with center at points z; € C and radii r; e R,i =1, 2, ---, i, where
each circle satisfies the relation

Ci:={zeC|E=z)z—z)=1}, r>0} (17)

Therefore, two parameters are sufficient to define each circle. On the other hand, three
parameters are required to describe an oriented circular arc that passes through three points
ap,ai,ay € C, in that order, and such an arc will be denoted implicitly as a;(ay, a;, ay) if it
belongs to a supporting circle C;.

The relative position of a set of points and orientation of arcs and rays in the plane can easily
be determined invoking the cross product operation. Let py, p; € C, then the cross product of p,
and p; can be defined as

poxpy = Im{pyp; }

The sign of the cross product determines the relative orientation of py and p; with respect to the
origin: p lies to left (right) of pg if py X p1 <0 (>0), and p; and p, are collinear if py x p; =0 [14].
The cross product can also be used to determine the direction in which an oriented circular arc
‘turns’. Let a (ao, a;, a») be a circular arc that originates at a,, passes through «;, and ends at a,.
Then, the arc turns left (right) if (a; — ag)x(a; — ag) > 0(<0). If (ay — ap)x(a; — ap) = 0 the
three points are collinear, and the arc degenerates into a line segment. The arc a(ay, a;, a,) is said
to be positive (negative) if it turns left (right).

The following four-step strategy to compute the intersection of a ray and a finite number of
arcs is proposed: (i) find I = L(g,(jw, —1 4 j0)) N C;, the set of the intersections (if any) of the
supporting line (i.e. the line that contains the critical ray) and the ith supporting circle (i.e. the
circle that contains the ith arc); (i) find 1) = r(gy(jo, —1 4 j0)) N 1), the set of intersections of
the critical ray and the supporting circle; (iii) find 1) = a; N I!? < IV, the intersections of the
critical ray and the ith arc and (iv) find F = U <<,/ g), the union over all arcs of all the possible
ray—arc intersections. The set F corresponds to the desired set of intersections of the critical line
r(w) with the elements of the frame of g(jw, E(Q)) that are described by arcs of circles. The
remaining elements of the set F are of course the set of points that represent the intersections of
r(w) with the elements of the frame of g(jw, E(Q)) that are described by straight-line segments.

Each of the four steps outlined above can be quantified in more precise terms. To execute step
(1), consider a ray r(pg, p;) and an oriented arc a,ag, @, a») whose respective supporting line
L(po, p1) and supporting circle C; are given by (16) and (17). The set of intersections 1) of the
supporting line and supporting circle is determined by the real solutions of the quadratic
equation ar® + bt +c¢ =0, where a = |p; — po], b=2Re{(Br=po)p1 — z))}, and ¢ = |po|*+
|z,~|2—(r,2 +2Re{m}). It readily follows that there are no intersections if the discriminant
d := b*> — dac is negative. Furthermore, if the discriminant is zero the supporting line is
tangential to the circle and there is only one intersection. Finally, there are two intersections if
the discriminant is positive. Now let {¢;, £}, denote the one or two real solutions to the
quadratic equation for the case where the discriminant is non-negative. The set of intersection
points 7V is composed of the points z in Equation (16) obtained by setting t = #, k = 1,2. To
execute step (i) and find I = 1 it is sufficient to discard the points of I that correspond to
negative values of 7. To complete step (iii), the set I((l’) < I can be determined using the cross
product properties. Consider an arc afag, a;, a») and an intersection point y € I). Then y
belongs to Iz(lf.) if and only if the arcs a,(ag, a;, a») and afag, y, a) are both positive or both
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negative (i.e. both arcs turn in the same direction). Finally, step (iv) is completed by setting the
set F as the union of the sets Ifj,'.) obtained when considering all the arcs C;, i=1, 2, ..., k.

6. EXAMPLES

Consider the system with affine uncertainty structure

(0.353 4+ 2.25% + 105 + 20) + (0.125> + 0.7s + 1)q; + (0.065> 4 0.25)q5 + (—0.35 — 1)q3
(s* +9.553 + 2752 +22.55 + 0.1) + (0.553 + 252 — 5)q1 + (0.55% + s2)g> + (—=0.553 + 5)q3

(13)
where the parameter vector q = [¢; g2 ¢3]" is an element of a rectangular polytope Q = R?, and
where the nominal system g,(s) = g(s, q,) is obtained with @1 = [0 0 0]. System (18) is a modified
version of the model investigated by Fu [5]. The objective is to analyse the robustness of the
unity-feedback structure shown in Figure 1. Two examples are given, namely, a case where the
critical uncertainty value set is convex and one where the value set is nonconvex.

g(s,q) =

]T

6.1. Example of a convex critical value set

Consider system (18) where the parametric uncertainty vector belongs to the square polytope
0={qeR| —3<¢;<3,i=1,2,3} (19)

Figure 3 shows the frame g(jw, E(Q)) of the uncertainty value set at the frequency w = 0.7. At
this frequency it is readily concluded by inspection that the critical value set 7 ".(w) is convex,
since it consists of a single line segment. Note that, in contrast, the entire value set ¥ (w) is non-
convex.

In order to apply Theorem 4, consider the frequency w = 0.7 and define the following
elements:

sy =[1.000 —0.4900], s, =[0.7000 — 0.3430] (20a)
sy r =[1.0000 —0.4900 0.2401], s;, =[0.7000 — 0.3430] (20b)
20 N 1 0 -1 200)
n = . =
OR= 0] PR=1012 006 0 ¢
10 N 0.7 02 —03 204)
n = =
" o3| Pl 0 0 0
0.1 0 0 0
dor= 1271, Dr=12 10 (20e)
1 0 0 0
I 22.5 b -1 0 1 20)
o= g5 |’ P05 —05 05
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057

-1+§0

-1.5 -1 -0.5 0 0.5
Re

Figure 3. Frame of the uncertainty value set for the system of Example 6.1 at the frequency w = 0.7. The
critical point —1+jO and the nominal point g,(jw) are represented by the ‘x’ markers, the three
intersections of the arcs with the critical line are represented by the ‘+’ markers, and the intersection that
defines the boundary point used in the calculation of p.(w) is represented by the ‘4’ marker. The critical
value set 7 ¢(w) is convex at this frequency, as it is represented by a single straight-line segment.

and
A1 +0) = [ 11572 —0.4527 —1.4624] an
—0.8534 —0.1930 —0.0848
b(—1+j0) = [0‘80491 (22)
—2.5870
For this problem, the constraint (15b) is
10 o] [3]
-1 0 0 3
0 1 0 3
0 1 o0l%|; (23)
0 o0 1 3
| 0 0 —1] 3]

It can be readily verified using an active-set method [12] that the linear equality/inequality
problem (15a)—(15b) with the data shown above is infeasible. Invoking Theorem 4 it then
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follows that —1 +j0¢ ¥"(w) and hence it can be claimed that at w = 0.7 the value set 7 (w)
excludes the critical point.

In order to quantify the degree of robust stability at this frequency, it is useful to calculate the
value of the Nyquist robust stability margin. It is possible to calculate p (w) following the
procedure discussed in Section 5. The first step consists of finding the set of points F = {P;, i =
1, 2,..., k} that define all the intersections of the critical line r(w) with the frame g(jo, E(Q)).
It follows that F = {—0.5185 —j0.9523, —0.5494 —j0.8913,— 0.5660 —j0.8584}. The ele-
ments of #.(w) can be found using the systematic procedure discussed in Section 5; however, it
is also possible to identify the set from Figure 3, where it is clear that only one element of F,
namely —0.5660 — j0.8584, lies on the boundary; therefore Z.(w) = {—0.5660 — j0.8584}. As
expected, #.(w) contains only one element because 7 .(w) is convex. Next, using definition (3)
one finds that at @ = 0.7 the critical perturbation radius is p.(®w) = 0.1694. Furthermore, since
at this frequency go(jw) = —0.4896 —j1.0096, it follows that kn(w)=0.1694/
[1 —0.4896 — j1.0096] = 0.1498 < 1, which is consistent with the claim that at w = 0.7 the value
set excludes the critical point.

Figures 4 and 5, respectively, show the values of p (w) and kn(w) calculated for a grid of 100
non-negative frequency points that are equally spaced in a logarithmic scale in the range [0.001,
10]. From Figure 5 it is readily concluded that kn(w) <1 for all the frequencies investigated, and
it can then be concluded from Theorem 2 that the closed-loop system is robustly stable.

6.2. Example of a non-convex critical value set

Now reconsider system (18) for the case where the parametric uncertainty vector belongs to the
rectangular polytope

0={qeR| —10<q <10, —0.3<¢<0.3, —0.3<¢3<0.3} (24)

With this modification to the example discussed in Section 6.1 the system now has a non-convex
critical uncertainty value set ¥ .(w) at the frequency w = 0.95, as can be determined by
inspection of the frame g(jw, E(Q)) of the value set shown in Figure 6. The figure clearly shows
that, as one follows the critical-direction ray from the nominal point g,(jw) to the critical point,
the ray realizes three intersections with the value set boundary. The ray leaves the value set

20 T T

10° 10° 10° 10 10'
Figure 4. Critical perturbation radius p (o) for the system considered in Example 6.1.
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Figure 5. Nyquist robust stability margin kn(w) for the system considered in Example 6.1.

immediately after the first intersection with the boundary occurs, and it does not reenter the
value set until it realizes the second intersection with the boundary. As a consequence of this
geometry, the critical uncertainty value set #".(w) is the union of two disjoint line segments, and
therefore 7 .(w) is non-convex.

When applying Theorem 4 to this system for a particular frequency, the only modification to
the feasibility problem presented for the previous example concerns the form of the inequality
constraints (15b) which now adopt the form

1 0 0 [10 ]
10 0 10
o 1 0 0.3
0 -1 0|03 (25)
0 0 1 0.3
Lo 0 —1]  |o3]

instead of the form (23). The vector and matrix definitions (20a)—(20f) remain unchanged. As in
the previous example, it can be readily verified using an active-set method that the linear
equality/inequality problem (15a)—(15b) with the data corresponding to this example is
infeasible. Invoking Theorem 4, it then follows that —1 + jO ¢ ¥"(®), and hence it can be claimed
that at w = 0.95, the value set excludes the critical point.

The Nyquist robust stability margin kn(w) and the critical perturbation radius p.(w) can now
be calculated at any frequency using the method described in Section 5. At the frequency
o = 0.95, the set of intersections of the critical line r(w) with the frame g(jo, E(Q)) is

F = {-0.6510 —j0.3738, —0.4196 —j0.6217, 0.6349 —j0.3911,
—0.4403 —j0.5995, —0.6512 —j0.3736, — 0.6498 —j0.3751}

The elements of %#.(w) can be identified from F using the sequential method described in Section
5 to yield

Bo(w) = {— 0.6510 — j0.3738, —0.6349 — j0.3911, — 0.6512 — j0.3736}
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02r

-14j0

Im

Figure 6. Frame for the uncertainty value set for the system of Example 6.2 at the frequency w = 0.9500.

The critical point —1+j0 and the nominal point g,(jow) are represented by the ‘X’ markers, the

intersections of the arcs with the critical line are represented by the ‘+’ markers, and the intersection that

defines the boundary point used in the calculation of p.(w) is represented by the ‘+’ marker. The critical

value set ¥ .(w) is nonconvex at this frequency, and it is represented by the union of two disjoint straight-
line segments.

which contains three elements due to the non-convexity of ¥ .(w). Using Equation (4) yields
&w)= min |l +z| =1 —0.6512 —j0.3736] = 0.5111

zeBc(w)
and then invoking definition (3) it is readily determined that
p(®) =11 —0.4140 — 0.6277j] — 0.5111 = 0.3475

at the frequency w = 0.95. Furthermore, since g,(jw) = —0.4140 — j0.6277 at this frequency, it
follows that kn(w) = 0.3475/]1 — 0.4140 — 0.6277]j| = 0.4047 < 1, a result that is consistent with
the conclusion reached by invoking Theorem 4 that the value set does not include the critical
point at this frequency.

Figures 7 and 8, respectively, show the values of p (w) and kn(w) calculated for a sequence
of 250 frequency points equally spaced in a logarithmic scale in the range [0.001, 10]. From
Figure 8 it is readily concluded that kn(w)< 1. Therefore, the feedback loop is robustly stable.
Also notice from Figures 7 and 8 that p (w) and kn(w) are discontinuous at frequencies
approximately equal to @ = 0.020 and 0.9417. The presence of such discontinuities is not
surprising since it is well known that other stability margins (such as the real-u robust stability
margin) have also shown discontinuities. The observed discontinuities can be explained by
examining Figure 6, which shows the frame of a value set at the frequency w = 0.9500. At this
frequency the critical line intersects the boundary of the uncertainty value set at three points
(one point near the nominal point and two points closer to —1 + j0). The critical uncertainty
value set 7".(w) is composed of two disjoint line segments: one segment joining the nominal
point with its nearest boundary point, and a second segment joining the other two boundary
points. The numerical value of p.(w) is in this case calculated using the boundary point closest to
—1+j0. As the frequency decreases the uncertainty value set rotates in a counterclockwise
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e

10 10

1

Figure 7. Critical perturbation radius p. () for the system considered in Example 6.2. An observed
discontinuity is shown with a dashed line; a second discontinuity is not visible in the plot due to the tight
scale of the ordinate.

Figure 8. Nyquist robust stability margin kn(w) for the system considered in Example 6.2. Observed
discontinuities are shown with a dashed line.

direction. This causes a progressive reduction in the length of the line segment formed by the
two boundary points that are closest to —1 + j0. Eventually, this line segment collapses into a
single point in such a way that the critical line passing through the point is locally tangential to
the uncertainty value set. When this situation arises, the critical value set ¥ ¢(w) is composed of
the tangent point just mentioned and one line segment (namely, that joining the nominal point
with its nearest boundary point). This effect is realized at a frequency slightly higher than
® = 0.9417 for the example under consideration, and the value of p.(w) must be calculated using
the tangent point. As the frequency is reduced slightly below the value w = 0.9417 the critical
line is no longer tangent to the template, and its intersection with the value set defines a single
continuous segment, hence, 7 .(w) recovers its convexity. The calculation of p () is now made
using the only existing boundary point, which is now located closer to the nominal point. Hence,
as this local decrease in frequency in the neighborhood of @ = 0.9417 requires that the
boundary point selected for the calculation of p.(w) be changed from the tangent point (located
closer to —1 + j0) to a non-neighboring point that is located closer to the nominal point; this
explains the discontinuity p.(w) which in turn causes kn(w) to be discontinuous.
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7. CONCLUSIONS

The main contribution of this paper is the generalization of the critical direction theory
proposed to analyse the robust stability of systems whose critical uncertainty value sets are non-
convex. The generalization is obtained by introducing a new definition of the critical
perturbation radius, and the effectiveness of the generalized theory is validated by its success
in assigning a quantitative robust stability measure, namely, a computable Nyquist robust
stability margin, to problems that involve affine parametric uncertainties characterized by real
vectors that belong to a rectangular polytope. For the case considered, the calculation of the
Nyquist robust stability margin involves planar geometry operations and solving a series of
linear equality/inequality feasibility problems that do not pose major computational challenges.
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