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Gain-Sensitivity Augmentation for Near-Optimal Control of
Linear Parameter-Dependent Plants

Peter L. Graf* and Rahmat Shoureshit
Purdue University, West Lafayette, Indiana 47907

This paper develops a parameter-adaptive version of the steady-state linear quadratic Gaussian controller for
plants with structured parameter dependencies. Both scalar and vector parameter perturbations are treated. The
design method, referred to as gain-sensitivity augmentation, is based on approximating the optimal parameter-
dependent regulator and filter gain matrices with truncated Taylor series expansions. The coefficient matrices of
the Taylor series expansions are referred to as gain-sensitivity matrices and are precomputed off-line. Parameter
information, assumed to be available on-line by direct measurement or estimation, is used to adjust the gain

matrices to near-optimal values.

Introduction

N practice, many systems may be adequately represented

for control design by multi-input/multi-output (MIMO)
time-invariant linear models. Often, actual system parameters
may vary significantly from modeled values, degrading con-
trol system performance, or even initiating instabilities. A
major portion of the current research effort in control system
design is focused on parameter robustness, that is, desensitiz-
ing control system performance to variations in plant parame-
ters.

Parameter perturbations in linear state-space models are
generally categorized as unstructured or structured perturba-
tions of the coefficient matrices. Structured perturbations re-
fer to element level variations, whereas unstructured perturba-
tions refer to matrix level variations. Parameter perturbations
may be further classified as deterministic or stochastic. This
paper addresses only the class of structured deterministic pa-
rameter perturbations.

Examples of some methods for robust control design for
structured parameter perturbations are the guaranteed cost
control of Vinkler and Wood,! trajectory sensitivity control
design of Yedavalli and Skelton,? maximum entropy control
design of Hyland and Bernstein,? and gain scheduling.*

Trajectory-sensitivity control design represents an extension
to the linear. quadratic Gaussian (LQG) controller design
method. The method assumes explicit knowledge of the struc-
ture of parameter dependencies in the system matrices; how-
ever, the parameter dependencies are assumed uncertain. The
trajectory sensitivity system consists of the nominal plant
model augmented by a trajectory-sensitivity subsystem. The
controller design utilizes feedback from both nominal plant
states and sensitivity states. No optimal constant-gain feed-
back law exists for this problem; however, several suboptimal
designs have been proposed. The main difficulty with this
approach is the high order of the resulting controllers.

Guaranteed cost control is a method for synthesizing a
closed-loop system in which the controlled plant has large
parameter uncertainties. The method uses a multistep al-
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gorithm to choose constant feedback gains that insure stable
closed-loop behavior for a potentially large range of parame-
ter values. A restriction of the method is the assumption that
the parameters enter the A matrix linearly. Full-state feedback
is assumed. The method tends to produce feedback gains that
result in overdamping of the dominant closed-loop poles.

Maximum entropy control design addresses structured pa-
rameter perturbations from a stochastic point of view. The
formulation includes multiplicative noise in control, state, and
measurement matrices to account for the maximum uncer-
tainty in the plant. The justification for this uncertainty model
is given by appealing to Jaynes’ maximum entropy principle.
Using the Fisk-Stratonovich interpretation of stochastic inte-
gration, necessary conditions to minimize a linear quadratic
performance metric more general than the standard LQG are
derived. The necessary conditions appear as four nonlinear
matrix equations coupled by stochastic effects. The resulting
controllers exhibit improved robustness to parameter varia-
tions in the plant matrices.

Gain scheduling is the oldest and most popular technique
for accommodating plant parameter variations in control de-
sign. In gain scheduling, auxiliary measurements of critical
parameters are used to select new regulator gains. Usually,
implementation consists of a schedule of gains indexed by the
measured parameters. Its simplicity and effectiveness make it
the ‘‘predominant adaptive scheme used in advanced avionic
systems to achieve high performance.’’* Gain scheduling is an
effective and proven method for compensating for plants with
one or two significant parameter variations; however, the
method quickly becomes cumbersome with additional param-
eter variations.

This paper considers the gain-sensitivity augmentation ap-
proach first proposed for the steady-state linear-quadratic
state feedback (LQSF) regulator by Barnett and Storey® for
the single parameter case and extended to the multiple param-
eter case by Vetter et al.® In both cases, only the first-order
gain-sensitivity augmentation was developed. We extend this
technique to the steady-state LQG regulator. Only the contin-
uous time case is considered. Both scalar and vector plant
parameter dependencies are treated. The gain-sensitivity equa-
tions are generalized to permit augmentation to an arbitrary
order to provide robust control in the presence of very large
parameter perturbations. It is assumed that the structure of
parameter perturbations in the plant is known, as well as the
perturbation bounds for each parameter. Parameters are as-
sumed to be available from either direct measurement or esti-
mation scheme. The recursive gain-sensitivity equations are
derived and presented in an algorithmic form, which simplifies
computer implementation.
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A vibration control example is used to illustrate the control
design. In this example, a harmonic disturbance of unknown
amplitude and parameterized by a measurable frequency is
accomodated using gain-sensitivity augmentation in a distur-
bance-utilization mode.’

Notation and Conventions

Matrices are represented by capital letters. Vectors are re-
presented by lowercase letters. The symbol o denotes a scalar
parameter whereas boldface « denotes a parameter vector.
The following notation will often be used to denote the deriva-
tive of a matrix with respect to a scalar parameter.

g A @
aod A(a) = A9 (w) ()
The vector derivative of a matrix is defined as
ad d d
a(l) I:A (a)] a a; : dd l:A (a):l @

i times

An n-term Taylor series expansion of a scalar-valued function
is denoted by

"G(e) B Glap) + E () M o

The Kronecker product or direct matrix product of matrices 4

and B is formed by multiplying every element of A by the
entire matrix B.%

=1,2..
pl;lq® B _<a”B> =1,2---¢q @

fa2] o

has a value of 1 if it is true, 0 if it is false.

The logic expression

Problem Formulation
This paper considers linear multi-input/multi-output
(MIMO) parameter-dependent time-invariant systems of finite
order disturbed by Gaussian distributed white noise. The mea-
surements are presumed to be corrupted by Gaussian dis-
tributed white noise uncorrelated with the plant noise. The
presumed form of the plant is

x(t,@) = A(a)x(t, @) + Bla)u(t,a) + Dw(?) (6a)
y(t, @) = Cla)x(t, a) (6b)
z(t, @) = M(e)x(t,0) + v(¥) (6¢c)

The performance metric for the control design of the system is
chosen as

t
!
V= }1_12 7 EU yTt, )0y (t, @) + uT(t ,0)Ru(t, a)dt} @

0

where x, y, z € R=*1, R%» X1 R% X1 respectively, and e« €
RP*1, Q and R are positive-definite weighting matrices, w and
v are zero-mean Gaussian distributed white n01se with covari-
ances W and V, respectively.

The following assumptions are made:

1) Parameter dependence is confined to the A, B, C, M
plant matrices.
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2) The admissible parameter perturbations are elements of
an open set with prescribed bounds, i.e., « €9.

3) The system maintains stabilizability of the pairs
[A(x),B(a)],[4(),D] and detectability of the pairs
[4 (@),C(a)],[A (), M ()] for all admissible parameter pertur-
bations.

4) The functional dependence of the plant matrices on the
parameters is known and is not explicit in time.

5) The plant matrices 4, B, C, M are continuous and in-
finitely differentiable with respect to each parameter over the
admissible set of parameter perturbations.

The problem is to synthesize a controller that stabilizes the
system and maintains optimal or near-optimal performance
relative to the criterion of Eq. (7) in the presence of unpre-
dictable, but measurable or estimatable parameter perturba-
tions.

Optimal Parameter-Dependent LQG Controller

Theorem 1 shows that the optimal steady-state feedback
compensator for the parameter-dependent plant incorporates
a parameter-dependent form of the well-known Kalman filter.

Theorem 1: The optimal steady-state feedback law for the
system given in Eqgs. (6a~6c) that minimizes the performance
metric in Eq. (7) is

u(t, @) = Gayx.(t, ) (82)

where the controller states x, given by the parameter-depen-
dent Kalman filter

X (t, @) = A(@)x.(t, @) + B(a)u(t, @)
+ Fla)M(a)lx (¢, @) — x.(t, @)] (8b)

The functional dependence of the gain matrices F(«) and G(w)
is summarized as follows:

G(e) = —R " 'BT(@)K(a) (8c)
F(&) = P(@MT(e)V -1 (8d)

0=K(@)A(e) + A (K ()
—K(e)B()R ~'BT(a) + CT(0)QC(e) (8e)

- 0=P()AT(a) + A(e)P(a)
— P(@M™(e)V = 'M(a)P(a) + DWDT (t33)

The optimal solution to the parameter-dependent LQG prob-
lem for the stated assumptions is essentially equivalent to that
of the standard LQG problem. Derivations for the LQG con-
troller are available in numerous texts (e.g., Ref. 9). Because
the result of the LQG problem is well known, only an outline
of a proof is given in the Appendix.

Proposed Control Design

Equations (8a-8f) reveal that the optimal control policy for
the parameter-dependent system is an implicit function of e.
The dependence is tied up in both the regulator gain matrix
and the controller states. Assume that a convergent Taylor
series expansion exists for the control u (¢, &) in Eq. (8a) w.r.t.
« about some nominal vector «_. For simplicity, we will as-
sume «€ R'%!, Then,

u(t,o) = u(t, a,) + u’(t,a)Aa
+u " (t o) A2/2) + - - - ®
Substitution for u results in
u(t, o) = {(Gx. + G'x. + Gx.)Aa
+(G % +2G %, + Gx ) A2/2) + « + + Juma, (10)
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After some rearrangement, Eq. (10) can be written in terms of
an expansion of G and x, about o,. However, the x. portion of
this expansion can be substituted by the exact x,(¢,c); there-
fore, the following can be obtained: ‘

u(t,a)=(G + G'Aa

+ G (A2 + - - ) g, Xe(t,0) (11
Equation (11) indicates that the control u(f,«) may be ex-
pressed as the product of the Taylor series expansion for the
gain matrix expanded about «, and the states of the optimal
parameter-dependent LQG controller. Fo recover the optimal
control policy, the parameter-dependent controller states
x.(t, @) and the regulator gain G () must be known exactly.
The controller states are a function of the plant matrices A (a),
B(a), M(«), and the filter gain F(a). -

‘We now invoke the assumption that the parameter informa-
tion is available from either direct measurement or estimation.
Because we know the functional dependence of the plant
matrices on the parameters, they may be recovered exactly.
The difficulty arises in computation of F(e) and G(e). Equa-
tions (8¢) and (8d) show that the gain matrices F(a) and G(a)
are functions of Riccati matricés P(e) and K(«), respectlvely
Because of the nonlinear structure of the Riccati equations
(8¢) and (8f), closed form solutions for P(a) and K (a) do not
exist.

The preceding dlscussmn 1mphes the need to approximate
the gam matrices. The proposed approach is to approximate
the gain matrix functions F(a) and G(a) by an n-term trun-
cated Taylor series expansion about a nominal vector &o- The
form of the proposed GSA—LQG controller is

ot o) = "G ()Xt @) (12a)

%e(t, @) = A (@)% (t,0) + B(e)i(t, &)

+ "F(e)M(a)[x(t, @) — X:(t, )] (12b)

"F(e) and-"G(e) are n-term Taylor series expansions of the
gain matrices.

Gain-Sensitivity Augmentation Technique

In this section, the GSA technique is extended to the steady-
state stochastlc regulator (LQG) design. Both scalar and vec-
tor plant parameter dependenc1es are treated. The GSA tech-
nique is generalized to permit gam matrix augmentation to an
arbitrary order:

Scalar Case

Consider the simple case in which the plant is dependent on
only the single parameter o in the 4 matrix. Assummg the
existence of a convergent Taylor serles the expans1on for the
regulator gain matrix becomes

(oz —ag)

Gl = 7 (13a)

E Ga)
i=0 a=cy,
(o~ )

a=oy i}

< (o)
~ —R-1BT (GRS
RTIBTEKO (13b)

The gain matrix expansion is a function of the Riccati sensitiv-
ity matrices. Differentiating the regulator Riccati matrix equa-
tion (8¢) one time yields an equation that admlts a standard
Lyapunov form for K “)(a)

K@) o = L (00) + L T(ao KOs,
— K(@AN(@) + AT@)K (]| o, 14

where
L(@) 2 A() + B()G(2) as

J. GUIDANCE

Repeated differentiation of the Riccati equation will yield
Lyapunov equations with the highest-order sensitivity ma-
trices appearlng as the unknown Lyapunov matrices. A com-
pact expression for the Riccati sensitivity equations may be
derived by application of the followmg recursive product dif-
ferentlatlon formula.

Recursive Product Rule 1 (Scalar Differentiation of a Product of
Matrices)

Consider the derivative of the matrix product A4 (e)B{(a).

13
dd % [A (a)B (a)] D(k) [A (a)B (a):| 16)

where A («) and B(«) are conformable for multiplication, « is
a scalar, and 4 (o); B(e) are continuous and infinitely differ-
entiable functions of «. Then, we may write a recursive al-
gorithm for repeated differentiation as

DP[A(x)B()] = )5 (" - I)A(q)Bw-q) + A@-DBr—-g+1
g=1\g — 1 amn

The recursive Riccati sensitivity equation for the general scalar
case where A4, B, C, and M are functions of the parameter «,

as derived using Eq. (8¢) in conjunction with Eq. (17), is given

‘ —1
K@L + LTK@ = "E <” 1) [K@A (n-a)
; q—

+K@-Dgqm—g+D

+ [K@PAC-9 4 K@-Dq¢m—a+)T
- Zn: <Z - i)(KS)‘I“K(”"q“)
q=2 -
- i <Z - i)(KS)‘q)K("“")
g=1 - .

+ CcTYQCw-9 + CcTa-b QCr-a+ l)}

w=a, (182)

Fori<n,

[ fs~1 . )
(KS) =Y <i _ 1>{K(S) Si—s 4 K6-1D S("“”} (18b)

s=1

and for i = n,

&so="% (f - :) [K.(S) S“‘}
s=1\¢ — )
Lfs—1 )
X (s—1) Qli—s+1)
i sg(i - 1> {K § 3 (18¢)

with
SO = i: (; - ;) EB(r)R —1BTG-n 4 Br-DR —IBTU—r+1)}
r=1 -
(18d)
and
SABR-'BT (18¢)

Solution of the recursive sensitivity equation (18a) is guaran-
teed by the following theorem.

Theorem 2: The Riccati derivative matrices will exist and be
unique for all # in Eq. (18a), provided the following:

1) The plant is stabilizable and detectable for all admissible
parameter perturbations.
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2) The plant matrices are continuous and infinitely differ-
entiable with respect to the parameters.

Proof of Theorem 2: Equation (18) is in the form

K™ ()L (@) + LT(@)K (D)o =a, = N(@|a=a, (19)
Because the system is assumed stabilizable and detectable for
all admissible parameter perturbations, the nominal closed
loop is assured to be asymptotically stable, i.e., N;[L{a,)] <0
for i =1, 2,...,n,. The Lyapunov equation (19) is thus assured
a unique solution for K (o) sincel!
NIL (@o)] + NIL ()] # 0  ij=12.m (20
Equation (18) is attractive for edrnputer implementation
because of its algorithmic form. Standard Lyapunov equation
solution algorithms can be used to solve for each new sensitiv-
ity matrix. Each new Riccati sensitivity matrix is generated
recursively from previous sensitivity matrices.

Vector Case

An algorithm incorporating recursive rule 1 is developed for
repeated vector differentiation of a product of matrices. The
algorithm requires the formation of a derivative operator ma-
trix. Each row of the operator matrix is a product of scalar
derivative operators defined by rule 1.

Recursive Product Rule 2 (Vector Differentiation of a Product of
Matrices)

Consider the vector derivative of the matrix product

d (k)
P [A (x)B (ot)] A D k), [A (“)B (a):l @n

where A(a) and B(e) are conformable for multiplication,
= [ay; 02seen senn ) T€ERPX L, and A(a), B(e) are continu-
ous and 1nf1mtely dlfferentlable functions of a. We may write
a recursive rule for repeated differentiation of the matrix
product as

1
Dglr [0

Dw[A(a)B(@)] = DY .

ith row—

p*th row—

The derivative-order indices v;; are defined as

& (i = 1) mod pk—a+1] - ~>:, i=1,..,p*
= 1) ?; 2o
i qz=:1{< [ pk-e )= =

(22b)
with

Int [-] é truncation to integer

and ‘‘mod”’ is the modulo operator.

Each row jn the derivative operator matrix is a product of
scalar derivative operators that are defined by the rule in Eq.
(22a). The following example illustrates the implementation of
this formula.

Example 1:
Given: A(a), B(a) €R?*3, aeR2X!
Find: D, ®[A («)B(a)]

k
D,f[{” Y
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Using Eq. (22b), the vj; are computed as
ya={111+1213=2
na={112y+ (122} =
=121+ 02213=1
va=(122)+(222)=1
yau= 221+ {121)=1
na={212}+(122}=1
vai= 2213+ (221} =0
vap=(222)+(222)=2

The derivative oﬁerator matrix is developed via Eq. (22a) as

D@

pgpy |

|pppy |U@BE@I G

D@

Dy [A(e)B(a)] =

Completing the differentiation in Eq. (23) yields

APB +24BY + AB?
na 1 1 1
APOB +A( X +A( )B‘ ) +AB§‘1)£,}2)
na 1 1 1 1
ADDB + ADBY + ADBD + ABYD
APB +240BY + ABY

D,olA(a)B(a)] =

@9

This derivative operator notation develobed in Eq. (24)
applied to Eq. (8e) yields .

0= (D.&”"[K(a)A (a)D + (Di"’[K(a)A (a)] T)

_ ng[ <K(a)S(0()>K(Ol)] +D" [C e)QC (“)] (25)

-D,ﬁ’l*") .. .DOLD
Y %
. D};Y"'f ... Dé:i,p) (A (a)B(e)] (22a)
.por*i . .. partp
&) % .

Equation (25) may be expanded using the recursrve product
rules I'and 2, and reorganized to yield a matrix equation of the
following form:

[K’]L +(LTx In)K'] = [N(a)] (26)
The ith n X n ’pértitiori of [K'] is defined as
(K'Y é (D(wi,l) .D(vi,Z). . .D(vi.p))K (2'7)

[N(a)] represents all remaining terms resultmg from the ex-
pansmn of Eq. (26) not multiplying L(ag) Or LT(ao) '
.Each term in vector equation (26) reduces to an n,p”" xnx
matrlx The equations -may be partitioned by rows into
p"n.Xn, subequations. Each of -the. subequations admit a
Lyapunov form similar to Eq. (19). The solutiofi procedure
for the vector equation proceeds analogously to the scalar
case. At each step of the recursive differentiation, a total of
&" Lyapunov equations of order n, must be computed: The
existence and uniqueness properties of Theorem 2 may be
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extended to each subequation, thereby establishing the exist-
ence and uniqueness for the vector case.

The general nth order Taylor series expansion of the regula-
tor gain matrix dependent on the parameter vector e can be
expressed using a vector form of the Taylor series given by
Vetter.!2

"G(a) = G(ay) + R~ Zn: El—

X <(a B ® £>D c('k)<’3 (@K (“)> @8)

where

AR £ -® &

k times

Using the recursive differentiation algorithms developed
previously and exploiting the structure of the Riccati sensitiv-
ity equations, it is possible to generate general-purpose soft-
ware that will compute the gain-sensitivity matrices to an
arbitrary order. The duality principle!! permits the same com-
puter algorithms developed for the regulator design to be used
for the filter design. The major computational task is associ-
ated with the tedious bookkeeping required to track intermedi-
ate results. For large systems with several parameter depen-
dencies, the computational burden may become large,
however, with efficient programming, only moderate memory
is required.

Convergence Properties and Performance Bounds for GSA-LQG
Control Systems

The convergence of Taylor series expansions for LQG gain
matrices is not guaranteed. It was shown by Theorem 2 that
Riccati derivatives matrices of all orders. exist for the stated
assumptions; however, infinite differentiability of a real con-
tinuous function does not insure existence of a convergent
Taylor series (Ref. 13, p. 691). Indeed, even if a convergent
Taylor series exists for a real function about some point, it
may have finite radius of convergence. The difficulty of a
limited radius of convergence can be circumvented by con-
struction of a schedule of gain-sensitivity augmented feedback
laws. The authors’ experiences indicate that, for well-posed
probleins, convergent Riccati matrix expansions that span the
set of admissible parameter perturbations can always be con-
structed.

Performance properties of the augmented control system
are examined next. A primary objective of the GSA control
design is to maintain near-optimal performance with respect
to the cost function. Of interest is the performance degrada-
tion induced by the suboptimal controlier. Calculation of the
bound is complicated by the parameter dependence of the
system matrices. First, the following fact is noted.

Lemma 1'%

For A=0, A=AT,  Breal

tr(4B) < ||B|

tr(A4) 29)

Let n denote the order of gain-sensitivity augmentation. From
the assumptions in the problem formulation, we can state the
following theorem.

Theorem 3: 1f F(a) and G(e) admit convergent Taylor

series expansions for a €2, then A yields a stability matrix for
some n, where 0<n < oo,

24 A(@ +B@G@ - B@G(w
= 0 A(e) — F ()M(a) (30a)

GAG(w) + AG(w) (30b)

J. GUIDANCE
FAF(a) + AF(e) (30c)

Proof of Theorem 3: To prove this thorem, it is sufficient to
demonstrate the system x = Ax is asymptotically stable.
Define: N
AdA4+24 31

where

0 —AFM

BAG — BAG
ard] ] o

Given: P>0, P = P7, and Z, which solves the Lyapunov
equation

ATZ+ZA +P=0 (33)

then, A is a stability matrix if (Ref. 9, p. 513)

—AATZ —ZAA >0 (34a)
—~P>AATZ + ZAA (34b)
We may write
2]5AA[‘ ‘|Z[ 1, =2AA7Z + ZAA (35)
A more conservative condition than Eq. (34b) is
P zziiAA[ |Z| | 2n, 36)
By assumption,
lim ‘IAFI' = (372)
fim | A6 ‘ =0 (37b)
= > lim ‘AA" =0 (37¢)
thus
P> lim {2 I"X} 38)

Theorem 3 insures that a stabilizing controller for some
finite augmentation order exists for the prescribed conditions.
Theorem 4, given next, quantifies the performance degrada-
tion associated with a finite augmentation order.

Theorem 4: The steady-state cost degradation for the stable
suboptimal GSA-LQG system, given the plant in Eq.
(6a)-(6d), and the controller in Egs. (12a) and (I12b) is
bounded by

)

<(2]

v

d

‘IA’VI

Kl

IFjIAmL

(39

where ‘
AD A DWDT — DWDT (40a)

- D 0
b [p - F(a)] (40b)
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and o
0=KA4 + ATK + DWDT (41a)
0=KA4 + ATK + DWDT (41b)
0=KA + AK; + Iy, 41c)
Proof of Theorem 4.
Define ~
AV=0-V=0 42)
where . L
V= tr KDWDT 43)
V=tr KDWDT (44)
Then,
AV = trAKDWDT + ttK AD 45)

where AK A K — K. By Lemma 1, we have

AV < ||AK]| tt(DWDT) + tuK ||AD)|
3 s (46)
Because DWDT=0, K= 0,
T_ v
tr DWDT = ‘|(DWD7) |F @
trk = ||(K)”
L. ’KK) |F (48)
Thus,
AV < ||AK[| [|((DWDTY”|| + ||K*”|| ||AD|
s F F s (49)
We can show
AK}| = (2| AA|| + ||aD
‘I | <’ms1 |+ |'> Kil|  (s0)

From Eq. (41a), we can write
KA +A™K= -DWDT-KAA —AAK (5la)

For a stable A, we can then write

k= gexp(At)[ — KAA -~ AATKDWD)] exp(ATt) dr (51b)
0

From Eq. (41b), we can write

K= gexp(At)DWD T exp(ATt) dt (52)
0

Subtracting Eq. (52) from Eq. (51b) yields

AK = — Texp(At)[AD + KAA + ATK] exp(ATt) dt (53)
0

To simplify the result in Eq. (53), we examine the integrand.
For any symmetric s X s matrix, we have

Ns= W' Is (54)
Thus, we may rewrite the integrand in Eq. (53) as
AD + ka4 +AATI?S<2‘|I?] a4l + ]AD]DIz,,x
§ s S, (55)
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So Eq. (53) is rewritten as

}IAK| L = <2‘Ii(| s !AA| s
+ |{AD| >Texp(At) exp(ATt) dt (56)
70
But o
K; A [exp(Ar) exp(ATr) dt 7

(]

where K is defined in Eq. (41c¢).

Substituting Eq. (57) in Eq. (56) vields Eq. (49), and then
substituting Eq. (50) in Eq. (49) results in Eq. (39).

From the cost degradation bound given by Theorem 4, the
convergence of the GSA-LQG controller to the optimal pa-
rameter-dependent LQG controller can be proved.

Theorem 5: If F (o) and G () admit convergent Taylor
series expansion for a€(, then,

lim

n—oo

1AV

, =0 (58)

Proof of Theorem 5: From Theorem 3, we know that as
n — oo, where n is the augmentation order, A becomes a stabil-
ity matrix. Thus, the bound given in Eq. (39) exists and is
finite. We simply note that, by virtue of Eq. (37a) and (37¢),

lim ||a4]) =0 (59)
lim ||aD]) =0 (60)

Thus, Eq. (60) is implied from Eq. (38).

Controller Realization

Figure 1 shows a block diagram of the closed-loop control
system using gain-sensitivity augmented feedback. The param-

plant w

/

Fig. 1 The GSA-LQG controller.
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Fig. 2 Vibration-control example.
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Fig. 4 Damping characteristic of machine mounting.
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Fig. 3 Stiffness characteristic of machine mounting.

eter feedback is used to adjust the nominal regulator and filter
feedback gain matrices to near-optimal values. The parame-
ters are also used for on-line adjustment of the Kalman filter
equations to improve estimation of plant states.

A key remaining design task is determining the truncation
order of the gain-sensitivity augmentation. Considerations
such as stability, performance degradation, and complexity
influence the decision process. The open literature suggests
various stability tests for parameter-dependent systems; how-
ever, these tend to be conservative. Theorem 4 provides a
measure for performance degradation, but this metric is not
computationally practical. The authors suggest design by sim-
ulation to determine adequate gain-sensitivity augmentation.

An example is given next illustrating the gain-sensitivity
augmentation method applied to a plant with a complicated
scalar parameter dependency.

Fig. 5 Actuator attenuation characteristic.

Example: Consider a reciprocating machine mounted on a
passive isolation system. A force-generating actuator is at-
tached between the machine and ground. The passive isolation
pad has frequency-dependent stiffness and damping proper-
ties. The actuator is modeled with frequency-dependent atten-
uation. The dominant vibration resulting from the reciprocat-
ing components in the machine occurs at its operating
frequency and is harmonic. The machine is assumed to oper-
ate at speeds of 5-15 Hz. The nominal operating speed is taken
to be 10 Hz. It is desired to design an active vibration control
system over the working speed range of the engine. We will
examine controller performance when perturbing the engine
speed from 10 to 15 Hz.

Figure 2 shows a 1-DOF model for the vibration system.
The system is described by a fourth-order model. The model
contains a second-order disturbance model that is parameter-
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Table 1 Augmented regulator gain matrices
Augmentation
order Gain matrices
Nominal —6.55le — 02 —2.248¢ + 01 —1.65% — 01 4.539¢ — 03
1 —2.417¢ — 02 ~—1.879e + 01 —4.250e — 01 —5.447¢ — 03
2 —2.744¢ — 02 —1.879¢ + 01 ~4.250e — 01 5.447e — 03
3 —2.836e —02 —2.742¢ + 01 —1.015¢ +00  8.484e¢ — 03
4 —~2.814e — 02 —2.796e + 01 —1.309¢ + 00 8.641e — 03
5 —~2.814¢e — 02 —2.902e + 01 —1.575¢ + 00  8.224¢ — 03
6 —2.814¢e — 03 —2.931e + 01 —1.797e + 00  7.248e — 03
7 —2.814e — 02 —2.945¢ + 01 —1.967e + 00 5.931e — 03
8 —~2.814¢ — 02 —2.960e + 01 —2.086e + 00 4.451e - 03
9 —2.814¢ — 02 —2.964e + 01 —2.154e + 00  2.946e — 03
10 —2.814e — 02 —2.966e + 01 —~2.178e + 00 1.546e — 03
Target —2.814e — 02 —2.969¢ + 01 —1.802¢ + 00  3.874e — 06
Table 2 Augmented filter gain matrices
Augmentation
order Gain matrices
Nominal 0.000e + 00 3.979¢ + 01 2.294e + 02 1.769¢ + 04
1 0.000e + 00 3.979¢ + 01 2.295¢ + 02 3.733e + 02
2 0.000e + 00 4.919¢ + 01 2.157e + 02 2.379¢ + 02
3 0.000e + 00 4.91%e + 01 2.158e + 02 2.377e + 02
4 0.000e + 00 4.881e + 01 2.261e + 02 2.401e + 02
5 0.000e + 00 4.881e + 01 2.261e + 02 2.334e + 02
6 0.000e + 00 4.843¢ + 01 2.232e + 02 2.269¢ + 02
7 0.000e + 00 4.843e + 01 2.232¢ + 02 2.264e + 02
8 0.000e + 00 4.846e + 01 2.233e + 02 2.286e + 02
9 0.000e + 00 4.846¢e + 01 2.233e + 02 2.312e + 02
10 0.000e + 00 4.848e + 01 2.234e + 02 2.327e + 02
Target 0.000e + 00 4.848¢ + 01 2.234e + 02 2.312¢ + 02
ized by the machine speed (w). The disturbance model ac- The performance criterion is given as
counts for the harmonic excitation force F;. It is assumed that R
the vertical velocity of the machine and the angular velocity s 19 5, 5, , u
(w) of the reciprocating components are measurable. V=lmE | § XT+ %2 1600 A 62)
The model of the system is described as
The parameter w is constrained to the following set:
R —e 0 w€[107, 307], @, = 207 rad/s 63)
x= o m 1 0 [x+] b u+w
0 'g 0 1 0 The equations describing the frequency-dependent character-
0 0 ot —e 0 istic of the stiffness, damping, and actuator elements follow.
Figures 3-5 show these characteristics. The mass is taken to be
unity.
(61a)
oo[ @ |
k(w) = 6633 + 1000 —
[ 100 0] @) o (64)
Y=lo100)* (61b)
e 1
cwy=1+10sin| — — < |7
B o 2 ©5)
z=[0100]x +v (61c)
u ="G(w)x, 61d —r. Y
(w)xc (61d) b(w)y=2 o (66)
F,; = A sinwt (6le) . . . .
The disturbance dynamics are incorporated into the plant
model via the lower 2 X 2 partition of the A matrix, permitting
w ~ N[0,1] (61f) control design with optimal disturbance utilization. The opti-
mal control design incorporates a Kalman filter, which esti-
mates the plant states and the disturbance states. The feedback
v ~ N[0,0.005] 6lg) of the disturbance state estimates is equivalent to feedforward
compensation.
Table 1 shows a comparison of the regulator gain matrices
e=0.62 (61h) for the o perturbed to 15 Hz. The augmentation order ranges
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from 1 to 10. Table 2 contains the Kalman filter gain matrices.
A right shift was imposed on the A matrix in the filter design
to improve the disturbance estimation. The right shift used
was

00 0 0
00 0 0

001.50 (67)
00 0 1.5

Agnire = 14) +

Figure 6 contrasts the nominal closed-loop performance
with the open-loop performance. Figure 7 compares the regu-
lation performance of the nominal controller, first- and fifth-
order augmented controllers, and the target controller. The
target controller is- defined as the optimal controller for the

J. GUIDANCE

perturbed system. Figure 8 compares the performance of the
disturbance estimation for these same controllers. Note the
poor estimation by the nominal controller. Figure 9 shows the
actuator control force for the different controllers.

Figure 10 compares the performance cost for regulator de-
signs with augmentation order from 1 to 10. Augmentation
order 0 corresponds to the nominal controller, whereas order
11 corresponds to the target controller. The performance costs
were computed by simulation to steady state of the forced
system. A performance improvement of nearly 100% was
achieved with the first-order augmentation. An additional
improvement of 20% is achieved with augmentation to the
fifth order. This example demonstrates that, for large param-
eter perturbations, GSA controller design may yield signifi-
cant improvement in closed-loop performance.

Legend

1- open loop
2- optimal clcsed loop
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Fig. 6 Open- vs closed-loop response.
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Fig. 8 Comparison of disturbance estimation.
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Fig. 7 Combarison of controller regulation.

Fig. 9 Control input.
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Fig. 10 Cost comiparison of regulator performance.

Conclusions

Many physical systems can be represented by linear parame-
ter-dependent plants, whereas parameter variations are signif-
icantly large. This paper presented a technique for closed-loop
feedback control of such systems. The results indicated that
the proposed feedback augmentation technique develops a
near-optimal solution to the parameter-dependent systems. It
is concluded that, with a few orders of augmeéntation; perfor-
mance of the closed-loop parameter-varying system matches
very closely the optimal target performance of a parameter-in-
variant systéem. Furthermore, with the addition of this aug-
mentation technique to the observer feedbacks, accurate dis-
turbance estimation can be achieved. Currently, this technique
is being studied for application in semiactive/active control of
flexible structures.

v Appendix
Proof of Theorem 1: The closed-loop composed of the plant
in Eq. (6a-6¢) and the controller structure of Eq. (8a-8f) may
be combined as follows:

x(t, ) = Ax(ta) + Dw(t) (Ala)
y@it, &)= C@E a)x(t,a) (Alb)
where
N x(t o) .
¥he) 2 [x(t, @)~ x.(t, a)]’
A [rew A Two]
v S L(t, a)]’ i [Z:t;] (Alc)
4o [A(a) +B(@G@  —B@G@) |
- 0 A(@) —Fle)M@|’
D 0
b= [D —F(a)] Ald)
C- C(w) 0
TG -G (Ale)
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The steady-state cost for the closed-loop system may be writ-
ten as

V = trXCTQC (A2)
with
0=XA + AX + DWDT (A3)
where
e o [w oo
Q‘[o R]’ W‘[o V] (A%)

The optimal control problem will now be formulated by ap-
pealing to Hamilton’s principle. Introducing Lagrange multi-
pliers in the form of the symmetric matrix A, the Hamiltonian
may be written as

H= tr(XCTQC + AAX + XAT + DWDT)> A5)

The minimization is performed relative to gain matrices G and
F, the state covariance X, and the Lagrange multiplier matrix
A. The parameters o are considered specified and therefore do
not contribute additional constraints to the objective function.
The optimization problem may be written as

min H

Juin (A6a)

To derive the first-order necessary conditions, the following
trace differentiation identities are required:

tr(AB) = tr(BA) = tr(ATB7) (A6b)
i tr(4B) = BT
aa B = (A6c)
__d_. (B T4 7) =A
dBT (A6d)
Define
X Xp Ay Ap
[X 5 Xz’z] [Asz Azz] (A7)
The first-order necessary conditions are
oH r
_— = A T
X 0=A4 +ATA + CTQC (A8)
oH = _ .- r
—aX—O—-XA +AX + DWD (A9)
oH
——= =0=2G(Xy; + X — X2 — X15)
G
+ 2BT<A11(XU - X1p) + Ap(X — Xz2)> (A10)
9Ir—j—{-o—zA FV — 2ALX 5 + 285 X50IMT
aF =v= 22: 124212 224322 (All)

It can be shown by direct substitution and by exploiting the
existence and uniqueness properties of Lyapunov equations
that the definitions for X and A given in Eqs. (12a) and (12b)
solve Eqs. (A8~Al1) uniquely subject to the assumptions of
the problem formulation. Equations (8a-8f) may be recovered
by suitable reorganization of Eqs. (A8~A11). Thus, the neces-
sary conditions for optimal control are satisfied. Sufficiency is
satisfied by R, V'>0.
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X=X =Xp=P (A12a)

Ap=ApT=0 (A12b)

The optimal cost that minimizes Eq. (7) may be expressed as

Y = trXCTQC = tr [X,,CTOC + (X, — PYGTRG]-
» ' o (Al3)
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