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Abstract. The discrete-time adaptive LQG control of first-order systems is considered from robustness point of view. Both stability and
performance robustness are analyzed for different control system structures. A case of amplitude-constrained control is presented, and
application of certainty equivalence for self-tuning implementation is also discussed.
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1. Introduction

Analysis and design of both adaptive and Hs robust control
for uncertain linear time invariant systems is an area of an
extensive research, however the robustness issues in adap-
tive control context are not much researched especially in the
LQG framework. Robustness aspects of adaptive control are
discussed in [1] where an example of a first-order MRAS is
analyzed in the presence of unmodelled dynamics. The aver-
aging methods were shown to be useful for analysis of equi-
libria and local properties around equilibria. These methods
can also be applied to analyze what happens when adaptive
control systems are designed based on simplified models. Two
algorithm of indirect self-tuning LQG control are also given
for ARMAX system. The first one is based on the spectral
factorization and the second one is based on Riccati equation.

In [2] robust direct and indirect adaptive control laws are
presented for the pole placement design where the robustness
is considered with respect to bounded disturbances or distur-
bances which account for the effect of unmodelled dynamics.

A robust constrained predictive control with a new adap-
tive parameter estimation algorithm is presented in [3].

In [4], the adaptive LQG control in discrete-time domain
with loop transfer recovery is investigated. Correspondingly,
the self-tuning LQG control in frequency domain is consid-
ered in [5] and [6] where the controller and estimator are
found by polynomial equations. This approach is different
from standard Kalman theory based on Riccati equations,
however the polynomial implementation of the LQG con-
troller is entirely equivalent, from a performance point of
view, with a state-space Kalman filtering solution.

In this latter approach which is considered also below it is
known that the application of certainty equivalence principle
yields some identifiability problems even if the unknown sys-
tem parameters belong to the finite set ©. In this case, an adap-
tive LQG control, based on biasing the usual least-squares pa-
rameter estimation criterion with a term favoring parameters
associated with lower optimal costs was introduced in [7].
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To restore the optimality of an adaptive LQG control, the
cost-biased least-squares parameter estimation method was al-
so introduced in [8] for the case of compact set ©. The case
of infinite parameter set © is much more difficult and still
remains unsolved.

The cost of uncertainty quantified in terms of closed-loop
performance is investigated in [9] for LQG control of first-
order system where the graphical results are obtained by eval-
uation of integrals from Parseval’s theorem.

The problem addressed in this paper is the robustness
aspects of adaptive LQG control for uncertain linear first-
order systems. Stability and performance robustness are in-
vestigated for different configurations of the control system,
i.e.: Kalman predictor, Kalman filter and output feedback
controllers. The numerical results are presented, concern-
ing how stability and performance depend on actual and
estimated values of controlled system parameters in LQG
control having first-order system dynamics. This explicit in-
sight is provided by pictures which are believed to be origi-
nal.

The case of an amplitude-constrained input is also con-
sidered for both Kalman predictor and Kalman filter-based
controllers. It is worthy to note that there is no separation
theorem for LQG control with hard control and/or state con-
straints [10], and obviously, the same holds for adaptive LQG
control. The robustness properties of adaptive control systems
are illustrated and compared via simulations for all considered
controllers. It is shown that good robustness features can be
preserved in the considered LQG control of first-order sys-
tems. Obviously, this is not true in general case [11, 12],
because LQG designs based on Kalman filtering can exhibit
arbitrarily poor stability margins. This means that even when
the state feedback gains are appropriate for the actual system,
the inaccurate state estimates fed back can cause reduced per-
formance or stability properties. It is known that the loop
transfer recovery technique can be used then to improve the
robustness and performance.
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As already mentioned, problems with convergence to op-
timality may occur in self-tuning control based on the certain-
ty equivalence principle. There is a link between parametric
robustness considerations presented in the paper and the im-
plementation of self-tuning control. For example, the initial
parameter estimates have to be chosen to be in the stability
region while the limiting parameter estimates, if they lie in the
robustness region, they determine the accuracy of steady-state
performance.

2. Kalman predictor controller
Let the first-order system be described by
Tyy1 + axy = buy + vy, (D
Yt = Tt + Wi, (2

where v, w; are white gaussian noises with zero mean and
corresponding variances o2, o2 . For simplicity it is assumed
that ¢ = 0.

First, consider only the system (1), (2) without measure-
ment noise and the controller of the form

Ut = fwthu (3)

aiming at minimization of the stationary cost function

oo = 0g + 905 = (1+4f2,)03, “)
where the weight ¢ > 0 and the variances 02,02 are given
by

2 oy 2 2 2
o < 05 = fiy05. Q)

* 71— (bfow — )2’

The form of o2 in (5) can be obtained by putting (3) into
Eq. (1), next raising square both sides of this equation, and
finally taking expectation.

Minimization of J,, w.r.t. the feedback gain f,, gives

f5(a,0) =
q(a® — 1) = 0> + /(1 — a®)% + 2¢b%(1 + a?) + b* (6)
2abq '

Obviously, the same result can also be obtained by solving
the Riccati equation

P:b® + Py (q(1 —a*) —b%) —q=0 (7)

and calculating

o (a,b) = (b*Py +q) 'abPy (8)

xrx

for Py > 0. The minimal cost is then
it = Pyoy. ©9)

Now, consider the system described by (1) and (2) with the
Kalman predictor (KP)-based controller

(10)

Ut = ffza?t-

According to the notation used in the text, the first subscript
(z) denotes the variable used for feedback, and the second
subscript (z) denotes the variable used in the cost function.
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Note that fz, = f.. due to the separation theorem. The KP
yielding 7 is

(1)

where 3; = y; — 7; and 7K' = 2, — 7, is the estimation error.
From (1), (2) and (11) it can be found that the estimation
error satisfies the following recursive equation

Ziy1 = —aly + bug + ke,

K = —(a+ k)T + v — kwy (12)
and its variance is
2 2 2
2 Gv + k Uw
2 = w 13
B = T (13)

Minimization of (13) yields the optimal predictor gain k°P
kP(a,b) =

(1 = )% + 0% — /T = Po% T o2 F AT
2a02, '

(14)

Obviously, the same result can be found by solving the Riccati
equation

P?+ Pi((1 —a*)o2 —02) — 0202 =0 (15)
and calculating
kP (a,b) = —aPy(P, + o2,) (16)
for Py, > 0; note that P, = U%KP. The minimal cost is
T = Proy + Pu(fon)? (0> Pr + q). (17)

2.1. Input-constrained case. When |u;| < « then the feed-
back controller is implemented by means of a saturation func-
tion

Ut = sat( fzz,alt; ), (18)

where the feedback gain fz, . can be derived using the al-
gorithm proposed in [13] for system (1), (2) assuming that
the non-gaussian probability density function for Z; can be
approximated by the gaussian function. Then, taking into ac-
count 02 = o2 + a%)KP, the cost function (4) can be derived
as [13, 14]

T o =L+ af3, 091(0)]03 + 03 kp, (19)

where g1(o) appearing in (19) as a result of approxima-
tion is defined by error functions g1 (o) = erf(ac—1272) —
aoc12zierfc(ac1272) and 02 = f2, 02

The variance o3 can be found as an iterative solution to
the stationary closed-loop equation for a given constraint o
07 = 0’05 = 20bfrr 092(0)0% + 0 3, 091 (0) 0% + Ko,

(20)

where the error function go(c) = erf(ac='272) and o2 =

02 wp+02. The solution to the Eq. (20) is in turn used in the
iterative algorithm which gives the feedback gain fz; .
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3. Kalman filter controller
The Kalman filter (KF) yielding z ; is

Typ1/t41 = —aTyyy + bug + k(yir1 + azyy —bug)  (21)
or in terms of the KP output
Te1/t41 = Teg1 + kg (22)

From (1), (2) and (21) it can be found that the estimation error
K =g, — 7, /¢ satisfies the following recursive equation

T = —a(l =k + (1 —k)v, — kwir - (23)
and its variance is
1-F)202 +F 0
0% kp = ( ) —_w (24)
1—a?(1—k)?
Minimization of (24) yields the optimal filter gain [
EOp[(a, b) =
(@ 1)o% —o? + /{0 —a®)o% T 2P 1 daPo%0%
N 2a%02, '
(25)
It is easy to see that k' = —ak .
The KF-based controller is
Ut = f@z/x\t/t (26)
and the minimal cost is now
Tpa™™ = Pr(og + abfgh Pesk), 27)
where
Pk = Py — P}(Py + o) 7" (28)

Note that here Py, = O'%ZKF where 02 kg is given by (24).
Calculating AJ™n = jKPmin _ jKEmin yje]qg

AJ™ = P2(f2)*(b*Pr + q)(Py +02,) " >0, (29)
which means that the KF-based controller performs better than

KP-based controller in whole range of the weight q.

3.1. Input-constrained case. Again, when |u;| < « then the
feedback controller (26) is implemented analogously to (18)
as

(30)

Similarly to (20), the approximate equation for the variance
a% /% resulting from (21) and (30) has now the form

up = Sat(fzz,aTe/e; ).

U%/gg = aQU%/i - 2abf£w,0t92(a)a%/£ +

(31)
+ be%x,agl (0')0'%/;’5 + E20—%

and can be solved iteratively for a given constraint «. Analo-
gously to (19), the cost function has now the form

Tiva =1+ 4f2;091(0))02 )2+ Pep, (32)

where Py, is given as in (28). Again as for (13), the iter-
ative algorithm similar to that proposed in [10] can be used
to derive the feedback gain fz, o, which minimizes the cost
function (32).
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4. Output feedback controller

Consider the system (1), (2) and the output feedback control
problem with the controller

Ut = fywyta (33)
which has to minimize the stationary cost function
Tye = 03 + 403 (34)

It can be shown [15] that the cost function (34) can be ex-
pressed as
Jye = (L+ f20)0% + frpa0%, (35)
where
o2 b2 5:5‘7121; + 012)

T 1= (bfye —a)?

Minimization of Jy, w.r.t. fy, gives

(36)

—fyeab®qol, + 4f 5,0 g0+
+ 51(—4a3bq012u + abqag + ab3ai} + 4abqgfu)+
+ fya(b*0) + qoy — a0} + b0y, — a’bPos,+

+qo2 — 2a2q0? + a'qo?) — abo? = 0.

(37)

The numerical solution of (37) will yield the optimal feed-

back gain f,&. Notice that if 2, = 0 then the solution is again

o while putting 02 = 0 in (33), the trivial feedback gain
fyz = 0 is obtained.

Consider again the system (1), (2) under the controller

uy = fyyyr. (38)
The stationary cost function
Jyy =0, + qo,, (39)
is now considered where variances 05, o2 are given by
2abf,,02 + 72
2 yyTw 2 2 2
op =TT ol = fa0h,  (40)
YT 1= (bfyy —a)? yy“y
where 72 = 02 + 02 (1 — a?). Solving
min Jy, 41)
yields the following equation
4 33 2 3 .12 2
yyab°qoy, +4f, ab qoy,+
+ f2,(ab’0? + 3abqos, — 3a’bqos, + abgo” )+ 42)

+ fyy(qa® — a*q5° + b°52)+
+ab(1 — a*)o? — abz* = 0,

whose numerical solution gives the optimal feedback gain
opt
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5. Performance robustness

Performance robustness is analyzed in terms of parameter es-
timates @ = d4a, b= Opb. For the control law (3) the minimal
value of the cost function (4), i.e. J;“jc“, can be calculated
using (5). The performance robustness can be formulated as
a determination of an allowable region of parameter estimates
a, b assuring that the attainable value of the cost function fm
satisfies the inequality

Joa < (14 A)Jmin (43)

for a given A > 0, where Tow = JM(A;Z?;) and f;’? is ob-

o~

tained from (6) using the estimates a, b.

To guarantee the positive value of fm the uncertainty in-
tervals for &, &, should be taken as to the feedback gain fyo

ensures the closed-loop stability (see the next Section).

For a = —0.5, b = 0.5, ¢ = 0.1 and 02 = 02 = 0.1
we have from (4),(5),(6) J™" = 0.1073 and foh = —0.7284.
The same value of JM" can also be obtained from (9). The
inequality (43) is illustrated in Fig. 1 for A = 0.05 where the
flat (and light) surface is set at the value equal to the right
hand side of inequality (43). The intersection of this surface
with other surface representing the cost function J, yields
the allowable region of parameter estimates, i.e. the region
of performance robustness taken w.r.t. parametric uncertain-
ties 04, 0p. Obviously, the region of performance robustness
is constrained. Notice that in all other simulations concerning
the performance robustness the same idea of illustration holds
and the singular case d, = J, = 0 is ignored.

o>

0.25

0.2

0.15

5 05 0 5

Fig. 1. Illustration of performance robustness w.r.t. Jy

For the control law (10) the minimal value of the cost
function (4) can be obtained using Egs. (2), (10), (11) (or
from (19) for a« — o)

J%(glﬁ’min _ (1 +q( 0Pt)2) U%"‘U%KPa

Tx

(44)
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where
o (k®)*(on +03)
0z = opt ’
1-— (bfam —a)?
(45)
o _ oo+ (k)0

Oz Xp= 1—(a+ kopl)Q'

Analogously to (43), a condition for performance robustness
can now be determined by inequality

JEP < (14 A) JKPmin (46)

for a given A > 0, where JKP = JKP(FOP oty "and the

feedback and predictor gains fAOl; " k°Pt are calculated on the

basis of (6) and (14) with use gf estimates a, b.

To derive ﬁgwp the analysis of closed-loop system contain-
ing controller with gain A;Z‘ and KP (11) with gain kP has
to be performed.

Performing some manipulations and using parameter es-

timates @, b the following transfer function of the controller
can be obtained

where A = k°P(a,b) f¥ (@, b), B = k'@, b)+a— bk (@, b)
and a@ = d,a, b = opb.
Combining the controller transfer function (47) with sys-

tem transfer function we have the following expressions for
x(z) and u(z) in the closed-loop system

(2 + B)v(z) + bAw(z)

x(z) = = = =, (48)
22+ z(a+ B) +aB — bA
a -~
u(z) = v(z) + ,EZ * a)/\w(z) =. (49)
22+ z(a+ B)+aB —bA
Using the above expressions the variances 52, G2 can be ob-

tained which are necessary to calculate the following cost
function

Ty =57 + 4o (50)
and consequently to verify the condition (46).
Inequality (46) is illustrated in Fig. 2 for A = 0.02,

02 = 02 = 1.0 and other parameters as for Fig. 1. According

to (46) we have then JEP™n — 1.2942. The same value can be
obtained from (52) for §, = &, = 1.0 or from (17). Moreover,

we have o7 = foh! = —0.7284 and k°P' = 0.2655.

x
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P

Fig. 2. Tllustration of performance robustness w.r.t. JX¢

Performance robustness under input constraint, i.e. for

J e o (19) has been investigated in simulation way where the

feedback gain nggLa for estimates @, b was derived iteratively
using the algorithm given in [13]. To this end Eq. (20) was
used and the cost function was calculated analogously to (50).
Condition of robustness performance similar to (46) is illus-
trated in Figs. 3-5 for a = 0.4,0.5, 0.6, respectively where
other parameters are as in Fig. 2. For §, = §, = 1.0 we have
JKPm“‘ = 1.3005, f°pta = —0.7333 for o = 0.4, JEPmin —

rr,x

1.2991, for o = —0.7308 for a = 0.5, JKPmn — 1.2985,
o = —0.7295 for a = 0.6, and again k°P' = 0.2655

in all cases. It should be noticed that JEPmin > jKPmin 4
a result of constraint. From Figs. 3-5 one can observe that
the stronger the constraint (i.e. the smaller the value of «)
the larger the area of performance robustness. For exam-
ple, if §, = 0.5 the corresponding robustness intervals for
b are: for « = 0.4, 0.485 < 6, < 1.771, for « = 0.5,
0.485 < 6, < 1.369, for a = 0.6, 0.485 < §, < 1.301, for
a =00, 0.485 < §, < 1.177.

1.35

=04

Fig. 3. Illustration of performance robustness w.r.t. JXF s
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1.36

1.34

1.32

Fig. 4. Ilustration of performance robustness w.r.t. Jxv =0.5

rxT, a’

"kp
NA
XX, 0

Fig. 5. Illustration of performance robustness w.r.t. Jg;a; a=0.6

In the case of the KF-based controller (26) the minimal
value of the cost function, i.e. JKFmin( g;t,EOpt) can be cal-
culated using

(E()pt)2(g2 —|—O’2 _I_O.% KF)

2 = 51
T T e ey Y
, (- k°"‘>2 24 (87202
0% KF = 20 k()pt)2 . (52)

To this end the formula (32) can be used putting o = co. The
expression (51) is obtained using Egs. (21), (26), (1), (2), and
noting that Zy" = z, — Ty,

Analogously to (46), a condition for performance robust-
ness can again be determined

JEF < (14 A)JKEmin, (53)

/kP JKP( opt iom

Tz’

where ), and the feedback and predictor

gains faz’ are calculated on the basis of (6) and (25) with
use of estimates a, b.
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The expressions for z(z) and u(z) are necessary to cal-

culate J}f . Correspondingly to (48) and (49) one can obtain
(z + B)v(z) + zbAw(z) (54)
22+ z(a+ B — bA) + aB’
u(z) = zAv(z) + zf(z —l—/\a)w(zl7 (55)
22+ z(a+ B —bA)+aB
~ QOPIAA/bplAA ~ =opt o~ .
where A = k (a,b)fzx(a,b), B = (1 — k (a,b)(a —

DI (@,b)).

According to (44) and (51), (52) we have ngi“ =
1.1766, i.e. the smaller value compared with the KP-based
controller. Again, the same value can be obtained from (50)
and (54), (55) for §, = d, = 1 or from (27). Moreover, we
have & = 0.5311.

The illustration of the performance robustness for KF-
based controller is shown in Fig. 6 for the same parameters
as in Fig. 2. One can observe a smaller region of performance
robustness w.r.t. KP-based controller.

Fig. 6. Illustration of performance robustness w.r.t. JXE

Performance robustness under input constraint, i.e. for

JXF (32) has been investigated in simulation way where

the feedback gain fgz@ for estimates @, b was derived iter-
atively using again the algorithm given in [13]. To this end
Eq. (31) was used and the cost function was calculated anal-
ogously to (50). Condition of robustness performance simi-
lar to (46) is illustrated in Figs. 7-9 for a = 0.4,0.5,0.6,
respectively where other parameters are as in Fig. 2. For
§a = 0p = 1.0 we have JE'™" = 1.2223, f27 = —0.7464

for a = 0.4, JEFMin — 1.2092, & = —0.7420 for o = 0.5,

Tz, o Tx, 0
Jgf)moj“ = 1.2000, fg;ta = —0.7383 for o = 0.6, and again
& = 0.5311 in all cases. It should be noticed that the control
performance is better than the corresponding performance of
control system with KP. Again, JXFmin > jKFmin g 3 regult
of constraint. Similarly to the KP case one can observe that
if the constraint gets stronger then the area of performance

robustness gets larger.
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"\F
Jn
XX, 0

Fig. 7. Nllustration of performance robustness w.r.t. Jg’a; a=04

AKF
NA
XX, 0

1.34
1.32

1.3
1.28
1.26
1.24
1.22

;a=0.5

Fig. 8. Illustration of performance robustness w.r.t. Jar o

KF
XX, 0

Sy 05 8,

Fig. 9. Illustration of performance robustness w.r.t. Jg’a; a=0.6
Figures 10, 11 represent the performance robustness for
Jyz and for Jy,, respectively, both under the same conditions
as in Figs. 2, 6. For §, = 0, = 1.0 and 02 = 02 = 1.0 we
have J;f,,i“ = 1.1771, fy% = —0.3930 and J;‘yi“ = 2.1931,
oht = —0.3993. It can be observed that the controller (33)
performs less robust w.r.t. the cost (35) than the controller (38)
w.r.t. the cost (39), and the robustness region in Fig. 10 is
smaller than the corresponding region in Fig. 6.

Bull. Pol. Ac.: Tech. 58(1) 2010
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3o e 3,
Fig. 10. Illustration of performance robustness w.r.t. Jy

>

yy

8 05 0 5,

Fig. 11. Illustration of performance robustness w.r.t. Jy,

5.1. Adjustment of the weight ¢q. Consider again the system
(1) and the control law (3) for the minimization of the sta-
tionary cost function (4). The standard LQG approach gives
the solution (8) where the explicit formula for Py is

q(a? — 1) + b2 4+ /¢*>(1 — a?)% + 2¢b%(1 + a?) + b*
2b2 ’

Py =
(56)
Obviously, (56) together with (8) give the same foh as (6). To
guarantee that the controller yields the minimal cost function
the feedback gain for perturbed system, i.e. f;; s has to fulfill
the equation
fows = (6307 Py 5+ qs5)~ " a0pabPyps = O, (57)
where Py s is the solution of Riccati Eq. (7) for perturbed
system, i.e. according to (56)
qs(62a® — 1) + 5207
Prs = 5
’ 26,02

(58)

N V@2 (1—02a2)2 +2q562b2(1+62a2) +0;b*
267b2 '

Bull. Pol. Ac.: Tech. 58(1) 2010

From (57) and (8) one can obtain

dq
¢5 = P56 <5ab2 — 0pb? + _q) , (59)
Py
which under Py s > 0 and g5 > 0 gives
q
0p <o |1+ —=—=1, 60
b= < i be2> ©0
when d, > 0, and
q
L1 , 1
op > 0 ( —|—be2> 61)

when §, < 0. It is easy to see that the uncertainties d,,
0, must have the same sign. Moreover, their values should
be such that f,, 5(dq,0s) ensures the closed-loop stability.
By putting (58) into (59) a solution for ¢; can be found.
A plot for g5 obtained under condition (60) is shown in
Fig. 12 for a = —0.5, b = 0.5, ¢ = 0.1. Taking for example
dp = 04 = 1.5 one obtains g5 = 0.0446, Py s = 0.2126, and
obviously f, s = —0.7284 yielding the optimal cost.

B 00 8,

Fig. 12. Plot of the weight g5

In the light of above results one can see that the adjust-
ment of the weight ¢ could be used to compensate the effect
of the parameter estimates bias represented by &4, d, on the
suboptimal performance of the controller u; = fm(?it,/l;t)xt,
thus to restore the optimality.

6. Stability robustness

From (48) one can find the characteristic equation of the
closed-loop system with parametric uncertainties

224+oz4+a9=0, (62)
where R
ay=a + B,
g = aB —bA
and L R N
A= kopt(a7 b)fa(c)la)ct(a’ )7
95
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B =3+ k™ (a,b) — bf(a,b).

The closed-loop stability condition resulting from (62) for
g = 0.1 and the true parameters a = a° = —0.5,b = b° = 0.5
is illustrated in Fig. 13, where the flat and light surface is set
at the value 1 (stability region) while the dark surface cor-
responds to the largest absolute value of the root resulting
from (62) for the given uncertainties J,, d; (instability re-
gion). It can be observed that for increasing uncertainty d;
the admissible uncertainty d, is decreasing.

stability region

Sb 63

Fig. 13. Illustration of stability robustness; KP-based controller

In the case of KF-based controller, the corresponding
characteristic equation of the closed-loop system follows
frgm (54). Tﬁking thg ngtation of (62) we have oy = a + B—
bA, ag = aB with A, B as in (54). The closed-loop stability
condition resulting from (62) is illustrated in Fig. 14 for the
same parameters as in Fig. 13. One can see that the stability
region gets essentially smaller w.r.t. the KP-based controller.
The corresponding stability region for controller (33) is shown
in Fig. 15. It is seen that when output feedback is used an en-
largement of robustness region is obtained w.r.t. the KF-based
controller.

10

c
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>
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©
~
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oo

Fig. 14. Illustration of stability robustness; KF-based controller
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stability region

Fig. 15. Illustration of stability robustness; output feedback controller

7. Self-tuning implementation

In the self-tuning context the current control signal for the sys-
tem (1) will be us = f.(ax, bt)xt, where the estimates ay, bt
can be obtained from a recursive estimation scheme like, for
example stochastic gradient algorithm.

It is interesting to notice [16] that the only way that the
adaptive control law can asymptotically converge to the op-
timal control law w; = fyo (a,b)z; is for the parameter esti-
mates (a, Bt) to converge precisely to the true parameters
(a®,b°). However, as it was shown in [16] this does not
happen in the case of the considered cost function (4), i.e.
when ¢ # 0. This observation is an intrinsic feature of adap-
tive LQG control. If ¢ = 0 then f,.(ay, gt) converges to
fzz(a®,b°) despite the estimates @z, Zt do not converge to the
true values a°, b° but only to a multiple of the true values, i.e.
limy_ (@, br) = (6a°, 6b°) where & is a random scalar. How-
ever, this is sufficient to ensure that fm(at,&) converges to
fuz(a®,b°).

Extra simulations showed that the larger the weight ¢
in (4), the estimates converge farther away from the true sys-
tem parameters.

Similar observations are true when the controllers (10)
and (26) are combined with the extended KP (EKP) which
provides also the parameter estimates ag, b; (in the case of
the controller (26) the EKP is used only for parameter esti-
mates). The exemplary runs of the parameter estimates and
feedback gain estimates are shown in Figs. 16, 17 for the
controllers (10) and (26), respectively where ¢ = 0.1 and
02 = 02 = 1.0. The initial parameter estimates are set at
agp = —0.1, b=0.1,ie. they are in the stability regions shown
in Figs. 13, 14. One can see that in both cases the parameter
estimates do not converge to the true values of a® = —0.5,
b° = 0.5 and the feedback gain estimates do not converge
to the true value of fopl —0.7284. The limiting values of

parameter estimates @, b are —0.5594, 0.5527 and —0.5721,
0.5878 for the KP-based and KF-based controllers, respec-
tively. Correspondingly, one gets 6, = 1.1118,0; = 1.1054
and 6, = 1.1442,6, = 1.1756. From Figs. 2, 6 one can see
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that in both cases the estimates are in the robustness region,
and the performance differs from optimal one not much than
by 2%.
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Fig. 17. Estimates in KF-based self-tuning control

8. Conclusions

Discrete-time adaptive LQG control of first-order systems is
considered with emphasis on robustness analysis. Different
feedback control configurations are taken into account. Sta-
bility and performance robustness of adaptive control for first-
order system with parametric uncertainty in the LQG frame-
work are analyzed and illustrated. Both unconstrained and

Bull. Pol. Ac.: Tech. 58(1) 2010

constrained-input cases are investigated. The performance ro-
bustness conditions determined w.r.t. the optimal cost func-
tion are given and the question of adjustment of the control
weight ¢ used in order to restore the optimality is also pre-
sented. Problems with application of certainty equivalence in
the self-tuning implementation for the proposed control algo-
rithms are discussed.
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