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Abstract. A direct robust model reference adaptive control for linear plants with time-varying structured
uncertainties is presented in this paper. The proposed robust MRAC uses the estimates of the structured
uncertainty to generate the control input. The output error equation is used to estimate the uncertainty. The
control signal is applied to the plant simultaneously with the reference input, resulting in nearly zero tracking
error. It is also shown that the proposed method does not require any knowledge about the bound of the
uncertainty to achieve tracking, which is required by many other methods. Lyapunov’s theory is used to
achieve stability of the plant and boundedness of signals. Simulations are used to show the effectiveness of
the proposed method.
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1. Introduction

The first model reference adaptive control method and other early MRAC methods dealt with time-
invariant parameters ([1], [2]). Practical situations like aircraft flight control, process control, robotics etc.,
where time-varying parameters are frequently come across, led to the development of robust MRACs. These
early schemes also ensured only bounded tracking error, some of which e.g. 6-modification, switching o-
modification, €-modification etc. are discussed in [3]. Some other robust MRACs were developed for
special types of parametric uncertainties i.e. finite jump parameters [4], periodical parameter variation [5]
and parameter variations exponentially decaying to zero [6].

Another technique to develop robust MRAC involves using robust control laws to achieve robustness
and then using MRAC schemes to make actual plant output track model plant output [7], [8].

In [9] MRAC is developed by estimating what the control signal would be if the plant parameters were
known. In [10] a state-feedback MRAC is developed for systems with bounded arbitrary parameter
variations, which is an improvement over the method discussed in [11].

However, the method proposed in [10] suffers from the drawback that it considers only the uncertainties
associated with system matrix. The input matrix is considered to be the same for both the actual plant and
model plant, though it can not be guaranteed that the input matrices of both the actual and model plants will
be same.

The present work provides a method that overcomes the drawback of the method given in [10] by
comnsidering plants with uncertainties both in the system matrix and the input matrix. This method basically
extends the easy to use techniques to develop MRAC for linear time-invariant plants as given in [3], to time
varying plants. In the present method the actual plant is subjected to simultaneous actions of the reference
input and a control input. The control input is generated with the help of the estimates of the uncertainties
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associated with system matrix and input matrix. It is assumed that the certainty equivalence principle holds.
Lyapunov’s method is used to obtain bounded control input.

It is shown that the method proposed here does not require any knowledge about the nature of the
uncertainties associated with the actual plant and it provides good tracking.

2. Problem Statement
The linear time-invariant model plant is represented by
S = Apxy + By (1)
_ nx1l . mx1 .
Ym =Cxy, , where x,, € R is the model plant state, y,, € R is the actual plant output,

X1 . . . .
re R? 11s the reference input and matrices 4, € R/ and 7€ R"P are the model state and input

matrices, respectively. Now, consider a multivariable linear time-varying actual plant

'p =4 (t)x +B u(t) 2)

= Cx , where x pE RnXI is the actual plant state, y pE Rmx is the actual plant output,
u(t)e Rp 1s the input (generally, the control input) and matrices 4 p€ Ran By e R"™P and Ce R
are the state matrix, input matrix and output matrix, respectively. Now, the actual plant equation is rewritten

as

Xp = Ay +6()xp + (B +mu(?) (3)
vy =Cx P where d(¢) e R the time-varying is structured uncertainty affecting the plant states and
nekR is the uncertainty associated with input matrix. If x p can be made to track x;,, y D will

track v, . To obtain the state-tracking, reference input » and a separate control signal s are applied to the
actual plant. Therefore equation (3) is remodeled as

Xp :(Am+5(t))xp+Bp(r+ks) €))
Where, s € R? X1 is the control signal and & is constant to be chosen by the designer.
The method given in [10] uses the plant equation:
x =(4 +AM 0)xp +Bu(t) ,x(0)=x,,
y = Cx and the control signal given by [10] is
u(t) = (BT BY VBT (4, - A@0))x(t) - (BT BY BT v(t)+ r(1) , where v(t) is the feedback term in the
uncertainty estimation algorithm, representing an adaptive estimate of AA4(¢)x(¢) [10].

3. Proposed MRAC

Let the state-tracking error be given by e, .

ep =Xp —Xpy.To make the tracking error zero, from equations (1) and (4), the control signal is:

B ks = =0(t)x p —1r, which leads >t<0 zero tracking error when 4, — o(t)=A4,.B = >7<7 =By,

Now, let B p= BK1 where K1 e R4 time-invariant constant matrix is and Be R"" n, also a constant
matrix, is called the state-interaction matrix and it is so chosen that it is invertible.

- BK ks = (—5(t)xp —nr)

==k 'k k)T KT BTN 50x ) — )

Of course, K1 is so chosen that Kl Kl is invertible. Now, equation (4) can be rewritten as
Xp = Ayxp +0()xp + Byyr +1r + Bpks Q)
=Xp = Apxp + By + (J(t)xp +77r+Bpks)
:xp(D —Ay) = Byr+ (§(l)xp +77r+Bka)

-1
=>Xp =Xy +(5(t)xp +77r+Bpks)(D—Am)
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=y =X~ = (8(0)xp + 1+ Bpks) (D~ Ay) ! 6)
The estimate of the tracking error can be generated by:

8o = (8(1)x ) +11r+ BpkSY D~ Apy) ™

a . -1
= (S(t)xp +1r = 8(0)x )y ~Ar)(D~ Ayy)
Now, assuming the certainty equivalence principle [1] to hold, d(¢) = d(¢) and 7 =17 are obtained
~en =(0)(D -4, )_1 =0. The estimation error is given by:
E=e,—¢,

= E&=¢€y

4. Parameter Estimation

Output error equation is used to estimate the uncertainty as it gives better performance in a noisy
environment [3]. Equation (6) is rewritten as

ep = (8(1)x,, +7jr)(D— Ay, )1, where &() = 8(t)-8(r) and 71 = -7
= é, = Aye, +5(t)xp +ir
Following the method given in [3], let the following function be a candidate for Lyapunov’s function:
~ T = <~ T =

5, P P
V(e0,5A,5B)=egPe0+tr( 4 . Ay 4 (-8 > By (sec.6.2.3 [3])

where, tr(A) denotes the trace of matrix 4. ¥,4 >0 are constant scalars.

P= PT > 01is chosen as the solution of the Lyapunov equation ATP+PA =—(Q, whose existence is

guaranteed by the stability of 4, (theorem 3.4.10,[3]). Now, taking detivative of ¥ w.r.t. time we get

~TP§~ ~ T %

. PS
V=él Pe, +eb Pe, +tr2—4—Ay 4 (2 %)

(oA - and = B__B - By (sec.6.2.3[3])

Now, V along the tracking error trajectory is:
; T, 6 ,T TzT T T T pz Tz
V|e-0 =€ (A P+ PAy)eg +x,0 ; Peg +17 Op Pey +ep PO yxp +e, POpr
~ T % ~ T %
o, Pd O0n PO
treA "4y "B "B ¢.p=pPl)
4 A
T x Tpé%B
)

=]y, =0 Oeo +2x8 " Pey +2r 5" Py +tr(2%)+tr(2BT

M eZ;PSAxp = (egPSAxp )T = ngATPeO .Similarly, egPSBr = rTSBTPeO )
~ T % ~ T %

(- egPSAxp eR

o, PS5 On PO
; T A, =T T, °B B =T T
=V, =- +2tr(————%+6 , P +—=—=4+6, Pe,r
|eo ep Qe+ 2tr( v 4 TC*p 1 g Peor”)
Now, V|e. will be negative if
0
~T ~
o PS ~
A4 4 =—5£Peoxg
4
& T
= §A =—YeoXp
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= SA = }/eoxg. Similarly, 5‘3 = /1e0rT

..V is a Lyapunov function for the plant under consideration and the plant is universally stable. It can be

shown (3)that ¢, € Lande, € L2 , which imply thate, — 0ast — oo

5. Simulation Results

The simulations are carried out for two cases. In case-I, only the state matrix parameters are affected by
uncertainty and input matrix parameters are same for both the model plant and actual plant. In case-II, the
system matrices are affected by sinusoidal uncertainty and model plant input matrix and actual plant input

matrix are different.
Model plant state matrix and model plant input matrix are:
0 1 0 ) -2 -1 -1 T
Ay = {_4 _4} and By, = L} , respectively. BK, = |:0 0.5}{ 2} » K Ky =5and k=50.

Case-L.a: sinusoidal uncertainty
The uncertainty affecting the actual plant system parameters are given by: 0(¢) = 0.1sin 10z

Case-I.b: random uncertainty:
The uncertainty is given by a random signal and its magnitude is within 0.1
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Fig.1.Actual plant output (case-1.a) Fig.2.Actual plant output (case-1.b)

Case-11: input matrices are different: In this case, the uncertainty affecting the system parameters is

0
given by: d(¢) = 0.1sin10¢ and the actual plant input matrix is given by: B p = [2}
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Fig.3. Actual plant output (proposed MRAC)

6. Conclusion
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Fig.4. Actual plant output (MRAC in [10])



The robust MRAC proposed in this work is shown to work satisfactorily in the presence of different
bounded structured uncertainties. The present method is easier to implement and analyze and more general in
= BK
scope than the method given in [10]. There can be many solutions that satisfy the relation ¥ 1 but the
differences are only in the rate of adaptation, which can be taken care of by setting the adaptive gain k
properly.
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