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Abstract. In this paper, an implementation of variable structure system (VSS) with
proportional-plus-integral (PI) term in the synthesis of model reference adaptive
control (MRAC) is presented. Two algorithms which synthesize the signal adaptation,
whose integral term in the control ensures minimal value of the error between the
reference model and the plant, have been considered. The stability proof of these
systems is obtained via VSS theory. The performances of the proposed MRACs are
evaluated and shown by means of digital simulation.
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1. INTRODUCTION

A design of linear control laws in the case of the unstable plants, whose parameters
change their values with the time in the known range, is difficult and complex problem
which strikes the need of the adaptive control introduction. The aim of the control is to
achieve the desired system dynamic behavior in spite of the lack of information about the
exact plant parameters values. In MRAC, the technical demands are given via the
corresponding dynamic of the reference model. Therefore, the basic task is to design such
a control which will ensure the minimal error between the reference model and the plant
outputs. That can be enabled either by using the parameter adaptation or by performing
the synthesis of the signal adaptation [1]. The lack of MRAC comes from the fact that the
system has bad dynamic and static characteristics if controller parameters are not
adequately adjusted, or if adaptation signal does not have the adequate value.

VSSs with sliding mode are well known and studied nonlinear control systems [2]
which possess the robustness in relation to external disturbances and plant parameters
variations. The combination of the variable structure control and the adaptation
mechanisms realizes satisfactory system responses. However, the implementation of VSS
requests the knowledge of all state coordinate values which can not be measured in the
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most cases. The use of the observers is the way to overcome this problem. Taking in the
consideration the fact that the plant parameters change their values with the time, it must
be taking into account during the design of the observer that the roots of its characteristic
equation must be on the left side of the roots of the plant characteristic equation in the
extreme case. That is why the implementation of adaptive, robust and sliding mode
observers are more suitable. The particular methods for state coordinates estimation,
which are based on measuring the plant inputs and outputs [3], [4], have been developed
recently, as well.

In this paper, the implementation of two variable structure controllers (VSC) with PI
term [5], [6], [7] in the synthesis of MRAC with the signal adaptation has been presented.
The main reason of introduction of the PI term in the VSC is to improve the accuracy in
the steady-state in relation to the conventional VSC. That is why the both variants of the
proposed adaptive control ensure the minimal error between the reference model and the
plant outputs. Also, the aforementioned introduction of the PI term in VSC provides
better existence conditions of the sliding mode than it is case with the conventional VSC.
However, the first control algorithm, in which the control signal is formed as a
discontinuous function of the error between the reference model and the plant outputs and
its derivatives, gives the better accuracy in the steady-state, while the second one, where
the control signal is obtained as a discontinuous function of the plant output and its
derivatives, enables the faster system response and the better elimination of the external
disturbance. These differences between two proposed algorithms can be noticed clearly in
Fig. 1 and Fig. 2, and on the basis of the analysis in the following sections. Since it is
necessary to know the state coordinate values of the plant for the VSC realization, a
simplification has been done in this case by the assumption that all state coordinates of
the plant are measurable.

Fig. 1 Block-diagram of the first variable structure MRAC

In the Section 2, the mathematical models of the plant and the reference model in the
state space are given. The design procedures of the aforementioned variable structure
MRAC algorithms are presented in the Section 3. The verification of the proposed control
approaches has been performed on the basis of digital simulation results which are shown
in the Section 4.
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Fig.2 Block-diagram of the second variable structure MRAC

2. PROBLEM STATEMENT

The mathematical models, given in the controllable canonical (companion) form, of the
n-th order single-input-single-output (SISO) plant and reference model are presented by
the following equations:

dx

P_
7—Apxp +bpup +d, (1)
Xy
=A, Xy, thy, 7. 2
T T
respectively, where XP:[xpl’xpz"“’xPn] and x,= [x’"1’x’"z""’x’"n] represent the

corresponding state coordinate vectors of the plant and the reference model, respectively;
T

d=[0 0 0...d] . is a vector of external disturbances; Ap and A, are evaluation matrices

of the plant and the reference model, respectively; bp and b, are the corresponding

control vectors.

The matrix A, and the vector b, are given by A, =Ap +AA, and b, =bp +Ab,, where

Ap and by are the nominal evaluation matrix and control vector and AA, and Ab,

represent the corresponding matrix and vector which define the uncertainty of the plant. It
is assumed that all elements of AA, and Ab,, are non-negative.

The goal is to form the control which will prescribe in advance the transient process
of the error between the reference model and the plant outputs e; = Xim = Xp,s where ey is

T
the element of the vector e=[ey, e,,..., ¢,] defined as:
e=Xy ~Xp 3)

and which will force this error e; to tend zero asymptotically. In further text, two
approaches in solving this problem are given.
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3. CONTROLLER DESIGN PROCEDURES

3.1 First adaptive algorithm

In this case, the control u, is formed according to Fig. 1, as:

up =k, r+u, —kpx, 4

where: k,, is the gain, 7 is the reference input signal, u,, is the variable structure control,
k, is the gain vector of the plant state feedback.

The model of the entire system in the error state space, defined by (3), is given by the
following equation:

de
E=Ame—bpuw +f . (5)

at which f is the disturbance vector defined by:

f=f, +Af , (6)
f,=(Am —Ap +bOk,)x, + (b ~bok, )" , (7)
Af=(+Ab,k, FAA)x, A, k,r—d (8)

where: f; is the average disturbance vector which corresponds to the nominal values of

the plant parameters contained in the elements of the matrix Ag and the vector b; , O

is the part of the vector f which originates from the plant parameters uncertainty (AA,,
Ab,) and from the action of the external disturbances d.
The gain £, and the gain vector k, of the plant state feedback are calculated so that

the average disturbance vector f, which is given by the relation (7), is equal to zero
vector. The sufficient existence conditions of the solution for the gain &, and the gain
vector kj, are respectively given by the following relations [1]:

(b (bp"bp) byt Dby, =0, ©)
b by b)Y b ~I(A, ~AD)=0. (10)

The proof of the conditions (9) and (10) is presented in the Appendix A.
If the equations (9) and (10) are fulfilled, the corresponding values of k,, and vector k,

are calculated then according to:

—_ 0Ty 0 =1y 0T
kv—(bg bg) bg by » (11)
k, =5 b5) by (A -A,,) . (12)
VSC realizes the control law in the form of:
n-1 t
1
MVS:ZI quei+Fi J.Wleldt, (13)

where: W, is the commutation function of the VSC defined by:
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q}_gai za ge; 20 (14)
THa; za ge;<0’

and g = 0 is the equation of the sliding hyper-surface described by:
g=cTe, c=[cl,cz,...,cn]T, ¢, =1. (15)

The sufficient reaching and existence condition of the sliding mode, well known in
literature as:

d
g7f<0, (16)

is deduced in this case on the following inequalities:

(_Clcn—l *c am" _am1 )|€1|+Af

1o 0
b, %1|+Tﬂel|dt (17)

o " ﬁ
Ci-1=CiCp-1 +ciamn Tapy, |

i b i=
’ |

where: b, =min(b,) and Af'is the n-th element of the vector Af (other elements are equal

to zero). The assumption has been made that the non-zero initial conditions of the integral
action in the control signal, given by (13), are equal to zero. The choice of the parameters
of the VSC commutation function of the first adaptive system is done according to the
relation (17). The desired system dynamic is defined by the choice of the sliding hyper-
surface parameters c;. The necessary and the sufficient condition of the system stability

in the sliding mode is that (15) must be Hurwitz polynomial.
3.2 Second adaptive control algorithm
The control u, of the second MRAC variant is chosen as:
Uy =k, r+ity —KpXp (18)
where k, is the gain vector of the reference model state feedback.

By deriving (3) and substituting the equations (1 ) and (2 ) one can obtain:

byu, +f, (19)

“ApXpTp
at which f is disturbance vector defined by (6), and f,, , Af by:

f,=(Am +bgkm)xm by _bgkv)r > (20)
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A =+Aby (K Xy —k,7)—d 21

where: f; is the average disturbance vector which corresponds to the nominal values of
the plant parameters contained in the elements of the vector bY , Af is the part of the

vector f which originates from the plant parameters uncertainty (Ab,) and from the action
of the external disturbance d.
The gain k, and the gain vector k, of the reference model state feedback are

calculated so that the average disturbance vector f,, given by the relation (20), is equal to
zero vector. The sufficient existence condition of the solution for the gain k, and the gain

vector k,,, are respectively given by (9) and the following relation [1]:
Ty oy-1p 0T -
(b5 b3Tb) b -DA,, =0. (22)

The proof of condition (22) is similar to the proof of the conditions (9) and (10) described
in Appendix A. If the equations (9) and (22) are fulfilled, then the corresponding values of
k, 1k, are calculated according to the relation (11) and the next relation:

- Tpo,-13 0T
km =—(b3'b3) by AL, - (23)
In this case, the variable structure control law is given in the form of:

L 1

t
MVS:Z Wix,. +F IqJ]xpldt, (24)
=] =r™

where W, is the VSC commutation function defined as:

w ga; zagx, =20
T Ha; za gx, <0’

(25)
and g =0 is the equation of the sliding hyper-surface described by (15).

In the case of the second adaptive control algorithm, the sufficient reaching and existence
conditions of the sliding mode, carried out on the basis of the relation (16), are deduced
on:

“p | Y |+af
a, > —
1 H
by, |+?I\ Xp, \dzE (26)
— i
0
Ci-17dp,
ai > l—— 1—27. N
73
where: a, =min(a, ). The non-zero initial conditions of the integral action in (24) are

assumed to be equal to zero. The choice of the parameters of the VSC commutation
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function of the second adaptive system is done according to the relations (26).

4. DIGITAL SIMULATION RESULTS

In order to verify the advantages of the proposed control approaches, let us consider
the control of the second order plant whose model in the state space is given by (1) and
the corresponding matrix and the vector are:

o 00 10 , OO
Apy=0 0 bp=00
P ol -12g ED

The reference model, described by (2), is defined via the following matrix and the vector:

JRR =L W= -
m~H0 -128 "™ Bop

First algorithm

By implementation of the design procedure, taking into account the changes of the
plant parameters for £50% of their nominal value, the following parameters of the control
part of the system are chosen: k,, = 0.05, kp =[19,10.08], @; =100, ¢; =5,T;=0.05s.In
Fig. 3, the responses of the plant and the reference model, as well as the error between the
reference model and the plant outputs are shown. The elimination of the external
disturbance is given in Fig. 4.

Second algorithm

By implementation of the design procedure, taking into account the changes of the
plant parameters for £50% of their nominal value, the following parameters of the control
part of the system are chosen: : k, = 0.05, k,, = [20, 12], a; =100, ¢; =5, T; = 0.05 s. In
Fig. 5, the responses of the plant and the reference model, as well as the error between the
reference model and plant outputs are shown. The elimination of the external disturbance
is given in Fig. 6.

T T T T T T
Rel. model response

05
Following error

e
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~ Plant response

System response

Time (s)

Fig. 3 Reference model and plant responses (first control algorithm)
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Fig. 4 Reference model and plant responses (second control algorithm)
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Fig. 5 Elimination of external disturbance ( first control algorithm)
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Fig. 6 Elimination of external disturbance (second control algorithm)

It is obvious that the second algorithm gives the faster system response and the better
elimination of the external disturbance, unlike the first algorithm which ensures better
system accuracy in the steady-state. This better accuracy of the system with the first
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algorithm is the consequence of the variable structure control nature, which is
discontinuous function of the mentioned error and its derivatives.

5. CONCLUSION

In the paper, two variants of MRAC in which the signal adaptation is implemented by
using the VSS with PI action, have been presented. The control signal of the first
proposed algorithm is the discontinuous function of the error between the reference
model and the plant outputs and its derivatives, while the second algorithm produces the
control signal as discontinuous function of the plant output and its derivatives. The
integral term in the control enables high system accuracy in the steady-state and provides
better existence conditions of the sliding mode than it is case with the conventional VSC.
The proposed approaches have as a consequence the synthesis of adaptive systems which
are robust in relation to external disturbances and the parameter variation.

APPENDIX A

In order to prove the condition (9) we start from equation f, = 0 which gives:
by, —bpk, =0 (A1)
If we multiply the equation (A.l) from the left side by bgT and if we suppose that
bgThg #0 , the equation:
(b3'b%) '8 by, —k, =0 (A.2)
can be obtained.

Finally, the equation (9) is obtained from (A.1) and (A.2).
The proof of the condition (10) starts from the equation:

Am—Aj+b0k, =0 (A3)
which is obtained from f, = 0.
By implementing the similar procedure as it is given above, one can get:

®5'b%) by (A, —AD) -k, =0 (A.4)

Then the condition (10) is proved by virtue of (A.3) and (A.4).

REFERENCES

1. Lj. Draganovi¢: "Adaptive Control Systems", Sarajevo, "Svjetlost”, 1982. (in Serbian)

2. V. L Utkin: " Sliding Modes and Their Application in Variable Structure Systems", Mir Publishers,
Moscow, 1978

3. L. Hsu et. al.: "Analysis and design of I/O based variable structure adaptive control", [EEE Trans.
Automatic Control, Vol. 39, No. 1, pp. 4-22, January 1994.

4. G. Ambrosino G. Celentano and F. Garofalo: "Variable structure model reference adaptive control
systems", Int. J. Control, Vol. 39, No. 6, pp. 1339-1349, 1984.

5. D. Anti¢, C. Milosavljevié¢ and G. Pordevié: "Comparative analysis of the different methods for speed
control of separately excited DC-motor", Facta Universitatis, Series: Mechanics, Automatic Control and



324 DARKO MITIC

Robotics, Vol. 1, No. 3, pp. 373-387, 1993.

6. C. Milosavljevié, D. Anti¢, D. Miti¢ and G. Dordevi¢: "Comparative analysis of variable structure
systems with proportional-plus-integral (PI) control", Facta Universitatis, Series: Electronics and
Energetics, Vol. 1, pp. 1-9, 1995.

7. D. Anti¢: "Variable Structure Systems with Proportional-Plus-Integral Action", Ph. D. Dissertation,
Faculty of Electronic Engineering, Nis, 1994.

ADAPTIVNI SISTEMI SA REFERENTNIM MODELOM
PROMENLJIVE STRUKTURE SA PROPORCIONALNI-
INTEGRALNIM DELOVANJEM

Darko Miti¢

U ovom radu je predstavijena primena sistema promenljive strukture (SPS) sa proporcionalno-
integralnim (PI) clanom u sintezi adaptivnih sistema sa referentnim modelom (ASRM). Razmatrana
su dva algoritma koji sintetisu signalnu adaptaciju i cije integralno dejstvo obezbeduje minimalnu
vrednost greSke izmedu izlaza referentnog modela i objekta. Dokaz stabilnosti ovih sistema je
dobijen preko teorije SPS. Osobine predlozenih ASRM-a su izvedene i prikazane koriséenjem
digitalne simulacije.



