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Robust Multivariable Adaptive Control of
Time-varying Systems

Felipe Osorio-Arteaga, Jesser James Marulanda-Durango, Eduardo Giraldo

Abstract—In this article a robust multivariable adaptive
control technique is proposed for time varying AutoRegressive
Moving Average systems with exogenous inputs considering
identification and auto-tuning of the proposed model reference
controller. The proposed method is validated for linear
multivariable systems with time-varying parameters under
noise conditions. The results are evaluated in terms of tracking
error, and robustness to time-varying parameters. The proposed
method is compared with an adaptive approach named the
multivariable model reference adaptive control based on an
AutoRegressive Moving Average model where the proposed
robust multivariable approach improved the performance of the
adaptive method. In addition, the proposed estimation methods
for ARMA and ARMAX structures are evaluated over an
electric arc model and a real system implemented with an
analog computer.

Index Terms—Adaptive, Multivariable, Control, Nonlinear,
Time-varying.

I. INTRODUCTION

HE control of multivariable nonlinear systems is a
task that requires the application of high mathematical
techniques, specially if the multivariable system has
inherent time-varying parameters. AutoRegressive Moving
Average (ARMA) models can be used to describe the
systems under a deterministic domain. In the other hand,
AutoRegressive Moving Average models with exogenous
inputs (ARMAX) can include the robustness of the
system into the identification approach [1] which turn the
adaptive controllers into robust controllers. For example,
in [2] a variable structure approach is applied for a
multivariable nonlinear system but considering only time
invariant parameters. Several systems that involve electric
and mechanical elements can be modeled as systems with
time-varying parameters where the nominal value change
during the normal operation. That systems required the
application of time-varying control techniques, as proposed
in [3]. Several techniques can also be applied to fulfill the
requirement of complex multivariable nonlinear systems by
using nonlinear [4] and deep learning techniques [5], [6].
In this work, a robust multivariable adaptive control
technique is proposed for time varying ARMAX model
considering identification and auto-tuning of the proposed
model reference controller. The model is compared with
an ARMA model by using a model reference adaptive
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controller. The results are evaluated for estimation and
control of simulated systems under ARMA and ARMAX
structures. In addition, the proposed estimation methods for
ARMA and ARMAX structures are evaluated over an electric
arc model and a real system implemented with an analog
computer. The paper is organized as follows: in section II is
shown the identification and adaptive control of multivariable
systems under ARMA and ARMAX approaches and in
section III the experimental results based on simulated
and real models under several operational conditions are
presented and discussed.

II. THEORETICAL FRAMEWORK
A. Multivariable identification

A discrete multivariable (multiple-input multiple-output
MIMO) system with m outputs and p inputs with delay
operator ¢ can be defined as [1]:

A )y k) =B (¢ ") u(k) (1)
where A is given by
Al ) =Ac+Ai(g")+ -
and B is given by
B(¢7)=(Bi(¢")+ Bn, (¢7™)) (3)

with ny > no and where A; is m x m and B; is p X p, and
the input vector u is p x 1 and output vector y is m x 1 as
follows:

+ A, (™) 2)

y1 (k)
y (k) = : ; u(k) = : )
ym (F) up (K)

By defining Ay = I with I the identity matrix, the
following equation is obtained:

y(k)=Bu(k—1)+---+B,,u(k —nsg)

—Ayy (k—1) == Apy(k—n1) ®)
where A; and B; are given by
a%l a’ﬁm Zil e lip
Ai=| o [ Bi= | :
afﬂl ainm inl b:np

From (5) and (6) the output y; can be described in terms
of past inputs and outputs as:

+oiFur (b —n2) + -+ b jup (k—n2)  (7)
7(1111]/1 (k - 1) - azlmym (k' - 1)
—a;iyr (b —n1) = —alym (k —n1)
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By considering (7), and (1), the following equation can be
obtained:

y(k)=0"¢(k—1);

being 67 the transpose of @, and with 6 a matrix of
dimension (mn; + png)xm that holds the matrix parameters
A; and B; as follows:

k>0 ®)

0T = [ Bl Bn2 Al An1 ] (9)

and being ¢ (k — 1) a vector of dimension (mn; + pnsy) x 1
that holds the past inputs and outputs as follows:

u(k—1)
p(k—1)= ‘_‘y“(,;_”j)) (10)
| -y (k.— ni) |

In [1] a class of identification algorithms is presented,
where 0 (k) is computed from 0 (k — 1), as follows:
Ok)=0(k-1)+M((k-1)op(k—1e(k) (11
being é(kj) the estimated parameter matrix at sample £,
M (k — 1) the gain matrix, ¢ (k — 1) the vector with past
inputs and outputs, and e (k) the estimation error, as follows:

e(k) =y k)" —y k)" (12)
being y (k) given by:
y()=0(k—-1)"¢(k~-1) (13)

As described in [1] the multivariable least squares
algorithm can be defined as:

e(k) =yk) —¢k-1)"0(k-1)
M (k) _ P(k—2)
6

1+¢(k—1)TP(k—2)(k—1)
k) =0(k-1D+MkE)p(k—1De(k) (14
and

_ P(k—2)p(k—1)p(k—1)" P (k—2)
P(k—1)=P(k-2) - = 5mpi—netn )

with initial estimate 6 given and P (0) a positive diagonal
matrix.

1) MIMO 2 x 2 system: Consider a system of second

order (n; = ng = 2) with 2 inputs and 2 outputs, where the
estimated output can be defined by

(16)

and where the least squares algorithm of (14) results in:

eWle = [y® —gk-DTO®k-1] a7
[C(R)lgx1 = BB Dhoa g
14+ (o= 1) Pk —2) & (k—1)]

b, - oo

where P is matrix of 8 x 8.
By using A; and B, it is possible to obtain the transfer
matrix as follows:

y(k)= [I+A(¢7) - +An (¢
Bi(g")+-+Bn, (™)),

where the transfer matrix T(z) is m X p and is defined as
T4+ A (27 4+ + A, (z7™)]
By (271) 4+ + By, (272)]

1x1

sz + [C (F)]gx1 [e (B)]12(19)

—1
mxm

Ju(k) 20)

-1
mxm

T () =
21

mxp

B. Robust ARMAX Identification

Consider an ARMAX model with m outputs, p inputs and
r exogenous inputs with delay operator ¢ can be defined
as [1]:

A(g)yE) =B HYuk)+C")wk) (@2
where C is given by
C(g)=Co+Ci(g7)+ - +Cpn(¢7™) (23)

with nqy > ng, nq1 > ns, and where A; is m x m, B; is
p X p, C; is m X m, and the input vector u is p x 1, the
output vector y is m x 1, and exogenous vector w is 7 X 1
as follows:

y1 (k) uy (k)
y (k) = : , u(k)= :
Ym (k) L Up (k)
[ w1 (k)
w (k) = 24)
| w, (k)

By defining Ay = I with I the identity matrix, the
following equation is obtained:

y(k)=Biuk—1)+ -+ B,,u(k —no)

—Ayy(k—1) = —Apy(k—ni)
+Cow (k’) + Ciw (k/’ - 1) + -+ Cn3W (k - nS) (25)
where C; is given by
R
C, = (26)
Ca Gy

From (25) and by defining Cy = I the input w can be
estimated in terms of past inputs and outputs as:

w(k)=y((k)—-Buk-1)—---—B,,u(k —ns)
+AIY(k_1)+"'+A7L1Y(k_nl)
—Ciw(k—1)—---=Cu,w(k—n3) (27)
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By considering (27), and (22), the following equation can
be obtained:

w(k) =y (k) —y (k) =y (k) -0"¢(k-1)

being 67 the transpose of @, and with @ a matrix of
dimension (mny + png + rnz) x m that holds the matrix
parameters A;, B;, and C; as follows:

0T — [ B; B,, A A, C;

and being ¢(k—1) a vector of dimension
(mny 4+ png +rng) x 1 that holds the past inputs and
outputs as follows:

(28)

[ u(k—1) 1
u(k;ng)
-y (k-1)
pk—1)= : (30)
-y (k—mny)
w(k—1)
L \i/'(k‘-’flg,)

In [1] a class of identification algorithms is presented,
where 6 (k) is computed from 6 (k — 1), as follows:

0k)=0(k—-1)+M(k—-1)op(k—-1)e(k)  (31)

being é(k) the estimated parameter matrix at sample £,
M (k — 1) the gain matrix, ¢ (k — 1) the vector with past
inputs and outputs, and e (k) the estimation error, as follows:

e(k)=y®)" -y k" (32)
being y (k) given by:
y()=0(k-1)"¢(k-1) (33)

As described in [1] the multivariable least squares
algorithm can be defined as:

k) =y —ok-1)"0k-1)
(k) =P(k-1)
(k) =0(k—-1)+M(k)ok—1)e(k)

%) g ('D

(34)
and

1y oy _ Pk—2)p(k—1)¢p(k—1)"P(k—2)
Pk=1) =Pk =2 = =500 2601 O

with initial estimate 6 given and P (0) a positive diagonal
matrix.

C. Multivariable Adaptive Control

A model reference adaptive control structure is selected
for control of the multivariable system as described in [1].
Consider a system with a reference model defined by:

yr (k) = E~'(q " )H(q )r (k) (36)

being E and H defined as
E(q") = Eo+Eig™' + B2 + -+ (37)
H(g™') = Hig '+ Haq >+ -+ (38)

Cn, | 29

where E(g™!) is stable and the transfer matrix in steady state
is E71(1)H(1) = I the identity matrix. Therefore, the closed
loop system can be defined by the following equations:

E(q yr (k) = alg Hyk) + B Hu(k)  (39)
H(g Dr (k)= alg HDyk) + BgHu(k)  (40)
(41)

be?ng F and G the polynomials of order 0 and n; —1 defined
as

alg)= G ")BeH = F"B'(¢") (42
(43)

that satisfy
E(¢ ') = F(gHA(¢H)+q¢'G(g™) (44)

1) MIMO 2x2 system: Consider a system of second order
(n1 = ng = 2) with 2 inputs and 2 outputs as follows:

Alg) = T+ A1q "+ Ayg?
Blg )= ¢ Bi+Byq") (45)
E(g")= I+FEiq "+ Exq? (46)
H(g ") = q'(Hi+Hxq™) (47)
(48)
with polynomials F' and G defined as
F(g™) = Fo
Glg™") =(G1+Gaq™) (49)
(50)

where the resulting control signal is defined as:

u(k) = By ' (H(q™)r(k) — Gla™y(k) — B2g~ 'u(k)) (51

A pole placement approach can also be defined as an error
driven controller:

E(z) = K4R(2) - Y(2)
U(z) = C(2)E(z)

(52)
(33)

being C(z) the transfer matrix of the controller defined as
follows:

C(z) =P 1(2)L(z) (54)
and K, the direct matrix defined as
Ky = (B(1)L(1))' (A(1)P(1) + B(1)L(1)) (55)

being the closed loop representative equation defined as
Por(z) = A(2)P(2) + B(2)L(2) (56)

By defining a desired closed loop set of roots P;(z) the
following equation can be defined

Pd(z) = PLc(Z) (57)
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2) MIMO 2 x2 system: Consider a system of second order
(n1 = ng = 2) with 2 inputs and 2 outputs as follows:

Algh) = T+ A1qg "+ Asqg?
Blg" )= ¢ '(Bi+Bxyg ") (58)
P(gY) = I+Pig" + Pog? (59)
Lig )= ¢ "Li+ L) (60)
(61)
with
Py(z) = I2* + a1 123 + aol2® + aslz + oyl (62)
The following equation can be defined
I 0 0 0 P1 041] - Al
A1 I B1 O Pg QQI - A2 (63)
Ay A By By Lo asl
0 A2 0 B Ly ogl

III. RESULTS AND DISCUSSIONS

The performance of the described adaptive multivariable
model reference control are evaluated for simulated and
real systems in order to evaluate the tracking performance
and also the effectiveness of the estimation multivariable
technique.

A. Simulation results

A simulated system defined by

0.2 0.3
[ Y1(z) } _ [ 22—1061210.64 z2—1065zz+0.64 ] [ Ui (2) }
1z OZ
Ya(z) 22-1.6:4064 22-1.6210.64 Ua(2)

is used to validate the results of the robust multivariable
identification and control.
In this case, the parameter matrix 6 is given by:

0T =[ B A A ] (65)
bl bl al, al, a?, d?

o7 :{ 11 Y12 anp 12 011 12} (66)
b%1 b%2 a%l a%z a%l a%2

By considering the input signals shown in Fig. 1, the
estimated output signals of Fig. 2 are obtained.

3F T T T T T T T T T A

u[K]

o -
~
-
o

7]
4 —

u,[k]

5 6
Time [s]

o
©
-
o

Fig. 1. Inputs for a 2 x 2 simulated multivariable system

15 Real :
é 10 .
)
5 Estimated 1
/
0 . . . . . . . . . L
1 2 3 4 5 6 7 8 9 10
Time [s]
21 Real 1
20 1
~
2151 1
o
> ok ]
51 Estimated ]
0 . . . . . . . . . .
1 2 3 4 5 6 7 8 9 10
Time [s]
Fig. 2. Real and estimated outputs for a 2 X 2 simulated multivariable

system

The estimated parameters 0 after 10 seconds are:

0.2 0.1
0.3 0.5
1.599 0.0004176
0 0.000412 1.6 (67)
06394 —0.0003961
—0.0004024  —0.6397

It is noticeable that the elements of By from (67) are the same

6 4)coefﬁcients of each numerator of (64). Also, the elements

of Ay and A, are the coefficients of the denominator (64)
multiplied by identity 2 x 2 matrices. In Fig. 3 is presented
the evolution of the estimated parameters 6.

AL

By(2,2)

«—By(1,2)

A 3
BO(lnl)

Parameters

WBy(2,1)

/Az(l,l)

Time [s]

Fig. 3. Evolution of estimated parameters for the simulated 2 X 2 system

By using the model reference control defined in (51)
combined with the identification stage of (17), a model
reference adaptive control is obtained for multivariable
systems. A reference model defined by the following
equations is selected:

E(g ) =I-18I¢*+0.811¢ 2
H(g™') =0.01I¢7"

(68)
(69)
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which is stable (two poles at z = 0.9) and has steady unity
state gain.

In Fig.4 are presented the outputs and their corresponding
references. The initial value of parameters 6 is set to zero,
and the initial value of P is set to the identity matrix.
The simulation is performed during 50 seconds. It can be
seen that the first reference change is not followed since
the identification system is still tracking the parameters, but
the second reference change is followed according to the
reference model with zero tracking error. That phenomenon
can be observed for each output.

60

40

20

yilk]

0

20 . . . . . . . . .

.YZ[k]

100 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50

Time [s]

Fig. 4. Outputs and their corresponding references for the simulated 2 x 2
system using the model reference approach

The corresponding control signals for the simulation
presented in Fig. 4 are shown in Fig. 5. It is noticeable that
during the first samples the control signals for both channels
shown high values since the parameters of the system 6 are
still been estimated. However, after the 2 seconds, it can be
seen that the control signals are in an adequate range, which
correspond to a successful tracking, as shown in Fig. 4.

u;[k]

0 5 10 15 20 25 30 35 40 45 50

0 5 10 15 20 25 30 35 40 45 50
Time [s]

Fig. 5. Control signals for the simulated 2 X 2 system

In Fig. 6 are presented the corresponding evolution of the
estimated parameters. It is noticeable that the parameters are
consistent with the estimation shown in (67).

2 T T T T T T T T T
1ol AL
Té B0(292)
E 0.5 _L /Bo(l,z) i
=
0 AN By(1,1) ]
By(2,1) ol®
05F /AZ(lnl) ]

1 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
Time [s]

Fig. 6. Evolution of estimated parameter for the simulated 2 X 2 system

In order to evaluate the pole placement method, a desired
closed loop roots equal to zero are designed Prc(z) = 2*.
Therefore, in Fig. 7 are presented the outputs and their
corresponding references, and in Fig. 8 are presented the
control signals. It can be seen that the system has a tracking
error equal to zero in almost four samples. However, it can
be seen that the control signal effort is higher than the one

required for the model reference approach.

100 ; : ; ; ; . . . ;
yilk]

= 50 rl[k]\ 1

> 0 W b

Time [s]
100 : : : : ; ; . . .
yalk]
50 .
= k] -7
50 .
-100 . . . . . . . . .

0 5 10 15 20 25 30 35 40 45 50
Time [s]

Fig. 7. Outputs and their corresponding references for the simulated 2 x 2
system using the pole placement approach

In addition, the direct gain matrix K, is computed as:

1.1161 0.0
Ks=1 00 11161 (70)
B. Robust identification and control
In this case, the parameter matrix 6 is given by:
6" =[ B A A4y C1 C ] (71)

By using the pole placement approach combined with the
ARMAX identification stage of (34), a desired closed loop
roots equal to zero are designed Prc(z) = 2* and a white
noise at the output system with variance of 0.5. Therefore,
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1000 T T T T T T T T T

500 [

uy[k]

-500

-1000 : : :
0

1000 T T T T T T T T T

:500 r b

u,[

0 5 10 15 20 25 30 35 40 45 50
Time [s]

Fig. 8. Control signals for the simulated 2 X 2 system using the pole
placement approach

in Fig. 9 are presented the outputs and their corresponding
references, and in Fig. 10 are presented the control signals.
The initial value of parameters 6 is set to zero, and the initial
value of P is set to the identity matrix. The simulation is
performed during 50 seconds. Only the parameters 6 that
are involved in pole placement approach is taken. It can be
seen that the first reference change is not followed since
the identification system is still tracking the parameters,
but few samples after the reference is followed according
to the closed loop roots in presence of white noise. That
phenomenon can be observed for each output.

100 - 1

100 I I I I I I
0 5 10 15 20 25 30 35 40 45 50

Time [s]

Fig. 9. Outputs and their corresponding references for the simulated 2 x 2
system using the pole placement approach

In Fig. 10, it is noticeable that during the first samples the
control signals for both channels shown high oscillate values
since the parameters of the system 6 are still been estimated.
However, after the 2 seconds, it can be seen that the control
signals are in an adequate range, with peak values associated
to the reference changes, as shown in Fig. 9.

C. Real system evaluation

A real system of second order with 2 inputs and 2 outputs
is simulated with an analog computer COMDYNA GP-6

100

50

U,

-50 -

-100

100

K

-50

100 | ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35 40 45 50
Time [s]

Fig. 10. Control signals for the simulated 2 X 2 system

according to the following model:

HER IR RS
(72)
v0=[5 03 ][ 2

The system is sampled at h = 0.1 seconds.

In this case, the parameter matrix 6 is given by:

1 1 2 2 1 1 2 2
0T — bip by by bip ayp agp ay; aqy 73)

| bl bl b3, b3, ab, al, a2, a2

21 b2 037 U039 Qg; Ay Q21 A9

Estimation results are presented in Fig. 11 and Fig. 12.

— bF E
s | ]
£
S 3 ]
o
g T AN 1
E ./ ]
2.
=0 o Y1 estimated -
0 10 20 30 40
Time[s]
~ OF 3
‘a ]
E U ]
<)
g y\ A )
5 - e/ \ e p— |
B , / N\
s 0= \&*yZ estimated N ——— Bl
0 10 20 30 40
Time[s]
Fig. 11. Inputs and outputs for a 2 X 2 real multivariable system
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15
0 i
I3
©
£ i
IS
I
o
_1_" ! ! 1
0 10 20 30 40
Time
Fig. 12. Parameter estimation of € using MIMO least squares algorithm

D. Electric arc model

The electric arc model is described by the following
non-linear differential equation [7], based on the energy
conservation principle,

dr
| = k12 + kor—
V1l 1r° 4+ Qrdt

where the state variable r represent the radius of the electric
arc. The relation between the voltage and the current is given
by

(74)

k3 .
i

v=—
r2

(75)

The parameters k1, ko, and k3, can be estimated as follow.
From the above equation, it is possible to demonstrate that

dr fv—v'1 [v
— =k3——/— 76
7 T2 47 (76)
replacing (76) in (74), and multiplying both sides of the
resulting equation by v2, we have

030 = kyks (vi) + kaks (v — v'9), /% a7
the above equation can be written in the form
Yy = axy + bxs (78)
where
a =i
b= (i'v—2"i)\/£
y =3 (79)
Ir1 = ]fl kg
T = k2k3

By considering /N samples of the real voltage and current,
the parameters of the linear model given by (78) can be
estimated each half cycle of the real measurements, using the
least squares method. In this paper, the value of the parameter
ks has been set in 30, then, once the vector x is calculated,
it is possible to determine the values of parameters k; and

ko. In Fig. 13 are shown the estimated parameters by using
the least squares method. It is noticeable that the parameters
are oscillating and do not tend to a fixed value.

4000
& 3000
£
=
©
=
2000
1000
0 01 02 03 04 05 06 07 08 09
Time [s]
<«
E
o)
>
o
2
N
X

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time [s]

Fig. 13. Estimated parameter of the electric arc using least squares method

Based on the estimated parameters of Fig. 13 it is possible
to reconstruct the voltage and current signals. The currents
and voltage of the electric arc system and their corresponding
estimated or reconstructed signals are shown in Fig. 14.

1000

Voltages [V]
o

Estimated
-1000
0 0.02 0.04 0.06 0.08 0.1 0.12 014 0.16 0.18 0.2
Time [s]
150 T
<
=,
12}
€ 0
[
5
[$)
Estimated

-150

0 0.02 0.04 006 0.08 01 012 0.14 016 0.18 0.2

Time [s]

Fig. 14. Real and estimated signals of the electric arc system by using the
least squares

By considering the ARMA representation of (5) and the
ARMAX representation of (25), an estimation of the electric
arc model of (78) can be obtained. In Fig. 15 is presented

Volume 47, Issue 4: December 2020



TAENG International Journal of Computer Science, 47:4, [IJCS 47 4 01

# 105 T T T T T T T
Real
5| ]
4 Estimated ARMAX 1
) sl Estimated ARMA
REN
2t /\ |
1 -‘ ’\
HARREA
o \ \ )
0 0.03
Time [s]
Fig. 15. Real and estimated signals for ARMA and ARMAX models
ool T T T T T T T =
% 800 - 1
< 600 [ .
2" 400 1
200 .
0 . . . . . . . .
0 0.5 1
Time [s]
b 300 .
<
5 200 1
<
5100 1
0 . . . . . . . .
0 0.5 1
Time [s]

Fig. 16. Estimation of k2 parameters by using ARMA and ARMAX models

a comparison of the real and estimated solutions for (78).
It is noticeable that the ARMAX estimated signal describes

a better approximation of the real signal than the ARMA
estimated signal.

An additional result is presented in Fig. 16 related to the
estimation of the ky parameter. As shown in Fig. 16 the ko
parameter estimated by using an ARMA model describes
small oscillations. In the other hand, the ko parameter
estimated by using an ARMAX model tends to steady state
without oscillations which implies that the exogenous input
of the ARMAX model allows a better estimation of the
parameters.

IV. CONCLUSIONS

In this paper, a robust multivariable adaptive model
reference control is presented for linear systems with time
varying parameters based on an ARMAX model. It can be
seen that the model parameters are continuously adjusted
which increase the robustness of the method to time varying
parameters in comparison with the ARMA model. Also,
it can be seen that a tracking performance is obtained

effectively for the proposed method for simulated and real
systems. In addition, since the selected reference model is

decoupled, a decoupled response is obtained which reduce
the variability of the system to the internal coupling.
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