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In this paper, a novel peak observer based adaptive multi-input multi-output
(MIMO) fuzzy proportional-integral-derivative (PID) controller has been in-
troduced for MIMO time delay systems. The adaptation mechanism proposed
by Qiao and Mizumoto [1] for single-input single-output (SISO) systems has
been enhanced for MIMO system adaptive control. The tracking, stabilization
and disturbance rejection performances of the proposed adaptation mecha-
nism have been evaluated for MIMO systems by comparing with non-adaptive
fuzzy PID and classical PID controllers. The obtained results indicate that
the introduced adjustment mechanism for MIMO fuzzy PID controller can be
successfully deployed for MIMO time delay systems.
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1. Introduction

Fuzzy controller (FC) has a more effective con-
trol performance compared to standard controller
structures with fixed parameters since FC inher-
ently has naturally changing dynamics due to its
structure. The FC exhibits a time-varying PD
controller behavior when examined under certain
conditions as given in [1]. Considering that the
system dynamics are uncertain and may change
over time in controller structures, controller per-
formances can be improved by integrating adap-
tive structures into classical control structures.
For this reason, fuzzy PID structures that com-
bine the nonlinear inference competence of fuzzy
mechanisms(FM) with the robustness of classical
PID structures are very often opted. By combin-
ing FM with adaptive control structures, the con-
trol performance of fuzzy PID architectures can
be enhanced and empowered against uncertainty
in control systems.

In technical literature, there are various parame-
ter adjustment mechanisms for fuzzy controllers.
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Peak observer based adaptation method intro-
duced in [1] can be considered as the simplest of
these adaptation structures. Qiao and Mizumoto
have proposed to tune the controller parameters
by taking into account the overshoot value of the
controlled systems. In [1], one of the scaling coef-
ficients for controller input and output has been
considered to enhance the closed-loop system per-
formance. Chou and Lu introduced a real time
implantable self-tuning fuzzy controller based on
adjustment of scaling factors [2]. The update val-
ues of the controller parameters (AK) are calcu-
lated over the look-up tables created depending
on the tracking error and the derivative of the
error [2]. Adaptation schemes are to adjust the
scaling factors according to individual adjustment
rules and look-up tables [2]. Adjustments of scal-
ing factors are converted into numerical adjust-
ment tables by applying appropriate membership
functions, with only matrix maps [2]. Jung et
al. [3] deployed a real-time self-tuning mechanism
based on variable reference tuning index to con-
trol the steam generator of a nuclear power plant
for overshoot and non-overshoot cases. Maeda
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and Murakami [4] proposed to tune scaling co-
efficients and rule base to improve fuzzy con-
troller performance by considering the reaching
time of the system output, overshoot and ampli-
tude of oscillations in system response. Mudi and
Pal [5] introduced a robust gain tuning mecha-
nism based on an additional fuzzy architecture
to adjust output scaling coefficients of Fuzzy PI
and PD controllers. The rule base required for
the output scaling coefficients is defined depend-
ing on the derivative of the tracking error and the
tracking error [5]. Zheng [6] proposed to update
cores, supports, boundaries and the universe of
discourse of the fuzzy variables to enhance con-
troller performance. Chung et al. [7] utilized a
fuzzy tuner to adapt the input-output scaling co-
efficients of a fuzzy PI controller to improve rise
time, overshoot and steady state error of the con-
trolled system. Chao and Teng [§] introduced
two stage mechanism which is composed of a di-
rect adaptation and a gradient descent based in-
direct adaptation mechanism to tune scaling co-
efficients of a PD type fuzzy controller for lin-
ear and nonlinear dynamical systems. Woo et
al proposed an adaptation mechanism in which
the controller parameters are adapted through-
out the entire transient state [9]. Hu et al. ob-
tained a PID mechanism with non-linear behavior
by introducing a nonlinearity to the tracking er-
ror signal through a fuzzy mechanism [10]. The
parameters of the fuzzy mechanism are seeked via
genetic algorithms (GA) |10]. Ketata et al. have
presented various look-up table-based fuzzy con-
troller architectures constituted over tracking er-
ror and derivative of tracking error [11]. Kim and
Chung introduced a fuzzy PID controller which is
composed of fuzzy “PD” and linear “I” parts [12].
Kien et al. proposed a fuzzy inverse controller
structure that tries to perform the inverse of the
dynamics of the system [13]. Jaya algorithm is
deployed for parameter adaptation [13]. In or-
der to ensure stability, a sliding mode control
surface is utilized [13]. Cherrat et al. proposed
a fuzzy-based self-tuning mechanism to estimate
the PID controller [14]. Gil et al. introduced a
fuzzy adaptation mechanism in which the fuzzy
PID controller parameters are adapted offline via
the non-linear model and online via the local lin-
ear model [15]. Yordanova et al. [16] introduced a
novel model free supervisor based adaptive fuzzy
controller for nonlinear dynamical systems. Pinto
et al. developed a fuzzy adaptation mechanism
for SISO and MIMO systems, which estimates
the gains of the PID controller [17]. Yesil et
al. presented a review paper that aims to ex-
amine various studies on fuzzy PID controllers

in the literature and to classify these fuzzy con-
trollers into categories [18]. In the related review
paper, fuzzy controller architectures were cate-
gorized under three main headings: Direct ac-
tion (DA) type fuzzy PID controllers, fuzzy gain
scheduling (FGS) type fuzzy PID controllers and
mixed type fuzzy PID controllers [18]. Kumaar
et al unveiled a deep survey of classical and fuzzy
PID controllers [19]. The paper [19] presents the
historical development of fuzzy logic-based struc-
tures. Guzelkaya et al. [20] utilized a relative rate
observer to tune the input scaling factor corre-
sponding to the derivative coefficient and the out-
put scaling factor corresponding to the integral
coefficient of the PID type FLC. Peak observer
based adaptation mechanisms have been utilized
in various studies [21,22], but only two scaling
coefficients have been adapted in all these struc-
tures, as proposed in [1].

In this paper, the adjustment mechanism pro-
posed by Qiao and Mizumoto [1] has been en-
hanced for all scaling coefficients of the fuzzy PID
controller. Thus, all scaling coefficients of the
controller can be tuned by considering the over-
shoot value observed via peak observer. In addi-
tion to this, the adaptation mechanism proposed
for SISO systems has been improved for MIMO
systems. Therefore, the introduced MIMO fuzzy
PID has 16 parameters to be optimized. The in-
troduced adaptation mechanism has been exam-
ined on a MIMO time-delay system. The tracking
and stabilization performance of the introduced
controller has been evaluated.

This paper is organized as follows: The basics of
the adaptive fuzzy PID based on peak observer [1]
has been overviewed in Section[2] In section[3] the
introduced adjustment mechanism for MIMO sys-
tems has been presented. The performance eval-
uation of the introduced method has been exam-
ined on a MIMO time delay system in Section
The paper ends with a brief conclusion part in
Section [Bl

2. Adaptive fuzzy PID controller
2.1. An overview of fuzzy PID controller

The structure of the incremental PID Type Fuzzy
controller is illustrated in Figure [I) where K and
K, are input scaling coefficients, and « and J
are output scaling coefficients of PD and PI part
of the PID controller, respectively. The mathe-
matical expression of the produced control law is
derived as follows |1[23H25]:
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Figure 1. Fuzzy PID controller [1,123-26].

upp(n]

uprp [n] = afrrce (es [n], Aes [n])
+ Bfrrc (es|n], Aes[n]) +upy [n — 1]

UPT[n]

(1)

where e4 [n] and Aeg [n] are scaled error and de-
rivative of error. Triangular type input member-
ship functions with cores {—1,—0.4,0,0.4,1} [1]
depicted in Figure [2| are deployed. For given in-
puts of es [n] and Aes [n], four(4) rules illustrated
in Figure [2| are fired at each sampling time. Thus,
the output of the FLC can be obtained as follows
using product-sum inference method and center
of gravity method for defuzzification [1}23H25]:

frrc (es [n], Aes [n]) = A; (es [n]) Bj (Aes [n]) u;
+ Ait1 (es [n]) Bj (Aes [n]) uig1 j

T A (e 1) Byt (Aes [n]) ui 541

+ Aig1 (es [n]) Bjt1 (Aes [n]) uitr j41

Wit1 j+41

(2)
where w;;’s stand for the firing strength of fired

rule, and membership values are given as follows
[1,[23H25]:

A (es[n]) = €iy1 — €s[n]

€it1 — €
Aiyi (es[n]) = ff:;

é-z — Ze n (3)
B, (Ae, ) = 1= 8011

€j+1 = €

Aeg [n] — é;

By (e, o)) = 22l =4
€j+1 — €

The fuzzy control rule base utilized to constitute
the FLC controller introduced in [1] is given in
Table [1] for corresponding membership functions.

Table 1. Fuzzy control rule base [1,/25,/27].

MF's é_g é_1 éo é1 éQ
e_9 ~-1.0 -07 -0.5 -0.3 0.0
e-.1 -0.7 -04 -02 0 0.3
€ep -0.5 -0.2 0.0 0.2 0.5

el -0.3 0.0 02 04 0.7
e 0.0 03 05 07 1.0

Linearization can be conducted in the neighbor-
hood of the fired rules as detailed in [1] in or-
der to analyze the dynamic behavior of the fuzzy
PID controller by comparing with standard PID.
Thus, the produced fuzzy control law can be
rewritten as [1,25]:

u= A+ Peg[n] + DAeg [n]
A= Uz'j — Pel- — Déj

P Uj+1 j — Uiy (4)
€it1 — €
D— Uz’. jH1 — Uzj
€i+1 7~ €5
Using « and § parameters, the equivalent stan-
dard PID components can be derived as follows:
"aK P+BK D” represents the proportional term,
”BK P” stands for the integral term and ” oK yD”
can be interpreted as the derivative term [1}25].

2.2. Peak observer based adaptation
mechanism

The adjustment mechanism based on peak ob-
server [1/18,[2021] is shown in Figure[3| Qiao and
Mizumoto [1] aimed to decrease the integral coef-
ficient while increasing the derivative parameter
to increase the resistance against the overshoot
and oscillation of the system by keeping the pro-
portional term constant.

Therefore, Qiao and Mizumoto [1] proposed to
update Ky and § parameters by observing the
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Figure 2. Input membership functions and fuzzy rule base [1[23(-25].
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Figure 3. Peak observer based adaptation mechanism [1,/18,20,21].

absolute error value (0 = |ex|) at peak times as
follows:

K,
Kg= 5;10, B = Bodk (5)
k

where t, k€ {1,2,3,---} are the peak times.

3. Adaptive MIMO fuzzy PID
controller

In this study, firstly, it is aimed to adapt all pa-
rameters of a fuzzy PID controller, inspired by the
peak observer approach of Qiao and Mizumoto
in [1]. In addition, it is intended to extend the
enhanced mechanism to MIMO fuzzy PID con-
trollers. The proposed adaptation mechanism for

a MIMO system is shown in Figure [4] where m
stands for the mth system input and k& denotes
the kth controlled output of the MIMO system.
The input-output scaling coefficients of the
MIMO Fuzzy PID controller are adapted as fol-
lows:

Kmknew Klgnkém
Kd dmik
mknew (Sm (6)
amknew %
5mk”€w BmkOm

where §,, indicates the corresponding peak ob-
server value [1,125]. Thus, the derivative coeffi-
cient is increased while the integrator is decreased
by keeping the proportional term fixed [25]. The
internal structure of MIMO fuzzy PID controller
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Figure 4. Adaptive MIMO fuzzy PID controller based on peak observer [11[25].
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Figure 5. Inner structure of adaptive MIMO fuzzy PID controller |25].

representing the main and coupling controllers is
given in Figure Triangular type membership
functions given in Figure[2|are used as input mem-
bership functions, and the fuzzy rule base in Ta-
ble [I]is deployed to construct the fuzzy rules. As
the inference mechanism and the defuzzification
method, product operation and center of gravity
method are used respectively.

In the case that ¢ term is interfused to the stan-
dard PID terms, the proportional term is fixed
and acquired as a K P 4+ K 4D, the integral term
is derived as ByKyd2P, and the derivative term is

given as af;gD 125].

4. Simulation results

The tracking and stabilization performances of
the introduced adaptation mechanism have been
evaluated using the following two input two out-

put(TITO) time delay system.
[ul (s)}
GID+2)(s+3) | 42 (s)

6
[y1 (S)] _ | GO
v () (s+14)e—0.275 s
(7)

As given in ([7]), the coupling dynamics of the sys-
tem have time delay dynamics. Considering the

—0.25 s

1
e
s+15
( ) 6

pade approximation, the time delay can be de-
fined by an infinite number of zero-pole pairs. For
this reason, there is a serious interaction between
system dynamics. This interaction directly affects
the controller performance.

4.1. Tracking performance

The tracking performance of the adaptation
mechanism is examined for staircase input signals.
The initial values of the fuzzy PIDs are given in
Table The performance of the non-adaptive
and adaptive MIMO fuzzy PID controller and
control signals are depictured in Figure [6] where
black trajectory refers to non-adaptive mecha-
nism and blue trajectory belongs to peak observed
based adaptation mechanism.

Table 2. Initial controller parame-
ters for tracking case.

Parameters FLCH FLClg FLCQl FLCQQ
Kok 0.25 0.125 0.125 0.25
K . 025 0.125 0.125 0.25
Qs 0.25  0.125 0.125 0.25
Bmk 0.75  0.125 0.125 0.75
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Figure 6. System outputs(a,c), control signals(b,d) for non-adaptive and adaptive MIMO

fuzzy PID (Tracking Case).

As can be clearly seen from Figure [6fa,c), os-
cillations observed in non-adaptive fuzzy con-
troller are suppressed successfully in case the peak
observer-based adaptation mechanism is active.
The adaptation mechanism is activated with the
first peak and improves the control performance.
In order to numerically evaluate the performances
of the controllers, the behaviors between 50 and
100 sec are observed by taking into account the
overshoots(OS %), settling times(¢s) and steady
state errors(ess). While the non-adaptive system
has 22.87 % overshoot(OS) and 18.5 sec settling
time, peak observer based adaptive system has no
overshoot and 15.5 sec settling time. Both con-
trollers has no steady-state errors. These numer-
ical values are tabulated in Table [3l

Table 3. Comparion of non-adaptive
fuzzy PID and peak observer based
fuzzy PID with respect to overshoot,
settling time and steady state error.

Controller Type OS % ts Css
Non-adaptive FLC  22.87 185 0
Peak Observer FLC 0 155 0

The evaluations of the main fuzzy PID controller
parameters are shown in Figure []] The alter-
nation of the coupling fuzzy PID controllers are
depictured in Figure 8| By dynamically adapt-
ing the controller parameters, a closed-loop sys-
tem response with less oscillations or even without
overshoot can be achieved.

Table 4. Initial controller parame-
ters for stabilization case.

Parameters FLCH FLClg FLCQl FLC22
Kk 0.485 0.2 0.1 0.5
Kq,, 05 025 02 0475
Ok 7.5 0.25 0.5 7

Bmik 2 0.1 0.2 2

4.2. Stabilization performance

In order to examine the effectiveness of the pro-
posed adjustment mechanism, the controller per-
formance has been evaluated for the stabilization
problem. For this purpose, the case that the
non-adaptive MIMO fuzzy PID controller cannot
control is considered. The initial values of the
controller parameters are given in Table [l As
can be seen from Figure [0 non-adaptive MIMO
fuzzy PID controller can not control the system
dynamics. In case the peak observer based mech-
anism is activated, the system dynamics can be
successfully forced to track the desired reference
signals as illustrated in Figure [I0] The evalua-
tion of input-output scaling coefficients are given
in Figures [TIHT2}

As given in Figures since o and Ky pa-
rameter values increase, the derivative laws can
increase the resistance against the overshoot and
oscillation of the system [1]. Similarly, K and
B parameter values decrease, thus decreasing the
equivalent integral terms. The fact that the con-
troller parameters are not updated until the next
peak value can be considered as one of the most
important disadvantages of this structure. How-
ever, this structure is open to development.
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Figure 17. System outputs (a,c), control signals (b,d) for MIMO PID (Disturbance Rejection

Case).
4.3. Disturbance rejection performance

In order to examine the robustness of the adap-
tation mechanism, a step type input disturbance
is applied to the system at 50 seconds.

The disturbance rejection performance of the
adaptation mechanism is illustrated in Figure
The adaptations of the controller parameters
against the disturbance case are shown in Fig-
ures The adaptation mechanism readjusts
all controller parameters to suppress the distur-
bance.

As can be clearly seen from Figures it can
be observed that the coefficients of the deriva-
tive parts are very sensitive to disturbances. The
introduced adaptation mechanism effectively re-
jects the step type input disturbances. The dis-
turbance rejection performance of this structure
is an open problem to be developed.

4.4. Comparison with conventional PID

The control performances of the non-adaptive
fuzzy PID and peak observer based fuzzy PID
are compared with the classical PID controller.
Equivalent PID{; and PID9s values have been cal-
culated with the help of the initial values of Fuzzy
PID controllers in Table 4, The parameters of the
coupling (PID;2 and PIDg;) controllers are cho-
sen as b times the equivalent parameters obtained
via Table 4l Thus, the parameters of MIMO PID
are given in Table

Table 5. MIMO PID controller parameters.

Parameters PID11 PID12 PID21 PID22
K, 1.25 0.78125 0.78125 1.25

K; 0.9375 0.390625 0.390625 0.9375
Ky 0.3125 0.390625 0.390625 0.3125




Adaptive MIMO fuzzy PID controller based on peak observer 149

In order to compare the controller performances,
the following performance index function is uti-
lized to constitute the comparison table in Ta-
ble [6l

Te = Jitler )1+ 015 o 1)+ 2ol 25

(8)
where A\{ = A9 = 20 is chosen to minimize and
limit the variation of the control signal.

Table 6. Performance comparisons(J,).

Cases FPID,, FPID,_,, MIMO PID
Nominal 28.033  31.832 180.422
Disturbance 48.393 48.393 201.04

The tracking and disturbance rejection perfor-
mances of MIMO PID controller have been illus-
trated in Figure [16] and

As can be seen from Figure MIMO PID con-
troller provokes too much oscillation and over-
shoot. As can be seen from Table [6] the perfor-
mance of MIMO PID is the worst for both track-
ing and disturbance rejection performances. It is
observed that the adaptation mechanism in FLC
significantly improves the controller performance.

5. Conclusion

In this paper, an adaptation mechanism for
MIMO fuzzy PID controller has been introduced
for MIMO systems. The performance of the pro-
posed mechanism is examined on tracking, stabi-
lization and disturbance rejection problems. In
order to examine the effect of the proposed adap-
tation structure in depth, it is compared with
non-adaptive fuzzy PID and classical PID con-
troller. The obtained results indicate that the
introduced adjustment mechanism provides quite
successful tracking, stabilization and disturbance
rejection performances for the control of MIMO
systems. As future works, the drawbacks of peak
observer can be resolved by constantly observing
the tracking error, not just at peak times. For
this purpose, it is aimed to propose novel adap-
tive control architectures in which the tracking
error is constantly deployed in the adaptation
mechanism.
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