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ABSTRACT. The aim of this paper is to design a Fuzzy Logic Controller-based Model
Reference Adaptive Controller. It consists of Fuzzy Logic Controller (FLC) along with
a conventional Model Reference Adaptive Control (MRAC) scheme. The idea is to con-
trol the plant by conventional MRAC with a suitable single reference model, and at the
same time control the plant by FLC. In the conventional MRAC scheme, the controller
is designed to realize plant output converges to reference model output based on the plant
which is linear. This scheme is for controlling linear plant effectively with unknown pa-
rameters. However, using MRAC scheme to control the nonlinear system at real time is
difficult. In this paper, it is proposed to incorporate an FLC in MRAC scheme to over-
come the problem. The control input is given by the sum of the output of conventional
MRAC and the output of FLC. The rules for the FLC are obtained from the conventional
PI Controller. The effectiveness of the proposed control scheme is demonstrated by simu-
lations. The proposed Fuzzy Logic Controller-based Model Reference Adaptive Controller
(FLC-MRAC) can significantly improve the system’s behavior and force the system to
follow the reference model and minimize the error between the model and plant output.
Keywords: Model reference adaptive control (MRAC), Fuzzy logic controller (FLC),
Proportional-integral (PI) controller

1. Introduction. Model Reference Adaptive Control (MRAC) is one of the main schemes
used in adaptive system. Recently, MRAC has received considerable attention, and many
new approaches have been applied to practical processes [1,2]. In the MRAC scheme, the
controller is designed to realize plant output converges to reference model output based
on the assumption that plant can be linearized. Therefore, this scheme is effective for
controlling linear plants with unknown parameters. However, it may not assure for con-
trolling nonlinear plants with unknown structure. It is well known that fuzzy technique
has been widely used in many physical and engineering systems, especially for systems
with incomplete plant information [3-8]. In addition to fuzzy logic, it has been widely
applied to controller designs for nonlinear systems [9-13]. A novel fuzzy model reference
based controller for controlling nonlinear plants can be found in [14]. H. Han [15] proposed
an adaptive FLC for a class of nonlinear system with disturbance. A problem of Fuzzy-
Approximation-Based adaptive control for a class of nonlinear time-delay systems with
unknown nonlinearities and strict-feedback structure is discussed in [16]. C.-W. Chen et
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al. [17] discussed a proposed a method of stability analysis for a GA-Based reference
ANNC which is capable of handling problems in a nonlinear system.

FL technique has been selected to replace PI controllers in different error minimization
applications [18,19]. Various applications of FL. have shown a fast growth in the past
few years. FLC has become popular in the field of industrial control applications for
solving control, estimation and optimization problems [20]. An adaptive control approach
for time-varying permanent-magnet synchronous motor (PMSM) systems with chaotic
behavior is discussed in [21]. Observer-based model reference output feedback tracking
control design for switched linear systems with time delay is investigated in [22]. A
learning approach of combining MRAC with the use of fuzzy systems as reference models
and controllers for control dynamical systems can be found in [23]. A hybrid approach by
combining FLC and neural networks for learning-based control is proposed in [24].

The adaptive controller which is used in various practical applications has attracted
much attention in the field of control engineering. This is due to its promising capability
of tackling the presence of unknown parameters or unknown variations in plant parameters
better than that of the one based on constant gain feedback control scheme. In general,
the external load disturbances always exist although they are bounded. So, the controller
cannot stabilize the closed-loop control system without considering the disturbances and
nonlinearities existing in the system. A solution to this problem is to incorporate dead-
zone technique in the adaptive controller (Peterson et al. 1982, Sastry 1984). With this
approach, the controller will stop updating the control parameters when the identifier error
is smaller than some fixed threshold. Thus, it can prevent the estimated parameters from
being infinity. However, the regulation error of the system will only be asymptotically
bounded if large threshold is used, resulting in undesirable closed-loop performance. All
control techniques have their individual characteristics. Every control technique has its
own individual characteristics. Hence, by combining the merits of the adaptive control
scheme with those of the FL, a new stabilizing controller can effectively be designed to
have better performance than the one based on the concept of control theory.

PI controllers are widely used in industrial control systems applications. They have a
simple structure and can offer a satisfactory performance over a wide range of operation.
Therefore, the majority of adaptation schemes described in the literature for MRAS speed
observer employ a simple fixed-gain linear PI controller to generate the estimated output.
However, due to the continuous variations in the system parameters and the operating
conditions, in addition to the nonlinearities present in the system, PI-MRAC scheme may
not be able to provide the required standard performance. Not much attention has been
devoted to study of other types of adaptation mechanisms used to minimize the error to
obtain the estimated output. In this paper, the FPI-MRAC scheme is designed to replace
the classical PI controller used in PI-MRAC scheme by a Fuzzy Logic Controller (FLC).

The FLC-MRAC scheme is proposed as a nonlinear optimizer to ensure that the plant
output trajectory tracks the reference model output trajectory and the tracking error be-
comes zero with a possible minimum time. The performance of the new and conventional
scheme is compared based on simulation tests with two examples. The rules and mem-
bership function of FLC are formed from the input and output waveforms of PI controller
of designed PI-MRAC scheme. The FLC is connected in parallel with an MRAC and its
output is added and then given to the plant input. The FLC is used to compensate the
nonlinearity of the plant and it is not taken into consideration in the conventional MRAC.
The role of MRAC is to perform the model matching for the uncertain linearized system
to a given reference model. Finally, to confirm the effectiveness of proposed method, it is
compared with the simulation results of the conventional MRAC.
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2. Structure of an MRAC Design. The MRAC is one of the major approaches in
adaptive control. The desired performance is expressed as a reference model, which gives
the wished response to an input signal. The adjustment mechanism changes the parame-
ters of the regulator by minimizing the error between the system output and the reference
model.

2.1. The plant model and reference model system. To consider a Single Input and
Single Output (SISO), Linear Time Invariant (LTI) plant with strictly proper transfer
function

Yp(s) Zy(s)
= =R O
where u, is the plant input and y,, is the plant output. Also, the reference model is given
by
ym(s) . Zm(s) (2)
~or(s) " Rul(s)
where r and ¥, are the model’s input and output. Define the output error as

€E=1Yp — Unm (3)

Now the objective is to design the control input U,,, such that the output error, e goes
to zero asymptotically for arbitrary initial condition, where the reference signal r(t) is
piecewise continuous and uniformly bounded. The plant and reference model satisfy the
following assumptions:

Assumptions:

Z,(s) is a monic Hurwitz polynomial of degree m,,.

An upper bound n of degree n, of R,(S).

The relative degree n* = n, —m, of G(s).

The sign of the high frequency gain K, are known.

Zm(8), Rm(s) are monic Hurwitz polynomials of degree ¢, pn, respectively, where
Pm < N.

6. The relative degree n’, = p, — ¢m of Gy, (s) is the same as that of G(5), i.e., nf, =

*

n-.

Ot W=

2.2. Relative degree n = 1. As in [1] the following input and output filters are used,
Wy = Fwy + guy, Wy = Fwy + gy, (4)

where F'is an (n—1)*(n—1) stable matrix such that det (ST— F') is a Hurwitz polynomial
whose roots include the zeros of the reference model and that (F) g) is a controllable pair.
It is defined as the “regressor” vector

W= [w?v wga Yp> T]T (5)

In the standard adaptive control scheme, the control U,,, is structured as
Upr = 07w (6)

where 0 = [0, 0,05, Cy]" is a vector of adjustable parameters, and is considered as an
estimate of a vector of unknown system parameters 6*.
The dynamic of tracking error

e = Gn(s)p 0w (7)

K. -
where p* = K—p and 6 = 0(t) — 0* represents parameter error. Now in this case, since
m

the transfer function between the parameter error f and the tracking error e is strictly
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positive real (SPR) [1], the adaptation rule for the controller gain 6 is given by
0 = —Teywsgn (p*) (8)
where [ is a positive gain.

2.3. Relative degree n = 2. In the standard adaptive control scheme, the control U,,,
is structured as
Upr = 07w + 070 = 07w — 0" Tgpessgn(K,/K,,) (9)
where 0 = [01,0,,0s,Co]T is a vector of adjustable parameters, and is considered as an
estimate of a vector of unknown system parameters 6*.
The dynamic of tracking error is

e = G(s)(s +po)p 07 (10)

K .
where p* = K—p and 0 = 6(t) — 0" represent the parameter error. G,,(s)(s+ po) is strictly

m
proper and Strictly Positive Real (SPR). Now in this case, since the transfer function
between the parameter error  and the tracking error e is SPR, [1] and the adaptation
rule for the controller gain 6 is given

0 = Tpeysgn(K,/Kp) (11)

where e; = y, — ¥, and I' is a positive gain.

The developed adaptive laws and control schemes are based on a plant model that is free
of disturbances, noise and unmodeled dynamics. These schemes are to be implemented
on actual plants that most likely deviate from the plant models on which their design is
based. An actual plant may be infinite dimensional, nonlinear and its measured input
and output may be corrupted by noise and external disturbances. It is shown that and
adaptive scheme designed for a disturbance free plant model may go unstable under small
disturbances.

3. PI Controller-based Model Reference Adaptive Control. The PI algorithm
remains the most popular approach for industrial process control despite of continual
advances in control theory. This is because the PI algorithm has a simple structure which
is conceptually easy to understand and implement in practice but also the algorithm
provides adequate performance in the vast majority of applications. A PI controller may
be considered as an extreme form of a phase lag compensator. The transfer function of
PI controller is generally written in the “Parallel form” given by (12)

Upi(s ) &
E(S) S
where U, (s) is the control signal acting on the error signal E(s), K, is the proportional

gain, K; is the integral gain and T; is the integral time constant. The “two term” func-
tionalities are highlighted by the following.

Gpr(S) = =K, + (12)

e The proportional term-providing an overall control action proportional to the error
signal through the all pass gain factor.

e The integral term-reducing steady state errors through low frequency compensation
by an integrator.

The disturbances and nonlinear component are fed to the plant input of the conventional
MRAC, in this case, the tracking error does not reach to zero and the plant output is not
tracked with the reference model plant output. The conventional MRAC fails completely
under the action of the external disturbances and nonlinearities, where degradation in
the performance due to overshoot, is observed. To improve the system performance, the
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PI-MRAC scheme is designed. In this scheme, the controller is designed by using parallel
combination of the conventional MRAC system and PI controller. The Block diagram of
PI-MRAC scheme is shown in Figure 1. The control input U,,, of the plant is given by
the following equation,

Unmp = Upy + Uy, (13)
where U,,, is the output of the adaptive controller and U,; is the output of the PI controller.
U = 07w

where 6 is the update law vector and w is the parameter vector.

The input to the PI controller is the error which is the difference between the plant
output y,(t) and the reference model output v,,(¢). In this case also, the disturbance
(random noise signal) and nonlinear component is fed to the input of the plant. The PI-
MRAC improves the system performance compared to the conventional MRAC scheme.
However, due to the continuous variations in the system parameters and the operating
conditions, in addition to the nonlinearities present in the system, PI-MRAC scheme may
not be able to provide the required standard performance.

ym(t)
Reference
Model

h 4

_ PI e ™
CONTROLLER J
+.il
#
+
r(t) " oo e Umr 2~ Non linear Yelt) R
i Controller +' U i System "
Adaptive  [€
A

Ficure 1. Block diagram of PI-MRAC scheme

4. Fuzzy Logic Controller-based Model Reference Adaptive Controller. Vari-
ous applications of Fuzzy Logic (FL) have shown a fast growth for the past few years.
The FLC has become popular in the field of industrial control applications for solving
control, estimation, and optimization problems. In this section the FPI-MRAC scheme is
proposed to replace the classical PI controller used in PI-MRAC scheme by a Fuzzy Logic
Controller (FLC) and it is used for error minimization. In the PI-MRAC scheme, the PI
controller generates a quantity so as to minimize a specified error. Therefore, the FLC can
replace the conventional PI controller to solve the optimization problem. A Fuzzy Logic
Controller-based Model Reference Adaptive Control (FLC-MRAC) scheme is proposed to
improve the system performance. The proposed controller structure of the FPI-MRAC is
shown in Figure 2 which consists of a parallel combination of MRAC and FLC. While the
MRAC forces the plant output to closely follow the output of the model which represents
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FiGURE 2. Block diagram of proposed FPI-MRAC scheme

the desired closed loop behavior, and the FLC is used in various operating conditions,
the objective of the FL control is to determine the control signal for controlling nonlin-
ear processes. The error and the change in error are given input to the FLC. The rules
and membership function of FLC are formed from the input and output waveforms of
PI controller of designed PI-MRAC scheme. This scheme is restricted to a case of Single
Input Single Output (SISO) control, noting that the extension to Multiple Input Multiple
Output (MIMO) is possible. To keep the plant output y, in track of the reference model
output y,, it is synthesized to control input U, by the following equation

where U,,, is the output of the adaptive controller and Uy, is the output of the fuzzy logic
controller

Umr — QTW (15)
0 = [91,92, 93,CU]T, w = [wlaWZaypar]T

where 6 is the update law vector, and w is the parameter vector.

Stability of the system and adaptability are then achieved by an adaptive control law
Up, tracking the system output to a suitable reference model output, e = y, — v, = 0
is obtained asymptotically. The FLC provides an adaptive control for better system
performance and solution for controlling nonlinear processes. The proposed FLC is a
Mamdani-type rule base where the inputs are the error (e) and error change (ce) which
can be defined as

e(k) = ym(k) —yp(k), ce(k) =e(k) —e(k —1)
where y,,(k) is the response of the reference model at kth sampling interval, y,(k) is
the response of the plant output at kth sampling interval, e(k) is the error signal at kth
sampling interval, ce(k) is the error change signal at kth sampling interval.
FLC consists of three stages: fuzzification, rule execution, and defuzzification. In the
first stage, the crisp variables e(kT') and ce(kT') are converted into fuzzy variables error (e)
and change in error (ce) using the triangular membership functions. Each fuzzy variable is
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a member of the subsets with a degree of membership varying between ‘0’ (non-member)
and ‘1’ (full member). In the second stage of the FLC, the fuzzy variables error (e) and
change in error (ce) are processed by an inference engine that executes a set of control rules
containing in a rule base. In this paper the control rules are formulated using the input
and output waveforms of the PI controller of designed PI-MRAC system behavior and the
experience of control engineers. The reverse of fuzzification is called defuzzification. The
FLC produces the required output in a linguistic variable (fuzzy number). According to
real-world requirements, the linguistic variables have to be transformed to crisp output.
As the centroid method is considered to be the best well-known defuzzification method,
it is utilized in the proposed method. The feature of the proposed scheme is that the
FLC can compensate for the nonlinearity of the system to linearize the dynamics from
the output of the adaptive controller to the system output, while the role of the adaptive
controller is to perform the model-matching for the linearized system.

TABLE 1. Linguistic rule base

If error is ‘A’ and change in error is ‘A’ then the output is ‘D’
If error is ‘B’ and change in error is ‘B’ then the output is ‘F’
If error is ‘C” and change in error is ‘D’ then the output is ‘H’
If error is ‘D’ and change in error is ‘F’ then the output is ‘J’
If error is ‘E’ and change in error is ‘C’ then the output is ‘A’
If error is ‘F’ and change in error is ‘I’ then the output is ‘K’
If error is ‘G’ and change in error is ‘C’ then the output is B
If error is ‘H’ and change in error is ‘H’ then the output is ‘T’
If error is ‘I’ and change in error is ‘C’ then the output is ‘C’
If error is ‘J” and change in error is ‘E’ then the output is ‘E’
If error is ‘K’ and change in error is ‘G’ then the output is ‘G’

D S| o] o N o ot | wof bo| =

4.1. Construction of fuzzy rules. In this paper, the fuzzy rules are formulated by
using the input and output waveforms of the PI controller of designed PI-MRAC scheme
behavior and the experience of control engineers. Let us consider an example of a PI
controller input (error), change in error and PI controller output waveforms are given by
Figure 3. Fuzzy rules and membership for error (e) and change in error (ce) and output
(Ug) can be developed by using PI-controller input and output waveforms are shown in
Figure 3. The developed fuzzy rules are given in Table 1. The membership functions for
fuzzy variable error (e), change in error (ce) and output (Ug) are shown in Figure 4.

5. Results and Discussion. In this section, the results of computer simulation are
obtained by using MATLAB environment for the conventional MRAC, PI-MRAC and
FLC-MRAC scheme is evaluated by applying inputs of varying magnitude under nonlin-
earities and disturbances in the plant. The results show the effectiveness of the proposed
FLC- MRAC scheme and reveal its performance superiority to the conventional MRAC
technique. A detailed simulation comparison between the three schemes has been carried
out using with two examples.

5.1. Example 1. In this example, backlash nonlinearities and disturbances (random
noise signal) in the input of plant are shown in Figure 5.

The simulation was carried out for the conventional MRAC, PI-MRAC and FLC-MRAC
schemes with MATLAB for time duration ¢ = [0, 50]s.
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FIGURE 3. PI controller input error (e), change in error (ce) and output (Uy;)

Let us consider a linear part of the controlled system and the reference model are given

by,

2 2.
G(S) S+5 S+25

“Fregris—a

which have relative degree n* = 2.
The input to the reference model is chosen as r(t) = 15sin 4.9¢.

T 531+ 652+11S+6
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Ficure 5. Nonlinear system

The output error is e = y, — y,, and the U, is the control input of the plant for
conventional MRAC denoted by

Upr = 07w + 070 = 07w — 0T Tgpessgn(K,/K,,)

where 0 = [0, 05,05, Co]" is the update law vector, w = [wy,ws, yp, 7]" is the regressor
vector and wy = Fwy + guy, we = Fwy + gy, where F' is an (n — 1) x (n — 1) stable
matrix such that det (ST — F') is a Hurwitz polynomial whose roots include the zeros of
the reference model and that (F, g) is a controllable pair.

The initial value of the conventional MRAC scheme controller parameters are chosen
as 0(0) = [0.5,0,0,0]" .

The PI controller gains can be selected as high as possible but are limited by the noise.
In the PI-MRAC scheme, the value of the PI controller gains K, = 10 and K; = 75, are
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shown to provide a better performance for the PIE-MRAC scheme. The U,,, is the control
input of the plant for the PI-MRAC scheme

Ump - Umr + Upi

The simulink model of the PI-MRAC scheme developed is given in Figure 6. To obtain
optimal performance compared to PI-MRAC scheme, the proposed FLC-MRAC scheme
is employed. In FLC-MRAC scheme, the fuzzy variables ‘e’ and ‘ce’ are processed by
an inference engine that executes a set of control rules containing in (6 x 6) rule base as
shown in Table 2.

| Reference model -
g * e |l ]
-
|- output
. -+ 1
L | [ ]
. &
|
Adaptive
Excitation Signal g » Filter Controller Ll i~ Non Linear Track Emor
(generate omega) [ | B -+ System
> summer
) Fl
Controller

Estim ator

Sf

Clock To Wokspace

FiGURE 6. Simulink of the PI-MRAC scheme

TABLE 2. Linguistic rule base

| NH |NL | ZE | PS | PM | PH
NH |NH | ZE |ZE | PS| NL | PH
NL | NH | PS|ZE |PS| NH | NL
ZE | PS | ZBE | ZE |PS| PS | PM
PS | NH | PS | ZE |PS| PS | NH
PM | NH | ZE | ZE | PS | PM | PH
PH | NL | ZE | ZE |[NL | NH | PH

The fuzzy rules and membership functions are formulated using the input and output
waveforms of the PI controller of designed PI-MRAC scheme and the experience of control
engineers. Each variable of the FLC has six membership functions. The fuzzy sets are
used as NH (Negative High), NL (Negative Large), ZE (Zero), PS (Positive Small), PM
(Positive Medium) and PH (Positive High).

The Uy, is the control input of the plant for the FLC-MRAC scheme.

Umf — Umr + Ufc
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The membership functions for fuzzy variable error (e), change in error (ce) and output
(Uge) are shown in Figure 7. The simulink model of the FLC-MRAC scheme is given in
Figure 8. Figures 9-11 show the performance of the MRAC, PI-MRAC and FLC-MRAC
scheme for Example 1 with input r(¢) = 15sin4.9¢ under nonlinearities and disturbance
in the plant.

""""" Model reference output
Plant output B

Tracking error (g)
(=]

Plant output(Yp) and Madel reference output(Ym)

0 10 2 0 40 g 9 10 20 0 10 50
Time (s) Time (s)

(a) (b)

FIGURE 9. Response of the MRAC scheme of Example 1: (a) plant and
model reference response, (b) tracking error

--------- Model reference output
Plant output BF

Tracking error (g)
o

Plant output(Yp) and Model reference output(¥m)

FIGURE 10. Response of the PI-MRAC scheme of Example 1: (a) plant
and model reference response, (b) tracking error

5.2. Example 2. In this example, dead zone nonlinearities and disturbances (random
noise signal) in the input of plant.
Let us consider a linear part of the controlled system and the reference model are given

by,
S+1 1
S N T T A

S+1
which have relative degree n* = 1.
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:\N\WMWM_%W”

Plant output{Yp) and Model reference output(Ym)

0 10 20 0 40 50 ~0 10 20 30 40 50
Titne () Time (s)
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FIGURE 11. Responses of the FLC-MRAC scheme of Example 1: (a) plant
and model reference response, (b) tracking error

The input to the reference model is chosen as r(¢) = 15+ 12sin 0.7t + 35 cos 5.9¢.

The initial value of conventional MRAC scheme the controller parameters are chosen
as 0(0) = [3,18,—8,3]". U, is the control input of the plant for conventional MRAC
denoted by U,,, = 0T w.

In the PI-MRAC scheme, the value for the PI controller gains K, and K; are equal
to 12 and 95 respectively. In the FLC-MRAC scheme, seven linguistic variables are used
for the input variable error and change in error. They are Extremely Negative (EN),
High Negative (HN), Medium Negative (MN), Small Negative (SN), Zero (ZE), Medium
Positive (MP) and High Positive (HP). The seven linguistic variables are used for the
output variable are Very Low (VL), Low (L), Nearly Low (NL), Medium (M), Medium
high (MH), High (H) and Extremely Positive (EP). Table 3 shows the fuzzy rule base
with 49 rules. The input and output membership functions are as shown in Figure 12.

TABLE 3. Linguistic rule base

. “® EN|HN|MN | SN | ZE | MP | HP
EN L | H | M |MH MH| L | H
HN | H | M | M |MH|MH| H |
MN | M | M | MH |MH | MH| M | O
SN | M |MH| MH |MH | MH|MH | L
ZE M | MH | MH |MH| VL | M | EH
MP | H | H | M |[MA|MA| H | L
HP L | L | M |MH|MH| L |NL

Figures 13-15 show the performance of the MRAC, PI-MRAC and FLC-MRAC scheme
for Example 2 with input r(¢) = 15 + 12sin0.7¢ 4+ 35 cos 5.9¢ under nonlinearities and
disturbance in the plant. The results show the effectiveness of the FLC-MRAC scheme to
force the plant to follow the model, under uncertainties. Extensive simulation tests were
carried out to compare the three adaptation schemes: conventional MRAC, PI-MRAC
scheme and FLC-MRAC scheme. In the simulation results of conventional MRAC, PI-
MRAC and FLC-MRAC schemes, the dotted line and solid line represents the model
reference trajectory and plant trajectory respectively. In conventional MRAC scheme,
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FIGURE 12. Membership functions for fuzzy variable error (e), change in
error (ce) and output (Ug.)

the plant output is poor with large overshoots and oscillations as shown in Figures 9
and 13. Figures 10 and 14 show the response of the PI-MRAC scheme. In this case,
the overshoots and the oscillations are much smaller, yielding a much better performance
than the conventional MRAC scheme.

However, due to the continuous variation in the system parameters and the operating
conditions, in addition to the nonlinearities present in the system, fixed-gain PI-MRAC
scheme may not be able to provide the required performance. In the proposed FLC-based
MRAC scheme, the plant output has tracked with the reference model output and the
tracking error becomes zero within few seconds with less control effort as shown in Figures
11 and 15. In conventional MRAC, the plant output does not track the reference model
output. Therefore, conventional MRAC fails completely under the action of the external
disturbances and nonlinearities, where degradation in the performance is observed due to
high peak overshoot.

The responses performed by the control algorithm only with the MRAC scheme are
observed to be inferior to that of the control algorithm both with FLC and the MRAC
scheme. Also, the response of the control algorithm only with the MRAC scheme shows
large overshoot and oscillation. Further, the response of the output performed by the
control algorithm both with the FLC and the MRAC scheme shows more satisfactory re-
sults for the bounded disturbances with unknown as well as time-varying characteristics
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FIGURE 14. Response of the PI-MRAC scheme of Example 2: (a) plant
and model reference response, (b) tracking error

than that of the control algorithm only with the MRAC scheme. From the simulation
results, because of the existing nonlinearities and bounded disturbances, the controlled
system using the control algorithm only using the MRAC scheme will be unstable. But
when using the FLC and the MRAC scheme in coordination in which the control law
is used to cope with nonlinearities and bounded disturbances, the controlled system can
be robustly stabilized all the time. From the above discussions, the proposed control
algorithm both with the FLC and the conventional MRAC scheme can be a promising
way to tackle the problem of controlling the nonlinear systems and bounded time-varying
disturbances. From the above simulations, it is shown that the control algorithm using
only the MRAC scheme will not stabilize the nonlinear controlled systems with distur-
bances. From Figures 11 and 15, it is seen that the control algorithm both with the FLC
and the MRAC scheme working in coordination can cope up with the uncertain dynamic
system and bounded disturbances, but the control algorithm without the fuzzy compen-
sating control cannot. Compared with the conventional MRAC, PI-MRAC scheme and
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FLC-MRAC scheme still show a faster response during transients. Moreover, the FLC-
MRAC scheme shows faster response compared to the PI-MRAC scheme. An optimal
response was obtained for the FLC-MRAC scheme compared with the PI MRAC scheme.
The proposed FLC-MRAC scheme shows better control results compared to those by the
conventional MRAC and PI-MRAC system.

From these simulation results it is observe that:

1. In conventional MRAC scheme, the plant output does not track the reference model
output. Therefore conventional MRAC scheme fails completely under the action of the
external disturbances and nonlinearities, where degradation in the performance is observed
due to high peak overshoot.

2. The PI-MRAC scheme reduces the overshoots and the oscillations compared to those
of the conventional MRAC scheme. In the PI-MRAC scheme, the plant output nearly
tracks the reference model output. However, it will not be able to provide the required
performance in terms of steady state and transient performances.

3. The proposed FPI-MRAC scheme design approach can keep the plant output in track
with the reference model and tracking error becomes zero in 6 seconds. The proposed
FPI-MRAC scheme gives better performances in terms of steady state error, settling time
and overshoot.

5.3. Implementation issue. The proposed method can be widely used in most of the
industrial nonlinear and complex applications such as machine tools, industrial robot
control, position control, and other engineering practices. The proposed FLC-MRAC
scheme is relatively simple and does not require complex mathematical operations. It
can be readily implemented using conventional microprocessors or microcontrollers. The
execution speed of the FLC-MRAC scheme can be improved by using advanced processors
such as reduced instruction set computing (RISC) processors or digital signal processors
(DSP’s) or fuzzy logic ASIC’s (application specific integrated circuits).

6. Conclusion. In this paper, an FLC-MRAC scheme is proposed to replace the fixed-
gain PI controller of PI-MRAC scheme by a FL strategy. In FLC-MRAC the fuzzy rules
and membership functions are formed from the input and output waveforms of PI con-
troller of PI- MRAC scheme. A detailed simulation comparison between the conventional
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MRAC, PI-MRAC and FLC-MRAC schemes has been carried out using the two exam-
ples. The FPI-MRAC scheme improves both the steady state and transient performances
compared to other existing schemes. Hence it can be concluded that the proposed FPI-
MRAC scheme has more robust performance than the other schemes do. In proposed
FPI-MRAC scheme, the system output tracks very closely the reference model in spite
of the disturbances and nonlinearities. Thus the FPI-MRAC controller is found to be
extremely effective, efficient and useful. Due to its simple operation, the proposed FPI-
MRAC scheme can be readily implemented using conventional microprocessors.
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