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This paper proposes a model reference adaptive speed controller based on artificial neural network for induction
motor drives. The performance of traditional feedback controllers has been insufficient in speed control of induction
motors due to nonlinear structure of the system, changing environmental conditions, and disturbance input effects.
A successful speed control of induction motor requires a nonlinear control system. On the other hand, in recent
years, it has been demonstrated that artificial intelligence based control methods were much more successful in the
nonlinear system control applications. In this work, it has been developed an intelligent controller for induction
motor speed control with combination of radial basis function type neural network (RBF) and model reference
adaptive control (MRAC) strategy. RBF is utilized to adaptively compensate the unknown nonlinearity in the
control system. The indirect field-oriented control (IFOC) technique and space vector pulse width modulation
(SVPWM) methods which are widespread used in high performance induction motor drives has been preferred
for drive method. In order to demonstrate the reliability of the control technique, the proposed adaptive controller
has been tested under different operating conditions and compared performance of conventional PI controller. The
results show that the proposed controller has got a clear superiority to the conventional linear controllers.
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Učinkovito upravljanje brzinom induktivnog motora korištenjem metode adaptivnog upravljanja s ref-
erentnim modelom zasnovane na RBF-u. Ovaj rad prikazuje adaptivni regulator s referentnim modelom zasno-
van na neuronskoj mreži za induktivne motore. Ponašanje tradicionalnih regulatora s povratnom vezom pokazalo
se nedovoljno dobrom za upravljanje brzinom induktivnih motora zbog nelineatnosti strukture sustava, promjene
okolišnih uvjeta, i efekta ulaznih poremećaja. Uspješno upravljanje brzinom induktivnog motora zahtjeva nealin-
earne upravljačke sustave. S druge strane, posljednjih godina pokazano je kako su upravljačke metode zasnovane na
umjetnoj inteligenciji bitno uspješnije u primjenama upravljanja nelinearnim sustavima. U ovome radu razvijen je
inteligentni regulator za upravljanje brzinom induktivnog motora s kombinacijom radijalne neuronske mreže (RBF)
i strategije adaptivnog regulatora s referentnim modelom (MRAC). RBF je realiziran kako bi adaptivno kompen-
zirao nepoznatu nelinearnost u sustavu upravljanja. Tehnika indirektnog vektorskog upravljanja (IFOC) i metoda
prostorno vektorske širinsko impulsne modulacije koje su široko korištene za induktivne motore visokih perfor-
mansi preferirani su kao metode u ovome radu. Kako bi se prikazala pouzdanost tehnike upravljanja, predloženi
adaptivni regulator ispitan je u različitih uvjetima rada i uspore�eno je vladanje s obzirom na konvencionalni PI
regulator. Rezultati pokazuju kako predloženi regulator očito pokazuje bolje vladanje od konvencionalnih linearnih
regulatora.

Ključne riječi: Induktivni motor, neuronska mreža, adaptivno upravljanje s referentnim modelom, vektorsko up-
ravljanje.

1 INTRODUCTION

Three phase induction motors have been widely used
in industrial applications, due to its low maintenance, high
robustness, simple structure and high efficiency [1-2]. The
speed control of induction motor is more important to
achieve maximum torque and efficiency. Many researchers
have focused on developing algorithms for effective con-

trol of high performance induction motor drives. In the
recent studies, it has been seen that neural network based
control method is used to increasing the performance of
induction motor drives [3-9].

For electrical drives good dynamic performance is
mandatory so as to respond to the changes in command
speed and torques [10]. Vector controlled drives provide
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excellent dynamic performance of the induction motor and
offers good satisfactory steady state as well as transient
response and it works like a separately excited DC mo-
tor. This method uses the dynamic mathematical model
of induction motor and allows independent control of flux
and torque [11-15]. IFOC technique is widely used in in-
duction motor drive system to obtain high performances in
terms of torque and speed [4, 16-17].

MRAC has been widely used for control of complex
nonlinear systems. In this method, the controller is de-
signed to perform plant output converges to reference
model output based on the assumption that plant can be
linearized. MRAC is a direct adaptive strategy with some
adjustable controller parameters and an adjusting mecha-
nism to adjust them. The performance of MRAC algorithm
depends on the choice of a suitable reference model and the
derivation of an appropriate learning mechanism [18-20].

In recent years artificial neural networks (ANN) have
gained a wide attention in control applications. It is the
ability of the artificial neural networks to model nonlin-
ear systems that can be the most readily exploited in the
synthesis of non-linear controllers [21]. The learning and
adapting capability of neural networks makes them ideal
for control purposes. An ANN can be successfully applied
even if the motor which is to be controlled and the load
parameters are unknown [22]. RBF is powerful compu-
tational tools that have been used extensively in the areas
of pattern recognition, systems modeling and identification
[23]. RBF has shown its potential for online identifica-
tion and control, and hence arouses much research interest.
The nonlinear part of the controller, which compensates
the plant nonlinearity, is implemented by an RBF network
[24].

In this study, RBF based MRAC approach has been de-
veloped to increase the performance and efficiency of in-
duction motor drive. The performances of proposed and
PI controllers have been analyzed under different operat-
ing conditions for the induction motor drive system which
has been implemented via MATLAB software. In order
to determine the success of the proposed controller, the
results are compared by performance of conventional PI
controller. The results demonstrated that the control per-
formance of RBF based MRAC scheme is better than the
performance of PI controller.

2 DYNAMIC MODEL OF INDUCTION MOTOR

The d-q transformation is a mathematical transforma-
tion that is used to simplify the analysis of three phase
circuit. A dynamic d-q model of the induction motor to
be controlled must be known in order to understand, ana-
lyze and design vector controlled drives. It has been found
that the dynamic model equations developed on a rotating

reference frame is easier to describe the characteristics of
induction motors. The mathematical model of induction
motor can be expressed in the d-q synchronously rotating
frame by the following nonlinear equations [25-28]:
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is equivalent resistance, σ =

1 − L2
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is leakage coefficient, ωm = ωr
p is mechanical

speed. ωs and ωr are synchronous angular speed, rotor an-
gular speed respectively; Vsd and Vsq are d-q axes stator
voltages; isd, isq, ψrd and ψrq are d-q axes stator currents
and rotor fluxes respectively; Rs and R′r are stator and ro-
tor resistances respectively;Ls and L′r are stator and rotor
main inductances respectively, Lm is mutual inductance
between stator and rotor; p is number of motor poles; J is
the moment of inertia of the motor and load; B is viscous
friction coefficient of the motor; TL is load torque.

The state space model of induction motor is the nonlin-
ear differential equations due to state variables multiplied
by angular speed. The state variables are isd, isq, ψrd and
ψrq and ωr.

To obtain high dynamic performance, the induction
motors can be operated as a separately excited DC motor
with IFOC technique. It is necessary to take the follow-
ing dynamic equations into consideration to implement the
IFOC technique. The electromagnetic torque is given by:

Te =
3

4

pLm
Lr

(isqψrd − ψrqisd) (6)

The motor slip frequency can be calculated as:

ωsl = ωs − ωr =
Lr
Rr

i∗sq
i∗sd

(7)

Rotor electrical position is given by:

θs =

∫
ωs.dt =

∫
(ωr + ωsl) = θr + θsl (8)
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Fig. 1: Three phase voltage source inverter.

3 SPACE VECTOR PULSE WIDTH MODULA-
TION

SVPWM method is an advanced, computation-
intensive PWM method and possibly the best PWM tech-
niques for three phase voltage source inverter in applica-
tions such as control of induction motors and permanent
magnet synchronous motors. Due to its superior perfor-
mance characteristics, it has been to find a common appli-
cation in recent years. This technique can be easily imple-
mented into modern DSP based control systems.

The three phase output voltage is represented by a ref-
erence voltage vector which rotates at an angular speed of
ω = 2πf . SVPWM is based on the fact that there are only
two independent variables in three-phase voltage system.
Given three output voltages of inverter (Va0, Vb0, Vc0), the
vector components (VαVβ) in this frame are found by the
Clarke transform [29-32].

−−→
Vref =

−→
Vα + j

−→
Vβ =

2

3

(
Va0.
−→
a0 + Vb0.

−→
a1 + Vc0.

−→
a2
)

(9)

where −→a = ej
2π
3 . The voltage source inverter enables to

realize eight switching combinations. The circuit model of
a three-leg voltage source PWM inverter is shown in Fig. 1.
Q1 to Q6 are six power switches that shape output, which
are controlled by the switching variables a−a′, b−b′, c−c′.
Vref , voltage vector is obtained with two null vectors and
six active vectors that can be calculated as:

−→
Vk =

2

3
Vdce

j(k−1)π3 k = 1, 2, 3, 4, 5, 6 (10)

Any reference vector Vref can be approximated by hav-
ing the inverter in switching states Vk and Vk+1 for Tk and
Tk+1 duration of time respectively. The space vector dia-
gram is divided into six equal sectors denoted as 1, 2, 3, 4,
5, 6 in Fig.2.

The time interval Tk and Tk+1 can be calculated as:
[
Tk
Tk+1

]
= (11)

√
3Ts

2Vdc

[
sin kπ

3 − cos kπ3
− sin(k − 1)π3 cos(k − 1)π3

] [
Vα
Vβ

]

Fig. 2: Space vector diagram.

Fig. 3: SVPWM switching sequence.

where Ts is one sampling interval. The zero period T0 can
be calculated as:

TS
2

= T0 + Tk + Tk+1 ⇒ T0 =
TS
2
− Tk + Tk+1 (12)

The rotating reference vector Vref with in hexagon is pre-
sented by following equation:

Vref =
Tk
T
Vk +

Tk+1

T
Vk+1 (13)

Switching sequence for inverter in the sector-1 is depicted
in the Fig. 3. This type of symmetrical pulse pattern pro-
duces minimal harmonics in output.

4 DESING OF RBF BASED MRAC CONTROLLER

RBF neural network is a kind of neural network that
uses radial basis functions as activation function. Because
of the good generalization capabilities and a simple net-
work structure, RBF neural network has recently attracted
much attention. The RBF neural network has three layers.
The input layer consists of the source nodes; the hidden
layer is composed of nonlinear units; the output layer is
a linear [23-24]. The structure of RBF neural network is
shown in Fig. 4. Training of RBF includes process of de-
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Fig. 4: Structure of RBF network.

termining of adaptive parameters that are network center
(cj), width of basis function (σj) and output layer weights
(wkj). cj and σj must be chosen according to the scope of
the input value [33-36]. The back-propagation algorithm
is used to update parameters of RBF. The output of each
hidden unit can be calculated as:

ϕj(x) = exp

[
−‖x− cj‖2

σ2
j

]
(14)

where φj denotes the output of the jth node in hidden layer,
x is the input vector, ||x − cj || is Euclidian distance func-
tion, cj is center of the jth gaussian function, σj is the
width of the gaussian function of the jth node and J de-
notes the number of hidden layer nodes. The transforma-
tion to hidden layer to output layer is a linear and it can be
computed as following:

ok =

J∑

j=1

wkjϕj(x) (15)

where wkj is weights of the RBF network and Φj is the
radial basis function.

MRAC method has been used to design an adaptive
controller. In MRAC scheme, the actual plant output is
forced to asymptotically track the reference model output
by adjusting controller parameters.

The proposed adaptive controller structure consists of
two main component parts, a reference model and a RBF
neural network. RBF neural network based proposed con-
troller produces controller signal to compensate nonlinear-
ity of plant and following the reference model output. The
reference model is very stable linear filter which is sup-
plying set values to be imitated by induction motor. The
nonlinear part of the controller has been implemented by
RBF network [8, 37]. The reference model and machine

Fig. 5: RBF based MRAC system structure.

can be represented by the following differential equation:
•

isdq(t) +f [isdq(t)] = Vsdq(t) t ≥ 0 (16)
•

isdqm(t) +amisdqm(t) = kmisdqref (t) t ≥ 0 (17)

where Vsdq(t) (Vsq(t) and Vsd(t)) is output of current con-
troller, isdq(t) (isq(t) and isd(t)) is current of induction
motor and f(.) is unknown static nonlinear function which
is continuously differentiable and Lipschitz; km and am
real positive coefficients which are tuned appropriately in
the preparation of control software. The main objective
the control is to obtain desired control inputs, Vsq(t) and
Vsd(t) by updating the network parameters. Diagram of
the control system which obtained using this structure is
presented in Fig. 5.

The aim of the model reference adaptive system is to
design a controller that forces the process to track the
model output. To design the controller, the control law can
be proposed as in the following form:

Vsq(t) = −amqisq(t) + kmqisqref (t) +Nf [isq(t), w(t)]
(18)

Vsd(t) = −amdisd(t) + kmdisdref (t) +Nf [isd(t), w(t)]
(19)

whereNf is the output of RBF network,w is weight vector
of the RBF neural network [8, 37-39].

Nf [isdq(t), w(t)] =

J∑

j=1

wj (t) exp

[
‖isdq(t)− cj‖2

2σ2

]

(20)
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Fig. 6: Simulation block diagram.

(16)-(19) can be considered together re-written as follow:
[ •
isdq(t)−

•
isdqm(t)

]
+ am [isdq(t)− isdqm(t)]

= Nf [isdq(t), w(t)]− f [isdq(t)]
(21)

When Nf approaches asymptotically f(.), the current
tracking error e(t) tends to zero. This is obtained by com-
paring the reference model output and the plant output for
d and q axes currents.

e(t) = isdq(t)− isdqm(t) (22)

•
e(t) +ame(t) ≈ 0 (23)

The adjustable parameters of RBF network that are
weights, network center and width of basis function are
online updating by using back-propagation training algo-
rithm and tracking error.

wkj(t+ 1) = wkj(t) + ηe(t)ϕj (24)

cj(t+ 1) = cj(t) + ηe(t)ϕjwj
(x− cj)
σ2

(25)

σj(t+ 1) = σj(t) + ηe(t)ϕjwj
‖x− cj‖
σ3

(26)

where η ∈ (0, 1) is learning rate.

5 SIMULATION RESULTS

The IFOC induction motor drive system is simulated by
using MATLAB software. The block diagram of system is
shown in Fig. 6. In the PI type control study, all controllers
are used as PI type controller. In RBF based MRAC con-
trol study, PI type controller was used for speed control
loop and RBF based MRAC type controllers were used for
current loop.

The output of controllers is limited according to the ca-
pacity of the system. In the driving of induction motor,

IFOC and SVPWM have been used. For both types of
controller, the performance of induction motor drive is pre-
sented during starting, step change in speed and load. The
results of proposed controllers have been compared with
that of PI controllers. During the whole operation, a noise
shaped disruptive is added to the load.

In this study, the inverter DC-link voltage is 530 VDC,
switching frequency is fs = 5 kHz, and simulation sam-
pling time is Ts = 0.02 msec.

Simulation case 1: The induction motor is started un-
der no-load torque until the 19 Nm sudden load is applied
at t = 1.0 sec. The reference speed is increased from
1000 rpm to 1400 rpm at t = 0.5 sec and decreased from
1400 rpm to 800 rpm at t = 1.5 sec. The response of drive
system is shown in Fig.7. In the PI-type control study it
reached 1000 rpm in 0.17 sec and 1400 rpm in 0.59 sec. In
the RBF based MRAC control study it reached 1000 rpm
in 0.16 sec and 1400 rpm in 0.56 sec. The reached time of
RBF based MRAC controller is shorter than reached time
of PI controller for all reference speed. In the PI control
study, the speed dips to 1370 rpm and takes 0.15 sec to re-
cover the speed to rated value. In the RBF based MRAC
control study the speed dips to 1386 rpm and takes 0.05 sec
to recover the speed to rated value.

Fig. 7 shows that RBF based MRAC controller has
a shorter rise time, settling time, and recovery time than
PI controller. Also proposed controller has the fast torque
response and low torque ripple.

Simulation case 2: The induction motor is started up
with a constant load of 10 Nm. The reference speed is set to
1000 rpm for forward and−1000 rpm for reverse direction.
The speed reversal command is applied at t = 1.0 sec. The
response of drive system is shown in Fig.8.

In PI control, rise time is 0.39 sec for forward direction
and 0.3 sec for reverse direction. In RBF based MRAC
control, rise time is 0.32 sec for forward direction and
0.22 sec for reverse direction. The percent overshoot and
steady-state error is equal to zero for both controllers.

Fig.8 shows that RBF based MRAC controller has a
shorter rise time and settling time than PI controller. Also
RBF based MRAC controller has the fast torque response
and low torque ripple. It can be observed from Fig. 8,
when the motor is started, RBF controller has a lower per-
formance than PI controller. Due to adaptive structure of
proposed controller it has been increased performance of
the induction motor drive system.

6 CONCLUSION

The induction motors are widely used in industrial ap-
plications require to be controlled effectively. In this study,
high efficient RBF based MRAC algorithm has been de-
veloped for vector control of induction motor drive. This
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(a) Load of torque (b) Speed response

(c) Speed response at sudden load (d) Torque response

(e) The quadrature current (Iq) (f) The stator current (ia)

Fig. 7: Simulation results during step change in speed command and sudden load
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(a) Load of torque (b) Speed response

(c) Speed response at rise load (d) Torque response

(e) The quadrature current (Iq) (f) The stator current (ia)

Fig. 8: Simulation results during reversal command speed under constant load
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method has been tested by MATLAB software using dy-
namic model of the induction motor in d-q axis plane under
different operations.

The RBF based MRAC method has shown better per-
formance response of all conditions when compared with
the results obtained using conventional PI type control
method. It can be claimed that the proposed controller is
highly successful in speed tracking under severe loading
conditions and variable speed references. The simulation
results show that the RBF based MRAC method is the ef-
ficient control method for vector controlled induction mo-
tors. The proposed control method can be used in the mo-
tor applications when the high dynamic performance, wide
speed range and low torque ripple is required.

APPENDIX A MOTOR PARAMETERS

P = 3 kW Rs = 1, 45ω n = 1430 d/d
U = 380 V R′r = 1, 93ω J = 0, 03 kg.m2
I = 6, 7 A Ls = 0, 2 H Lm = 0, 1878 H
M = 19 Nm L′r = 0, 2 H B = 0, 03 Nm.s/rad
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