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A B S T R A C T

This article elaborates the numerical implementation of a novel, indirect field-oriented control (IFOC)
for induction motor drive by wave-let discrete transform/fuzzy logic interface system unique combina-
tion. The feedback (speed) error signal is a mixed component of multiple low and high frequencies. Further,
these signals are decomposed by the discrete wave-let transform (WT), then fuzzy logic (FL) generates
the scaled gains for the proportional-integral (P-I) controller parameters. This unique combination im-
proves the high precision speed control of induction motor during both transient as well as steady-
state conditions. Numerical simulationmodel is implemented with proposed control scheme usingMatlab/
Simulink software and obtained results confirm the expectation.
© 2015, Karabuk University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The speed control of three-phase induction motor (IM) is quite
complex due to its nonlinear characteristics. Therefore, control-
ling the flux and torque parameters with proper decoupling is
derived from speed reference feedback. Classical speed control
(indirect/direct vector control) of IM drives uses proportional-
integral (P-I) and/or proportional-integral-derivative (P-I-D)
controllers that have constant gain values at all operating condi-
tions. In addition, the slip calculation relies on rotor time constant,
but it varies with operating conditions. These controllers are not
adaptive in nature with respect to the operating condition. Neural
network and fuzzy logic are said to be intelligent, used to over-
come the above drawbacks [1–4]. But neural network controllers
(NNC) do not involve analytical model of the complete system under
test and do not have the ability to adapt it to change in control en-
vironment. Still, it is a tedious process to select appropriate neural
controller architecture and its training neuron process. Moreover,

FL is the simplest of intelligent controller versions and uses expert
knowledge to drive the system even if the system is undefined and
also with parameter variation issues [5,6].

Wavelet transform (WT) used to performmulti-resolution anal-
ysis of the feedback signals extracts and detects the components
of frequency signal at any interval, but represents in another form.
Recent trends of intelligent wavelet controller are focused on the
application of controlling ac electric drives [2–8]. However a sys-
tematic development and implementation of a wave-let fuzzy based
speed compensator for IM control is yet to appear. This article
focused on a novel, simple and straightforward wavelet-fuzzy in-
tegrated controller for the IFOC speed control of IM drive and
investigated in numerical simulation software (Matlab/Simulink).

2. Discrete wavelet transformation algorithm

The WTs are the extended method of Fourier transforms where
the multidimensional time-frequency domain representation is
allowed. The popularity of the WTs is mainly due to their ability
to concentrate the energy of the processed signal into finite number
of coefficients. The mathematical expression of a signal can be given
in WT as follows [5–7,9]:
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where s > 0 depicts the window size, which determines resolution
for the graded wavelet base ψ(t − τ/s) in time-frequency domains.
The value of s parameter depends on frequency inversely. The dis-
crete wavelet transform (DWT) of x(t) signal can be written as:
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where Ψ*(t) is the wave-let function representation and m, n are
the dilation representation, the translational parameter. Discrete
wavelet transform (DWT) is realized through cascaded stages of low-
and high-pass-filter, followed by down sampling, which performs
frequency dilation. The coefficients a1 and d1constitute the first level
of decomposition and can be mathematically represented as:
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The second level approximation and detailed coefficient of length
N/2 is expressed as below:

a n g k a n k
k

N
2 1

0

2 1

2[ ] = [ ] −[ ]
=

−

∑ (5)

d n h k a n k
k

N
2 1

0

2 1

2[ ] = [ ] −[ ]
=

−

∑ (6)

The filtering and down sampling process is continued until the
desired level is reached.

Several methods are proposed in the literature, but the minimal
description length (MDL) data criterion is the best suited selec-
tion of the optimum wave-let function. The MDL criterion can be
defined as [7,9]:
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Here k and n are the indices. Integer N states the length of the
signal while M expresses the wave-let filters. The αn

� is the wave-let

vector, obtained by the coefficients of the signal which is trans-

formed by the wavelet filter. Where α αk
n

k
n

( ) = Θ � actually is a vector
with k (non-zero) elements, Θk is the threshold value which keeps
k largest element number in αn

� and keeping all elements to null.
For the number of coefficients k, the MDL criterion giving the
minimum value is considered as the optimum one. The level of de-
composition depends on the signal as well as the wave-let used for
decomposition. The Shannon entropy criterion is best suited to find
the decomposition at optimum level of the speed error-signal
for motor drive applications. For the entropy of a signal
x n x x x x N( ) = { …… }� �_ , _ , _ . _1 2 3 , length N can be represented
as [5]:
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According to the Shannon entropy based criterion, the entropy
of the signal in the next level (p) is higher than the previous (p − 1),
that is, if as below:

H x H xp p( ) ≥ ( ) −1 (9)

then decomposition of signals can be stopped at level (p − 1) and
(p − 1) represents the optimum level decomposition. The output of
a P-I-D controller is given by:

u k e k edt k
de
dt

p i d= + +∫ (10)

In frequency domain, the proportional kp parameter corre-
sponds to the low frequency component, the integral ki parameter
corresponds to medium frequency component and the derivative
kd parameter corresponds to high-frequency component. The control
signal for the compensator can be calculated from the approxi-
mate coefficients of DWT as [6–8]:

u k e k e k e k ew d d d d d d a aN N N N= + + + +1 1 2 2 … (11)

where ed1, ed2,. . ., edN corresponds to the error-signal of the detail-
components and eaN is the approximate components of the error-
signal. The gains kd1, kd2,. . ., kdN are used to tune the approximate
components of the error-signal. Gain kaN actually tunes the low fre-
quency component of the error-signal [6,7,9]. The schematic of the
wave-let fuzzy based speed compensator is shown in Fig. 1. The error
in speed, which is the difference between the reference and actual
speed, is applied as source to both the WT block and fuzzy logic
control block. The WT decomposes the speed error into approxi-
mate and details components up to level two using DWT. The FLC
operates on the error (speed) and the derivative of the error (speed)

Fig. 1. Schematic of the proposed wavelet-fuzzy based speed compensator for IFOC IM drive.
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to produce the scaling gains kd1, kd2, and ka2 for the respective fre-
quency components ed1, ed2 and e a2.The scaling gains are multiplied
with their frequency components and summed up together to
produce the control signal for the IFOC of IM drive.

Fig. 2a shows the schematic illustration of the FLC system and
it consists of fuzzy interface, fuzzy rules, and de-fuzzification units.
The two inputs to the FLC are the error (speed) and the change in
error (difference between present speed-error and its immediate
previous state), and the respective membership functions are given
by Fig. 2b.

The first step in FLC begins with the membership (triangular)
functions (Fig. 2b) which are converted from crisp-variables e(k) and
de(k) to fuzzy-variables as E(k) and dE(k). Next, universe of dis-
course for each variable is divided further into five fuzzy sets: NL
(negative-large), NS (negative-small), ZE (zero), PS (positive-
small), and PL (positive-large). Each fuzzy-variable is a subset
member with a degree of membership dwelling between zero (non-
member) and one (full-member).

In the second step in FLC, the fuzzy-variables E(k) and dE(k) are
processed by an inference engine with a set of controlled rules (5 × 5)
matrix described in Table 1. Further, these rules are designed based
on the dynamic of the error (speed) signal, which results in sym-
metrical matrix and is a generalized rule-based design with a 2-D
phase plane. Hence, the rule is expressed in this form:

If x is A and y is B then z is C‘ ’ ‘ ’ ‘ ’ ‘ ’ ‘ ’ ‘ ’.

In this applicationmax-min inference algorithms is used to space
the fuzzy set values for the output fuzzy-variable c(k). Therefore,
the membership degree is equal to the maximum (E × dE) mem-
bership degree, with x-product function. The outputs of the inference
engine are converted to a crisp value in the de-fuzzification stage.
It is to be noted in this work that the centroid algorithm is used

for de-fuzzification process, where the crisp values are deter-
mined by the center of gravity of the membership function. The
definition of the spread of each partition or conversely the width
and symmetry of the membership functions is generally a com-
promise between dynamic and steady-state accuracy. Equally spaced
partitions and consequently symmetrical triangles are reasonable
choices and executed in this work. The input variables are fuzzified
using five membership functions normalized between +1 and −1.
The scaling gains generated by the FLC are combined with the cor-
responding wave-let coefficients to generate the electromagnetic
torque component command for the IM drive. The torque compo-
nent command generated by the wave-let fuzzy controller is used
to perform the IFOC of IM drive.

3. Numerical simulation test verification and results

Complete numerical model of the proposed wavelet-fuzzy based
indirect field oriented controller for induction motor drive is de-
veloped in Matlab/Simulink software based on parameters taken
from Table 2. The speed response of the ac motor drive is tested
under different working condition, in particular step increment/

Fig. 2. (a) Fuzzy logic rule based system generalized structure. (b) Membership functions of the fuzzy logic controller for both, the error (e), and the change-in-error (de).

Table 1
Matrix formulation (5 × 5) for fuzzy logic rules.

e(k) de(k)

NL NS ZE PS PL

NL NL NL NL NS ZE
NS NL NL NS ZE PS
ZE NL NS ZE PS PL
PS NS ZE PS PL PL
PL ZE PS PL PL PL
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decrement of speed and load. Further, performance indices are set
to observe the rise time, peak over shoot, undershoot, steady-
state error and root mean square error (RMSE) to prove the
effectiveness of the proposed wavelet-fuzzy speed IFOC algorithm.

Fig. 3 and Fig. 4 show the complete speed behavior response of
the induction motor controlled wavelet-fuzzy performances. In the
first investigation, the transient speed response is illustrated in Fig. 3
(top), where themotor is started at no load with set speed command
of 183.3 rad/s (i.e. the rated speed). In the second investigation, the
speed behavior of the induction motor drive is tested, which is ini-
tially started with load of 2.5 Nm and a set speed command of
183.3 rad/s as shown in Fig. 3 (middle). In the third investigation,
the speed behavior of the IM drive is tested for step increase in set
speed command speed incremented in step from 100 rad/s to
183.3 rad/s at no load as shown in Fig. 3 (bottom). The speed is in-
creased from 100 rad/s to 183.3 rad/s at t = 1.0 s. Step decremented
in set speed command is tested from 183.3 rad/s to 100 rad/s as
shown in Fig. 4 (top) at t = 2.25 s.

Further, speed behavior response tested under sudden loading
of the induction motor is tested and shown in Fig. 4 (middle), where
a load is applied at t = 3.25 s with the set speed command of
183.3 rad/s. Similarly, sudden removal of loading of the induction
motor is tested and shown in Fig. 4 (bottom). For this case, themotor
is started with the set speed command of 183.3 rad/s, a load of 25%
of rated value is applied at t = 3.25 s and the load is removed at
t = 4.25 s.

Finally, Table 3 gives the root mean square error (RMSE) values,
which shows the good responses under different testing condi-
tions by the values for both simulation and experimental
investigation, further confirming the proposed wavelet-fuzzy con-
troller suitability for the IFOC algorithm for industrial induction
motor drive applications.

4. Conclusion

This article exploited a novel IFOC speed controller for a three-
phase inductionmotor drive by the application of wavelet transform

Fig. 3. Numerical simulation test, speed behavior of the induction motor con-
trolled by the wavelet-fuzzy IFOC. Top: Starting at no-load with set speed command
183.3 rad/s; Middle: Starting at loaded condition of 2.5 Nm (set speed 183.3 rad/
s); Bottom: No-load with step increase in set speed command 100 ~ 183.3 rad/s at
t = 1.25 s.

Table 2
Main parameters of AC motor drive.

Rated power 2 [hp]
Rated voltage 460 [V]
Rated frequency 60 [Hz]
Rated speed 1750 [rpm]
Number of pole pairs 2
Stator resistance 2.12 [Ω]
Rotor resistance 2.08 [Ω]
Stator Inductance 5.97 [mH]

Fig. 4. Numerical simulation test, speed behavior of the induction motor con-
trolled by the wavelet-fuzzy IFOC. Top: No-load with step decrease in set speed
command 183.3 ~ 100 rad/s at t = 2.25 s; Middle: When 25% of rated load is applied
at t = 3.25 s (set speed 183.3 rad/s); Bottom: When 25% of rated load is removed at
t = 4.25 s (set speed 183.3 rad/s).

Table 3
Observed performances indices of wavelet-fuzzy IFOC controller for IM drive.

Parameter speed RMSE value

0–183.3 rad/s 26.32
100 rad/s – 183.3 rad/s 15.86
183.3 rad/s – 100 rad/s 19.21
180 rad/s, when load applied 2.5 Nm 31.29
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with fuzzy interface system. Complete ac drive system along with
the proposed control algorithm was numerically implemented in
mathematical simulation software (Matlab/Simulink). Moreover, the
dissimilated results in this paper confirm the robustness by its re-
sponses in terms of transient- and steady-state behavior. Finally, this
numerical investigation concluded that the classical P-I controller
can be replaced by the proposed compensator for (indirect/direct
vector control) the high precision performances of industrial drives.
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