Eng. &Tech. Journal,Vol.28, No. 12, 2010

Artificial Neural Control of 3-Phase Induction Motor Slip
Regulation Using SPWM Voltage Source Inverter
Fadhil A. Hassan*

&

Lina J. Rashad*

Received on: 27/4 /2009
Accepted on: 11/3/2010

Abstract
Variable-Voltage Variable-Frequency control represents the most
successful used method in speed control of 3-phase induction motor, which is
implemented by using PWM techniques. This paper proposes modeling and
simulation of sinusoidal PWM voltage source inverter as a VVVF A.C drive. The
dynamic model, simulation of 3-phase induction motor, and open loop speed
control system is proposed too. The PI closed loop controller of rotor slip
regulation is illustrated as a traditional speed control method, which gives stable
operation behavior of motor speed in the constant torque region with settling time
=0.5 sec and maximum overshot =20%, but unstable operation in the field
weakening regions with steady state error =15%. The Artificial Neural Network
(ANN) is going to be the modern type of speed controller.This paper proposes
NARMA-L2 (Nonlinear Autoregressive-Moving Average) neural network as an
improved Artificial Neural Network technique, and trained as a close loop slip
regulation controller, which gives an ideal performance with settling and rise time
= 0.18 sec, maximum overshot and steady state error less than 1% in different
speed range and constant air gap flux, including the field weakening regions.
Keywords: Sinusoidal PWM, Speed control of induction motor, PI controller,
ANN controller, NARMA-L2 controller

ﺍﻟﺴﻴﻁﺭﺓ ﺍﻟﻌﺼﺒﻴﺔ ﺍﻷﺼﻁﻨﺎﻋﻴﺔ ﻟﺘﻨﻅﻴﻡ ﺍﻷﻨﺯﻻﻕ ﻓﻲ ﻤﺤﺭﻙ ﺤﺜﻲ ﺜﻼﺜﻲ ﺍﻟﻁﻭﺭ
ﺒﺄﺴﺘﺨﺩﺍﻡ ﻋﺎﻜﺱ ﻤﺼﺩﺭ ﺍﻟﺠﻬﺩ ﻟﻤﻀﻤﻥ ﻋﺭﺽ ﺍﻟﻨﺒﻀﺔ ﺍﻟﺠﻴﺒﻲ
ﺍﻟﺨﻼﺼﺔ
ﺘﻤﺜل ﻁﺭﻴﻘﺔ ﺘﻐﻴﻴﺭ ﺍﻟﺠﻬﺩ ﻭﺍﻟﺘﺭﺩﺩ ﻤﻥ ﺃﻨﺠﺢ ﺍﻟﻁﺭﻕ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻓﻲ ﺍﻟﺴﻴﻁﺭﺓ ﻋﻠﻰ ﺴﺭﻋﺔ
 ﻴﻘﺩﻡ ﻫﺫﺍ. ﻭﺍﻟﺘﻲ ﺘﻁﺒﻕ ﺒﺄﺴﺘﺨﺩﺍﻡ ﺘﻘﻨﻴﺎﺕ ﺍﻟﺘﻀﻤﻴﻥ ﻟﻌﺭﺽ ﺍﻟﻨﺒﻀﺔ، ﺍﻟﻤﺤﺭﻙ ﺍﻟﺤﺜﻲ ﺍﻟﺜﻼﺜﻲ ﺍﻟﻁﻭﺭ
ﺍﻟﺒﺤﺙ ﺍﻟﻨﻤﻭﺫﺝ ﻭﺍﻟﺘﻤﺜﻴل ﻟﻌﺎﻜﺱ ﻤﺼﺩﺭ ﺍﻟﺠﻬﺩ ﻟﻤﻀﻤﻥ ﻋﺭﺽ ﺍﻟﻨﺒﻀﺔ ﺍﻟﺠﻴﺒﻲ ﻜﺴﻭﺍﻗﺔ ﻤﻐﻴﺭ ﺍﻟﺠﻬﺩ
 ﻜﻤﺎ ﻭﻴﻘﺩﻡ ﺃﻴﻀﹸﺎ ﺍﻟﻨﻤﻭﺫﺝ ﻭﺍﻟﺘﻤﺜﻴل ﻟﻠﻤﺤﺭﻙ ﺍﻟﺤﺜﻲ ﺍﻟﺜﻼﺜﻲ ﺍﻟﻁﻭﺭ ﻤﻊ ﻤﺴﻴﻁﺭ ﺍﻟﺴﺭﻋﺔ ﺫﻭ.ﻭﺍﻟﺘﺭﺩﺩ
ﺍﻟﺘﻜﺎﻤﻠﻲ ﺍﻟﺘﻘﻠﻴﺩﻱ ﻜﻤﺴﻴﻁﺭ ﺍﻟﺤﻠﻘﺔ ﺍﻟﻤﻐﻠﻘﺔ ﻋﻠﻰ- ﻜﻤﺎ ﻭﻴﻘﺩﻡ ﺍﻟﻤﺴﻴﻁﺭ ﺍﻟﺘﻨﺎﺴﺒﻲ.ﺍﻟﺤﻠﻘﺔ ﺍﻟﻤﻔﺘﻭﺤﺔ
 ﻤﺴﺘﻘﺭﺍﹰ ﻓﻲ ﻤﻨﻁﻘﺔ ﺜﺒﺎﺕ ﺍﻟﻌﺯﻡ ﺤﻴﺙ ﻭﺍﻟﺫﻱ ﻗﺩﻡ ﺃﺩﺍﺀ،ﺴﺭﻋﺔ ﺍﻷﻨﺯﻻﻕ ﻟﻠﺠﺯﺀ ﺍﻟﺩﻭﺍﺭ ﻓﻲ ﺍﻟﻤﺤﺭﻙ
 ﻏﻴﺭ ﻤﺴﺘﻘﺭﺍﹰ ﻓﻲ ﻤﻨﺎﻁﻕ ﺃﻀﻌﺎﻑ ﻤﻊ ﺃﺩﺍﺀ%20  ﺜﺎﻨﻴﺔ ﻭﺃﻗﺼﻰ ﻤﺩﻯ ﺃﻁﻼﻕ0,5 ﻜﺎﻥ ﺯﻤﻥ ﺍﻟﻭﻀﻊ
 ﺃﻥ ﻤﺴﻴﻁﺭﺍﺕ ﺍﻟﺸﺒﻜﺎﺕ ﺍﻟﻌﺼﺒﻴﺔ ﺍﻷﺼﻁﻨﺎﻋﻴﺔ ﻓﻲ.%15 ﺍﻟﻤﺠﺎل ﻤﻊ ﺨﻁﺄ ﻓﻲ ﺤﺎﻟﺔ ﺍﻷﺴﺘﻘﺭﺍﺭ
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( ﻜﺘﻘﻨﻴﺔ ﻤﺤﺴﻨﺔ ﻟﻠﺸﺒﻜﺎﺕNARMA-L2)  ﻴﻘﺩﻡ ﻫﺫﺍ ﺍﻟﺒﺤﺙ،ﻁﺭﻴﻘﻬﺎ ﻟﺘﺼﺒﺢ ﺍﻟﻤﺴﻴﻁﺭﺍﺕ ﺍﻟﻌﺼﺭﻴﺔ
 واﻟﺬي ﻗﺪم أدا ًء ﻣﺜﺎﻟﯿًﺎ ﻓﻲ،ﺏ ﻜﻤﺴﻴﻁﺭ ﺍﻟﺤﻠﻘﺔ ﺍﻟﻤﻐﻠﻘﺔ ﻋﻠﻰ ﺗﻨﻈﯿﻢ اﻷﻧﺰﻻقﺩﺭ ﺍﻟﻌﺼﺒﻴﺔ ﺍﻻﺼﻁﻨﺎﻋﻴﺔ ﻭﺍﻟﺘﻲ ﺘﹸ

 ﺛﺎﻧﯿﺔ وﻛﺎن أﻗﺼﻰ أﻃﻼق وﻣﻘﺪار0,18 ﻣﺪى ﺳﺮع ﻣﺨﺘﻠﻔﺔ ﺣﯿﺚ ﻛﺎن زﻣﻦ اﻷرﺗﻔﺎع وزﻣﻦ اﻟﻮﺿﻊ ﯾﺴﺎوي
 ﻣﻊ أﺳﺘﻘﺮار ﻟﻘﯿﻤﺔ اﻟﻤﺠﺎل اﻟﻤﻐﻨﺎﻃﯿﺴﻲ ﻓﻲ اﻟﻔﺠﻮه اﻟﮭﻮاﺋﯿﺔ ﺑﻀﻤﻨﮭﺎ%1 اﻟﺨﻄﺄ ﻓﻲ ﺣﺎﻟﺔ اﻷﺳﺘﻘﺮار أﻗﻞ ﻣﻦ
. اﻟﻤﻨﻄﻘﺔ اﻟﻀﻌﯿﻔﺔ اﻟﻤﺠﺎل

1-Introduction:
Variable
speed
industrial
applications were used D.C. motors as
a powerful drives, because of its strong
operation characteristics like simple
controller and fast response [1],
whereas, A.C. motors were considered
as a constant speed drive if operated at
constant voltage and frequency, except
a few special types of variable speed
A.C. motors. But in the last two or
three decades, an extensive research
and development efforts have be seen
to use A.C. motor drives technology
because
of
many
economical
advantages of A.C. motors like: low
cost, low inertia, low maintenance,
light weight and have no commutation
and brushes problems. For these
features A.C. drives are replacing D.C.
drives and they are used in many
industrial and domestic applications
[1, 2].
2- Speed Control of Induction
Motor:
The main popular used methods
of speed control of I.M. are:
1- Variation of applied voltage.
2- Variation of supply frequency.
3- Variation of stator circuit
parameters.
4- Variation of rotor circuit
parameters.
5- Constant (V/f) variation.
The most popular method used
in industrial applications is the
constant (V/f) control [1, 2], in which
the applied voltage "V" and
frequency "f" are varied in the same
ratio to maintain the air gap flux at its
rated value φ= Vm /k =Vm/k'f (where:

Vm is the induced EMF,
is the
speed, “ f” is the frequency). Since,
controlling the induced EMF "Vm" is
difficult, the applied voltage "Vin"
can
be
controlled
to
get
approximately constant air gap flux.
By ignoring the effect of stator
resistance the maximum torque with
variation voltage and frequency:

Tm =

3Vin2 ∝ 2
2ws ∝ ∝ 2 ( Xs + Xr ) 2

...(1)

2

3Vin
=
= const . ..( 2)
.
2 ws ( X S + X r )
Where:

Fig. (1) illustrated the speed torque
characteristic of the I.M. at different
variation steps (α). From these curves
three operation regions can be
verified [1, 2]:
i- Field weakening region-1:
Unfortunately, the effect of
stator resistance at low speed region
(0%→20% of rated speed) can not be
neglected, because of the high
percentage voltage drop reduces the
induced EMF, flux and torque (dotted
curve in fig.1). Thus, in this region
it's essential to compensate the
voltage drop by using additional
posting voltage to restore the
maximum torque to its rated value
[3].
ii- Constant torque region:
This region spreads from
(20%→100%) of rated speed in
which the air gap flux, stator current,
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voltage source is not stiff. Fig. (2)
shows a practical (VSI) consist of
power bridge devices with three
output legs, each consist of two
power switches and two freewheeling
diodes, the inverter is supplied from
D.C. voltage source via LC or C
filter. In sinusoidal PWM the three
output legs considered as three
independent push-pull amplifiers. The
gating signals of each push-pull stage
generated by comparing a constant
level triangle signal of frequency ( cf )
called "carrier signal", with 3-phase
sinusoidal signals of frequency ( fr )
called ”reference signals", which has
variable amplitude to get the desired
output voltage, this comparison leads
to generate a sequence of variable
width pulses used to gating each
switch in the push-pull stage. Fig. (3)
illustrates the principles of SPWM;
gating signals, phase voltage, and line
voltage [1].
The output phase voltage:
Vao = is the output phase voltage
measured to the center of the input
D.C. voltage.
Van = is the output phase voltage
measured to isolated neutral of threephase load such as induction motor.
Where:

slip and torque maintain constant at
rated values [3].
iii- Field weakening region-2:
In this region the applied voltage
be saturated and the variation being
only in frequency causing reduction
in stator current and air gap flux [3].
3- Variable (V/f) Inverter:
The first generation of A.C.
drives used square-wave inverters as
speed controlled of low- and mediumpower I.M., which consists of
controllable A.C. to D.C. converter
stage, produces variable D.C. link,
which is fed to D.C. to A.C. inverter
stage to produce variable frequency
square-wave output voltage [4]. After
developments in power electronic
technology
and
power
semiconductors,
pulse
width
modulation
(PMW)
technology
appears, which minimized the size of
the inverter and harmonics contained
in the output voltage. In PWM the
D.C. link kept constant by a front end
diodes bridges, where both output
voltage and frequency can be
controlled within the inverter stage by
switched the power semiconductors
"on" and "off" at certain period time
to generate variable output voltage
and frequency. The most commonly
PWM techniques are [1, 3]:
1- Sinusoidal PWM.
2- Selected harmonic elimination
(SHE) PWM.
3- Hysteresis band current control
PWM.
4- Delta modulation.
5- Space vector (SVPWM).
3-1
SPWM Voltage Source
Inverter:
Voltage source inverter (VSI)
should have a stiff source at the input,
that is, its Thevenin impedance
ideally is zero. Thus, a large capacitor
can be connected at the input if the

V an
V
 bn
V cn


=



1
3

 2
− 1

 − 1

−1
2
−1

− 1
− 1 
2 

V ao
V
 bo
 V co


 … (3)



Vao = 0.5mVd sin( t)+high-frequency (M
…… (4)
c ± N ) [1]

Where:
= fundamental frequency;
c = carrier frequency; M and N are
integers
and
M+N
=odd,
m=modulation index is defined as :

m=

VP
VT

……..(5)

Where: VP = peak of modulating
signal, VT = peak of triangle signal.
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At m= 1, the maximum value of
fundamental peak = 0.5Vd which is
78.54% of the peak fundamental

4- Modeling and Simulation of 3phase I.M. :
The mathematical representation
of an induction motor can be looked
on as transformer with moving
secondary winding, where the
coupling coefficients between the
stator and rotor phases change
continuously with the change of rotor
position [1, 3]. The machine model
can be described by differential
equation with time varying mutual
inductances, but such model tends to
be very complex. Therefore, axis
transformation is applied to transfer
the three phase parameters (voltage,
current and flux) to two–axis frame
called (dq-axis stationary frame or
park
transformation).
Park
transformation is applied to refer the
stator variables to a synchronously
rotating reference frame fixed in the
rotor, by such transformation the
stator and rotor parameters rotate in
synchronous speed and all simulated
variables in the stationary frame
appear as d.c. quantities in the
synchronously rotating reference
frame [1, 3].
The per-phase equivalent circuit
diagram of an I.M. in two- axis
synchronously rotating reference
frame are illustrated in fig. (6). From
the circuit diagram the following
equations can be written [1]:
● Stator equation:

voltage of the square-wave (2Vd / π )
which called the linear modulation
region. To further increase the
amplitude of the output voltage , the
amplitude of the modulating signals
exceeds the amplitude of the carrier
signal which leads to enter into quasiPWM region called "over modulating
region" causing increase in the low
order harmonics. Further increasing
modulation index tends to obtain
square wave at maximum possible
output fundamental (2Vd / π )

[1].

3-2 SPWM Inverter simulation:
By using MATLAB/SIMULINK
PROGRAM, the SPWM inverter can
be simulated, firstly generation of the
carrier triangle signal and the three
modulating signals by using internal
timer and the rated frequency (50 HZ)
to obtain the angular speed ( et), then
multiplying the angular speed and the
amplitude of the signal by the
frequency command (f*com) and
voltage
command
(V*com)
respectively. Secondly, compared the
two signal sets to generate the
switching signals of three switches
used as three push-pull devices. The
output of the switches gives (Vao , Vbo,
Vco) then the three phase to load
neutral (Van, Vbn , Vcn) can be
achieved by implementing equation
(1). Fig. (4) illustrated the complete
simulation of SPWM inverter, and the
output phase voltage can be shown in
fig. (5) for linear modulation region
and over modulation region.

Vqs = Rs iqs +
e

Vds

e

dΨqs

+ we Ψds ............(6)
dt
dΨ
e
= Rs ids + ds − we Ψqs ...........(7)
dt
e
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● Rotor equation:

Vqr e = Rr iqr e +

dΨqr
dt

i qs =
e

+ (we − wr )Ψdr
...(8)

Vdr = Rr idr
e

i ds

dΨdr
− (we − wr )Ψqr
+
dt
....(9)

e

e

=

= Vqs − Rs i qs − we Ψ ds ....(10 )
e

e

e

dt

= − Rr iqr − ( we − wr )Ψdr ....(12)
e

dΨdr
= − Rr idr e + (we − wr )Ψqr ....(13)
dt
The
development
torque
by
interaction of air gap flux and rotor
current can be found as:
……..(14)
Te=(3/2)(P/2)
By resolving the variables into deqe components:
Te=(3/2)(P/2) (Ψdsiqs −Ψqsids )
e

e

…..(15)
The dynamic torque equation of
the rotor:

dwr
2
Te = TL + ( ) J
P
dt

Ls

.....( 18 )

Lm1
L
Ψqs + m1 Ψqr
Ls
Lr

........(19)

Ψ dm =

Lm1
L
Ψ ds + m1 Ψ dr
Ls
Lr

.......( 20 )

Where:

Lm1 =

dΨds
e
e
= Vds − Rs i ds + we Ψqs ....(11)
dt
dΨqr

Ψ ds − Ψ qm

......( 17 )

Ψqm =

rewritten:

dt

Ls

The air gap flux :

It's obviously that in squirrel cage I.M
Vqdr=0, then the pervious equation
can be

dΨ qs

Ψ qs − Ψ dm

......(16 )

Where: r = is the electrical rotor
speed; P: no. of poles; J= rotor
inertia; TL= load torque.
The stator current can be found by:

1
...( 21)
1
1
1
+
+ )
(
Lm Ls Lr

From the pervious equations the
dynamic model of an induction motor
is simulated as shown in fig. (7).
5- Open Loop I.M. Drive:
The open loop volt/Hz control of
an induction motor is the most
popular method of speed control
because of its simplicity. This type of
A.C. drive consists of variablevoltage variable-frequency inverter
such as SPWM inverter, which is
connected directly to an induction
motor. The speed command signal
( ) controls both voltage and
frequency without any feedback
signal or monitoring to the motor
quantities like current, speed, torque
or flux. As the frequency becomes
small at low speed, the stator
resistance tends to absorb the major
amount of the stator voltage thus
weakening the flux, a boost voltage
(Vo) is added so that the rated flux,
and corresponding full-load torque
become available down to zero speed
[1]. Fig. (8) Illustrates the overall
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open loop system simulation which
couples the SPWM model with the
I.M. model. The used squirrel cage
induction motor name plate is:
3-ph I.M, 380 v., 2.2 kw, 2 poles, 50
Hz, Ls= 13.6 mH, Lr= 11.4 mH,
Rs=2.3 Ω, Rr= 3.4 Ω, rotor inertia=
4.5*10-3 kg/m2 .
The operation performance for
different speed commands at full-load
is shown in fig. (11). By studying the
behavior of the motor speed, torque
and flux the following notes can be
recorded:
• The rotor speed at full-load less the
commands speed for different speed

and the actual rotor speed ( wr ) gives
the slip speed (wsl ) which added to
the rotor speed through proportionalintegral (PI) controller to obtain new
speed command fed to the inverter.
With step-up speed command the
motor accelerates freely with a slip
limit that corresponds to the torque
limit, and then settles down to steady
value. With step-down speed
command the drive goes into
regenerative or dynamic breaking
mode and decelerates with constant
negative slip (−wsl ) . The overall PI
controller system simulation is
illustrated in fig. (9), by trial and error
the proportional gain (Kp) and
integral gain (Ki) selected as (Kp=1,
Ki=2). The operation performance of
different speed commands are shown
in fig. (12). From these results the
following notes can be recorded:
• The rotor speed exceeds the
command value in the transient
response by big overshoot value
approximately equal to ( 20% ).
• The settling time of the rotor speeds
until reaches the steady state
approximately equal to (0.5 sec.).
• There is a small deviation of air gap
flux during speed variation steps,
which causes torque fluctuation.
7- Neural Controller with Slip
Regulation:
Neural networks have been
applied very successfully in the
identification and control of dynamic
systems [4, 5].
The universal
approximation capabilities of the
multilayer perception make it a
popular
choice
for
modeling
nonlinear
systems
and
for
implementing
general-purpose
nonlinear controllers [5].

commands by small slip (wsl ) which
increases in the field weakening
regions.
• The air gap flux varies with speed
variation, which causes reduction in
operation torque.
Therefore, to improve system
performance and get exact operating
speed with constant air gap flux, close
loop control must be implemented
[4].
6- PI controller with Slip
Regulation:
The closed loop control of A.C.
drives is some what complex, and the
complexity
increases
if
high
performance is demanded. There are
wide studies and researches concern
with several types of I.M. speed
control. The main control techniques
including scalar control, vector or
field oriented control, direct torque
and flux control, adaptive control, and
intelligent control. The simplest and
popular used method is scalar slip
regulation of rotor speed, in which the
actual rotor speed measured by means
of tacho-meter [2, 4]. The difference
*

between the command speed ( we )
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g-Network to obtain final new speed
command fed to the plant. The neural
network architecture is illustrated in
fig.(12) and the overall system
simulation is shown in fig. (13). The
neural network training doing by
using Levenberg-Maquardt Back
propagation
algorithm, to obtain
mean square error (MSE) about 5*106
the training data divided into three
gropes: one half of the data for
training set, one fourth for validation
set and one fourth for the test set. The
training data, training procedure and
training error (MSE) can be shown in
fig. (14). The operation performance
of different speed command steps is
shown in fig. (15-a), and output
performance under load condition is
shown in fig. (15-b). And the
accuracy performance of the ANN for
speed range 0-140% of rated speed is
illustrated in fig. (16).
From these results the following notes
can be recorded.
• The rotor speed exactly equal to the
command speed
for
different
variation steps.
• There is no overshoot occur in the
transient response.
• The
motor
has
excellent
performance in different step-up and
step-down steps, also in the field
weakening regions.
• The air gap flux gives an excellent
and unexpected performance in
different speed variation steps, and it
behaves as same as field oriented
control or flux control method.

There are three popular neural
network architectures for prediction
and control that have been
implemented in the Neural Network
Toolbox [6]:
•Model Predictive Control.
•NARMA-L2
(or
Feedback
Linearization) Control.
•Model Reference Control.
NARMA-L2
(Nonlinear
Autoregressive-Moving
Average)
neural controller requires the least
computation and it's simply a
rearrangement of the neural network
plant model, which is trained off-line,
in batch form. The only online
computation is a forward pass
through the neural network controller.
The drawback of this method is that
the plant must either be in companion
form, or be capable of approximation
by a companion form model (called
NARMA-L2) [6, 7].
In this paper the NARMA-L2
neural controller is chosen to adapt
the control signal of the A.C drive.
The architecture of the NNC is
consist of two neural networks (fNNC and g-NNC), each of them is
consist of two input neurons
(command input signal and feedback
signal) and one output neuron. The
number of hidden layers of each
network is seven layers with two
input and three output delayed steps.
The training of the neural networks
can be done by using large number of
discrete plant input data involve
random speed command steps with
random durations, and plant open
loop response of these input data.
Input and output data sets are used to
training the two neural networks (f)
and (g), then the output of f-Network
subtract from the next speed
command to generate predictive error
signal which divided by the output of

8- Conclusions
In this paper the conclusions of
this work is summarized in three
steps as following:
1- In open loop (volt/Hz) controller
the motor speed, torque and flux is
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not exactly equal to the desired
values.
2- The performance of the PI
controller gives:
● Rise time: 0.05 sec. (good).
● Settling time: 0.5 sec. (poor).
● Maximum overshot: 20% (poor).
● Steady state error: 0% in constant
torque regions (very good), and 15%
in field weakening regions (poor).
● The value of the air gap flux varies
with speed variation steps (poor).
3- Neural
Network
Controller
proposes an excellent performance as
follow:
● Rise time: 0.18 sec. (poor).
● settling time: 0.18 sec. (very good).
● Maximum overshot: 0% (very
good).
● Steady state error: 0% in constant
torque regions (very good), 1% in
field weakening regions (good).
● Approximately constant air gap
flux in different speed variation steps
(good).
Therefore, it can be used successfully
instead of complex controller
methods like field oriented or flux
controller.
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Figure (1) Speed torque
characteristic of (V/f) control.

Figure (2) 3-phase voltage source
inverter.
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Figure (3) SPWM principles.

Figure (6) qe-de I.M equivalent
circuit.

Figure (4) SPWM Simulation.

Figure (5) Linear region output
phase voltage.
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Figure (7) I.M simulation.

Figure (8) Open loop speed control system.
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Figure (9) PI speed controller system

Figure (10) Neural controller system
simulation.
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Figure (14-a) Training data.

Figure (11) Open loop performance.

Figure (14-b) Validation data.

Figure (14-c) Testing data.
Figure (12) PI control performance.

Mean Square Error

Training Performance 5*10-6

Figure (14-d) Training MSE.

Figure (13) NARMA-L2 architecture.
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Accuracy Performance for ANN

Constant torque
region

Field
weakening
region1

Field
weakening
region2

Figure (16) Accuracy performance for
ANN.

Figure (15-a) Neural control
performance.

No-load

Full-load

Figure (15-b) Neural performance
under load condition.
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