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ABSTRACT In this article, a new soft starting control scheme based on an artificial neural network (ANN)
is presented for a three-phase induction motor (IM) drive system. The main task of the control scheme
is to keep the accelerating torque constant at a level based on the value of reference acceleration. This
is accomplished by the proper choice of the firing angles of thyristors in the soft starter. Using the
ANN approach, the complexity of the online determination of the thyristors firing angles is resolved.
The IM torque-speed characteristic curves are firstly used to train the ANN model. Secondly, the
IM- soft starter system is modeled using MATLAB/SIMULINK. To prove the effectiveness of the proposed
ANN-based acceleration control scheme, different reference accelerations and loading conditions are applied
and investigated. Finally, a laboratory prototype of 3 kW soft starter is implemented. The proposed control
scheme is executed in a real-time environment using a digital signal processor (Model: TMS320F28335).
The simulation and real-time results significantly confirm that the proposed controller can efficiently reduce
the IM starting current and torque pulsations. This in turn ensures a smooth acceleration of the IM during the
starting process. Moreover, the proposed control scheme has the superiority over several soft starting control
schemes since it has a simple control circuit configuration, less required sensors, and low computational
burden of the control algorithm.

INDEX TERMS Acceleration control, artificial neural network, digital signal processing, induction motors.

I. INTRODUCTION
Induction motors (IMs) are widely used in the electrical drive
systems such as fans and pump drives [1]. A simple structure,
lower costs, good mechanical properties, and easy opera-
tion and maintenance are the main advantages of IMs [2].
On the other hand, IMs have major challenges such as large
accelerating torque and high starting currents. With the large
accelerating torque, the motor is rapidly accelerated to the
full load motor speed threatening the safety of the load
operation. It may cause pressure surges in the pump applica-
tions. Conveyor belt systems could be endangered by jerking
and stresses on the drive components like gears and chains.
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Fans and/or systems with belt drives may be exposed to belt
slippage [3], [4]. In addition, high starting currents heat the
motor windings, stress the motor bearings and insulations,
create a sharp decline in the grid voltage and generate electri-
cal fluctuations during the starting process [5]. A proper start-
ing scheme is needed to overcome these problems. Reduced
voltage starting, variable frequency drive starting, and the
solid-state or electronic reduced voltage (soft starter) tech-
nique are the main starting schemes [1]–[5]. A soft starter
scheme has several advantages compared with several start-
ing schemes. It has high effectiveness and low cost [5]–[9].
The soft starter mainly consists of a set of back-to-
back thyristors connected with stator motor windings. The
IM voltage is controlled by adjusting the firing angle with
respect to the zero crossing of the supply voltage.
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To reduce the accelerating torque and starting current,
three soft starter techniques were implemented: voltage-ramp
technique [1], [10], [11], current control technique [12]–[23]
and torque control technique [24]–[26]. Voltage-ramp tech-
nique is widely used in the commercial soft starters. The
IM terminal voltage is gradually increased by decreasing the
firing angle of the thyristors until the rated voltage is reached.
It does not guarantee an effective current and acceleration
control during the starting process. To overcome the tech-
nique’s defects, current and torque control techniques are sug-
gested. The current control techniques keep the motor line’s
current constant at a pre-set value throughout the starting
time [12]–[14]. If the feedback motor is lower than the pre-
set value, the firing angle is decreased based on cosine [12],
exponential [13], or ramp [14] time functions. Otherwise, the
controller sets the firing angle constant to return the motor
line’s current to the pre-set value.

Classic controllers such as proportional-integral (PI) and
proportional–integral–derivative (PID) controllers are inves-
tigated for the purposes of current [14], [15] and torque
control [24]. Tuning the controller parameters by a trial-
and-error method is a challenge in practice [14]. Adaptive
optimization algorithms are proposed to tune the PI controller
parameters [16]–[21]. Ant colony optimization (ACO) [16],
genetic algorithm (GA) [17], particle swarm optimization
(PSO) [18], [19], cuckoo search and bat algorithms [20], and
flower pollination algorithm [21] are used to optimally design
the controller parameters. A high computational burden in
firing angle estimation is needed for a classic controller.
Moreover, a feedback from the motor current or estimated
torque is needed. An artificial neural network (ANN) and
adaptive neuro-fuzzy inference system (ANFIS) are used to
adapt the firing angles in the current [22], [23] and torque
control techniques [25], [26] to overcome the classic soft
starter controller problems. A closed loop fuzzy soft starter
controller is proposed to adjust the firing angle based on
the motor current deviation and deviation rate [22]. Using
a two neural network (NN) controller, the current control
technique is studied [23]. The first NN characterizes the
relation between the thyristors firing angle and motor cur-
rent. While the second NN controller adjusts the firing angle
based on the error between the reference value from the first
NN and the actual feedback current. ANN and ANFIS are
implemented to estimate the firing angle profile in the torque
control technique [25], [26]. Depending on themotor voltages
and currents measurements, the motor torque is estimated
using ANN [25] or ANFIS [26]. The estimated motor torque
and reference speed values are combined to determine the
firing angle. Even though the complexity of the firing angle
computation is solved using intelligent controllers, the results
are not satisfactory. Moreover, intelligent controllers operate
in a closed loop and hence occupy a high number of voltage
and current sensors making the control circuit more complex
and expensive.

To overcome the aforementioned shortcomings of the
IM soft starters, this article proposes a new ANN-based

acceleration control scheme. The proposed control scheme
governs the motor torque to follow the load torque variation
keeping the motor acceleration constant at a normal level.
Thus, the IM is started smoothly without any mechanical
stress on the drive components ensuring safety operation
of different industrial loads like pumps, compressors, fans,
blowers, and grinders. In addition, employing motor accel-
eration as a control parameter leads to an open-loop control
configuration. Few sensors are needed since there is no need
for the motor current or estimated torque feedback. More-
over, ANN is used to resolve the complexity of the online
determination of the appropriate thyristors firing angles. The
challenges of tuning the PI controller parameters and testing
different time functions of firing angle variation are settled.
Since the ANN performance depends on the accuracy of the
trained data sets, a well deducted characteristic curves of the
motor performance are obligatory during the starting period.

The workflow can be summarized as follows:

1) Analyzing the operation modes of the soft starter
fed IM.

2) Deducing the torque-speed characteristic curves of the
IM with different firing angles.

3) Developing the training of the ANN model based on
the deduced data sets.

4) Developing a SIMULINKmodel and get the simulation
results.

5) Implementing an experimental prototype to prove the
practical superiority of the proposed technique.

This article is structured as follows. After a brief introduc-
tion, the principle of operation of the soft starter is introduced
in section II. Section III illustrates the ANN-based soft starter
controller. Section IV describes the IM- soft starter system.
Section V explains the SIMULINK model and simulation
results. Section VI depicts the experimental work and real-
time results. Results discussion and comparison with pre-
vious works are demonstrated in section VII. Section VIII
outlines the main findings.

II. MATHEMATICAL MODEL OF SOFT STARTER
In the soft starter, The IM terminal voltage is controlled
by adjusting the thyristors firing angle (α) with respect to
the zero crossing of the supply voltage. Depending on the
firing angle, the IM operates in one of three operation modes:
three-phase, two-phase, or no-phase. In the natural sinusoidal
operation, the firing angle should be set below the power
factor angle (θ) of the motor [12]. If α > θ , the motor starts
operating in the non-sinusoidal operation modes; two-phase/
three-phase (2/3) and no-phase/two-phase (0/2). To obtain
the relationship between the firing angle and stator current
or torque, the single-phase IM equivalent circuit is simpli-
fied by finding the Thevenin equivalent circuit as shown in
Figs. 1-a & 1-b. From (1) and (2), Thevenin voltage (Vr )
and Thevenin reactance (X ) between nodes c & d are deter-
mined. The stator current (Is) depends mainly on the terminal
phase voltage (Vt ) and Thevenin equivalent voltage (Vr ) as
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FIGURE 1. (a) Single-phase IM equivalent circuit. (b) Thevenin equivalent
circuit. (c) RL equivalent circuit.

indicated in (3). The terminal voltage (Vt ) depends on (α),
while the voltage (Vr ) depends mainly on the rotor back
Electric Motive Force (Er ). Since the amplitude and phase of
(Er ) vary with slip s (i.e. motor speed) and stator current (Is)
as given in (4)-(5), the stator current depends on the firing
angle and motor speed. After defining the stator current,
the rotor current and torque could be calculated as shown
in (5)-(6).

Vr = ErXm/(Xm + X ′r ), (1)

X = Xs + XmX ′r/(X
′
r + Xm), (2)

Is = (Vt − Vr )/(Rs + X ) (3)

Er =
(
R′r/s

)
I ′r , (4)

I ′r = IsXm/(
√(

R′r/s
)2
+ (Xm + X ′r )

2), (5)

Te =
3I ′

2

r R
′

r (1-s)
sωr

, (6)

where Vr and X are Thevenin equivalent voltage and reac-
tance, respectively; I ′r , R

′
r, and X

′
r are rotor current, resistance,

and leakage reactance referred to the stator circuit, respec-
tively; Xm, Te, s and ωr are excitation reactance, electromag-
netic torque, slip and rotor angular velocity, respectively.

In order to define the stator current, the Thevenin equiva-
lent circuit is transformed to RL circuit because it is handy
to handle with the RL circuit [27], [28]. The equivalent
voltage (e) in the RL circuit is obtained by adding the supply
and Thevenin equivalent voltages as follow: e = vs − vr .
It is obviously clear that the Thevenin and RL circuits shown
in Figs. 1-b & 1-c have the same stator current (is). However,
the same current waveform has different firing angles (αth)
and (αRL) because there is a phase difference (ξ ) between the
voltages (vs) and (e) as shown in Fig. 2. Thus, the difference
between the firing angles is equal to the phase shift between
the two voltages as written in (7).

αth = αRL − ξ. (7)

FIGURE 2. Voltages and current waveforms relationships.

For the RL circuit, the phase terminal voltage and stator
current in both modes (2/3, 0/2) can be expressed in a Fourier
series as follows:

et (t) =
∞∑

h=1,2,...

√
a2h + b

2
h sin (hωt + ϕh), (8)

is (t) =
∞∑

h=1,2,...

√
a2h + b

2
h

z
sin (hωt + ψh), (9)

where ah and bh are the Fourier coefficients for each harmonic
order h, ϕh = tan−1

(
ah
bh

)
, z =

√
R2s + X2, ψh = φ− ϕh, and

load angle φ = tan−1
(
X
Rs

)
. For simplification, the funda-

mental components of the stator current and voltage are only
considered since the other components are too small [27].
Therefore, the RMS stator current and its angle with the
RMS voltage (E1) can be written as follows:

Is =

√
a21 + b

2
1

z
√
2

, ψ1 = tan−1
(
X
Rs

)
− tan−1

(
a1
b1

)
. (10)

The coefficients a1 and b1 are determined based on the
voltage E1, firing angle (αRL) and hold off angle (γ ). For
example, for mode 2/3, the coefficients a1 and b1 can be
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expressed in the following manner [28]:

a1 =
3E1

4
√
2π

(cos (2αRL)− cos (2(αRL − γ )) , (11)

b1 =
3E1

4
√
2π

(
sin (2αRL)− sin (2(αRL − γ )− 2γ +

4π
3

)
.

(12)

From the phasor diagram shown in Fig. 3, the RMS voltage
E1 can be calculated as given in (13).

E2
1 = V 2

s − V
2
r − 2E1Vr cos δ. (13)

FIGURE 3. Phasor diagram of voltages and currents.

The phase shift (δ) between (E1) and (Vr ) as written in (14) is
equal to the difference between the angles (ψ1) and (ϑ). The
angle (ψ1) is the phase shift between (E1) and (Is) while the
angle (ϑ) is the phase shift between (Vr ) and (Is).

δ = ψ1 − ϑ, (14)

where ϑ = (π2 − tan−1((Xm + X ′r )/(R
′
r/s)). Applying the

current boundary conditions in each mode, the angle (αRL)
can be obtained as a function of the hold off angle (γ )
and load angle (φ). For example, αRL can be determined for
mode 0/2 by this formula [28]:

αRL

= tan−1
(

sin
(
φ + γ + π

6

)
+ sin (φ − π

6 )e
Rs(γ−2 π3 )/X

cos
(
φ + γ + π

6

)
+ cos

(
φ − π

6

)
eRs(γ−2

π
3 )/X

)
.

(15)

Using the motor parameters, the RMS of the supply voltage
(Vs), and hold off angle (γ ), equations (10) and (13) can be
solved to get (E1) and (Is) at different motor speeds. After
that, the angle (ξ ) between the firing angles (αth) and (αRL)
can be calculated as follows:

ξ = cos−1 ((E2
1 + V

2
s − V

2
r )/(2E1Vs)). (16)

The trial and error technique is used to solve the prob-
lem. At each pre-set motor speed (n), the angle (γ ) is
changed till obtaining a specified error between (αth) and the
pre-set value (α). At this error, n, α, and the corresponding
torque (Te) can be stored. The derived steps of getting the
torque for different firing angles and motor speeds are illus-
trated in Algorithm. 1. As shown in Fig. 4, the torque-speed
characteristic curves are deduced for different firing angles
using the IM parameters given in Table. 1 (section V).

FIGURE 4. Torque variation with the motor speed and firing angle.

TABLE 1. IM parameters.

III. ANN-BASED SOFT STARTER CONTROLLER
To overcome the classic controller problems, the soft start-
ing control scheme is developed using an ANN as a highly
promising tool in the realm of intelligent control. ANN is
inspired by the architecture and operation of biological ner-
vous tissue. It could acquire knowledge and store informa-
tion through learning processes [29], [30]. The feedforward
and recurrent ANNs are the major structure classes. In the
proposed acceleration control scheme, the ANN inputs are
the motor speed and torque. The output firing angle depends
mainly on the input present values i.e. the output is not
function of the previous values. Therefore, the feedforward
ANN is structurally convenient to be used. The feedforward
ANN structure is organized into one input layer and one or
more hidden layers, followed by an output layer. Each layer
has a specific number of neurons. The number of hidden
layers and neurons depends on the problem type and the
required accuracy. Fig. 5 shows the necessary steps to train
and develop a neural network with the help of MATLAB
Neural Network Toolbox software. In the feedforward types,
the back-propagation technique is normally used to adjust
weights until the mean squared error (MSE) between the
actual and ANN output patterns becomes small [30]. Once
the desired error is obtained through the learning process,
the numbers of ANN hidden layers and neurons are stored.

A MATLAB NN toolbox is used to develop the neu-
ral network model for the proposed control technique. The
motor torque-speed characteristic curves for different firing
angles shown in Fig. 4 are exploited in the training process.
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Algorithm 1 Procedure of Obtained Motor
Characteristics

1- Input motor parameters and RMS supply voltage Vs.
2- Set 1- the range of alpha [αmin, αmax], speed

[nmin, nmax], and initial hold off angle γinitial . 2- the
increment 1α, 1n and 1γ and the required accuracy
εmax .

3- Initialize α = αmin.
4- Set n = nmin.
5- Set γ = γinitial .
6- If γ > π/3, set mode 0/2

Else set mode 2/3
End

7- Define αRL and voltage Fourier coefficients as a function
of E1 for the selected mode.

8- Solving equations (10) and (13) to get E1 and Is.
9- Calculate αth and so, the error ε = αth − α
10- If ε > εmax

If ε < 0
γ = γ +1γ

Else
γ = γ −1γ ;1γ = 1γ/2
γ = γ +1γ

END
Go to step 6

Else
Calculate I ′r and Te as shown in (5) and (6).
Store α, n,Te.
Set n = n+1n
If n < nmax

Go to step 5
Else

α = α +1α

If α < αmax
Go to step 4

Else
Stop

END
END

END

70% of the data is used for the training process, 15% is
used for validation and 15% is used for testing. To represent
the nonlinear relationship among variables, Tan sigmoidal
function is used to characterize the transfer function of the
hidden layers as given in (17). While Pureline function sig-
nifies the output layer transfer function. The structure of ten
neurons in one hidden layer achieves the required accuracy
(MSE = 0.0001) on training time (9 mins).

ϕ (s) =
2

1+ e−2s
− 1. (17)

IV. SYSTEM DESCRIPTION
The schematic diagram of the IM- soft starter model is shown
in Fig. 6. The model consists of a three-phase IM, three pairs

FIGURE 5. Neural network design flow chart.

back-to-back thyristors, firing control system and data mea-
surement system. The IM voltage is controlled by adjusting
the thyristors firing angle (α) with respect to the zero crossing
of the supply voltage. The thyristors are selectively fired to
conduct an adopted phase current, and naturally commutated
off when the current reaches to zero. RC snubber circuit is
incorporated to reduce the switching transients of the com-
mutation process. The firing control system contains three
voltage transducers, shifting circuit, DSP board, and gate
drive circuit. The LEM Module LV 25-P voltage transducer
is used to step down the supply voltage to ±1.5V. It can also
provide an electrical isolation between the power circuit and
DSP controller. Since the analog inputs of the DSP board
accept only signals ranged from 0V to 3V, a shifting circuit
is designed to shift the AC outputs of the voltage transduc-
ers to a unidirectional voltage. A 1.5V DC offset circuit
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FIGURE 6. Soft starter fed IM Schematic diagram.

is used to provide the essential DC offset to the measured
AC signals (±1.5V).

As a main processing unit of the firing control circuit,
a Texas Instrument (Model: TMS320F28335) DSP controller
board is utilized to control the switching sequences of the
thyristor switches. Using a MATLAB code, the zero-crossing
detection (ZCD) algorithmis programmed to detect the zero
crossing of the supply voltages feeding into the analog inputs
of the DSP board. Then, the code composer studio software is
employed to download the ZCD and ANN control algorithms
into the DSP board. The ANN controller adjusts the output
of firing angle depending on the inputs of IM torque and
speed. The motor speed is determined from the integration
of the reference acceleration (ACCREF), while the torque
is estimated from the motion equation given in (18) based
on the defined load torque and required accelerating torque.
After defining the firing angle, the DSP board generates the
digital firing pulses with respect to the voltage zero crossing
and sends to the gate drive circuit. Pulse transformers are
involved in the gate drive circuit to provide sufficient currents
for turning-on the thyristors. They are also used to isolate
electrically between the high and low power stages of the
thyristors.

Te = TL + Tacc,

Tacc = J (dωr/dt)+ f ωr , (18)

where Tacc is the accelerating torque, (dωr/dt) is the motor
acceleration, TL is the load torque, J is the moment of inertia
of the rotor and load, and f is the viscous friction and windage
coefficient.

The data measurement system consists of voltage and cur-
rent transducers, signal conditioning circuits, and DAQ board

from USB-6229 National Instrument. Sixteen analog inputs
can be acquired by this board at a sampling rate of 250 k
samples/sec and 16-bit resolution. The high sampling rate
and high resolution of the DAQ board allow the user to
obtain a very precise and accurate data structures. The signals
from the motor terminal voltages transducers, line currents
transducers, and speed tachometer must be conditioned using
the signal conditioning circuit to shield the signals from the
noise and distortion. To be monitored on LabVIEW software,
the real-time data are fed into the analog inputs of the DAQ
board plugged in the computer board. The software consists
of a front panel and block diagram. As a graphical user
interface, the front panel is used to display the data. While
the block diagram is used to show the process of the displayed
mechanics in the front panel.

V. SIMULATION RESULTS
The model of IM- soft starter system has been designed
and implemented in MATLAB/SIMULINK to investigate the
proposed soft starting control scheme. The case study motor
used in simulation is a laboratory 3 kW, Y-connected three-
phase wound rotor IM. The equivalent circuit parameters for
the IM are given in Table 1. First, the actual firing angles
have been compared with the obtained ANN firing angles as
shown in Fig. 7 to investigate the accuracy of the designed
ANN model. A good fitting between the ANN and actual
results has been clearly observed. The comparison data dif-
fer from the training data. Then, the effectiveness of the
proposed control technique has been verified. To steadily
increase the IM speed, the IM acceleration (speed rate) has
kept constant during the starting period. As a result, the ref-
erence motor speed (n) calculated from the integration of
the reference acceleration is a ramp function. The firing
angle has been determined from the ramp reference speed
and estimated motor torque Te given in (18). The proposed
ANN-based acceleration control scheme has been compared
with the direct online starting (DOL) scheme to demonstrate
the advantages of the proposed acceleration control.

FIGURE 7. Comparison between actual and ANN output firing angles.
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FIGURE 8. Motor speed and acceleration time responses for DOL
technique under the rated pump load condition.

FIGURE 9. Motor speed and electromagnetic torque time responses for
DOL (dash line) and acceleration control techniques (solid line) (a) under
no-load and (b) the rated pump load conditions.

In the DOL, the high variation of motor acceleration is
clearly shown in the acceleration time response in Fig. 8.

FIGURE 10. Experiment setup configurations (a) setup machines; (b) soft
starter and its control circuit.

It soars to about 104 rpm/sec, which causes mechanical
stress on the drive components like gears, belts and chains.
Fig. 9 depicts the starting performance of the motor with
the proposed acceleration controller under no-load condition
at 1000 rpm/sec reference acceleration and rated pump load
condition at 1800 rpm/sec reference acceleration. A pumped
load function 0.001ω2

r [Nm] is used. The results show a good
tracking between the actual motor speed and reference speed
profile. With the proposed controller, the IM torque has been
controlled to follow the load torque variation preserving the
motor acceleration constant at the reference value.

VI. EXPERIMENTAL RESULTS
A laboratory prototype of the IM- soft starter system is shown
in Fig. 10. The prototype includes a motor-generator rig and
soft starter circuit. Due to the laboratory facilities, a 1.5 kW
DC generator is used as a mechanical load to provide an
approximately half-rated load torque at steady state speed.
Therefore, the experimental works have been accomplished
at this half load 4.5+ 0.038ωr [Nm]. To experimentally
validate the motor characteristics obtained in section II,
the theoretical and experimental results have been com-
pared for different firing angles and loading conditions.
Fig. 11 shows the steady state voltage and current waveforms
of the IM for both theoretical and experimental works. It can
be clearly noticed from the comparison that the theoreti-
cal and experimental results are in good agreement. Their
magnitudes and waveforms profiles are quite close. The
slight difference between the results is due to the digital
measurement system. In addition, the voltage and current
transducers and/or the data acquisition board cause small
DC offsets.

To investigate the effectiveness of the proposed acceler-
ation control scheme, a series of experimental tests with
various reference accelerations has been conducted under
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FIGURE 11. The IM theoretical and experimental waveforms of stator current and terminal phase voltage at: (a) motor speed of 1440 rpm and
α = 60◦; (b) motor speed of 1300 rpm and α = 115◦.
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FIGURE 12. Instantaneous and its RMS starting current, and speed of the IM vs. time under no-load condition at: (a) 2300 rpm/sec reference
acceleration; (b) 1050 rpm/sec reference acceleration.

two different loading conditions. Firstly, Fig. 12 illustrates
the IM instantaneous stator current, its computed RMS cur-
rent, and motor speed under no-load condition and reference
accelerations of 1050 and 2300 rpm/sec. Secondly, the system
performance has been checked under half-load condition and
reference accelerations of 900 and 1600 rpm/sec as shown
in Fig. 13. The results indicate that the actual motor speed
is experimentally quite closed to the reference speed profile
calculated from the integration of the reference accelera-
tion. In terms of the low starting current and the low rate
of speed during the starting period, the proposed control
scheme is showing an excellent starting performance for the

three-phase IM under different reference accelerations and
loading conditions. It is worth mentioning that increasing
the reference acceleration decreases the acceleration time.
Therefore, a good compromise between the detected refer-
ence acceleration and acceleration time should be considered.

VII. RESULTS DISCCUSION AND COMPARISON WITH
PREVIOUS WORKS
As shown in simulation and real-time results, the proposed
control scheme has been compared with the DOL scheme
under no-load, pump load and half-load conditions. DOL has
been selected for comparison because it produces the highest
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FIGURE 13. Instantaneous and its RMS starting current, and speed of the IM vs. time under half-load condition at: (a) 1600 rpm/sec reference
acceleration; (b) 900 rpm/sec reference acceleration.

inrush current (four to eight times the rated current) and
largest accelerating torque [2]. Moreover, other starting tech-
niques are mostly baselined against it. In the DOL, the max-
imum RMS starting current and acceleration time under
no-load condition are about 28A and 0.21 sec, respectively
as shown in Fig. 14. For half-load condition, the maximum
RMS starting current and acceleration time are 29A and
0.25 sec. Using the proposed acceleration control scheme,
the maximum RMS starting current is decreased nearly to
14A and 17A at reference accelerations of 2300 rpm/sec

and 1600 rpm/sec under no-load and half-load conditions,
respectively as depicted in Figs. 12 & 13. This means that
the controller can lower the maximum RMS starting current
of the DOL by 50% and 41% at the no-load and half-load
conditions, respectively, with a reasonable increase in the
acceleration time (i.e. 0.42 sec and 0.67 sec, respectively).
In addition, from the simulation results shown in Figs. 8 & 9,
the acceleration control scheme can control the motor torque
to follow the load torque variation keeping the accelerating
torque constant at level based on the reference acceleration
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FIGURE 14. Instantaneous and its RMS starting current, and speed of the IM vs. time for DOL at: (a) no-load condition; (b) half-load condition.

value. The high variation of themotor acceleration at theDOL
technique is prevented. The DOL maximum acceleration and
acceleration time are 104 rpm/sec and 0.28, respectively at
the pump load condition. While their counterparts are 1800
rpm/sec and 0.8 sec for the acceleration controller. Conse-
quently, the maximum acceleration of the DOL is remarkable
decreased by 82%with an increased acceleration time of 0.52
sec. Furthermore, the high pulsations clearly shown in the
time response of DOL electromagnetic torque are minimized
using the acceleration control technique.

Table 2. illustrates a detailed comparison between the
proposed control scheme and previous soft starting control
schemes of the three phase IM. This comparison is based
on the art of control, sensor requirements, control algorithm

complexity, and the processor cost. It is concluded that the
soft starting methods presented in literature [11]–[13], [24]
need a high number of voltage and current sensors. Moreover,
their control circuits are complicated. In the proposed soft
starting method, the acceleration is used as the control param-
eter. Therefore, the control circuit configuration becomes an
open loop. There is no need for the motor current feedback as
proposed in [12], [13] or estimated torque feedback as [24].
It requires only three voltage sensors for detecting the zero
crossing of the supply voltages. Moreover, the challenges of
tuning the PI controller parameters [24] and testing different
time functions of firing angle variation [11]–[13] are settled.
Using ANN approach, the control algorithm has become
simple. Therefore, a low-cost processor can be utilized for
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TABLE 2. Comparison between the proposed control scheme and previous works.

executing the control algorithm due to its low computational
burden.

VIII. CONCLUSION
A novel acceleration control scheme based on ANN has been
investigated for soft-starter fed three-phase IM. The proposed
acceleration controller was simulated and experimentally val-
idated on a laboratory 3-kW IM soft-starter system. A series
of simulation and real-time tests were carried out to validate
the effectiveness of the controller under different loading
conditions. The results prove the reliability of the acceleration
control scheme under different reference accelerations and
loading conditions. Compared with the DOL starting scheme,
the acceleration controller can lower the maximum RMS
starting current by 50% and 41% at the no-load and half-
load conditions, respectively, with a reasonable increased
acceleration time (i.e. 0.42 sec and 0.67 sec, respectively).
In addition, the controller can decrease the DOL maximum
acceleration by nearly 77% and 84% at the no-load and half-
load conditions, respectively. Therefore, the IM can be started
smoothly with neither electrical stress on the supply utility
nor mechanical stress on the drive components like gears,
belts, and chains. Moreover, employing the ANN approach
makes the acceleration controller preferred compared with
several soft starting control schemes. It has a simple control
algorithm, less required sensors, and uncomplicated control
circuit configuration. Hence, a low-cost processor can be
used in the industrial implementation of the proposed control
system.
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