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Abstract: In industry, three-phase induction motors (IMs) are the most used motors. IMs” high starting
supply current and large accelerating torque make their starting process a potential source of
unnecessary energy waste, especially when it is repeated. To overcome the starting problems of
an IM, an intelligent soft-starter controller based on an artificial neural network (ANN) is
proposed. The controller contains two soft starting control schemes namely, current and speed
controls. That allows one to select the soft starting control scheme based on the load requirements
and/or supply utility capability. Current and speed controls are to keep the motor's starting current
and accelerating torque constant at a specified level, respectively. That is achieved by selecting
the appropriate firing angles for the thyristors in the soft starter. The online determination of the
thyristor firing angles is resolved through the application of the ANN approach. First, the ANN
models for two control techniques are developed using a MATLAB Neural Network Toolbox for
training. Based on the current-speed and torque-speed characteristics, two ANN models are
trained for a range of thyristor firing angles. Secondly, the ANN models of two control schemes
are implemented using MatLab/Simulink for a 3kW three-phase IM. A variety of simulation tests
prove that a validation on control technique's effectiveness under various load conditions (no-
load, pump, constant, and linear loads) and reference values exists. The least inrush current and
smooth acceleration are obtained with two control schemes.
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1. INTRODUCTION

Three-phase induction motors (IMs) are extensively utilized in different commercial and industrial
applications due to their reliability, robustness, and efficiency [1,2]. However, the starting of IMs have
major challenges. Direct-on-line (DOL) starting technique is the cheapest and easiest starting technique.
The sudden application of full voltage during motor startup can result in a high inrush current (typically
4 to 7 times the IM rated current) causing thermal stresses on motor bearings, winding, and insulation
among windings [3,4,5]. Moreover, these large currents during motor startup can lead to voltage drops
in the power supply, particularly if the grid is not robust. It may cause the undervoltage or overload relay
to trip, resulting in a supply discontinuity. Therefore, a proper starting scheme is needed to ensure a
controlled and smooth motor startup to reduce the inrush current and associated problems for enhancing
motor  efficiency, extending its lifespan, and reducing maintenance  costs
[6,7,8,9,10,11,12,13,14,15,16,17].

Reduced voltage starting, electronic reduced voltage starting, and variable frequency starting are the
main basic groups employed to start IMs [2]. Initially, the reduced voltage starting method is employed
to reduce the high starting current. Star-delta (Y-A), autotransformer, and resistor or reactor starting
methods are used as reduced-voltage starting techniques to reduce the applied motor voltage [3, 6, 7].
However, this method has several disadvantages such as power losses, frequent maintenance
requirements, and potential failure of the moving parts. Secondly, the variable frequency starting method
is presented where the starting performance can be regulated by varying the voltage and frequency.
Because the variable frequency method requires two converters, it is more costly than the others [8]. To
ride these defects, solid-state soft starters are widely used [9].

Soft starters are challenged by operating efficiently over the entire range, but on the other hand they
have cost advantages. Recently, the use of inverters has increased in many industrial fields to increase
efficiency, but soft starters are still a ubiquitous solution for the starting and braking of induction motors
in fixed rotor speed industry applications [18,19]. Soft starters drive not only applications with quadratic
load torque behavior, like fans and pumps, but also high inertia applications like circular saws and mills.
Not only the improvements of the startup but also the braking of the high inertia loads is an important
feature of commercial soft starter products, as high inertias lead to long deceleration times after
switching off. Thus, normally passive loads are typical soft starter applications that do not show
transients in torque or speed behavior during braking and startup [20]. Even though simple converters
for industrial applications, which are also capable of dealing with transients, came onto the market
during the last few decades, soft starters are still the preferred solution if speed control brings no
advantages in the application. They are very robust and compact and need no additional effort, such as
shielded cables or electromagnetic compatibility (EMC) filters. Additionally, their energy efficiency
during grid operation is very good due to the bypass contactors, and they are cost-effective compared to
comparable simple converters, especially in the rated power range of 1.1-1200 kW [20,21]. Solid-state
soft starters use semiconductor devices to regulate the supply voltage applied to the IM during startup.
With advancements in semiconductor technology, solid-state soft starters have become more reliable
and compact, making them suitable for a wide range of applications. The soft-starter mainly consists of
three pairs of thyristors or silicon-controlled rectifiers (SCRs) connected in a series with stator windings
of IM. The SCRs can be triggered to gradually increase the motor’s voltage during startup [10,11].
Unlike traditional methods such as DOL starting or reduced voltage starting methods, soft starter
provides a smooth and controlled ramp-up of voltage and current during motor startup. This results in a
gradual acceleration of the motor, reducing stress on the motor and the connected machinery. They offer
precise control, smooth acceleration, and reduced starting current. Soft starter adds significant operation
flexibility like controlling the acceleration time and reducing the winding heat [12,13]. This flexibility
reduces the maintenance cost, increases the mechanical load lifetime, and improves energy efficiency.
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Solid-state soft starters come in various types, each designed to cater to specific motor and application
requirements [13,14,15,16,17,18,19,20,21]. The choice of the soft starter type depends on factors such
as motor size, load characteristics, the initial torque needed, the sensitivity to inrush current, and the
level of control required throughout the acceleration process. Based on time functions of firing angle
variation [22], solid-state soft starters come in various types. Linear voltage ramp soft starters provide a
constant rate of voltage increase over time during motor startup until it reaches the full operating voltage.
It is suitable for applications where a simple cost-effective solution is required. Although these voltage
ramp techniques are better than the non-electronic starter methods, no more effective current and torque
controls are guaranteed during the starting process [23,24,25,26]. Some voltage ramp soft starters
combined with control algorithms have been developed. These soft starters incorporate specific control
features such as a current-limiting feature along with the voltage ramp [24,25,26]. Closed-loop voltage
ramp soft starters incorporate feedback mechanisms to continuously monitor and adjust the startup
process based on motor and load conditions. Motor current or estimated torque feedback is needed. In
current limiting soft starters, closed-loop control system monitors the motor current during startup and
adjust the voltage to precisely limit the inrush current to a predefined level. For the development of
closed-loop current limiting soft starters, proportional-integral (P1) and proportional—integral-derivative
(PID) controllers have been examined [24,25,26]. A number of adaptive optimization techniques are
suggested for the purpose of designing the Pl controller ideally, including ACO, GA, PSO, cuckoo
search, bat, and flower pollination algorithms [27,28]. To avoid tunning the controller parameters
settings, an iterative approach combines the time functions of firing angle change with a mechanism to
limit the starting current during motor startup. The firing angle will be reduced depending on the given
time function Cosine, exponential, or ramp if the feedback motor current falls below the pre-set current.
Otherwise, the firing angle is set constant to restore the current to its pre-set value. The trial-and-error
approach has been used to optimize the IM’s performance during voltage-controlled soft starting by
using alternative time functions for the firing angle of thyristors [22, 24,25,26] or PI controllers [27,28].
In practice, fine-tuning the parameters of the PI controller, presents some challenges, as does selecting
the time function of alpha variations through trial and error. Additionally, the motor current’s feedback
is required.

To avoid the conventional controller difficulties, the soft-starter controller is executed utilizing artificial
intelligence (Al) approaches such as artificial neural network (ANN), fuzzy, and adaptive neuro-fuzzy
inference system (ANFIS), which is a highly promising instrument in the field of intelligent control
[29,30,31,32]. Al based soft starters were employed to change the firing angles in current control
methods and torque control techniques [29, 33,34,35,36]. To modify the firing angle depending on motor
current deviation and deviation rate, a closed loop fuzzy soft starting controller has been suggested [34].
ANN and ANFIS are used to define the firing angle profile for torque control [29, 35,36]. The estimated
motor torque from motor voltages and currents measurements and reference speed profile are combined
to determine the firing angle using ANN and ANFIS to maintain a steadily motor speed increase. The
controller operates in a closed loop and hence occupy a high number of voltage and current sensors
making the control circuit more complex and expensive. Meanwhile, there is no guarantee that the
starting current will not exceed the specified value. Furthermore, the motor torque feedback or full
parametric definition of the load torque is needed which is very difficult in practice.

In this paper, a simple and reliable soft starter controller using an ANN is developed to overcome the
soft starter controller problems. The controller includes two soft starting control techniques: Current
control and speed control. Based on the load requirements and/or supply utility capability, the operator
can select between the two techniques to meet the industrial requirements of different appliances such
as pumps, compressors, fans, blowers, and grinders. In the current control scheme, the ANN model
changes the firing angle of thyristors at each motor speed to limit the root mean square (RMS) starting
current at the desired reference current. The reference current value is set according to the required
limiting value of the motor starting current. In speed control, the ANN model based on the reference
speed profile adjusts the firing angle to maintain the accelerating torque at an acceptable level. As a
result, the IM has been operating safely with a variety of industrial loads, as there has been no
mechanical stress on the drive components.
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The paper is organized as follows: Section 2 explains the principle of soft starter operation. Section 3
describes the two models of ANN-based soft-starter control approaches. Section 4 illustrates the
modeling of proposed controllers in MatLab/Simulink as well as simulation results. Section 5 discusses
simulation results for the proposed control schemes compared with the DOL starting scheme. Section 6
outlines the key findings.

2. OPERATION PRINCIPLES OF SOFT-STARTER FED IM

The soft starter circuit configuration shown in Fig. 1 consists of a set of back-to-back thyristors
connected in series with each motor’s stator phase windings. Modeling of the series-connected thyristor
soft-started IM is found in [37]. The IM is characterized as a combination of RL components and an
induced back electric motive force (EMF) source. As became evident in Ref. [38], the IM current is
dependent on the EMF and terminal phase voltages. The terminal voltage is controlled by altering the
thyristor's alpha concerning the supply voltage's zero crossing. The amplitude and phase of the EMF are
determined as functions of motor current and speed. Therefore, the motor terminal phase voltage and
the current waveforms change along with the various alpha angles and speeds. The larger the firing
angle, the lower the voltage and current, and their RMS values vary according to motor speed. The
decrease in the motor speed for a given alpha results in a reduction in the terminal voltage and, therefore,
in the current or torque. As a result, the average torque/speed and RMS current-speed characteristic
curves of 3 kW IM can be obtained with various alpha angles, as shown in Fig. 2. The motor parameters
are given in Table 1. When the alpha is adjusted below its minimum value (&: the motor's power factor
angle), a natural sinusoidal operation occurs. If alpha is increased above the minimal value, the IM
begins to operate in a non-sinusoidal mode. Based on the alpha angle, the IM can run in one of three
modes: 3-phase, 2-phase, or no-phase.
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Figure 1. Soft-starter IM derive system.
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Figure 2. (a) RMS motor current and speed and (b) average torque and speed characteristic curves with various
firing angles.
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Figure 3. (a) Simulink model of IM derived by soft starter and (b) block model of firing pulses generation for each
phase.

Table 1. IM Parameters.

Parameter Value Parameter Value
Rated Power 3 kW Number of poles 4
Rated frequency 50 Hz Rated speed 1400 rpm
Rated current- Y/ A connected 7.4/ 12.7 A Moment of inertia 0.034 kg m?
Rated voltage Y/ A connected 380/ 220 V Stator and referred rotor leakage inductances 0.012 H
Stator and referred rotor resistances 3 Q Mutual inductance 0.30H

3. SOFT-STARTER CONTROLLER BASED ON ANN

To avoid the conventional controller difficulties, the soft-starter controller is executed utilizing an ANN,
which is a highly promising instrument in the field of intelligent control. Through learning processes,
ANNSs gain knowledge and preserve information [39,40]. The ANN strategy is exploited in executing
two control techniques, namely the current control technique and the speed control technique. First, a
model of IM fed through a soft starter has been developed to study the dynamic performance of a 3-
phase IM. MatLab/Simulink simulates the IM with a soft starter system, as illustrated in Figs. 3(a,b).
This study deduces the relationships between the RMS line current from the supply and the average
developed torque against the motor speed during the starting period at various firing angles of the
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thyristors. These IM current-speed characteristic curves presented in Fig. 2(a) are employed during the
training procedure of the ANN model to execute the current control technique. While the IM torque-
speed characteristic curves presented in Fig. 2(b) are employed during the training procedure of the
ANN model to execute the speed control technigue.

Two main types of structures are feedforward and recurrent ANNS. In the work, the ANN inputs are the
motor's RMS current and speed in the current control approach, as illustrated in Fig. 4. In the speed
control approach, the ANN inputs are the motor speed and torque. For both control approaches, the
output alpha angle is mostly determined by the current input values and is independent of previous
values. As a result, the feedforward ANN is fundamentally convenient to employ.
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Figure 4. Schematic diagram of soft-starter equipped with the proposed controller.

The feedforward model consists of a single input layer, one or more hidden layers, and an output layer
as shown in Fig. 5. Each layer contains a specified number of neurons. The ANN models for two
proposed control approaches are developed using the MatLab Neural Network Toolbox. Because there
are two inputs and one output, the numbers of neurons in the input and output layers must be set to two
and one, respectively. In feedforward models, weights are often adjusted using the back-propagation
technique until the mean squared error (MSE) between the actual and reference output patterns is
modest. The number of hidden layers and neurons is determined by the problem type and level of
precision required. This study uses only one hidden layer. The motor characteristic curves presented in
Figs. 2(a,b) are employed during the training procedure. The dataset is randomly partitioned into
training, validation, and test sets. 60% of the data is employed for training, 20% for validation, and 20%
for testing. To express the nonlinear relationship among variables, the Tan sigmoidal function is the
transfer function of the hidden layers, as indicated in Eq. (1). The pure line function represents the output
layer’s transfer functions as shown in Fig. 5.
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Figure 5. Block diagram of the ANN model.
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The ANN configuration for training is created and configured based on the specifications stated in Table
2. The ANN was trained using the Levenberg-Marquardt (LMA) optimization strategy, also known as
the back-error propagation algorithm. This method is notable for its high speed and memory
requirements [40].

Table 2. ANN configuration parameters.
Parameter Value
No. of neurons in the input layer 2
No. of neurons in the output layer 1

Training function Levenberg-Marquardt (trainlm)

Activation function Tan sigmoidal in the hidden layer and linear in the output layer
Performance goal 0.0001

Maximum training time 15 minutes

Learning rate 0.05

To find the best structure, multiple numbers of neurons in the hidden layer are tested, and the prediction
error for each network is computed. Once the desired error objective has been met, the ANN structure
is recognized. The LMA algorithm will terminate the training process when one of the following two
criteria is met: The training MSE has dropped below the threshold or the maximum training duration
has been reached. Following network training, the trained model’s performance is tested on a validation
dataset, which consists of labeled examples that were not exposed to the model during training. Once
the training and validation phases are completed, the testing dataset is utilized to confirm the network’s
predictive power. After the network's accuracy has been confirmed, the weights and number of neurons
in the hidden layer are saved to the prototype ANN in the Simulink model. The training process is
terminated when one of the following two criteria is met: Note that the training MSE has dropped below
the threshold (0.0002) or the maximum training duration has been reached (20 min). As illustrated in
Table 3, the configuration of 10 neurons in one hidden layer achieves the requisite precision (MSE =
0.00011) with a training duration of nine minutes for speed control and seven minutes for current control
schemes.

Table 3. Comparison between different ANN structures.

Network Structure Number of epochs Mean square error
2-4-1 119 0.0032
2-7-1 307 0.0029
2-10-1 265 0.00011
2-12-1 209 0.00024

To verify the output of ANN models (firing angle), they are tested at different points of inputs (current-
torque and speed). The plotting curves in Figs. 6(a,b) use random points to verify the accuracy of the
designed ANN models. Figs. 6(a,b) compare the firing angle value, the output of ANN models, with the
actual firing angles.The data used in comparison is different from the training data. The results show
there is a good fit between the actual and ANN results.
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Figure 6. Comparison between the ANN and actual results for (a) current control and (b) speed control schemes.
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4. SIMULATION MODEL AND RESULTS

With the parameters of a 3kW IM given in Table 1, the proposed model has been designed and
implemented in a MatLab/Simulink media to explore the performance of the proposed soft-starter
controller. Both current and speed control schemes are involved in the soft-starter controller. A switch
is used to select between the two control schemes, as shown in Fig. 4. MatLab Simulink Power System
Blockset and Neural Network Toolbox are used to implement the ANN models and soft-starter-fed IM
drive system. Initially, current control technique is used to control the maximum level of the current
during startup. Based on IM current-speed characteristic curves, the ANN selects the appropriate firing
angle of the thyristors at every point of the motor speed during the starting period in order to maintain
the current at the desired level until the motor reaches its rated speed when the thyristors firing angle
equals to the power factor angle, i.e., the motor voltage is the same as that of the supply. Secondly, the
speed control technique is executed to keep steady ramping of the motor speed during the starting period.
Based on IM torque-speed characteristic curves, the ANN adjusts the firing angle of the thyristors at
every point of the reference motor speed to whatever value is necessary in order to adapt the developed
torque by the motor to the torque profile of the driven load and the desired speed rate to start the motor
in the requested time. In the current control scheme, the ANN model generates the alpha angle at each
motor speed (n) to restrict the RMS starting current to the required reference current (Izgr). The
reference current is set to the required motor starting current. In the speed control, the motor torque
estimated according to the motion in Eq. (2) is combined with the reference motor speed (nggr) to make
the ANN model estimate the alpha angle.

T, =T, +] (dwggr/dt) + fwger 2

where T;, is the load torque, dwggr/dt is the motor reference speed change rate (rad/sec?), f is the
friction coefficient, and J is the moment of inertia. To illustrate the benefits of using ANN-based soft
starting, DOL starting simulations are also performed. Simulation results for line start and soft start were
presented under the following loading conditions:

1) Centrifugal pumps, centrifugal compressors, and blowers’ applications are examples of loads for
which the load torque varies with the square of the speed.

2) Crushers, elevators, and conveyors are examples of loads for which the load torque is constant over
the speed.

Simulation results are presented under the pump loading condition, in which the load torque is equal to
9.3144x10™* w2, Nm , which develops a mechanical load torque of 20 Nm at the rated speed; constant
torque load T, = 20 Nm, which is full-load torque. Figs. 7(a,d) and Figs. 8(a,d) depict the DOL starting
performance of the IM in terms of instantaneous current, RMS current, speed, and electromagnetic
torque time responses, while Figs. 9(a,c) and Figs. 10(a,c) depict the motor starting performance with a
soft-starter based on the proposed current and speed control schemes under the same load conditions.
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50 1500

40

30 1 /
20 1000
-30 L /\/‘
-40 L

) 0

005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05

v

A
W

Current [A]
—
—
p—

c:':
p——
o—

Speed [rpm]

i i
=] S
1
I
B
a
<}
S)
\\\

Time [sec] Time [sec]
(a) (b)
30 100
{\’ 90
25 80
’ \/\’ 70
20 = A
— IS 60
< b 1 -
: \ S | (1TITATSANG
= o v
: N s I
O 10 N 2 ” ] TL
\ 20 1
5 10
o]
%0 005 o1 015 0z 02 03 03 04 045 05 1% 005 01 015 02 025 03 035 04 045 05
Time [sec] Time [sec]
() (d)

Figure 8. DOL starting performance at constant Load application: (a) Instantaneous current, (b) RMS current,
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Figure 10. (a) Instantaneous motor current, (b) speed, and (c) torque vs. time for soft-starter with speed control
scheme at (1) constant load and (I1) pump load applications.

5. DISCUSSION

The results in Figs. 9(a,c) show that the maximum RMS starting current is restricted using the current
control scheme at two cases: |) the reference current (13A) for pump load and Il) 21A for constant load.
While the maximum RMS current of DOL starting is about 27A. In the speed control, the reference
speed is set to a linear ramp time function with a rate of 2300 rpm/sec for both pump and constant load
applications. The reason behind using ramp increases in speed is to keep the acceleration constant. For
comparison between the control techniques, the reference speed is chosen to get the same acceleration
time as the current control technique. As shown in Figs. 10(a,c), the speed controller can track the motor
speed to the reference value, avoiding the torque pulse observed in the electromagnetic torque profile at
the end of the starting time in the case of the current control technique. This pulse is due to the large
change in firing angles. However, a higher current level (about 13.7A) for pump load and (23.5A) for
constant load has been produced for the speed control scheme.

To study the dynamic performance during starting of IM, the simulation results are compared according
to the same factors which are the acceleration time, maximum RMS starting current, load loss factor,
and peak positive and negative of the electromagnetic torque. The acceleration time is the time that the
motor takes to approximately reach the rated speed of the motor. The power loss caused by resistive or
copper losses in the stator windings is dissipated as heat, causing thermal stress to the machine and
affecting its upkeep cost and overall lifetime. Since the copper losses are proportional to the square of
the current, the load loss factor is considered as in Eqg. (3):

©)

Maximum RMS current in case of soft — starter controller )2

Loss Load tor = (
oss Load factor Maximum RMS current in case of DOL starting

Finally, the peak positive and negative of the electromagnetic torque is considered as the peak initial of
the locked rotor starting torque in the positive and negative direction as it directly relates to mechanical
stress on the drive components. The values for these factors under different loading conditions are
summarized and given in Table 4.

Table 4. Comparison of simulation results for parametric study.

Tvoe of loadin Tvpe of startin Acceleration Maximum RMS Loss load +ve/-ve peak torque

yp g P g time (sec) Current (A) factor (Nm)
Pump load DOL 0.22 27.4 1 88/2
Current control 0.6 13.3 0.25 10/0

Speed control 0.6 13.7 0.235 10/0

Constant load DOL 0.35 27.4 1 88/2
Current control 0.6 21 0.587 30/0

Speed control 0.6 235 0.735 30/0
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Soft-starter reduces the inrush current drawn by the motor, the heating loss factor, and torque pulsations.
Both current and speed control schemes can significantly reduce both the starting current and torque
pulsations of the DOL technique under pump and constant load applications. This reduction leads to an
increase in the acceleration time. They have significant effects on the motor electromagnetic torque
during the starting period in which the negative torque pulsation has disappeared and the positive torque
pulsation is reduced and consequently the speed build-up is found to be smooth. Using the current
control scheme, the maximum RMS current has been reduced to 13.7A under pump load condition and
to 21A under constant load conditions with an acceptable increased acceleration time (0.6 sec). While
in the speed control scheme, at the same acceleration time and for pump load and constant load
conditions, the maximum RMS current has been reduced to 13.3A and 23.5A. Therefore, the current
controller can be used to reduce the starting current of the DOL by 51.5% and 23% at the pump load
and constant load conditions, respectively. However, using the speed controller, the starting current can
be reduced by 50% and 14.5% of the DOL for the pump load and constant load conditions, respectively.

In order to verify the effectiveness of soft-starter controller, simulation results are presented under no-
load and linear loading conditions, in which the load torque is equal to 10 Nm at rated speed. Figs. 11(1,
I1) and Figs. 12(1, 1) depict the motor starting performance with a soft-starter based on the proposed
current and speed control schemes under different reference currents and speed rates, respectively. Figs.
11(1, 1) illustrate the simulation results for the motor stator current, and computed RMS current obtained
under current control technique for 12A and 15A current limit at no-load and linear load conditions,
respectively. While Figs. 12(1, I1) depicts the simulation results obtained for 2350 rpm/sec speed rate at
no-load and 1550 at linear load applications. The results have proved the effectiveness and reliability of
the control schemes. The results for the proposed current control scheme have indicated that the starting
current is nearly kept constant at the reference value during the starting period and reducing the current
value increases the acceleration time. It allows one to select a reference current value based on the supply
utility capability and the required acceleration time. The results for the proposed speed control scheme
have indicated that there is a good tracking between the motor speed and refence values during the
starting period under different load conditions and speed rates. Therefore, a smooth acceleration is
obtained. It allows one to select a reference speed rate value based on the load requirements.
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Figure 11. (a) Instantaneous stator phase-a current and (b) its RMS magnitude, and (c) firing angel variation vs.
time for soft-starter with current control scheme at (1) no-load application with 12A motor current limit and (1)
linear load application with 15A motor current limit.

Table 5 presents some literature works on the control techniques of three-phase IMs. This comparison
is based on the art of control, sensor requirements, control algorithm complexity, and the processor cost.
The computational complexity of the control algorithm is measured based on the control structure and
the computation burden of the control algorithm, i.e., the algorithm's time and memory needed to solve
the control problem.

Table 5. A comparison between the proposed soft starter controller and previous works.
Control schemes of soft starter

Parameters

[22] [24,25,26] [23] The proposed controller
Control parameter voltage current torque current/speed
Control type open loop closed loop closed loop  open loop
Sensors count (V: voltage and I: current)  3-V& 3-1 3-V &1 6-V& 3-1 3-V
Firing angle variation Time function  Time function Pl controller ~ ANN controller
Algorithm complexity moderate moderate high low
Cost of the used processor moderate moderate high low

The soft starting methods presented in literature [22,23,24,25,26,27,28] occupy a high number of voltage
and current sensors. Moreover, their control circuits are complicated. The proposed soft starter controller
does not require the motor current feedback proposed in [24,25,26,27,28] or the estimated torque
feedback proposed in [23]. Only three voltage sensors are needed to detect the zero crossing of the
supply voltages in the proposed soft starter controller. Moreover, we have resolved the challenges of
tuning the PI controller parameters [27,28] and testing different time functions of firing angle variation
[22, 25,26] to achieve the desired performance. Moreover, since the optimal control solution algorithm
using the ANN approach is run before the real-time process starts, the control algorithm has become
simple. The training data are obtained from the simulink model of the drive and executing the training
algorithm offline. Therefore, the low computational burden of a low-cost processor allows for the
execution of the control algorithm.
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Figure 12. (a) Instantaneous stator phase-a current, (b) motor speed, and (c) firing angel variation vs. time for
soft-starter with speed control scheme at (1) no-load application with 2350 rpm/sec reference speed rate and (1)
linear load application with 1550 rpm/sec reference speed rate.

6. CONCLUSION

In this paper, the current and speed control schemes for a 3kW 3-phase induction motor that is supplied
by a soft-starter are examined based on neural networks. To verify the efficacy of the control schemes
under various loading conditions, a sequence of simulation experiments was implemented. The proposed
control schemes are demonstrated to be reliable by the results. In contrast to the direct online starting
scheme, both control schemes are capable of effectively reducing the maximum RMS starting current
and accelerating torque. This allows a smooth start for the IM, reducing mechanical stress on the motor
and load couplings and electrical stress on the power source. With an acceptable acceleration time of
0.6 sec under the rated pump load condition, the maximum RMS current becomes nearly 1.7 times the
rated current using the current control scheme. While, at the same acceleration time, the maximum RMS
starting current is reduced to 1.9 times the rated current by the speed control scheme. However, the
torque pulse observed in the electromagnetic torque profile at the end of the starting time in the case of
the current control scheme is avoided using the speed controller. Therefore, the current control scheme
is more advantageous when the IM is involved in an island microgrid. The speed control scheme is safer
than the current control for driving mechanical loads.
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