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Abstract

Whenever a squirrel cage induction motor is started, notable electromechanical torque and cur-
rent pulsations occur. The adverse effects of starting torque pulsations and high inrush current in
induction motor are eliminated using digital power electronic soft starting schemes that guaran-
tee higher degrees of compliance of the requirements of an ideal soft starter for the induction
motor. Soft starters are cheap, simple, reliable and occupy less volume. In this paper, an experi-
mental setup of soft starting technique with extinction angle AC voltage controller and a speed and
stator current based closed loop scheme is demonstrated using Artificial Neural Network (ANN)
and Fuzzy Logic Control (FLC) by the way of MATLAB/SIMULINK based simulation. The ANN based
soft starting scheme produces best results in terms of smooth starting torque and least inrush
current. The results thus obtained were satisfactory and promising.
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1. Introduction
It has been observed that when the three phase Squirrel Cage Induction Motor (SCIM) is started with Direct-
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on-Line (DOL) starting, the starting current reaches as high as seven to eight times the full load current. This
current, depending upon the size of motor may sustain for a short while typically 2 to 8 seconds. During this pe-
riod of transience when the motor moves on from an initial state of rest towards a steady state speed the current
drawn by the motor follows a path with a huge swing. The torques produced is also sudden and reaches very
high values [1]. The sudden rise in the motor current may cause significant disturbance in the voltages of the
feeding lines. This may affect other voltage sensitive loads connected to the same feeder. The sudden rise in the
motor torque may cause mechanical stresses in the parts of the motor and in the associated mechanical linkages
leading either to a sudden breakdown or deterioration leading to reduction of life depending upon the physical
conditions of the electro mechanical parts associated with the system [2].

Basically every machine that comes into the electric power distribution system or leaves the system should
not cause any disturbance to the machine itself and also to other equipments connected in the system.

Considering the basic structure of the induction motor which is nothing but much similar to a transformer
with a short circuited secondary, it is natural that it draws heavy current when the full rated voltage is applied to
the stator in a single step. Therefore the adverse effects of direct on line starting can be reduced drastically by
applying the operating voltage for the motor in a number of steps in a gradually increasing small increment of
voltage either with a fixed step size or with steps of different sizes based on the feedback. Applying the operat-
ing voltage in small steps of fixed incremental values will definitely reduce the inrush current. By this way, the
control system may take a long period before the motor reaches the rated speed. Applying the operating voltage
in larger steps of fixed incremental values will also reduce the inrush current. By this way, the starting current
may not be very smooth leading to torque jumps and jerks and this method is not very much acceptable [3].

Soft starting is necessary, but if it takes a very long transient period from stand still condition until it reaches
the rated speed then the scheme may not be practically very much acceptable. What is actually required is that a
soft starting scheme that gives the advantages of reduced inrush current and smooth development of torque and
also the motor should be started with the minimum possible starting time. If we consider the speed torque cha-
racteristics of a three phase squirrel cage induction motor it is clear that the production of torque is not uniform
throughout the starting period. Hence a number of methodologies for soft starting of the SCIM have been
adopted and recorded in the literature

2. Characteristics of Three Phase Induction Motor

The three phase SCIM is a self starting asynchronous machine operated with a balanced three phase power
supply. The SCIM is usually started without load in certain types of loads and in some types of loads they are
started with loads. The soft starting scheme discussed in this paper is applicable to the case of starting the motor
with load.

In the case of Direct on Line (DOL) starting the entire operating voltage is applied to the motor terminals in a
single instant. With the motor in the stand still condition the application of the full voltage the condition is very
similar to a short circuited transformer by virtue of the short circuited bars. This leads to a heavy current and the
huge current drawn by the motor may cause a dip in the source voltage [4]. With the very high starting current
the motor produces a very high starting torque causing a sudden mechanical jerk that will be transmitted through
the mechanical linkages as well as an impact on the mounting system [5] [6].

As the motor starts up and picks up speed the starting current falls. The characteristics of the SCIM while
starting in the DOL scheme can be clearly comprehended by considering Figure 1 which gives the relevant
curves obtained with MATLAB/ SIMULINK.

The objective put forth by the starting scheme discussed in this paper is that throughout the starting phase the
starting current is just limited to the optimally required value just enough to take the motor speed to the next
higher speed. This operation is repeated in every measurement and control cycle and the whole starting process
is smooth with the optimally allowed current that changes step by step with an optimal increment applied for
every step throughout the starting period.

The SCIM initially at stand still can be considered to be in a state of equilibrium with the speed N = 0. Once
the excitation is applied, the motor is subjected to a disturbance and this disturbance causes the motor to move
on in search of a new equilibrium and eventually it reaches a new equilibrium and at this new equilibrium the
motor runs at the rated speed. Between these two states of equilibrium is the transient period and soft starting are
the processes of governing the motor during this transient period where the associated parameters are required to

follow the constraints of soft starting.
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Figure 1. Speed torque characteristics of SCIM.

3. Scheme of Control

Soft starting can be carried out using the auto transformer starter. Auto transformer based soft starting scheme is
an analog control system where the wiper of the auto transformer can be rotated in a continuous fashion at a de-
sired rate using a servo motor. The digitally controllable servo motor driven auto transformer based soft starting
has no apparent draw backs except for the cost, volume and weight and efficiency [7]-[9]. With the advent of
modern power electronic devices, it is possible to design at comparatively low cost soft starting schemes that are
cheap, less weight and volume with improved efficiency and soft start motor control based on fuzzy theory has
been proposed [10] [11].

Analysis of extinction angle control of self-excited induction generator-converter systems for battery charging
applications has been presented in [12]. Design and Simulation of Three-phase AC Motor Soft-start scheme
have been demonstrated in [13] [14]. Soft start of induction motors using floating capacitor H-bridge converters
has been explained in [15]. In [16] the authors proposed a soft-start circuit of the High Voltage Power Supply
Based on Pulse Step Modulation Technology.

The control scheme discussed in this paper is a soft starting scheme for the SCIM of 5.4 HP (4 KW)/380V/50
Hz. The idea proposed, tested and validated here is a closed loop style of soft starting. The speed of the motor
and the current drawn are continuously monitored. The strategy is that to start with, a certain conduction angle is
allowed, and for this applied excitation the resulting rate of rise of current and speed are monitored. Until the
rate of rise of current and the rate of rise of speed are monitored and a decision is made based on this informa-
tion using the Artificial Neural Network (ANN) based intelligent decision making unit the same excitation level
or the same conduction angle continues. Once the decision is made the angle of conduction is either incremented
or decremented based upon the decision made by the ANN subsystem.

The process of observation of the rate of change of current, speed and the inference made by the ANN and the
implementation of the new conduction angle continues repeatedly until the machine reaches the rated speed.

The basic rules followed in the control strategy are as follows.

The rate of rise of current and the rate of rise of speed are calculated based on the measurements of current
and speed in real time.

1) If the rate of rise of current is high and the rate of rise of speed is also high then the current conduction an-
gle is maintained.

2) If the rate of rise of current is high but the rate of rise of speed is low then the conduction angle is reduced.

3) If the rate of rise of current is low but the rate of rise of speed is high then the conduction angle is in-
creased.

4) If the rate of rise of current is low and the rate of rise of speed is also low then the conduction angle is in-
creased.

Based on these basic four rules a rule matrix is coined with five segmentations of rate of current and rate of
speed. The universe of discourse of the conduction angle is also segmentised into five segments. The extended
rule matrix consists of 25 rules as shown in Table 1. Based on these 25 rules a conventional Fuzzy Logic Con-
troller (FLC) is first implemented in the MATLAB/SIMULINK simulation environment. The system is then run
and the simulation data of rate of rise of current and the rate of rise of speed along with the conduction angle as
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Table 1. Rule matrix.

Al/Aw NB NS ZE PS PB
NB NB NB NB NS ZE
NS NB NB NS ZE PS
ZE NB NS ZE PS PB
PS NS ZE PS PB PB
PB ZE PS PB PB PB

suggested by the fuzzy logic controller is recorded over a full starting period.

The same experiment is repeated three times respectively with no load, full load and 50% of full load. Based
on the data collected from the three cases an ANN is trained in the MATLAB/SIMULINK environment. After
the ANN gets trained the FLC is replaced by the ANN. The performance of the FLC and that of the ANN were
studied and recorded. The outcome of this procedure reveals that the ANN is more adaptive than the FLC when
it comes for soft starting with different loads on the SCIM.

4. Matlab/Simulink Simulation

A complete SIMULINK model was developed for validating the proposed ANN based soft starting scheme and
this section discusses some of the sub systems of simulation. The soft starting scheme model shown in Figure 2
gives the FLC version of the proposed scheme.

The extinction angle control of time axis control is used in this application. The motor is considered to be in
the STAR connection. Each of the three lines feeding the motor carry a MOSFET and this main MOSFET, is
surrounded by a diode bridge and in this way a single MOSFET for each phase is sufficient as the main power
control device for both positive and negative half cycles.

Besides across each of the phase windings is connected to another MOSFET surrounded by another diode
bridge and this MOSFET acts as the freewheeling device working for both positive and negative half cycles.
Thus in total each phase has two MOSFETS individually surrounded by diode bridges and the whole systems for
all the three phases have 6 MOSFETSs including the main and the freewheeling MOSFETS.

The control system consists of a comparator to compare a reference against a repeating ramp. The output of
the comparator is a positive pulse that starts in each cycle from the zero crossing and extends into the positive
half cycle period up to the desired period of conduction. The desired period of conduction is achieved by appro-
priately generating the gating pulse which is produced by the comparator that compares the ramp and the refer-
ence. The ramp for each phase is respectively synchronized with the corresponding source phase voltage and it
runs between 0 and 1 with the same timing as the period of the half cycles of the source phase voltage. The fre-
quency of the ramp is just twice the line frequency and the ramp is synchronized for each half cycle of the
source voltage. Thus gating pulses for both positive and negative cycles are produced appropriately in a syn-
chronized manner.

The conduction period in each half cycle is equal to the width of the pulse and the width of the pulse is a
function of the reference and the magnitude of the reference, in the range of 0 to 1, in turn is decided by the
FLC/ANN as per the operational requirements of the proposed soft starting system.

The freewheeling MOSFET is driven by the signal that is just an inverted version of the pulses driving the
main power feeding MOSFET. This inversion is carried out using a NOT gate. The power topology is shown in
Figure 3. The rate of rise of current and the rate of rise of speed are derived using the “derivative” block of
MATLAB/SIMULINK.

4.1. Fuzzy Logic Controller

Fuzzy Logic Control is a control technique that is meant to give an agreeable result when just an approximate
model of the system under control is available, or no model is available at all. With precise mathematical models
classical controllers can be designed but however the classical controllers though mathematically more determi-
nistic are less robust. In situations where the loading on the electric motors are subject to unpredictable changes
it is difficult to design classical controllers like the PID controllers robust enough to handle the entire range of

)



A. A. Mohamed Faizal, P. Subburaj

— Ji

Fuzzy Logic
Controller

—=|Al

S =E

Derivative

—OutlA

Dut2A! Al

fOut3A3

Machines
Measurement

Demux Scope5
C2

YYYYY

Figure 2. Simulink model of FLC controller.

WAl

| -
_ .
Repeating > ’Scope4
Sequence2 l 1
- Logical =
]})elatlonal Operator| & | )
perator Diode Diode6
: Feiin
_E |v Volfage Measyrement
B
ol Scope3 ié’:‘} Mosfet1 Scopel
’ [ 1] .
= -l » 2
Al E . iod Currept Measur¢njent
T _"E,'_ Diodel IDiode7
(Current Measurementl| I ]
=] g
i Diode4
L Diode3|
rScopeZ ‘crn
nj:[J_r__V} ] Mostef2
Voltdge Measyr¢ment |
= =
Diode2 Diode8

Figure 3. Power topology used for soft starting scheme.

loading conditions. From the control system point of view the FLC is an intelligent procedure to handle ap-
proximate or unpredictable data to arrive at an agreeable result. It deals with linguistic variables rather than the
usual numeric variables. A typical FLC takes in the error and the change in error as its two inputs manipulated
variable. The inputs and the output of any system may well have a feasible range and this range in the FLC ter-
minology is known as the Universe Of Discourse (UOD). The UOD of all the inputs and the UOD of the output
of the FLC are normalized to a common scale and then divided into a number of segments. These segments are
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assigned with some name usually a meaningful name pertaining to the range of the contents of the segments.
The segments are named typically HIGH, MEDIUM, LOW etc.

The segments on the input side of the FLC are related to the segments on the output of the FLC using the
RULE BASE. The rule base is a collection of rules framed by the practically experienced operator by virtue of
the past experience gained with the system under control.

In an FLC, decisions are made in two phases. In the first phase the segments of the error and the error rate are
related by the rule matrix and the segment of the output to which the next output should belong to which it is
identified. After finding the segment to be implemented the degree of membership of the output in the segment
is found. After finding the appropriate segment in the UOD of the output and the degree of membership in that
segment the result will be defuzzified, denormalised and if necessary descaled to suit the real system.

The MATLAB/SIMULINK screens of the FLC are shown in Figures 4-7. In this particular application the
Mamdani type of FLC was used and the UOD of each variable was divided into five segments. Triangular
membership functions were adopted for the segments and twenty five rules were formed.

4.2. ANN Controller

As the FLC is in action, during the entire transient period, the inputs to the FLC and the output of the FLC are
recorded. The sampling rate used for data collection was 0.00001 sec. The data were collected at the work space
of MATLAB. The rate of change of current and speed and the output of the FLC were collected and stored in a
file to be used as the training data for the ANN. The ANN we have adopted is of the feed forward back propaga-
tion multilayer type with one input layer, one output layer and a hidden layer.

The input vector consists of two elements and the output vector consists of a single element. Therefore the
number of neurons in the input layer of the ANN is two and that in the output layer is one. The number of hid-
den layer neurons is 7.

There were thus fourteen synaptic weights on the input side and seven on the output side. The weights of the
21 synapses will be iteratively modified during the training period and will attain the final value when the ANN
is sufficiently trained. The structure of the ANN is given in Figure 8.

The MATLAB/SIMULINK subsystems of the ANN based soft starting are given in Figure 9. The results of
the ANN based soft starting with all the relevant waveforms are presented in the results and discussions section.

5. Experimental Verification

In order to validate the proposed idea of the ANN based soft starting scheme an experimental verification setup
has been constructed. The specifications of the Motor used are given in Table 2.

The power circuit is shown in Figure 10. MOSFET IRF 840 was selected for the main and the freewheeling
switches. A diode bridge around the MOSFET devices using diodes 1N 5408. The central control unit was Mi-
cro controller PIC 16F877A.

The important subsystems of the scheme are

1) The Power circuit consisting of the opto couplers, MOSFETS and the diode bridges.

2) The motor current monitoring unit.

3) The speed monitoring unit.

4) The synchronized Ramp generation unit.

5) The decision making unit.

6) The DAC and the Comparator.

The block schematic of the soft starting unit is shown in Figure 11.

5.1. Current Monitoring Unit

The function of the current monitoring unit is to measure the stator current of the motor. Since the motor is a
balanced load a single current measuring unit in the R phase is used. The circuit arrangement of the current
monitoring unit is given in Figure 12.

With reference to the circuit diagram an inline current transformer is used. A typical 230 V/9V, 5A transfor-
mer is used for this purpose. The low voltage high current side of the transformer comes in series with the R
phase stator line. The high voltage terminals of the transformer are terminated with a burden resistor of 47 ohms.

)
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Table 2. Motor specifications.
Rated Voltage 380v 50 Hz
Rated Power 3750 watts
No of Poles 4
Rated Speed 1440 RPM
Connection type Star

The voltage across the burden resistor is rectified and filtered and the ultimate voltage across the capacitor with
a bleeder resistor gives a measure of the stator current drawn by the motor. An attenuator is provided to calibrate
this voltage to be in the range of 0 to 5 volts and appropriately represent the motor stator current.

This analog voltage is fed to the PIC 16F877 wherein there is a built in ADC that converts the analog signal
into the corresponding digital data.

5.2. Speed Monitoring Unit

The speed monitor unit is based on the frequency (F) to voltage (V) conversion. A slot sensor in association with
a disc with uniformly spaced perforations on the periphery of the disc is fixed to the shaft of the motor. This ar-
rangement is used to continuously generate a train of pulses. The frequency of the pulses generated by the slot
sensor is a function of the speed of the motor.

With 24 perforations on the disc the frequency generated for a speed of, say, 1200 RPM can be calculated as
follows.

Pulses per revolution = 24

Revolutions/second = 1200/60 = 20

Pulses per second = 24 x 20

Frequency of the pulse train = 480 Pulses/second.

Similarly the Frequency of the pulse train for a maximum speed of 1500 RPM will be

(1500/60) % 24 = 600 Pulses/second.

The circuit arrangement for the frequency to voltage convertor is as shown in Figure 13.

For the given circuit arrangement with the component values shown the output voltage of the F to V converter
will vary between 0 and 5 volts. This analog voltage is fed to the PIC 16F877A wherein there is a built in ADC
that converts the analog signal into the corresponding digital data. The complete experimental verification setup
is shown in Figure 14.

5.3. Estimation of Rate of Change of Current and Speed

The built in ADCs of the PIC 16F877A micro controller converts the analog inputs pertaining to stator current
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and the speed of the motor. This monitoring process is repeated after a short delay and the change in the values
of the parameters monitored in the consecutive measurement cycles gives the rate of change of the parameters.

After getting the rate of change of current and speed this data is logged into the fuzzy engine segment of the
program for making the decision as to how much the conduction angle should be altered.

5.4. Implementation of ANN in the Micro Controller

A novel method of implementation of an ANN is attempted successfully in this work. Initially with the
MATLAB/SIMULINK the simulation has been carried out. After completing the training process using the
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MATLAB Neural Network tool box a SIMULINK block representing the ANN is created. If this SIMULINK
block is opened we can check the values of the synaptic weights and these values are noted down.

The synaptic weights noted down from the ANN block of SIMULINK is stored in a set of variables in the
micro controller programming developed in C language. The Tan Sigmoidal function used as the activation
functions of the Neurons can be easily implemented in the micro controller programming environment. Thus the
synaptic weights and the activations are brought into the microcontroller environment and this segment of the
microcontroller program will behave in the same manner as the ANN developed and used in MATLAB. The
typical program segment used in the implementation of the Tan Sigmoidal Function of the ANN in the PIC mi-
cro controller environment is shown below.

float tansig(float input)

{floatr;

r = (1/(1+exp(-input)));

return r;

}

6. Results and Discussion

The results of the MATLAB/SIMULINK simulations are first illustrated followed by the results of the experi-
mental verification.
In Figure 15(a), a comparison of the stator currents during the starting transient period is compared. It is clear
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Figure 15. Comparison of (a) Stator current, (b) Speed in RPM, (c) Torque in NM and (d)

THD.

that the DOL starting scheme offers the shortest starting period. But the current drawn during the starting period
is comparatively as high as 80 A. The Conventional fuzzy logic control scheme offers a smooth starting but still
the starting current in all the three phases reach as high as and little more than 50 A. The ANN based soft start-
ing scheme offers the best starting behavior and it offers the lowest maximum starting current of 30 A as com-
pared to the other methods.

A consideration of Figure 15(b) reveals that with the ANN based soft starting scheme the motor takes a
longer time of 0.2 second whereas FLC offers 0.12 second to reach the steady state speed. The starting current
also falls down from the higher values during transient period to the lower steady state level in the same timing
as the speed moves on to the steady state speed from rest.

Figure 15(c) compares the torque developed in each of the three cases and it is evident that while the DOL
starting scheme offers the largest torque of 120 Nm whereas FLC and ANN offer the torque of 60 Nm and 40
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Nm respectively. A momentary very high starting torque as exhibited by the DOL scheme of starting leads to
slowly develop mechanical instabilities and in due course the mechanical systems may get damaged, compara-
tively earlier than with the case of the other two starting schemes. Therefore Figurel5(c) clearly shows that the
proposed technique of soft starting with fuzzy logic trained ANN offers relatively the best torque profile.

With the ANN based soft starting scheme outperforming the other schemes of starting in regard to the para-
meters discussed earlier the last concern is the quality of power drawn from the mains. The soft starting schemes
usually, while offering a smooth soft starting scheme for the machine under consideration it may lead to the
pollution of the feeding electrical system.

With reference to Figure 15(d) it is clear that the DOL starting scheme is the best in terms of the recorded
minima of the maximum Total Harmonic Distortion (THD) and this is possible because the DOL scheme does
not use any phase control or extinction angle control technique. But with the other two schemes of soft starting
the ANN based scheme offers better harmonic performance by offering reduced THD compared to the fuzzy
logic based soft starting scheme. Figure 16 consolidates in a bar graph the comparison of starting current, start-
ing period, Maximum Torque and THD during the starting period in all the three cases.

Figures 17-20 give a picture of the voltages passed on to the load through the extinction angle controller. A
comparison of the load side voltage waveform for different conduction angles or durations of conduction in each
cycle with conduction periods nearly 180 degrees, 90 degrees, less than 90 degrees and the case with little more
than 90 degrees of conduction along with their respective FFT plots are shown.

It is clear that at lower conduction angles near the starting instant the THD is as high as the conduction angle
approaches 90 degrees the THD is moderate and when the conduction period is as high as 180 degrees the
waveform of voltage is nearly sinusoidal and the FFT shows only the fundamental quantity.

Therefore it can be inferred strongly, by considering all the relevant performance parameters, that the ANN
based closed loop soft starting scheme is the best possible soft starting scheme that can be implemented with the
three phase squirrel cage induction motor.

Starting current in Ampere Time taken to reach rated speed in
o DOL se¢
38 035 ANN
0.3 1 Fuzzy
60 -
Fuzzy 0.25 -
%01 ANN
40 0.2 1
30 . 0.15
50 01 DOL
10 0.05 .
0 0
(@ (b)
Maximum torque in NM THD
140 0.25
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120 Fuzzy
0.2
100 ‘ ANN
80 | 0.15
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NN 0.1
40
0.05
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(d)
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Figure 16. Graphical comparison of (a) Starting current, (b) Time taken to reach rated speed, (¢) Maximum torque and (d)

THD.
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Figure 19. Voltage and FFT at extinction angle less than 90°.

7. Conclusion

A novel microcontroller based closed loop soft starting scheme using ANN and FLC is successfully demon-
strated in this paper. An extinction angle AC voltage closed loop controller with speed and stator current as
feedback parameters is used. Parameters like starting current, time to reach rated speed, maximum torque and
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Figure 20. Voltage and FFT at extinction angle greater than 90°.

THD have been taken into analysis. Simulation was carried out with both FLC and ANN and compared. The
ANN technique proves to be better than FLC, in terms of the above said parameters taken into consideration.
This research work can be further extended with the use of Adaptive Neuro Fuzzy Inference System (ANFIS)
technology and could be fine tuned using Genetic Algorithm. The outcome of the experimental results shows
that ANN based soft starting outperforms the FLC based soft starting.
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