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Abstract - Soft-starters are highly employed for induction motor starting where frequent starting is necessary. The paper 
utilizes the possibility of cuckoo search algorithm to optimize control parameters of PI controller for soft-starting of the 3-ph 
induction motor. The obtained parameters are substituted in the system model to verify the dynamic performance of the 
motor drive system. The simulation results support the convergence of cuckoo search algorithm with good dynamic response 
of the system during the starting of the induction motor.  
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I. INTRODUCTION 
 
Soft-Starters are a combination of a controller and 
overload protection used to start induction motors at 
rated current. The direct online starting (DOL) of 
medium to large induction motors result in high 
inrush starting current going up to several times the 
rated current. Significant voltage drop in the system 
and disruption of equipment connected to the same 
line occur during direct starting [1]. The lifespan of 
the machine and connected equipment is reduced due 
to these transients. Electromechanical reduced-
voltage starting methods were the most used starting 
techniques. It comprises of star/delta starting, 
resistor/reactor starting and autotransformer starting 
and is generally not preferred nowadays. An open 
loop wye/delta soft starter by sequence trigger 
controller for SCRs is discussed in[2].Advancement 
of soft-computing techniques and availability of user-
friendly mathematical tools have led to the 
development of various concepts of soft-starters. A 
recent work in this direction is seen in [3][4]. Ant 
colony optimization algorithm based soft-starter is 
detailed in [5]. 
The procedure for designing of feedback controllers 
for soft-starters has minimal literature support though 
soft-starters are being highly adopted in industrial 
environments. The procedure for designing is 
necessary, in specific, since the 3-ph induction motor 
drive system is described by highly non-linear 
equations. The system is defined by five set of 
differential equation, two state variables for stator, 
two for rotor and one shaft speed. An intricate design 
of a feedback controller for soft-starter fed induction 
motor drive is hence required. Good dynamic 
response is achieved by solving the optimization 
problem of the feedback controller design and 
substituting the obtained parameter into the ac 
voltage controlled induction motor drive system. 
After publication of the first paper [6] in 2009, 
Cuckoo search algorithm has been widely adopted in 
optimizing of engineering applications [7] [8] [9]. 

Zakyizzuddin and Irwin show Cuckoo search takes 
lesser computation time and achieves lowest fitness 
value for single objective Rosenbrock’s function 
when compared with firefly algorithm and 
evolutionary programming technique [10]. The 
Cuckoo search is employed with lévy flights, a 
particular class of random walk; to test for various 
standard optimization functions in [6].A random walk 
is a stochastic process in which particles traverse 
along random paths, example Brownian motion in 
liquid. The step lengths of lévy flights during the 
walk are described by a ‘heavy-tailed’ probability 
distribution. The lévey flights enable to define 
various random phenomenon with rare occurrences 
that determines the total dynamics of the system like 
super-diffusion in atomic vapors [11]  which 
previously were not be able to be accurately 
interpreted by Gaussian distributions. 

The proposed soft-starter regulates motor current at 
its rated value during starting. The soft starter 
employs anti parallel thyristors acting as a voltage 
regulator in a closed loop with a Proportional-Integral 
(PI) controller. The antiparallel pairs of thyristor, say 
T1-T2,T3-T4,and T5-T6, acting as voltage regulator 
is shown in figure 1. Cuckoo Search algorithm, a 
Non-conventional optimization algorithm, is used to 
find the control constants of the PI controller. The 
closed loop PI controller soft-starter fed induction 
motor drive is implemented in MATLAB. An 
appropriate objective function is employed to 
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Figure 1: Open loop circuit diagram for soft starting of 
induction motor. 
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evaluate the best values of constant parameters of PI 
controller. 
 
II. DYNAMIC EQUATION OF SOFT-STARTER 
FED INDUCTION MOTOR 
 
The schematic diagram of induction motor for soft-
starting is depicted in figure 1.  Here, the three phase 
induction motor can be described as per [12] and is 
described by the five set of  differential equations 
which is given below: 

qsV and dsV  are the d-q axis stator voltage and is 
given by, 
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Where ysxs VV ,  and zsV  are motor terminal voltages 
and are derived below: 
Each arm of the supply XYZ is connected with a back 
to back thyristor pair and gate pulses to the thyristors 
are controlled so that it can act as a controlled 
rectifier. As a whole, back to back connected thyristor 
pairs at each line combines to form 3-ph voltage 
controlled rectifier. The stator voltage applied to the 
induction motor can be adjusted by varying the SCR 
firing angle, .The firing pulse given to next pair 
thyristors will be with a delay of  3/2   . This 
component is now introduced, and the motor stator 
voltage is described below. 
Assuming sinusoidal instantaneous phase voltages, 
we have 

)cos( tVV mx                     (2) 

)3/2cos(   tVV my (3) 

)3/2cos(   tVV mz  (4) 
The motor phase voltage when SCR voltage regulator 
is employed between the supply and motor phase 
winding is given by 
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The neutral shift voltage existing for SCR voltage 
controller with three wire system, is given by: 

 zyxsn VVVV  *
3
1   (8) 

Thus the three-phase forcing voltages at the machine 
terminals are given by: 
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Equations (2) to (9) details the dynamic of induction 
motor drive fed by ac voltage regulator, where SCR 
firing angle, α and load torque TL are the 
independent variables. The transient response 
analysis of induction motor drive is carried out by 
coding a custom program in MATLAB. 
The induced emf in each phase are given below: 
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In qd  axis representation the back emf induced in 
the motor are given by, 
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Where 
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The flux linkages of rotor in the qd  axis is 

denoted as dr , qr  and is given by, 
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The induction motor represented in state space is 
given below: 
Based on th 
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Where,
dt
dp   

The electromagnetic torque is given by, 

 dsqrqsdrme iiiiLPT 
22
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The rotor speed in rad/sec is governed by, 

J
TTp Le

r


  (16) 

The three-phase AC voltage controller fed induction 
motor starting with closed loop current controller 
schematic is shown in figure 2. The Equations 1 to 16 
represents the AC voltage controller fed induction 
motor drive model. The firing pulse angle for six 
thyristors constitutes to the input of ac voltage 
controller along with load torque. Soft-starting of the 
induction motor is done at the no-load condition; the 
load torque is maintained zero for the duration of 
starting. The Proportional-Integral (PI) controller 
updates the firing angle thyristors. The rated motor 
current is compared with the computed motor current. 
The variation in firing angle, , is computed by the 
PI controller from the error obtained. The initial 
thyristor firing angle 0 can be suitably selected. 

 
Figure 2: Schematic diagram of feedback controlled closed 

loop induction motor soft-starting. 
 
III. FORMULATION OF THE PROBLEM 
 
In the schematic diagram shown in figure 2, the goal 
of the optimization problem is to identify best values 

of PI controller parameters, PK  and IK  such that 
soft-starting can be carried out with minimum 
deviation from rated current during the starting 

process. Let 
*
mI  be the rms value of the rated current 

of the motor and mI  be the actual motor current. Let 
)( *

mm IIerror   be the error and the task here is 
to minimize the sum squared error during the starting 
process. This optimization problem can be formulated 
as given below: 
Minimize, 
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In the above,  
푡  = Starting time interval and 

 IP KK , are the proportional and integral 
controller parameters. 
The paper employs nature inspired cuckoo search 
optimization method to design the PI controller and 
optimize the rated current starting of the induction 
motor. The soft-starting is implemented by 
compromising the starting time of the motor. The 

starting time is reduced when the algorithm is 
modified to optimize the starting time but starting 
current rises more than twice the rated current. 
Further discussion on the optimization of starting 
time is beyond the scope of the paper. 
 
IV. BASIC DESIGN OF PI CONTROLLER 
EMPLOYING CUCKOO SEARCH 
ALGORITHM 
 
The brooding pattern of consideration, in the paper, is 
the reproductive strategy followed by some species of 
cuckoo birds. The species lays down their egg in a 
host nest, mostly of another species. The 
identification of cuckoo’s egg by the host will either 
results in abandoning of the nest by the host or 
throwing the cuckoo’s egg out of the nest. Hence for 
greater survivability of the species, it’s highly 
necessary that the cuckoo’s egg should not be 
distinguished by the host bird by its behavior or 
appearance. The best eggs, not identified by host bird, 
are carried out for further generation of the species 
thereby ensuring the survival of the species. 
The standardized cuckoo search algorithm, for 
simplicity, uses the following assumptions: 
(1) The host nest chosen by cuckoo is random and 
lays only one egg at an instant. 
(2) The next generation carries the best eggs with 
higher quality 
(3) With a probability of  Pa between 0 and 1 lies the 
chance of discovery of cuckoo’s egg. 
(4) The discovery of cuckoo’s egg by the host bird 
results in the egg being thrown off or the nest being 
deserted by the bird who owns the nest and building a 
new nest. 
(5) The discovered nests are replaced by fresh 
random nests. For maximization or minimization 
problems, the value of the objective function can be 
linked directly to fitness of a solution. 
As like any evolutionary algorithms cuckoo search 
also has exploitation and exploration capabilities, 
managed by a switching probability. By deploying 
the cuckoo search optimization algorithm, search 
space can be scanned more effectively on the global 
scale, and hence higher probability of finding global 
optimal point is achieved. The exploitation is very 
intensive with about 1/5 of the search time (for pa = 
0.20), while exploration takes about 4/5 of the total 
seek time. The standard random walks are not so well 
effective in cuckoo search as the convergence take 
more generations to reach the optimal conditions. The 
lack of effectiveness towards standard random walk 
is complemented by the advantage of ability to 
incorporate Lévy flights. TheLévy flights have 
infinite mean and variance; it aids Cuckoo Search 
based optimizations to traverse the search space 
better than the algorithms operating on conventional 
Gaussian processes. 
The steps followed in cuckoo search algorithm is 
pointed out as follows : 
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1) Generate an initial population of n nests at 
random positions within the search space,Y =
{y , y , … , y }then evaluate their objective 
function values  at the generated random positions 
and find the best nest b . 
2) Carry out the lévy flights to evaluate the 
change in positions of nest by using the equation 
y(t + 1)i = y(t)i + α⊗ L(λ).   Where, the symbol 
⊗ implies entry wise multiplication and α is the step 
length greater than 0. 
3) From a uniform distribution [0, 1] a random 
number r is drawn. Update y(t + 1)iif  r > P .  For 
r < P  ,initialize new random nests. Then, evaluate 
the new solutions so as to find the new, global best g  
. 
4) If the stopping criterion or maximum 
number of iteration is met, theng is the best global 
optimality point. 
else, go to step (2). 
Lévy Flight has been applied in various applications 
ranging from processes in biological, physical, 
statistical, financial and also chemical for solving 
optimization problems. A simplified version of 
Mantegna’s algorithm is employed to carry out lévy 
flights while performing cuckoo search optimization. 
Generally, the animals search for food in their nearest 
vicinity and in a random pattern, but though, they 
tend to go far distances at rare instances to fetch food. 
In the vicinity, the search path of animals is simple 
random walk or random flight derived based on the 
transition probability to the next spot and the current 
spot. Lévy flight is a random walk where the step size 
is distributed according to the lévy distribution.  
Based on the breeding behaviour of certain species of 
cuckoos, the cuckoo search (CS) algorithm to solve 
stochastic global optimization problems was 
proposed in [6]. The algorithm uses a balanced 
combination of a local random walk and the global 
explorative random walk, controlled by switching 
parameter Pa. local random walk can be written as in 
equation 18: 

)).((..1 t
k

t
ja

t
i

t
i uuPHSuu          (18) 

where 1t
iu and t

iu represent new and previous 

solutions, respectively, and t
ju and t

ku  are two 
different solutions selected by random permutation. 
The superscript 푡 numbers the related 푡-th generation 
or 푡-th iteration while 푖 indexes a respective particle 
or cuckoo. Furthermore, (⋅) represents the Heaviside 
function, 휀 is a random number drawn from a uniform 
distribution and 푆 is the step size of the random walk. 
On the other hand, the global random walk is carried 
out for each 푖 (cuckoo) and is given as in equation 19: 

)(.1 SLuu a
t
i

t
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where vector )(SLa represents a random walk whose 
random step length 푆 is drawn from a Lévy 
distribution with an infinite ´ mean and variance for 

each 푖 often given in terms of the power-low 
distribution[13]. 

;1~)( 1s
SLa 1S                  (20) 

The subscript 훼 in above equations determines the 
probability of obtaining Lévy random numbers in the 
tail of the distribution while 훾> 0 scales the random 
step length and is related to the scales of the problem. 
 
V. CONVERGENCE GRAPH 
 
The Matlab program developed to implement Cuckoo 
Search Algorithm for induction motor starting 
provides the optimal values of controller parameters. 
The convergence graph of each cuckoo is given in 
figure 3.a. Figure 3.a clearly illustrate that the 
biological brooding of cuckoos towards fittest egg 
successfully identifies optimum values of the 
controller constants. The convergence graph of best 
cuckoo search is depicted in figure 3.b. 
 

 
(a) 

 

 
(b) 

Figure3 :(a) Convergence plot of Cuckoos during the 
iterations.(b) Convergence of best cuckoo. 

 
The switching probability of cuckoo search algorithm 
is tuned to be 0.32 so that efficient local and global 
search is carried out by the algorithm. The step size 
of searching is set at 0.05 to reduce the 
aggressiveness of the algorithm and to avoid 
immature convergence in local optimum points. 
Higher step size allowed the cuckoos to converge 
faster but as the tuned parameters substituted in the 
drive model, dynamic response consisted of much 
disturbance. 
 
The final objective function at the end 38th iteration 
is obtained as 186.73. The optimum values of 
controller constants corresponding to the objective 
functions are KP=10.2 and KI=6.5. 
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VI. SIMULATION RESULTS 
 
The optimal controller constants are substituted in the 
induction motor soft-starting block diagram is given 
in figure 2. The initial voltage step is defined at 130 
V and the change in terminal voltage is decided by 
the current loop. A step voltage of 130V is applied 
during starting and once the motor reaches the no 
load speed, the voltage ramp is increased to the rated 
voltage of 230V. The current loop is always active 
during starting, whereas the parameters of the voltage 
reference are indicated by the initial step and ramp 
change. The computed result of soft-starter fed 
induction motor drive is shown figure 4 and 5. 
 

 
Figure 4: The rms current and voltage of the induction motor 

during the starting period. 
 

 
Figure 5: Speed of the induction motor during  starting. 

 
The variation in firing angle, α , is depicted in figure 
6. The initial alpha given by the program is 100 
degree. The firing angle initially jumps to 128 
degrees and gradually reduces to 120 and 
exponentially goes to 0 degrees as the starting process 
completes. 

 
Figure 6 : The variation of firing angle during starting of the 

induction motor. 

Figure 7.a captures instantaneous motor terminal 
voltage and current. The voltage peaks to 183 volt 
while the starting and increases to 324 V by the end 
of starting process. The magnified version of 
instantaneous voltage and current is captured in 
figure 7.b. Figure 7.b clearly illustrates the firing of 
SCRs during the starting process. 

 
(a) 

 
(b) 

Figure 7 : (a) Instantaneous voltage and current waveforms of 
the induction motor. (b) Magnified version of the instantaneous 

values of the induction motor. 
 
CONCLUSION 
 
This paper has explained the design and 
implementation of an optimum PI controller for 
induction motor starting at rated current. The 
controller design is carried out using Cuckoo Search 
Algorithm. Induction Motor starting dynamics with 
Cuckoo Search Algorithm based controller 
parameters are obtained through MATLAB 
simulation. 
 
MACHINE PARAMETERS: 
 
The parameters of the 3 phase induction motor are 
given below: 

 

Type Squirrel 
cage Connection STAR 

Voltage 415 V Rated 
Frequency 50 Hz 

Rating 1.27 kW Rated Current 2.7A 
Rpm 1435   
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