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ABSTRACT: The objective of this work is to design and implement a closed loop system for induction motor starting
at rated current. Thyristorized AC voltage regulator is used as the starting equipment and motor current regulation is
carried out using an optimally tuned Proportional-Integral (PI) controller. Since, AC voltage controller fed starting of
induction motor is a non-linear process, identification of optimal values of Pl controller constants is performed using
Particle Swarm Optimization (PSO). The complete drive system including AC voltage controller fed induction motor in
conjunction with optimal PI controller is first simulated in MATLAB and subsequently verified experimentally. The
successful implementation with a low cost microcontroller illustrates the feasibility of the new approach.
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Direct axis component of stator voltage
Quadrature axis component of stator voltage
Direct axis component of stator current
Quadrature axis component of stator current
Direct axis component of rotor current
Quadrature axis component of rotor current
Motor phase currents

Stator winding resistance

Rotor winding resistance

Magnetizing inductance

Stator winding inductance

Rotor winding inductance

Motor speed in rad/sec

Electromagnetic torque

Load torque

Number of poles

Moment of Inertia of the motor

Firing angle

Actual motor current

Rated motor current

Error

Initial firing angle

Proportional gain

Integral gain
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1. INTRODUCTION

The methods of starting of three-phase induction motors are generally classified into four basic categories [1]:
direct online starting, electromechanical reduced voltage starting, solid-state reduced voltage starting and variable-
frequency-drive (VFD) starting. The cheapest way is direct online starting, but the major disadvantage is large initial
current surge leading to voltage dips in the supply system. Electromechanical reduced-voltage starting comprises auto-
transformer starting, star/delta starting and resistor/reactor starting. Among these, star/delta starting is more popular
since it is cheap, compact and causes no power loss. However this method can be applied only for normally delta-
connected stator provided with six leads. Conventional starting elements require some type of mechanical switch or
contact and have several drawbacks [2, 3], such as need for frequent inspection and maintenance, non-simultaneous
switching of motor phases to the supply, failure in the moving parts due to large amount of switching etc.

Availability of high-power devices has led to the development of solid state starters replacing conventional
starters. An earlier work in this direction is seen in [4, 5]. The solid state starter consisted of a pair of back-to-back
connected SCRs and the firing angle of SCRs was varied to control rate of change of KVA with respect to time. Such a
scheme is examined for pulp and paper industry in [6]. A solid state voltage contactor employing anti-parallel SCRs is
given in [7]. The concept of use of SCR voltage regulator with firing angle control for smooth induction motor starting
is labeled as “soft starter” and a closed loop soft starter with fuzzy logic controller is available in [8]. A closed loop
optimal soft starting of ac voltage controller fed induction motor drive based on voltage across the thyristor is seen in
[9]. While earlier works were confined to current limit starting, performance enhancement of starting torque is profile
was later addressed [10, 11]. Numerical solution method is attempted in [10] for improved starting current and torque
profile whereas the method suggested in [11] consists of two parts: a linear initial firing angle scheme which eliminates
starting torque ripples and a current control strategy which consists of successive co-sinusoidal and constant function
segments of triggering angle of SCRs. A soft starter with voltage and power factor angle as feedback signals is given in
[12], whereas starting torque optimization is carried out in [13]. The work in [14] explains the use of Artificial Neural
Network (ANN) for the generation of SCR firing angles for soft starting. Soft starters are also employed for energy
saving too [15, 16]. ]. The works in [17, 18] indicate that soft starters are increasingly employed in industries
nowadays. While the schemes in [4-7] are of open loop type, the soft starters in [8-14] work in closed loop mode. It is
important to mention that the closed loop control strategies are generally obtained by repeatedly simulating the motor
model several times and employing trial and error based approach.

While the soft-starter has been increasingly employed in the industries now-a-days, the design procedure of
feedback controller for rated current starting is not available in literature. This is important in particular because, AC
voltage controller fed induction motor drive system is described by a fifth order differential equation and is highly non-
linear during starting due to continuous and large variation of motor speed. This demands a detailed design and
implementation of a feedback controller for soft-starter fed induction motor drive. In this context, the feedback
controller design is formulated as an optimization problem and the solution is achieved to obtain good dynamic
response.

This paper formulates an optimization model for the soft starter and the solution is achieved through Particle
Swarm Optimization (PSO) [19-23]. Thyristorized AC voltage controller is proposed to work in a closed loop mode
with a Proportional-Integral (P1) controller for regulating the motor current at its rated value during starting. The
control constants of the PI controller are obtained through PSO. For this, the soft-starter fed induction motor drive
together with PI controller is developed in MATLAB and subsequently a suitable objective function is tailored for the
estimation of optimal values of PI controller constants using PSO. Extensive simulation results supported with
experimental waveforms are provided to validate the proposed method.

1. PARTICLE SWARM OPTIMIZATION FOR Pl CONTROLLER DESIGN
(A) Formulation of the problem

The schematic of induction motor soft starting is depicted in figure 1. Here, motor model is described by the fifth order
differential equation [23] and is given below:

The stator voltages, Vqsand VdS are given by,
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whereVrs, s and V are motor terminal voltages and are derived below:

(1)

With AC voltage controller as the power electronic interface between the AC supply and induction motor, variation of
SCR firing angle, ¢ changes motor stator voltage. This component is now introduced and the motor stator voltage is
described below.

Assuming the instantaneous phase voltages as

V. =V_sin(at) )
V, =V sin(@t—27/3) ©)
V, =V, sin(@t+27/3) ... 4

With the SCR voltage controller between supply phase voltage and motor phase windings, the motor phase voltage is
given by

V, =V, sin(et), wheni, #zeroand ot < c,

=e, wheni, =zeroand ot <@, p.......cocooviiiiiiiiiiiiiie s (5)
=V, sin(wt),  wheni, #zeroand ot > a.
Similarly

vV, =V, sin(a)t—z—”), wheni, #zeroand wt < «,
3

=e, wheni, =zeroand ot < a, (6)

=V, sin(wt —2?”), wheni, #zeroand ot > a.

. 2 .
V, =V, Sln(a)t+?ﬂ), wheni, #zeroand ot < a,

=€, when i, =zeroandet < a, (7

. 2 .
=V sin(ot +?ﬂ), when i, = zeroand ot > a.

For SCR voltage controller with three wire system, there exits neutral shift voltage given by:

Thus the three-phase forcing voltages at the machine terminals are given by:

V=V, -V,

V=V, =V, 9)
Vi =V, =V,

Equations (2) to (9) completely describe the dynamic of AC voltage controller fed induction motor drive, where SCR
firing angle, a and load torque T, are independent variables. A dedicated computer program is now developed in
MATLAB for transient response analysis of induction motor drive. The parameters of induction motor are listed in
Appendix.
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The induced emfs in each phase are given below:

edr
€qr
The backemfsin d — q axi_s of the motor are given by,
edr _ Wr Irl?qr +l//q
eqr IrI Iqr + l:[/d
V4 Var — Irliqr
where, = .
l//q l:[/qr - IrIIqr

The rotor flux linkages in the d — ¢ axis ¥y, and ¥/, are given by,

e 1

N‘&N‘&O

1
2
€, l
2

Ids

Y _ Lr Lm 0 0 iqs
l)l/qr - 0 0 I—r Lm idr

Lar |
The state space model of induction motor is given below:

Vi | [r.+Lp 0 L.p 0 Igs
Vi _ 0 r,+Lp 0 L.p g
0 L.p -oL, r+Lp -ol |i,
0 oL, L.p oL, r.+L, P g
Where, p = i
dt
The electromagnetic torque is given by,
T, = %% L (iariee —igrice)
The rotor speed in rad/sec is governed by,
Pow, = T.-T
' J

The inputs to the motor model are SCR firing angle, a and load torque T,. The motor is started on no-load i.e,

(10)

(11)

(12)

(13)

(14)

(15)

(16)

TL:

0 and the motor current, | ¢ evaluated through the model, is compared with rated motor current, |r . The error is given

to the PI controller, which calculates the change in firing angle, A . The value of & indicates initial SCR firing

angle and is suitably selected.

Copyright to IJAREEIE WWW.ijareeie.com

225


http://www.ijareeie.com

-
« «\JSERB
11 N DIA

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering

ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

(An ISO 3297: 2007 Certified Organization)

Vol. 5, Special Issue 8, November 2016

In the block diagram shown in figure 1, the task is to identify optimum values of PI controller constants namely K

and K, such that motor current is kept constant at its rated value throughout starting. Let e = |r - |r be the error and

the objective here is to minimize the sum squared error.
This can be stated as an optimization problem and is given below:
Minimize,

F(g) = (e)) (17)

Subject to
¢(Iower) < ¢ < ¢(upper) and 0<a<nm

In the above,
ts= Starting interval and
¢ = {K,, K, } is the controller structure.

(B) PI controller design through Particle Swarm Optimization
The following steps describe how the PSO is designed and applied to the present problem. Various components of PSO
such as population, particle velocity, pbest, gbest and acceleration coefficients as applied to the present work are
illustrated.
Various steps of PSO are summarized in the following steps.
Stepl. Generation of initial condition of each particle
Initial searching point X; and velocity Vv, of each particle is usually generated within the allowable range.

The current searching point is set to pbest for each particle. The best evaluated value of pbest is set to gbest
and the position of particle with the best value is stored.

Step 2. Evaluation of searching point of each particle
The objective function value is calculated for each agent. If the value is better than the current pbest of the
particle, the pbest value is replaced by the new value. If the best value of pbest is better than the current gbest,
gbest is replaced by the best value and the particle with the best value is stored.

Step 3. Modification of each searching point

. . < th st "
The new velocity term and position of | particle in ) direction for (k +1) iteration is given by equations

(18) and (19):
Vit =wV, +crand () x[pbest { — X ]+c,rand () x[gbest ¥ — X ] (@8
X=XVt (19)

Step 4. Checking the terminating condition
When the current iteration number reaches the predetermined maximum iteration number, then exit.
Otherwise, go to step 2.
(C) Convergence graph
A dedicated computer program in MATLAB is developed for the estimation of Pl controller constants for soft starting
of induction motor through the above steps of PSO. The parameters of PSO such as number of particles, ¢;, and c, are
used to achieve the optimal solution. The parameters used in the implementation of PSO are given in table-1.
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Tablel. Parameters used in the implementation of GA

c, 1.4

c, 1.4

W o 0.9

W i 0.4
Population size 10

Termination criterion 100 iterations

Minimum value of K, 0
Maximum value of K, 10
Minimum value of K, 0
Maximum value of K| 10

The convergence characteristic curve is shown in figure 2. It is seen that the algorithm converges
systematically to one of lowest values of objective function in a steady manner. It is important to mention that at each
iterative step the least objective function is considered for plotting the convergence graph. The pace of initial
convergence is very fast in the early stages of generations and as the optimization proceeds the rate of convergence
decreases. At the end of 50 generations, the optimal values of controller parameters are obtained as follows:

K,=9.88 and K, =743

1. SIMULATED AND MEASURED RESULTS

Substitution of optimal controller constants in the closed loop block diagram of induction motor soft starting
depicted in figure 1 will enable evaluation of start-up dynamics of the motor drive. In order to obtain experimental
results also, a hardware set up for motor soft starting was fabricated in the laboratory and is shown in figure 4. Here,
the power converter employed is a three-phase AC voltage regulator employing SCRs. The SCR firing angle is varied
to adjust the stator voltage applied to the motor. The AC voltage controller consists of six SCRs labeled as

Tl,Tl','I'Z,'I'z','I'3 andT:;. The SCRs T,and T, are triggered at a delay of o and 7 + o respectively with reference to

the zero crossing of R-phase voltage, VRN. The SCRs T,and T2 are triggered at a delay of 2i+a and
3

2_”+ (,, + a) respectively. In a similar manner, the SCRs Tsand T3 are triggered at a delay of 4i+a and
3 3

An + (7 + o ) respectively. The heart of the closed loop system is PIC16F876A micro controller which works as Pl
3

controller as well as firing pulse generator. The R-phase voItage,VRN is stepped down and converted into a digital

pulse using Zero Crossing Detection (ZCD) circuit and this pulse is fed to the pin RC, of the microcontroller. The
microcontroller senses the status of this pin at each time and once zero crossing signal has come, it starts producing six
firing pulses through RBO to RB5 with a delay angle, & computed by the PI controller realized in the microcontroller.
Controller.

The dynamic motor model in figure 1 is now simulated for induction motor starting and the variation of
few motor parameters are obtained and are shown in figure 5. Figure 5(a) shows motor terminal voltage and current
during the starting process. It is seen that both the waveforms are distorted due to phase angle control action. Figure5
(b) is the time variation of motor voltage and current at the end of soft starting. It obvious that phase angle control
ceases at the end of motor starting and motor voltage and current become sinusoidal in shape with motor current
magnitude falling to no load current value. Figure 5(c) depicts motor terminal voltage and current after the starting
process is completed. The microcontroller based soft starter developed in the laboratory was used to start a three-phase
induction motor and measured waveforms are included in figure 5. A good agreement is visible between measured and
simulated values.
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In order to confirm rated current start up, the time variation of rms value of motor terminal voltage and
phase are current are now computed and is shown in figure 6(a). It is clear that the motor current is almost constant at
2.7A during starting with adjustment of SCR firing angle, « . The measured motor current plot also confirms that motor
starts with rated current. The computed and measured graphs in figure 6(b) show that the motor speed increases almost
linearly and takes about 7 seconds to reach the no-load value. The computed variation of ¢ during starting is shown in
figure 6(c). It is seen that the optimum PI controller adjusts « to keep the motor current at the rated value; further, once
starting is completed, o is reduced to zero due to constraints put on it. Another interesting observation is about the
transient variation of electromagnetic torque depicted in figure 6(d). It is seen that the magnitude of electromagnetic
torque is always positive with little ripple. The enhanced torque profile reduces shocks to shaft, bearings, gears and
load. While no attempt has been made to reduce starting torque ripple, the graph in figure 6(d) suggests that rated
current operation yields improved starting profile. This is particularly important because direct on-line starting causes
large oscillations in the electromagnetic torque and special control techniques are needed to smoothen the torque ripple
[10-11]. Thus it can be concluded that soft starting of motor optimum PI controller yields additional advantage of
improved starting torque profile.

IV. CONCLUSION

This work has focused on the design and implementation of a closed loop scheme for soft-starter fed induction
motor drive. The objective of the closed loop operation was to start the motor at rated current. Towards this goal, soft-
starter fed induction motor drive with closed loop operation is first modeled in MATLAB. The feedback controller
constants are identified for enhanced starting dynamics using Particle Swarm Optimization (PSO). The complete drive
system is simulated in MATLAB first and subsequently implemented in the laboratory. A low cost PIC16F876A
microcontroller was used as the feedback controller and firing pulse generator for AC voltage controller. The computed
and measured results corroborate each other and validate the proposed method.

APPENDIX
SPECIFICATIONS OF THE MACHINE:

TYPE : SQUIRREL CAGE
VOLTAGE . 415V

RATING D 2.2 KW

RPM . 1435
CONNECTION : STAR
FREQUENCY : 50 Hz

CURRENT D 27A
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Figure 1. Block diagram of induction motor soft-starting with feedback controller.
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Figure 2. Convergence characteristics of the algorithm.
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Figure 4. Experimental set up for induction motor soft-starting with feedback.
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