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Abstract—In many industry applications and the real world applications like pump irrigation
system, dc motor drives are widely used. In this paper, a novel technique for split phase induction
motor drive is discussed to overcome the limited applicability, high cost and maintenance problem
of conventional dc motor drives. This technique uses Photo Voltaic (PV) cell, Bidirectional dc-dc
converter, a half bridge inverter and a split phase induction motor. The bidirectional dc-dc converter
is operated using Zero voltage switching (ZVS), fixed switching frequency and a ripple-free inductor
current regardless of direction of power flow. Due to ZVS operation, the reverse recovery problem
of the antiparallel diode of the power switch does not occur. It, in turn, reduces the voltage ripple
that occurs at the input low voltage source. This paper presents the simulation results of dec-dc
converter fed split phase induction motor drive using PV cell.

Keywords: Photo Voltaic (PV) cell, Bidirectional dc-dc converter, Zero Voltage Switching (ZVS),
Split phase induction motor.

1. INTRODUCTION

Analysis of de-dc converter fed induction motors are extensively used in the industry applications by
replacing the general commutator dc motor. The single phase induction motor is the simplest form
of poly phase induction motor having a squirrel cage rotor, except the split phase induction motor
that has only one winding on the stator. The split phase induction motor, widely used in utility
applications, produces mmf which remains stationary in space and alters with time. The split phase
induction motor is usually built with small power for domestic and commercial applications. This
paper shows a speed control scheme for split phase induction motor which is fed with a bidirectional
dc-dc converter. The conventional nonisolated bidirectional dc-dc converter is shown in Figure 1.
The novel bidirectional dc-dc converter is operated with the Zero Voltage Switching as shown in
Figure 2. Section 2 gives the literature survey or previous work about the novel bidirectional
dc-de converter along with the modes of operation. Section 3 deals with the modelling of split
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phase induction motor where the speed and torque equations are derived. Section 4 emphasizes the
proposed drive system with necessary block diagrams. Section 5 deals with the desired simulation
results for the proposed drive system. Section 6 gives the conclusion and future scope.

2. LITERATURE REVIEW

Bidirectional dc-dc converters have been widely used in various industrial applications such as
hybrid electric vehicles, fuel cell vehicles, satellite, and uninterruptable power supplies [1-3]. The
bidirectional dc-dc converters are classified as isolated [4] and Nonisolated versions [5]. In both
boost and buck modes, the conventional bidirectional dc-dc converter can operate in continuous
conduction mode (CCM). The CCM operation can provide a low ripple current. In continuous
conduction mode the converter can provide low ripple current. Even though the switching loss of
the power switches is high there exists a reverse recovery phenomenon in the power switch. Thus,
ZVS operation is achieved.

— Ej cj 6 * C—— Ci) Vi

Figure 2: Nonisolated bidirectional ZVS dc-dc converter

A new nonisolated bidirectional ZVS dc-dc converter has a simple auxiliary circuit consisting
of an additional winding to the main inductor and an auxiliary inductor which cancels the ripple
component of inductor current. The ripple free inductor current can enlarge the lifetime of the
battery used as a low side voltage source.

The bidirectional dc-dc converter is shown in Figure 2. It is similar to the conventional converter
except additional winding Ny to the main inductor; auxiliary inductor Ly is also added. Here existing
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filter capacitance Cy is split into C'y; and Cps [6].
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Figure 3: Equivalent circuit of nonisolated bidirectional dc-dc converter

The equivalent circuit of the nonisolated bidirectional dc-dc converter is shown in Figure 3.
The coupled inductor L. is modelled as a magnetizing inductance L,, and an ideal transformer has
a turn ratio of N, : Ny (1:n). The diodes Dy and Dj represent the intrinsic diodes of S; and Ss.
The capacitors 1 and Cy are the parasitic output capacitances of S; and S3. Since Cy; and Cfa
are large they can be treated as dc voltage sources Vi y1 and Vi pe during the switching period.

A. Boost mode operation: Figure 4 shows the theoretical waveforms for the boost mode
operation and before t3S7 conducts. The magnetizing current [, decreases and the current
I increases linearly. At to they have their minimum and maximum values I, and Iy
respectively.

B. Buck mode operation: The buck operation is similar to the boost operation except that the
directions of the magnetizing current I,,, and the low voltage side current Iy are opposite to
those in boost mode. Figure 5 shows waveforms for buck operation and before ¢9.57 conducts.
The magnetizing current I,, decreases and the current I increases linearly, and at ¢, these
currents have minimum and maximum values-I,,2 and I74 respectively [6].

3. MODELLING OF SPLIT PHASE INDUCTION MOTOR

Split phase induction motors are usually constructed with two windings on the stator side and a
squirrel cage winding in the rotor side. The auxiliary winding is used to produce a rotating field
to start the motor [7]. The axis of the auxiliary winding is placed 90° electrical ahead of the main
winding as shown in Figure 6. The simulation of the motor is presented in the stationary d-q frame
to facilitate the application of the inverter and the feedback regulators. Because the axis of the
main and auxiliary windings is already orthogonal, the stationary d-q axes are chosen aligned with
the orthogonal axes of the physical windings. The squirrel cage rotor is represented by equivalent
two coils transformed to the stationary d-q axis as shown in Figure 7.

Owing to the presence of two stator windings; namely the main and auxiliary coils and that have
different number of turns, they will yield different mutual reactance. Therefore, a transformation
is made to transfer the auxiliary winding to an equivalent winding with the same number of turns
as that of the main coil. The new variables referred to the equivalent coil are given below [7]:

Vo = Lsatsa + Limatra
Ve = Lsgisg + Limgirg
Uso = Linalsa + Lralra
Vg = Lingisg + Lygirg (1)
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Figure 5: Waveforms for buck mode operation [6]
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Figure 6: Split phase induction motor

o D-axis

D Auxiliary
D  Windings

Ve -
Q-axis
L e 5

[ Y=r=y—y—>

Main
isd Windings

Vi

Figure 7: d-q axis transformation of split phase induction motor

The current equation of the motor can be written in the d-q stationary frame as follows:

_ Lra\I’sa B Lma\Pra

fsa = LsaLroz - L?na
. Lrﬁ‘llsﬁ - Lmﬁ\Ijrﬁ
235 = — 72
LsgLyg — Liyg
i — Lsa\pra - Lma\ysa
e LsaLra - L?noc
i Lep¥rs — Lmp¥sp @
P LgLog — L2

The equations for torque and speed are given by:
T. = Pp(Lmﬁisﬁira - Lmaisair,ﬁ)

d
JE e =T —T 3
a” L (3)

Here Wy, Vg, V,o, V.5 are the d-q stator and rotor flux linkage, is.,1%s8,%ra,%rg are the stator
and rotor currents, Lo, Lsg, Lra, Lyg are the stator and rotor inductances, and Ly,q, Ly, are the



32 V.L.N. Sastry and N. Venkata Ramana

magnetizing inductances, respectively. w,= rotor speed [electrical rad/sec|, T, = load Torque, J=
rotor moment of inertia and T.= developed Torque.

4. PROPOSED SCHEME

Figure 8 shows the block diagram of proposed drive system which consists of PV cell, ZVS dc-dc
converter, Single phase full bridge inverter, and a Split Phase induction motor.

ZVS de-de Single Phase Full Split Phase

PV Array Converter Bridge Inverter Induction Motor

Figure 8: Block diagram of the proposed drive system

4.1. Photo Voltaic (PV) Cell

It is an electrical device which can transform the light energy directly to the electrical energy using
photovoltaic effect. When the sunlight or any other light is incident upon a material surface, the
electrons present in the valence band absorb energy and, being excited, jump to the conduction
band and become free. Some of these free electrons, non-thermal in nature will diffuse, and some
of them will reach a junction where they will be accelerated into a different material by a built-in
potential [8].
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Figure 9: IV characteristics of a Solar Panel

Figure 9 illustrates the I-V curve and power output of a solar panel. If no load is connected
with solar panel which is in the sun light, an open circuit voltage Voc will be produced but no
current flows. If the terminals of the solar panel are connected with each other, the short-circuit
current Igo will flow but the output voltage will be zero. In both cases, no power is delivered by
the solar panel.

When a load is connected, depending on the I-V curve of the panel and the I-V curve of the
load, power can be delivered to the load. The maximum power point (MPP) is the spot near the
knee of the I-V curve, and the voltage and current at the MPP are designated as V,,, and I,,,. For
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a particular load, the maximum point will change as the I-V curve varies with the temperature,
insulation, and shading. As solar power is relatively expensive, it is important to operate panels
at their maximum power conditions. In fact dc-dc converters are often used to ”match” the load
resistance to the Thevenin equivalent resistance of the panel to maximize the power drawn from
the panel. These ”smart” converters are often referred to as ”tracking converters”. Specifications
of the solar cell used in the proposed drive system is Irradiance = 1000, Temperature = 25 deg, V,,
=211V, I, =38 Amp, I, = 3.5 Amp, V,,, = 17.1 V.

4.2. ZVS Dc-Dc Converter

The novel nonisolated bidirectional dc-dc converter using Zero Voltage Switching will conduct in
two modes i.e., buck and boost. Both the operating modes are similar except the direction of
magnetizing current I,,. This converter connected at the output of the Solar Panel will increase
the magnitude of voltage produced by the Solar Panel. The relation between the input and output
voltage can be expressed as the following equation.

1
Vou: ‘/zn 4
= (@

where D = (ty — t1)Ts. The time (t2 — 1) is the period of conduction for the switch Sz in the
converter circuit. The specifications of the proposed converter are L, = 155uH, Lg = 32uH,Cyy =
Cyo = 3.3uF". The detailed operation for the proposed converter is given in Section 2 of this paper.
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Figure 10: Matlab/Simulink output of the a) PV Cell b) dc-dc Converter

Figure 10(b) shows the output of dc-dc converter when the input is Photo Voltaic array. Because
of the unequal voltage of the PV cell given in Figure 10(a) output also oscillatory with increased
amplitude.  Figures 11 and 12 show the practical wave forms for voltage, current in switch 1,
current through inductor L and the current flows in the circuit both in boost mode and buck mode
respectively. These wave forms will support the theoretical wave forms presented in Figure 4 and
Figure 5.

4.3. Single Phase Full Bridge Inverter

It consists of two arms with a two semiconductor switches on both arms with antiparallel
freewheeling diodes for discharging the reverse current. In case of resistive-inductive load, the reverse
load current flows through these diodes. These diodes provide an alternate path to inductive current
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Figure 11: Wave forms in boost mode operation

which continues to flow during the Turn OFF condition. The switching states and the corresponding
voltage of the switches used in the two arms of the full bridge inverter are shown in Table 1.

Table 1: Switching States

L |, | T Ty Vi Vg | Vap
ON | OFF | OFF | ON | Vg2 | V§2 | Vg
OFF | ON | ON | OFF | -V§2 | -Vg2 | -V
ON | OFF | ON | OFF | V2 | Vg2 | 0
OFF | ON | OFF | ON | Vg2 | Vi2 | 0

The switches are T1, T2, T3 and T4. The switches in each branch is operated alternatively so

that they are not in same mode (ON /OFF) simultaneously. In practice both are OFF for short
period of time known as blanking time, to avoid short circuiting. The switches T1 and T2 or T3
and T4 should operate in a pair to get the output. These bridge legs are switched such that the
output voltage is shifted from one to another and hence the change in polarity occurs in voltage
waveform. If the shift angle is zero, the output voltage is also zero and it is maximal when shift



Analysis and Simulation of Photo Voltaic Cell based Bidirectional Zero Voltage Switching 35

A
A

Time

Figure 12: Wave forms in buck mode operation

angle is p. Figure 13 gives the power circuit for a single phase full bridge inverter used to convert
the dc output from the ZVS dc-de converter to an equivalent single phase AC voltage. The voltage

obtained is applied to the split phase induction motor.

Figure 13: Single Phase Full bridge Inverter

Figure 14 shows the obtained output of the single phase full bridge inverter which is used to
convert the dc voltage from the converter to the equivalent ac voltage and fed to the split phase

induction motor.
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Figure 14: Output Voltage of the Inverter in Matlab Simulink

4.4. Split Phase Induction Motor

The output AC voltage 250 V, 50 Hz obtained from the single phase full bridge inverter, is given
to the split phase induction motor which can be operated in different load conditions such as (i) no
load (ii) constant load (iii) variable load. The modelling of the voltage, current and torque equations
of the split phase induction motor are presented in Section 3 of this paper. The specifications used
for the motor are as follows:

Nominal Power = 0.25 Hp Voltage = 250 V, Frequency = 50 Hz.

Resistance of Main winding Stator Rs; = 2.02 ohm, Leakage Inductance L;; = 7.4 mH.

Resistance of Main winding Rotor R,»=4.12 ohm, Leakage Inductance L+ = 5.6 mH.

Mutual inductance of main winding L,,,; = 0.1772 H

Resistance of Auxiliary winding stator Ry = 7.14 ohm, Leakage Inductance L;; = 8.5 mH.

5. SIMULATION RESULTS

This section deals with the MATLAB/Simulink Model for the proposed drive system, and their
results with different load conditions specified in Section 4.4. All the simulations are done at a
moment of inertia J = 0.00146 kg-m? and viscous friction coefficient Dy = 0 Nm-s.

The dynamic behaviour of motor supplied by 250 V and 50 Hz is studied under the following
conditions:

1 Starting the motor with no-load until steady state reaches.
2 Starting the motor at a constant Load as 77, = 0.1 N-m until steady state reached.

3 Starting the motor with a load of T = 1.5 N-m and at time ¢ = 1 sec the load will decrease
to its constant value T, = 0.1 N-m until steady state reached.

Figure 15 shows the complete Simulink model for the proposed system consisting of PV cell, ZVS
dc-dc converter, single phase Inverter and a Split phase Induction motor.

Figures 16-19 give the Matlab/Simulink results of main winding current, Speed-Torque curve,
Electromagnetic Torque and Rotor speed respectively when (i) No load is applied and (ii) Constant
Load of T;, = 0.1 N-m is applied to the Split Phase Induction motor. Here for the two cases No
load and Constant Load Split Phase Induction motor will produce same response.
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Figure 15: MATLAB/Simulink model for the proposed system
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Figure 16: Main winding current

Figures 20-23 give the Matlab Simulink results of main winding current, Speed-Torque curve,
Electromagnetic Torque and Rotor speed respectively when (iii) Load torque 77, is changed from
1.5 N-m to 0.1 N-m at time ¢ = 1 sec. In this condition the Main winding current slightly decreases
and the Rotor Speed will increase when the Torque is changed from 1.5 N-m to 0.1 N-m at time ¢
= 1 second.
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Figure 23: Rotor Speed

6. CONCLUSION

This paper presents the analysis and simulation performance of a proposed drive system for various
loads conditions and the results are presented in Section 5. It also proves that the ZVS dc-dc
converter is a better solution for the reverse recovery of the antiparallel diodes in the case of split
phase induction motor drives. Further this paper can be implemented in hardware like FPGA and
DSP for real time applications. This paper can also be extended in terms of Thermal and FEM
analysis of the machine for various load conditions using softwares like JMAG, MAXWELL.
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