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Abstract: Split-phase AC motors, with 30

deg. separation between the two groups of
stator windings are used in conjunction
with current source inverters, in order to

eliminate sixth harmonic torque pulsations.
The present paper examines the operation of

split-phase induction motors from pulse
width modulated (PWM) voltage source in-
verters. Splitting the phase windings leads

to reduced voltage ratings for the inverter
switches. The inverters are operated with
space phasor based PWM. It is well known
that with this technique, a three phase
inverter can give a maximum peak fundamen-
tal of 0.577 Vpc for the motor phase volt-
age (with a circular trajectory for the
voltage space phasor), as against 0.5 Vpec
with sine triangle modulation. In the case
of split-phase machines operated from two
inverters, it can be shown that the equiva-
lent 3 phase maximum peak fundamental can
be 0.822 Vpc with the DC bus voltage being
half the value Vpce for the conventional 3
phase configuration. If the DC bus voltage
is given a slight boost (in order to keep
the resultant voltage space phasor magni-
tude, the same for the split-phase configu-
ration as compared to the 3 phase configu-
ration), and made (0.5 Vpc)/ cosld, the
maximum peak fundamental motor voltage
obtainable is 0.643Vpe, which is more than
what is obtainable by resorting to six-step

operation 1in the three phase motor. Fur-
ther, as compared to seven positions for
the space phasor of voltage in three phase
machines, forty eight different space
phasor locations are possible in the
split-phase machine. The boundary of the

space phasors is now a 12 sided polygon. By
switching between locations within the
polygon, it is possible to generate reduced
space phasor amplitudes with lower harmon-
ics than in the three phase machines.
1, Introduction

Current source inverter drives using

split-phase- induction motors are wused in

industrial applications in order to elimi-

nate sixth harmonic torque pulsations

{1,2,3]. The sixth harmonic torque pulsa-

tions are produced mainly due to the inter-

action between the fundamental flux and the
5th and 7th harmonic rotor currents. In the

split-phase Induction motor configuration,

the sixth harmonic torque pulsations pro-

duced by the two split-phase groups of

coils are in opposition [1], they get

cancelled and the resultant torque pulsa-

tion frequency is twelve times that of the

fundamental, when fed from a CSI [1]. 1In

this paper a split-phase motor drive

(fig.1) with voltage source inverters,

using voltage space phasor based PWM tech-

nique is examined. The split-phase motor

0-7803-0453-5/9181.00© 19911EEE

L e T, B, 75
L Y ]
L A (B [Cp ¥ A B {C
’
5854 ¢ ¢ A
% Te T2 T e | T2
Fig.1. Split-phase induction motor- drive
configuration is achieved by splitting the
phase belt of a conventional three phase
motor into two equal halves with a phase
separation of 30 deg. between the two
(fig.2). The split-phase groups namely ABC
and A’B/C/ (fig.2) are controlled by two
inverters with a DC 1link voltege of
Vpc /(2 cosl5) each (fig.1). Since the
split-phase configuration is achieved by
splitting the phase-belts into two, the
equivalents number of turns per phase for
the new configuration is Ns/2 coslS (Ns -
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equivalent number of turs per phase for 3
phase motor configuration), and correspond-

ingly a link voltage of Vdc/2 cosl5 gives
the same magnitude for the air-gap flux, in
the new configuration as compared to the
three phase inverter drive with a DC 1link
voltage Vpe.

For the proposed scheme (Fig.1), the volt-
age space phasor locations for the split-
phase group of coils namely ABC and A‘B‘C’
are shown in fig. 3. The voltage space

B
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Fig.2. Phasor diagram — Split phase motor
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Fig.3(a) Voltage Space Phasor Locations for . . . .
split phase induction motor drive Fig.3(b) Interior space phasor combinations

phasor locations for

the A’B’C’ phase group
are phase shifted by

30 deg. from those of
the ABC phase group, for the same switching
state, the sequence 1/,2,37,47,5’,6* is
that of the A“B“’C’ phases and the sequence
1,2,3,4,5,6 is that of the ABC phases
(fig.3) [4,5). A switching state of (+--)
for the ABC phases implies that the top
switch of A-phase and bottom switches of B
and C phases are on [4,5). The switching
states for the six sequences of inverter
for a quasi-square wave operation are shown
in Fig.3.

With a three phase inverter, the boundary
of the voltage space phasors is a hexagon
(fig.3)>[4,5]. With a split-phase configura-
tion, by using appropriate switching stats
for the two inverters a 12-sided polygon
forms the boundary as shown in fig.3.
Therefore, a given voltage space phasor may
be in one of the 12 possible sectors as
shown in fig.3.

SPACE PHASOR PWM GENERATION FOR SPLIT PHASE
INDUCTION MOTOR

A rotating voltage space
b-axis
»

phasor with a

a-9xis

Fig.4. Sampled reference vector in a sector
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constant amplitude along a circular trajec-

tory implies a sinusoidal excitation for
the motor. A circular trajectory can be
approximated by switching between any of
the appropriate vectors in a sector
(fig.3), for a 3 phase motor [4,5]. For the
split-phase motor configuration, as in the
three phase inverter, a rotating reference
voltage space phasor is sampled at regular

intervals(4,5). For example, let the refer-

ence vector Vs be in sector 1 (fig.4). Let
the state (+--)(+-+) which defines the
start of the sector be represented by V

1
and the state (+--)(+--), which defines the
end of the sector be represented by V2

TABLE.1
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During a sampling interval Ts, let @he

reference vector Vs make an angle '&° with

respect to V (fig.4). The stationary
1

vector Vs during a sampling interval Ts can
be generated by switching between v,
1

v and the zero vector - O (table-1), for
2
periods T1, T2 and TO, such that the volt~-
seconds produced by the V and V states
1 2

along the axis-a and axis - b (fig.4) will
be equal to that of the volt-seconds pro-
duces by the Vs vector along “a’ and

axes [3,4].
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Fig.5. Pole voltage waveform for an invert-
er switching period in sector —1i.

The switching states appropriate for all
the sectors are shown in Table-1. The =zero
vector period TO is divided equally between
the two zero states (+++) and (---), and is

located at the start and end of a sampling
period Ts [4]. It can be shown that

Ti = 2KTs sin(30-L)

T2 = 2KTs sin<

TO = Ts - (T1+4T2)
where K = Vs/Voc 1)

Ts = Sampling period

3. INVERTER POLE VOLTAGE WAVEFORM

The inverter pole voltage waveforms for an
inverter switching period in sector-1 are
0.9659 Vw . .

V—a_ﬁ' 0< wt<15- 3.73 SiNt)

Vao 15°c wt $ 45— smu.mco:)

vl 46 <wt <757 SIN(Wt+30)

Ve 76°s wt <90 - sIN(wt)

wt

75r6'45‘,g9°' 180 >

Va - \5‘/20545

Fig.6. Average pole voltage variation
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shown in fig.S.
pole voltage Vap
mined from eqn.2
Vao average = [TO/2 + T1 + T2 - To/21xvdAfT<4)
where Vd= Vpc/coslS (2)
substituting for T1,T2 and TO from eqn.(1)

of the
deter-

The average value
in sector-1 can be

Vao average=(2kvd/4)x0.5176 sin&+75) (3)
Similarly the average variation of the pole
voltages for other phases can also be
determined.

Vgo average = —(2KVd/4)xsin{L+75) (4)
Vco average = —(2KVd/4)xsin(K+795) (S)
Va'o average= (2KVd/4)xsin(€+75) (6)
Vp/o average= -(2KVd/4)xsin(x+75) (7)
Veo average= ~-(2KVd/4)X1.932xsin@C-15) (8)
By considering the average pole voltage
variation in the other sectors also, the

average pole voltage variations for a cycle
can be computed, and is shown in fig.é6, for
the maximum reference space phasor, with a
circular trajectory. This method of pulse
width modulation can therefore be regarded
as eqQquivalent to a carrier based modulation
technique where the reference waveform has
the shape shown in fig.6. For a maximum
reference space phasor with a circular
trajectory (fig.3) , the value of K is
Vs/Vpe = coslB = 0.9659. For lower values
of K the waveform is preserved except for
the corresponding reduction in amplitude.

4. HARMONIC ANALYSIS OF THE AVERAGE POLE
VOLTAGE WAVEFORM
The harmonic analysis of the pole voltage

for the maximum reference space phasor with
a circular trajectory waveform can be
obtained from fig.6. The equation for the
fundamental component is

Al=(Vd/4)(4/TF )V? 3.732 % sin wt d(wt)

1 o s
+ jﬁgin(wt+80)xsinwt d(wt) +_fsin(wt+30)x

5 90 +5
sinwt d(wt) + ) sin wt (dwt)] = 0.3108 Vd
75
where Vd=Vpc/coslb (10)

12
or-
space

Now the fundamental components of the
pole voltages are transformed to two
thogonal axes, the resultant voltagde
phasor for the fundamental component can
be obtained. Assuming one axis, along the
A-phase coil, the resultant along that axis
is [1]

Vd*0.3109[coswt - cos(wt-120)/2 -
cos(wt+120)/2 + (/3/2)cos(wt-30) -

(3/2)cos(wt-150)] = 0.933 Vd coswt (11)
Now, substituting for Vd, the fundamental
component for the line to neutral voltage
for an equivalent 3 phase system can be
calculated, and is equal to [4,5]

(2/3> 0.933 Vd coswt=0.84 Yy coswt (12)
The other higher order harmonics of the

average pole voltage waveform can be deter-
mined from eqn.(13).

From eqn(13) the higher order harmonics can
be determined and the order of the harmon-—
ics present are shown in table-2. From
table-2 it can be seen that the harmonics
of the order 11,13,23,25,35,37 etc are
absent in the average pole voltage



waveform. Therefore the only harmonics that
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will be present in the motor phase voltages
will be of the order 5,7, 17,19,29,31 etc.
The absence of the fxrst grou p (11,13
etc..) of harmonics means that torque
pulsations of order 12,24,36 etc. will be
absent. The winding disposition ensures
that torque pulsations of order 6,18,30 etc
will also be absent [1,3]. Thus thh the

Ordér of harmonics - avarage Pole votage -
wave form

517 ]|17119]|29]31]| 41

Table -2

proposed scheme all low order torque pulsa-
tions are eliminated and also the proposed
scheme offers an equivalent 3 phase funda-—
mental line to neutral voltage of 0.643 Voc
(eqn.12), which is greater than that for a
quasi-square wave operation ( 0.637 Vpc)
while still being in modulation.
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S. THE PWM PATTERN GENERATION

The simple V/f control scheme is used for
motor drive. The reference signal for the
Vs and the motor output frequency is de~-
rived from the speed reference signal. The
amplitude of voltage space phasor Vs is

quantized into 64 states by using the lower
6 bit output of an A/D converter. In each
sector the ' positions are divided into
16 parts by using the lower 4 bits of a 8

bit counter, where the upper 4 bits are
used for the sector information. A S bit up
down counter working at 64 KHz is used for

dividing a sampling interval into 32 parts.
These 15 bits are used for addressing a 32
Kbyte EPROM in which the interval for Ti,
T2 and TO are stored. The 15 bit address
for the EPROM are as shown in fig.7.

The values of TO, Ti and T2 are computed
for different ' positions in a sector for
different Vs amplitudes and a stream of bit
pattern ‘00" (for the first TO0/2 period)
‘01" (for the T1 period), '10° (for the T2
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Fig.7. PWM pattern generation

period) and '11° (for the last T0/2 period)
(table-1) are stored in the first EPROM for
different values of Vs and ' '. The two bit
pattern from the first EPROM and the higher
4-bit of the 8 bit counter for sector
information are used for addressing a
second EPROM in which switching patterns
for various sectors are stored. The output
of the second EPROM is used to drive a
transistorised inverter, for which the
inverter switching frequency is 1KHz.

6. EXPERIMENTAL RESULTS

A 2.5 Kw split-phase induction motor is
tested with a dual voltage source inverter
(fig.1) using space phasor based PWM tech-
nique. The 12 sided polygon with its 12
vectors, derived from the control signals
are shown in fig.8 and the resultant circu-
lar trajectory for the reference space
phasor is shown in fig.9. The motor phase
current and its harmonic spectrum are shown
in fig.10, for no load operation. The
harmonic spectrum shows the fundamental
component along with the Sth and 7th har-
monic with reduced higher order harmonics.
Since the motor is running at no load, the
fundamental component is only the magnetis-—
ing component. Due to the split phase
configuration (1])C31[4], the Sth and 7th
component will not produce any air-gap
flux, the impedance for the harmonics are

due to the stator impedance only. Hence the
amplitude for these

higher components as

Fig.B. Twelve sided polygon for the voltage
space phasor - split phase motor




Fig.9.

Circular trajectory of the
reference space phasor voltage

average

load
line
spec—

compared to the fundamental, at no
operatien (fig.10). fig.1ll shows the
to neutral waveform and its harmonic

trum. Fig.12 and fig.13 shows the line to
newtral voltage waveform of A phase and A7
phase and line to line voltage waveform of

AB and A’B’ phases respectively. Motor 1line
to neutral waveform and the phase current
waveform shows that all the harmonic compo-

nents of the order 11,13,23,25,35,37 etc.
are absent in the current waveform and the
harmonics of the order 5,7,17,19 etc. will
not contribute anything to the air-gap
flux. Hence the torgue produced will be due
to the fundamental component only. Thus
with this proposed scheme an equivalent 3
phase fundamental voltage of 0.643 VYpe
which is more than a quasi square wave
operation (0.637 VYpc) can be obtained,
while still being in modulation.
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Fig.10. Motor phase current and its
harmonic spectrum
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7. CONCLUSION

Operation of split phase induction motors
from pulse width modulated veltage source
inverter has been examined. The salient

conclusions that emurged from the study are

1. There are 48 possible locations for the
reultant voltage space vector as compared
to 8 in the conventional 3 phase configura-
tion.

2. The boundary of the voltage space phasor
locations is a 12 sided polygon as compared
to a hexagon for the 3 phase systems

S. The radius of the largest circular
trajectory for the voltage space phasor is
Vpcxcosld = 0.9859 Vpnc as compared to
Vac xcos30 = 0.86b6 Vpc for the 3I phase
system. In terms of the fundamental line to
neutral voltage of the equivalent 3 phase
machine, this translates to 0.643 Vpe for
the split phase arrangement as compared to
0.577 VDC for the 3 phase configuration.

4. The average
form contains

wave-
compo-
donot

inverter pole voltage
S5th and 7th harmonic

nents. These harmonic components

contribute to the resultant air gap flux,
because the corresponding stator MMF's get
cancelled due to the winding disposition.

5. Reference vectors of smaller amplitudes
(for lower speed operations) can be gener—
ated with reduced barmonic contents by
switching between the vertices of the inner
polygons. The polygon which is closest to
the desired trajectory should be selected
to give the lowest harmonic content.
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