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Abstract

This paper presents a comparative analysis of power handling capability, harmonics, losses and cost of three phase, five
phase and seven phase inverter which are the main criteria for selection of inverter applied to hybrid electric vehicle. The
above performances of the multiphase inverter with different conduction angle are presented to trade off the best suited
inverter for hybrid electric vehicle application. The 6™ harmonic pulsating torque created due to 5™ and 7" harmonic
component and 12" harmonic pulsating torque created due to 11" and 13" harmonic which affect the smooth movement
of the vehicle at the time of starting and braking condition. This paper gives a clear idea about the comparison of the above
harmonic component for different conduction angle scenario of 3phase, Sphase and 7phase inverter. The equations of the
performance criteria such output voltage, THD, power handling, losses, etc has been mathematically estimated and verified

through Matlab Simulink Power Graphical User Interface.
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1. Introduction

An inverter circuit topology uses two switches connected in
series as one inverter arm. The number of inverter arms
depends on number of phases. That is, a three phase inverter
will have three inverter arms whereas a seven phase inverter
circuit will have seven inverter arms. All the inverter circuits
used in literature for multiphase inverters employ the same
topology. In multi phase inverters, the conduction angle can
be varied to get optimum output. Depending on the
application, the switches used in inverters can be IGBT,
MOSFET, GTO, etc. Each of the switches have diodes
connected across them and these diodes act as feedback
diodes which returns the energy stored in the inductive load
to the dc supply. A comparative study on the total harmonic
distortion of the output phase voltage at different conduction
angle has been presented in this paper.

With the decrease in harmonic profile, the ripple in the
torque produced in electric vehicles is reduced. For 5th and
7th harmonic, the torque ripple is pulsating with 6 times the
fundamental frequency. For 11th and 13th harmonic, the
torque ripple is pulsating at 12 times the fundamental
frequency. Due to these harmonics, it produces noise,
humming sound and jerking at the time of braking. For the
same input voltage the power handling capability increases
with the increase in the number of phases of the motor. But at
the same time, the cost of inverter as well as of the control
procedure increases with increase in number of phases. So,
there must be a tradeoff between power handling capability,
THD and cost of inverter. The 5% and 7™ phase inverters can
be used in hybrid electric vehicles. Multisource inverter can
drive traction motors from variable DC voltages without
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using additional power converters has application in
electrified power trains [1]. The transient analysis of high
power VSI shows that a VSI is always a stable system with
nonlinearities and unstable with respect to control signal [2].
The THD and switching losses are reduced considerably a
dual voltage source inverter which is implemented through a
modified space vector modulation [3]. A six phase current
reconstruction scheme for dual inverters that have application
in hybrid electric vehicle is presented in [4]. In this method
the simulation and experimental results proof that the cost and
volume of dual inverters are reduced as less number of current
sensors are used. A bidirectional Z — source inverter has been
recommended for the hybrid electric vehicle drive system in
which the DC-link voltage is controlled such that the
permanent magnet synchronous motor can operate at high
speed without weakening the field [5]. The magnetic field
created by the inverter in electric vehicles is evaluated using
finite element method [6] and few design guidelines have
been provided to minimize the same.

The fast development of power electronic devices and
modern control theory had made the study and applications of
five phase permanent magnet synchronous motor as well as
its driving system that is the voltage source inverters attract
more and more attention. Five phase PMSM has wide
applications requiring high DC bus voltage utilization,
reliability and power output [7]. THD comparison for a three
phase inverter at different conduction mode concludes that
150 deg conduction mode has least THD [8-9]. PWM
operation of a five phase voltage source inverter with
hysteresis controller can be applied to a variable speed
induction motor drive under asymmetrical connections [10].
A comparative study of performance of five phase three level
inverter with five phase two level inverter for equal loading
shows that five phase three level gives better performance
[11]. A five phase inverter fed five phase star connected load
operating with five different excitations has been simulated
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and compared with that of three phase conventional inverter
[12]. The ripple in torque and harmonics can be reduced by
supply a motor with multi phase supply that is greater than
three phase supply [13]. A multiphase inverter with phase-
shifted control is applied in electric vehicles for inductive
power transfer [14]. Here the inverter phase angle is adjusted
to regulate the charging voltage. The implementation of space
vector pulse width modulation for five phase inverter is very
simplifies the computationally complexity [15-16]. Current
imbalance between stator windings that results in shortening
of the life of motor can be eliminated by symmetrical
multiphase inverters [17].

2. Structure of a Multiphase Inverter

The multiphase inverter consists of multiple legs with two
switches in each leg and the number of legs equals to the
number of phases. Each switch has a diode connected in anti-
parallel with it. The gating pulse in two adjacent switches has
a delay of (360/m)° where n is the number of phases. The gate
pulse between two switches of same leg has a delay of 180°.
The inverter is connected to a star connected resistive load.
The schematic diagram of seven phase full bridge voltage
source inverter is shown in Fig.1.
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Fig. 1. Schematic diagram of Seven Phase Inverter

a-

Table 1. Switching sequence for P =0

3. Conduction Techniques in Multiphase Inverters

In industries, variable frequency and voltages are required for
various applications. The switching of the semiconductor
switches in an inverter depends on the firing angle giving to
the switches. Multiphase inverters are operated in different
conduction modes. There are different modes on conduction
in the multiphase inverters that decides the period for which
the switches shall conduct. The conduction angle of a switch
is given by the formula

(180—@Pj
2m

where P may vary from 0 to (m-1) and m is the number of
phases.

For P =0, that is 180 deg mode of conduction, each switch
conducts for 180 deg. At any particular instant, all the
switches are in ON state. Similarly for P = 1, (m-1) switches
are in ON state at any instant. For P = ', the switching
sequence changes alternatively between n and (m-1) switches
for each (360/4m) deg. Tables 1, 2 and 3 shows the switching
sequence for P =0, 1 and % for three phase, five phase and
seven phase inverters respectively.

4. Output Voltage Waveform of Multiphase Inverters

The phase and line voltage waveform for 3, 5 and 7 phase
inverters at P =0, 2 and 1 is shown in Figs. 2 and 3
respectively. At P =’ conduction angle, the inverter can be
considered as a seven level inverter as the phase voltage
output has seven levels. The significant advantage of this
output waveform is that it is close to sinusoidal. Since higher
the number of levels, closer is the waveform to sinusoidal
wave. This in turn reduces the stress on the motor’s insulation
level.

Switching 3 Phase 5 Phase 7 Phase Switching 3 Phase 5 Phase 7 Phase
Mode Mode
1 a'c’ a"d'e’ ate'frg" p i c'd* b*ctd"
b bc¢ bcd abe aefg
a a‘e” atf g’ c'de’ b'c'd e’
2 bc bcd bcde ? ) ab afg
3 a'b* a'b'e’ atb'f g 10 i de* ctde’
c cd cde abc abfg
b* a'b* a'b'g" cde f*
4 ac cde cdef 1 ) ) abg
+ -+ + 1t At + 1t At ot + ot
> ba‘c ) d]'3 e? ) (113 e(': iy g 12 ) ) a"jb'ec’fg;'
+ + + + 1t At + o+ +
6 . be abc 13 - - defe
ab ade defg abc
7 ) b'c"d a'btctd 14 i i e f'g"
ae efg abcd
Table 2. Switching sequence for P =1
Switching 3 Phase 5 Phase 7 Phase Switching 3 Phase 5 Phase 7 Phase
Mode Mode
| a’ a‘e” a'f g 3 i c'd* b'c"d
b bc bcd ab afg
) a’ a‘e” a'f g 9 i de* c'de’
c cd cde ab afg
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3 bt atbh ath g+ 10 dre crdtet
c cd cde B bc abg
4 b* a'b* a'b'g" 1 ) ) det f
a de def abg
c’ b'c* a'b’c’ de ff
3 a de def 12 B B abc
¢ b*c* a'b'c’ e f g
6 b ae efg 13 B B abc
crd” b ¢ d* e f g
7 B ae efyg 14 B B bcd
Table 3. Switching sequence for P =,
Switching 3 Phase 5 Phase 7 Phase Switching 3 Phase 5 Phase 7 Phase
Mode Mode
| atc” atd'e’ ate' f'g" 15 i ctd* b"c"d”
b b ¢ bcd abe aefg
) a’ ate’ atf g’ 16 i ctd* b c"d”
b b ¢ bcd ab afg
3 a’ ate’ atf g’ 17 i ctde’ b'c d e’
b ¢ bcd bcde ab afg
at ate" a f g+ dret crdtet
4 c cd cde 18 ) alb afg
5 a'b* atb'e’ a'b' g 19 i de’ chdfe’
c cd cde abc abfg
bt atbt atb g+ dret crdtet
6 c cd cde 20 ) bc abg
7 b* a'b* a'b'g" 1 i i cdre f*
ac cde cdef abg
3Ph
5Ph
7Ph

3Ph ’

X
i

5Ph

=

s

o

7Ph ‘1 o
=T

Fig. 3. Line Voltage Waveform of

5. Results and Discussion

The phase voltage, line voltage, THD and loss comparison of
three phase, five phase and seven phase inverters at P =0, 2

Multiphase Inverters
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and 1 are shown in Table I'V. The table shows the simulation
and the calculated values of various parameters of multiphase
inverters. The phase voltage, line voltage and THD are
calculated using the derived mathematical equations
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mentioned in the Appendix. The results are shown
considering 1 p.u. input voltage. Here the switching loss,
conduction loss and power handling capacity are considered
as 1 p.u. for a three phase inverter. In a three phase inverter P
= 0 conduction mode, three switches are in ON state at any
instance. Thus conduction loss for three switches is
considered as 1. Similarly at every 60 deg interval, one switch
is changing its state. Thus switching loss for three phase
inverter at P = 0 is considered as 1. Considering three phase
inverter at P = 0 as reference, the switching loss, conduction
loss and power handling capacity of five phase and seven
phase inverters are calculated.

The power handling capability of the 3phase inverter is
the lowest among higher phase inverter such as Sphase and
7phase. In order to handle the same amount of power, the
stresses on the switches increases in 3phase inverter this
reduces the life span of the inverter. In addition, the 5%, 7%,
11", 13" harmonic components are more than the Sphase and
7Tphase inverter which creates 6 and 12" harmonic pulsating
toque respectively that affect the machine performances. The

5 and 7 phase inverter may be considered for electric hybrid
vehicle because of high power handling capability and less
switching stress. The five phase inverter has no fifth harmonic
and it’s multiple whereas 7phase inverter has no seventh
harmonic and it’s multiple. The 7phase inverter has more 5%
harmonic component compared to 7" harmonic component of
Sphase inverter. Therefore it is concluded that the 6%
harmonic pulsating torque created by Sphase inverter is less
compared to the 7phase inverter. Besides, the 11% and 13"
harmonic of Sphase inverter is less as compared to the 7phase
inverter which reduces the 12 harmonic pulsating torque in
Sphase inverter. The FFT analysis of Sphase inverter at
conduction angle P =% (i.e. 162 deg) is shown in Fig. 4. The
FFT analysis of 3, 5 and 7 phase inverters at different
conduction angle P is obtained in a similar manner. Table V
shows the harmonic profile of 3, 5 and 7 phase inverters and
different conduction angle P. Figs. 5, 6 and 7 shows the
graphical representation on multiphase inverters at P = 0, %
and 1 respectively.

Table 4. Comparison of three phase, five phase and seven phase inverter at different conduction modes considering 1 p.u.

input voltage

Phase Line THD in THD in Power
Parameter Voltage | Voltage Phase Line Vormst Vorms Switching | Conduction Handling
in volts in volts Voltage | Voltage Loss Loss Capacity
! in % in %
Sim. 0.639 1.10 30.9 309 0.45 - - - -
P=0 Result
Cal. 0.639 1.10 30.14 30.9 0.45 0.47 1 1 1
Result
Three Sim. 0.614 1.06 16.89 16.83 0.43 - - - -
Result
Phase P=1/2 Cal
Inverter al 0.614 1.06 16.89 16.83 0.434 0.44 2 0.833 0.923
Result
Sim. 0.552 0.955 30.9 309 0.389 - - - -
P=1 Result
Cal. 0.552 0.955 31.6 31 0.389 0.408 2 0.67 0.746
Result
Sim. 0.639 0.748 42.93 65.45 0.45 - - - -
P=0 Result
Cal. 0.637 0.728 43.14 65.23 0.45 0.449 1.67 1.67 1.67
Result
Five Sim. 0.628 0.738 33.6 53.02 | 0442 - - - -
Result
Phase P=1/2 Cal
Inverter al 0.615 0.748 329 52.99 0.442 0.464 3.33 1.5 1.54
Result
Sim. 0.605 0.711 30.19 42.93 0.43 - - - -
P=1 Result
Cal. 0.605 0.692 29.87 42912 0.43 0.428 3.33 1.33 1.49
Result
Sim. 0.638 0.559 45.54 92.11 0.451 - - - -
P=0 Result
Cal. 0.638 0.559 46.36 92.10 0.45 0.496 2.33 2.33 2.33
Result
Sim.
Seven 0.632 0.552 38.42 80.55 0.447 - - - -
Result
Phase P=1/2 Cal
Inverter al 0.632 0.552 39.1 80.57 0.447 0.48 4.67 1.859 2.28
Result
Sim. 0.621 0.541 33.76 68.8 0.439 - - - -
P=1 Result
Cal. 0.621 0.541 33.51 68.8 0.439 0.463 4.67 2 2.2
Result
Table 5. Harmonic Profile of Multiphase Inverter
n=3 n= n= n= n =11
P=0 3Ph 0 12.62 9.18 0 5.69
5Ph 21.2 0 9.09 7.07 5.79
7Ph 21.22 12.66 0 7.13 5.77
P=1 3Ph 0 10.85 8.03 0 4.84
5Ph 12.46 0 5.34 6.73 5.51
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7Ph 16.75 5.78 0 2.81 434
3Ph 0 3.39 2.27 0 5.61
P=Y% 5Ph 18.89 0 4.13 1.11 0.91
7Ph 20.02 10.77 0 3.89 2.02
harmonics can be eliminated. Fig. 8 shows the power handling
Sampling time = Se=0§ s capacity of three phase, five phase and seven phase inverters
Samples per cycle = 400 hically at diff t ducti le P
DC component I graphically at different conduction angle P.
Fundamental = €2.82 peak (44.42 rms)
THD = 33.€0% i
H 16
0 Hz (DC): 0.00 s0.0° a
25 Hz 0.00 0.0° rou
S0 Hz (Fnd): €2.82 152.¢€° ™o
75 Hz 0.00 0.0° TS .
100 Hz (h2): 0.00 0.0° -
125 Hz 0.00 0.0° c =5Ph
150 Hz  (h3): 18.29 97.7° ¢ o
175 Hz 0.00 0.0° Ve
200 Hz (h4): 0.00 0.0° L2
225 Hz 0.00 0.0° u o
250 Hz (hs) - Q.00 0.0° e n=3 n=5 n=7 n=9 n=11
275 Hz 0.00 0.0° Harmonic Order
300 Hz (hé): 0.00 0.0°
325 Hz 0.00 0.0 . Fig. 7. Graphical representation of harmonic profile at P = 1
350 Hz (h7): 4.13 -12.2
375 Hz 0.00 0.0°
400 Hz (h3): 0.00 0.0°
425 Hz 0.00 0.0°

Fig. 4. FFT analysis of Sphase inverter at conduction angle P = % (162°)
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Fig. 5. Graphical representation of harmonic profile at P =0
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Fig. 6. Graphical representation of harmonic profile at P = >

Although the power handling capability of Sphase inverter
is less but the cost, switching losses and the 6™ and 12
harmonic pulsating torque are also less compared to the
7phase inverter which may be the right choice for hybrid
electric vehicle. In addition, the conduction period of each
switch for P = 0, %, and 1 are compared and found that the
conduction period for P = % is the best choice for the above
application. For P = % conduction angle, the level of phase
voltage is more which can help to eliminate the number of
dominant harmonic component using selective harmonic
elimination technique. For example; if level is t, (t-1)
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Fig. 8. Graphical representation of Power handling capacity of three
phase, five phase and seven phase inverter at different P

6. Conclusion

The third harmonic voltage is absent when the neutral in a star
connected load is isolated. Therefore, the harmonic analysis
of multiphase inverters is performed without considering the
third harmonic voltage. For P = %, the 11" and its higher order
harmonics are less in a five phase inverter as compared to
three phase and seven phase inverter. Also, it can be noted
that all the nth order harmonics in the five phase inverter is
less than the seven phase inverter. The power handling
capacity of a five phase inverter is more than the three phase
inverter but less than the seven phase inverter. The fifth order
harmonics are absent in five phase inverter. The switching
and conduction loss increases with the increase in the phase
of the inverter due to higher number of switches used. It is
worth noting that the calculated values of the output voltages,
harmonics and THD approximately using the derived
mathematical equations match with the results found from
matlab simulink.

This is an Open Access article distributed under the terms of the Creative
Commons Attribution License
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The mathematical equations for phase voltage and line voltage of three phase, five phase and seven phase inverters at P = 0, /2
and 1 are given below. The phase voltage is derived using Fourier transform.

RMS value of phase voltage at P =0,

nmw nr
vV 1+cos— 3phase 2cos—+
Phrms 3\/7’17[ |: cos :| p 4Vd< 20
phrms
5\/_ nm 3nr 17 Snrc Tnr
y 2+cos™™ nmw —cos 2nw Sphase E c0s2——cosz—+cos2——cos2—
phrnw 5 \/_ Y 5 5 0 0 O 0

2 4nm
— |:3+ cos ™ cos T _ cosl} 7phase
7\/— 2nr 7

RMS value of phase voltage at P = 15,

dc nr 1 3nr Snrw
V oms = cos—+—| cos——+cos—— || 3phase
» 3[ o 12 2 12 12

4, L 1 niw nr 17nm Sn; Tnw 15nr
V ms = 3co +— COS———C0S ——— COS———~+C0S———COS———COS 7phase
P 7[ o 2 28 28 28 28 28 28
RMS value of phase voltage at P =1,
2V,
phrms \/7 cos ﬂ 7phase
NG nz 14
2V, nrw
s = T COS— 3phase
nw 6 The RMS of fundamental value of phase voltage,
V — le
V phrms1 L
y \/_ cos % Sphase \/5
P hrms

nmw 10
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The RMS value of line voltage, 7y 2
h
P= Tf’ 7phase
Vii=2XV,,.q X cos60 3phase
The general equation of n phase inverter at P = 0 and 1
V,=2xV,  xcoss4 Sphase can be concluded from the above equations.
AtP=0,
Vi =2XV 0 X cos64.29 7phase
4r 1 V4 Inr
Power is given by, v, = e | B2y cosE D cos =
! l \/Emnﬂ' 2 mn I:2,4,()...L73 mn
v 2 ’
p= 2 3phase
R AAtP=1
sV 2 2V
p= 2 Sphase v, o= cosﬂ
R phrms T 2m

Here, m = number of phases and n = harmonic order
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