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Abstract

To improve driving range in Electric vehicles (EV), parallel-series connection
of battery cells is a necessity. Supressing the circulating current in the battery
board of parallel connected battery strings helps improve the lifespan of the
batteries. This study presents a comparison of the requirements of parallel
strings of batteries in three different popular topologies for open end winding
induction motor (IM) drives in EV. The topologies analyzed are a 3-phase
voltage source inverter (VSI), a Dual fed inverter and three single-phase H-
Bridge VSIs. These converters are modulated using Space vector pulse width
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modulation (SVPWM) as it has better performance compared to Sine PWM.
MATLAB-Simulink models are developed for the converter topologies. The
simulation results show that the three single-phase inverter topology feeding
the drive is the best alternative when compared on the basis of battery
requirement and switch loss. Moreover, each H-bridge inverter (in the three
single-phase inverter topology) can be used as charger and the problem of
circulating current during charging will also be least as compared to other
schemes.

Keywords: Electric vehicle, open end winding induction motor drives,
batteries, voltage source inverters, pulse width modulation.

1 Introduction

Inverter nowadays has taken a remarkable place in the Electrical vehicle
industry. Different types of inverter are being employed for charging the
batteries [1, 2]. In the present world, Electric Vehicles (EVs) are well known
to be friendly to the environment as compared to the standard internal com-
bustion (IC) machines. EV’s has been rising normally since the most recent
two decades [1-4]. The ordinary EV comprises the batteries, inverter, and
motors for traction. Batteries work as the source of energy and the inverter is
used to drive and control the EV’s AC motor.

The proper operation and effectiveness of EV’s mainly depend on the
type of inverter used, its control strategy, and the storage system interfacing.
To regulate the energy delivery from storage system to the motor used in
EV, an efficient inverter is required. The converters and controllers used in
EV’s have a large number of components, the current stress is also high,
the dynamic response is also slow, switching losses are high and over-
all complex computation is there. The use of multilevel inverters in EV’s
presents low switching losses and low total harmonic distortion, however
there is an unbalanced capacitor voltage across two dc-links. The generation
of common-mode voltage (CMV) is one of the main drawback of using PWM
inverters, because this voltage develops common-mode current that flows
through the stator windings. This CMV also give rise to leakage current
and degrades the bearings due to rise in bearing currents [5]. Open-end
winding induction motor drive has the ability to eliminate CMV using proper
controlling.

The Electric Vehicle industry generally uses DC motors and induction
motor, but many of them are using Induction motor (IM) because it is more
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robust and economical [5, 6]. Healthy and high-density batteries are needed to
achieve long driving in EV. The energy concentration of the battery is a big
concern in the case of EVs [7-12]. Lithium-ion batteries with high energy
intensity and long life are broadly accepted in EVs. IM with more power
rating and low voltage rating requires more batteries arranged in series and
parallel order [13]. In this type of battery arrangement, it is quite difficult to
maintain the same voltage across battery terminals. If the voltage between
parallelly connected batteries is unequal, then it gives rise to the flow of
the circulating current between them, which may damage the batteries and
would also break down the safety and durability of the system. To solve
this problem battery management system (BMS) and battery equalizer is
used, however, this raises the price of EV and makes the vehicle more
uneconomical [14, 15]. Furthermore, this may put additional load for up-
keeping BMS in the situation of a letdown. To look into the above problem,
three different types of topology have been covered in this article. This study
presents a comparison of 3 different three-phase inverter (TPI) topologies
used in SVPWM modulated induction motor (IM) drives. The topologies
analyzed are a 3-Phase VSI, Dual fed inverter (DFI) and three single-phase
H-Bridge (SPHB) VSIs for open-end winding induction motor (OEWIM)
drive. The assessment concerning these topologies is done on the basis of
the battery required in parallel.

2 PWM Invertes for IM Drives

In a Power Electronic Circuit, Pulse Width Modulation (PWM) based
inverters are mostly used in important practical based applications [16-18].
PWM inverters generate the alternating voltages of adjustable frequency
and magnitude and thus help in achieving the wide speed variation of the
EV [19-23].

The Space Vector PWM (SVPWM) is an improved PWM technique,
which was brought forward specifically for the AC motors speed regulation
and for varying frequencies in 1980. The inverters are used for controlling
the output to get a proper voltage waveform. Sinusoidal PWM (SPWM) is
used to control and maintain the drive’s performance throughout the operating
range from zero to 78 percent of the value that would be reached by square
wave operation of the inverter. The linear correlation of modulation index
(MI) and the output voltage is not sustained when the MI exceeds this value
and requires the over modulation method. On the other hand, SVPWM based
techniques have been as often as possible utilized, on the grounds that they
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Figure 1 3-phase VSI fed IM drive model.

decrease commutation losses, output voltage harmonic contents, and increase
amplitude MI as compared to conventional SPWM strategies. In addition,
SVPWM methods are easily used and their implementation in processors is
also easy. Space-Vector modulation (SVM) was initially evolved as a vector
way to deal with PWM-based for TPIs [21, 24-26].

SVPWM technique works in a plane that is partitioned into six areas
detached by the switching state vectors (SSV) The space vector PWM method
works in a plane which is distributed in to six sectors of 60° each. Each
sector is separated by eight switching state vectors [27, 28]. SSV is the mix
of switches (conducting or non-conducting) in the inverter’s layout. Plane
reference voltage (vector), V. is utilized to identify two adjoining SSV (V1
and V2 in the principal part) and to ascertain the switching time interval
(T1 and T2 separately) against which everyone is active. At the inspecting
time TO = (Tz — T1 — T2), vectors at zero-state (associating the entirety of
three-phase windings to the negative or positive dc bus bar) are dynamic. Tz
is the total cycle period. The detailed explanation of SCPWM can be seen
in [27, 28].

SVPWM uses voltage vector which is very near to the value of reference
circle as compared to other switching methods of inverter. Figure 1 shows the
exemplary graph of a three-stage VSI fed IM drive model [29]. In TPI circuit,
each phase are characterized as a switch S. S1, S2, S3, S4, S5, and S6 are the
six switches, and an, a’, b, b’, ¢ and ¢’ are the exchanging variable that will
be molding the output voltage waveform. Exactly when an upper switch is
turned OFF, i.e., when a, b or c is 0, the comparing lower switch is turned
ON (i.e., the relating a’, b’ or ¢’ is 1), So the ON and OFF states of the upper
switches S1, S3 and S5 can be used to choose the output voltage.
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Table 1 Line to neutral voltage (output phase voltage), and line to line voltage in terms of
DC-link Vgc

Switching Output Phase Line to Line
Voltage Patterns Voltage Voltage
v Sa Sb Sc¢ Van Vbn Ven Vab  Vbe Vea
Vo 0 0 0 0 0 0 0 0 0
V1 1 0 0 2/3 —-1/3 -1/3 1 0 —1
V2 1 0 0 1/3 173 =273 0 1 -1
V3 0 1 o -3 23 =13 -1 1 0
V4 0 1 1 =273 173 173 —1 0 1
V5 0 1 1 -3 =13 273 0 —1 1
V6 0 0 1 1/3 -2/3 1/3 1 -1 0
V7 1 0 1 0 0 0 0 0 0

The switching variable vector [a, b, ¢] and the line-to-line voltage vector
[Vab, Vie, Voo are related, The relationship is given:

Vb 1 0 —1| |a
Voe| =Vac |-1 1 0| |b (1)
Vea 0o -1 -1

The switching variable vector [a,b,c| and the phase voltage vector
[Vans Vi, Ven| are also related. The relationship is given:

Van 2 -1 —1] [a
Vo | = (Vae/3) | =1 2 —1| |b 2
Ven -1 -1 2| |c

As appeared in Figure 1, every single switch having two state ON and
OFF so feasible combination for three upper switches is eight (23 = 8)
and the ON/OFF conditions of lower switches are inverse to the upper
ones as are suitably decided after the condition of the upper switches are
resolved [30, 31].

From the conditions, the eight yield exchanging vectors, line to neutral
voltage (output phase.voltage), and line-to-line voltage as far as DC-link
voltage Vdc, are appeared in Table 1. This. shows the most reachable voltage
given a DC bus voltage of Vdc and Figure 2 shows the 8 voltage vectors
(VO to V7) of inverter.
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Figure 2 Eight voltage vectors (VO to V7) of inverter.

3 Analysis of Inverter Topologies for IM Drive

In this section three different TPI topologies are used in IM drive which are
based on SVPWM have. been studied. 3-Phase VSI fed IM, DFI for OEWIM
and 3 SPHB. Inverters fed OEWIM is analyzed in this section. The study
is mainly focused on the use of the number of batteries in parallel and thus
circulating current generation. It is assumed that in each topology the input
power of the induction motor is constant and has a value of 4.224 kW.

3.1 3-Phase VSI Fed IM

In this sub-section a 3-phase voltage source inverter (VSI) fed induction
motor drive topology based on SVPWM has been studied [32, 33]. Fig-
ure 3(a) shows power circuit for a 3-phase VSI. The DC voltage is been
supplied by a battery pack shown in Figure 3(b).

Each leg of inverter has two back to back-linked semiconductor devices.
One is used as a manageable device and other one is a diode for protection.
Table 2 summarizes the grouping of batteries essential for conventional
3-phase VSI. It can be observed that for the 48V battery, this inverter topology
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Table 2 Required figure of batteries in conventional 3-phase VSI

Battery Total Quantity of  Quantity of Current
Profiles Quantity of  Batteriesin  Strings in Flow From
(Voltage) Batteries a String Parallel Battery Pack
48 24 4 6 88

24 24 2 12 176

12 24 1 24 352

uses four 48V batteries which are linked in series (to make a string) & six
strings are parallelly linked as shown in the Figure 3(b).

Table 2 gives three types of battery profiles, for the same load demand
each battery’s current profile also changes. And, for the same load demand,
we can calculate the power for each profile as:

P=VxI=12%352=24 %176 = 48 % 88 = 4.224 KW 3)

Equation (3) gives the total load demand on the battery bank by the
induction motor. For the comparative analysis, this value of load is taken to
be same for all the discussed topologies. In this topology, a single inverter is
used and thus the total load is mounted on this inverter.

The variation in the quantity of batteries strings in parallel w.r.t. battery
pack voltage and current flow from battery pack are shown in Figure 4.

Figures 5(a) and 5(b) displays the Simulink model of the 3-phase to d-
q axis block and Sub-system of d-q axis conversion block respectively. The
parameters of the system are initialized and Simulink model in build using
the 3-phse to d-q axis conversion. There are 6 sectors. Every sector comprises
angle of 60 degree. The Sector Selection Block is shown in Figure 6. In this
topology there are six switches, so for the triggering we need six switching
pulses. The Switching Pulse Generation Block is shown in Figure 7. The
complete Simulink model of 3-phase VSI is displayed in Figure 8.
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Figure 9(b) Unfiltered Phase Voltage of 3-phase VSIL

Figures 9(a) and 9(b) show the results obtained using the model of
Figure 8. The output voltage waveform is unfiltered and seems like a
three-phase ac source.

3.2 Dual Fed Inverter for OEWIM Drive

This is the second kind of topology introduced in this article where a 3-phase
IM with OEWs and two isolated dc sources are utilized. This topology has a
few points of interest in engine drive applications [34-37]:

* It assists with decreasing the voltage blocking prerequisites for some of
the power semiconductor switches.
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Figure 10(b) Battery combination in a pack used in Figure 10(a).

* Both utilized inverters should part switching actions prompting lower

device specific commutation frequencies.
* It assists with improving the accessibility since fault tolerance can be

presented.

* For a particular quality of output waveform, it assists with lowering the

switching losses.

Double inverter schemes have been investigated in several papers for
various applications. This topology likewise utilizes isolation transformer
whose size can be decreased at the cost of lowered MI [38]. The power circuit

scheme of a DFI is appeared in Figure 10(a).

Table 3 summarizes the combination of batteries required for DFI. It can
be observed for 48V battery, each inverter uses a combination of three parallel
string and each string having four 48V batteries as shown in Figure 10(b).

In this topology, two inverters are used so the total input power is shared
between two inverters. So, the per inverter input power is 2112 W i.e.

Total Input Power Demand = 4.224 KW
Per Inverter Input Power = 4.224/2 = 2.112 KW
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Table 3 Number of batteries required using DFI

Battery Current Total Quantity of  Quantity of
Profiles Flow From  Quantity of Batteriesin  Strings in
(Voltage)  Battery Pack Batteries a String Parallel
48 44 12 4 3

24 88 12 2 6

12 176 12 1 12

Figure 11 Simulink model of DFI for OEWIM.

This shows that the load demand of per inverter is half form the conven-
tional method and thus, gives low stress on the switches of the inverter. Also,
by comparing Tables 2 and 3, It is clear to see that the number of battery
strings in parallel is less in case of DFI for OEWIM.

The complete Simulink model of DFI for OEWIM is shown in Figure 11.
Results obtained using this model is similar to that obtained using 3-phase
VSI and are shown in Figures 9(a) and 9(b). The waveform of output voltage
is unfiltered and seems like a three phase ac source.

3.3 3 SPHB Inverters fed OEWIM Drive

In this section, three SPHB-VSIs fed an induction motor with OEWIM drive
is dealt with. Every phase in OEWIM is fed by separate SPHB-VSI. Hence,
each SPHB voltage source.inverter needs an individual DC supply [39, 40].
The low voltage profile type batteries are generally used for a decrease in
price and weight. The configuration upsurges the reliability as it needs fewer
cells arranged in series as well as parallel [41]. Figure 12(a) shows the power
circuit topology of a three single-phase inverter. Table 4 summarizes the
combination of batteries required for this scheme. It can be observed for
48V battery, each inverter uses a combination of two parallel string and each
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Table 4 Total batteries required utilizing 3 SPHB VSIs fed OEWIM

Battery Current Total Quantity Quantity of
Profiles Flow From  Quantity of of Batteries  Strings in
(Voltage)  Battery Pack Batteries in a String Parallel
48 30 8 4 2

24 58 8 2 4

12 117 8 1 8

string having four 48V batteries as shown in Figure 12(a). In this topology,
three inverters have been used, so the overall input power is divided into the
3 SPHB VSIs and hence, the per inverter input.power value is 1408 W i.e.

Total Input Power Demand = 4.224 KW
Per Inverter Input Power = 4.224/3 = 1.408 KW

This shows that the load demand of per inverter is one third as that in
the conventional method and thus this gives very low stress on the switches
of the inverter. Also by comparing Tables 2, 3 and 4, it can be seen that the
quantity of battery strings in parallel is the least on account of 3 SPHB VSIs
fed OEWIM drive.
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Figure 13  Per phase Simulink model of 3-SPHB inverters fed OEWIM drive.
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The per-phase Simulink model of 3 SPHB-VSIs fed OEWIM drive is
presented in Figure 13. Three such inverter arrangements like this are used
and connected as shown in Figure 12(a) with 120-degree phase shift. Fig-
ures 14(a) and 14(b) shows the block used for the purpose of angle calculation
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and the sector selection block respectively. Figures 15(a) and 15(b) shows
the switching pulse generation block and Subsystem of Switching Pulse
Generation Block respectively. Results obtained using this model is displayed
in Figures 16(a) and 16(b). The waveform of output voltage is filtered and
seems like a three-phase ac source. The phase current in each phase of
OEWIM for two different loads is shown in Figures 17 and 18 respectively.
The switching pulses is shown in Figure 19.

4 Discussion

In this section all the three topologies of the inverter viz. 3-Phase VSI, DFI
and 3 single-phase H-Bridge are compared. Table 5 is about the compari-
son of different parameters while Table 6 presents the comparison of the
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Figure 16(b) Filtered line voltage.

battery requirements in the three different schemes discussed in this paper.
Figures 20, 21 and 22 represents the required quantity of different rating
batteries in different inverter topologies. It is clear that the number of strings
in the case of three shingle phase inverters is less as compared to other
schemes, and thus the circulating current will also be least. Low circulating
current will result in higher battery life and better performance. The stress on
switches is also low in case of 3-SPHB scheme as compared to 3-Phase VSI.
Fault tolerance is also high in case of 3-SPHB scheme, as in case of fault in
one leg, other two legs can work but at a reduced capacity. Moreover, each
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Figure 18 Phase current in each phase of OEWIM working at half value of rated load.

SPHB inverter can be employed as charger and thus is an added advantage
of this scheme. In this scheme (three SPHB), even during the charging, the
problem of circulating current will be least as compared to other schemes.
The problem of circulating current during charging will be more for the
cases having more number of stings of batteries in parallel, this is due to the
difference in batteries internal resistances. However, if the number of parallel
stings is low, there will be low circulating current and hence the value of
circulating current is very low in case of three SPHB topology as compared
with other schemes.
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Figure 19 Switching pulses used in DFI for OEWIM as shown in Figure 11.

Table 5 Comparison of discussed three different inverter topologies

Parameters of Comparison 3-Phase VSI DFI 3-SPHB
Input power 4.22 KW 422 KW 422 KW
Number of Switches 6 12 12
Stress on switches High Low Low
Switching losses Low High High
Fault tolerance Low High High
Power shared by each inverter unit Full Half One third
Life span of batteries Short Moderate  Longest

Table 6 Required quantity of batteries in the discussed schemes
Battery Current Drawn Total No. of No. of Batteries No. of Battery

Inverter Pack From Batteries in Strings in
Scheme Voltage Battery Pack  Per Inverter Series Parallel
Three single-phase 12 117 8 1 8
H-Bridge inverters 24 58 8 2 4

48 30 8 4 2
Dual fed 12 176 12 1 12
inverter 24 88 12 2

48 44 12 4 3
Conventional 12 352 24 1 24
three-phase 24 176 24 2 12
inverter 48 88 24 4 6
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M Battery pack voltage M Current drawn from battery pack
M Total no. of batteries per inverter i No. of batteries in series

M No. of battery strings in parallel

352
176
117
12.818 12 12 1 12 12 24 4 24
— — — — — — — —_— —
Three single-phase H- Dual fed inverter Conventional three-phase
Bridge inverters inverter

Figure 20 Required quantity of 12V batteries in different inverter topologies.

M Battery pack voltage H Current drawn from battery pack
M Total no. of batteries per inverter B No. of batteries in series

M No. of battery strings in parallel

176
88
58
24.824 24 12 5, 6 24 24212
| — _— | — — | | —
Three single-phase H- Dual fed inverter Conventional three-phase
Bridge inverters inverter

Figure 21 Required quantity of 24V batteries in different inverter topologies.

M Battery pack voltage m Current drawn from battery pack
M Total no. of batteries per inverter i No. of batteries in series

B No. of battery strings in parallel

88
48 48 44 48
30 24

Three single-phase H- Dual fed inverter Conventional three-phase
Bridge inverters inverter

Figure 22 Required quantity of 48V batteries in different inverter topologies.
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5 Conclusion

This paper analyses the performance of different VSI topologies for IM drives
in EV for minimizing the circulating current among the parallelly connected
battery in the DC-link. Simulink model is developed for 3-Phase voltage
source inverter (VSI), DFI and 3 SPHB-VSIs. To decrease the quantity of
parallelly linked batteries, an optimal selection method has been outlined.
The simulation result shows that the three single-phase inverter topology
utilizes fewer batteries coupled in parallel for a given power rating of inverter.
Such topology would minimize loss and stress on switches of the inverter.
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