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Abstract

In this paper, a novel two output nine switch-inverter is proposed in order to
increase the synchronization speed of induction motors used in electric vehicles
(EVs) while improving the efficiency and controllability of the system. The
number of switches in the proposed inverter is reduced by 25% compared to
double six-switch inverters which conventionally used in EVs. The main
characteristics of the considered inverter can be noted as follows: sinusoidal
input and outputs, unity output power factor, and specifically, low construction
cost due to active switch number reduction. The classical direct torque control
method causes torque ripple and speed fluctuations. Therefore, in order to
increase accuracy and dynamics of drive system, the SVM-DTC method is
proposed, leading to less torque ripple and constant switching frequency. The
obtained torque ripple is 2% which is less than the existing structures In order
to illustrate advantages of the proposed approach, performance of the EVs in
the standard cycles is evaluated.

Keywords: Nine switch inverter, EVs, Direct torque control, SVM-DTC.

1. Introduction

In recent years, lack of the fossil fuels and also environmental concerns, lead to
the idea that the combustion engines would be a crisis in human lives [1].
Accordingly, a new version of vehicles, named as electric vehicles (EVs), got
appeared and widely used. EVs would reduce air pollution, generated greenhouse
gases and also the oil consumption [2].

Induction motor is one the most commonly used motors in automobiles [3]. An
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Nomenclatures

fn Motor reference signal frequencies, Hz
To applying time of zero vectors, s

Tam, k First applying time period of motor, s
Tam, k+1 Second applying time period of motor, s
Ts Total sampling time, s

Viefm1 Reference voltage vector of motorl, V
Vrefm2 Reference voltage vector of motor2, V
Greek Symbols

D, Phase of reference voltage signal

2] angle of voltage vector

v Flux of motor

Abbreviations

DTC Direct Torque Control
EVs Electric Vehicles
SVM Space Vector Modulation

electrical vehicle consists of at least, two induction motors conventionally fed by
two independent inverters. This structure makes an EV hard to control [4].

The idea of using one inverter in order to control and drive two induction
motors is firstly introduced for a locomotive system in 1984. Considering a
locomotive system, the induction motors connected in parallel. Consequently, the
independent control of motors seemed to be impossible [5]. On the other hand, it
is not neglect able that, dual induction motors driving by a single inverter, leads to
reducing the number of converter switches which improves the system
performance [6].

As it was mentioned, using one inverter to control dual motors increases the
system efficiency. Therefore, the mentioned concept widely studied in the
literature with the purpose of performance improving [7-9]. The idea of replacing
a five leg inverter with a six leg one is introduced in order to drive a traction
motor and a compressor one, simultaneously [7]. In the mentioned system, three
legs of the inverter are used to supply the traction motor and the other two legs
are responsible for the three terminal two-phase compressor motor. Due to one leg
reduction compared with six-leg inverter, the common terminal of two-phase
motor is connected to the neutral point of three-phase traction motor.

A five-leg inverter is considered to drive dual three-phase induction motors
[8]. However, two phases of each machine are directly connected to four legs of
the inverter. Furthermore, the remained phase of each machine should meet the
fifth leg. This affects the independent control.

Moreover, the concept of utilizing a four leg inverter in order to drive dual
independent motors, is firstly mentioned in 2011 [9]. The mentioned inverter
consists of four legs connected to two phases of each motors, separately. On the
other hand there are two capacitors connected in series. The remained phase of
both motors connected to the neutral point of the capacitors. However, it is
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obvious that, achieving an independent controlling approach is also impossible in
this case [9].

Moreover, a nine switch inverter is used in order to control dual outputs,
simultaneously [10]. The properties of such an inverter can be summarized as: AC
form of input and outputs, unity output power factor and more importantly, low
price due to the reduction in switch numbers. The proposed converter has only
three legs with three switches installed on each. As the middle switch of each leg,
is shared by the inverter and also the rectifier, the switch numbers will reduce by
33% and 50% in comparison to the 12 switch back to back VSI and 18 switch
matrix converter, respectively.

A multi-machine system is also considered to be controlled utilizing a
control method based on direct torque control (DTC) [11]. The DTC based
control methods mainly, consist of two separate control loops, the torque and
flux control loops. In the torque control loop, firstly, the system overall
requirement is specified according to motor torque requirements. Afterwards,
the optimum voltage vector is selected. On the other hand, the flux control loop,
utilizes a master-slave controlling approach. The proposed method is simulated
for a two parallel induction motors and also can be extended to multi-machine
systems. However, the mentioned approach causes torque ripple and affects the
system performance.

As it was mentioned, the direct torque control approach is known as a novel
efficient method in order to control the speed and torque of an induction motor
[12]. The electromagnetic torque, stator flux value and also flux vector position
are estimated utilizing the inverter input DC voltage and the stator currents.
Afterwards, considering the mentioned parameters, the inverter switching
commands would be established [13].

Although the direct torque control is an easy to implement technique, the
conventional DTC due to its hysteresis controllers, suffers from variable
switching frequency and high torque ripple [14]. In order to solve such problems,
the SVM-DTC approach is proposed [15]. The principle of proposed approach is
to apply the appropriate voltage vectors in order to control the flux and torque. As
a consequence, the calculation time increases. However, this is not problematic
due to developing of novel digital technologies [16].

In this paper, a two output nine switch inverter is proposed to increase the
synchronization speed of the induction motors of an EV. Due to weaknesses of
the classic DTC in simultaneously controlling of two induction motors, the SVM-
DTC approach is in used. At each moment, by comparing the operating regions
and also determining the voltage vector situations, the appropriate voltage vector
is calculated and applied to the outputs. This approach, leads to effective and
independent control of both the motors, while the installed semiconductors
reduced by 25% compared to 12 switches back to back VSI.

The paper is organized as follows: In Section 2, the nine switch inverter
structure is discussed. Section 3 presents the basics of the direct torque control
method. In section 4, the proposed SVM-DTC approach and its step by step
implementation for dual induction motors controlling by a NSI, is presented.
Section 5 presents simulation studies. Finally section 6 concludes the findings and
contributions of the paper.
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2. Dual Induction Motors- Nine Switch Inverter Configuration

Figure 1 illustrates the structure of a three-phase nine-switch inverter (NSI),
which combines two three-phase inverters with three common switches.
Schematically, this converter has three legs with three switches installed on each
of them. However, this structure leads to some kinds of constraints in switching’
states. For instant, all of the three switches could not be closed simultaneously,
since it would cause the short-circuit occurrence. On other hand, in order to avoid
floating the outputs, two switches should be closed at each moment.

S & Swlfl & S ﬂli}

TR R

Sl,ﬂ Sl,bJ ‘ Sl,c_l

motor

Fig. 1. Nine-switch inverter structure.

In order to control two independent induction motors by a nine-switch
inverter, the inverter switches are classified as follows. The upper part, hamed
Invl, consists of the switches designated Sya, Subs Sucr Smar Smp @nd Spe. On the
other hand, the lower part, named Inv2, consists of the switches designated Sy,
Sibr Smer Siar Sip @nd Sy. Thus, the middle switches are shared by Invl and Inv2.
Invl and Inv2 are responsible for controlling the motorl and motor2, respectively.

Considering the proposed topology, three different operating conditions are
remarkable depending of the motor to be controlled. If driving of motorl is in the
priority, the Inv1 switches will be deterministic. On the other hand, Inv2 switches
are responsible for driving motor2. However, the target of this paper is to
simultaneously drive both the motors efficiently. Next section describes the Direct
Torque Control (DTC) approach due to dual machines control.

3. Simultaneous Direct Torque Control of Two Induction Motors

The idea for the DTC is to apply in alternative active vectors. In order to drive
motorl, six active voltage vectors, named V1-V6 are available. On the other
hand, active voltage vectors related to motor2 are indicated as V7-V12. Tables 1
and 2 illustrate the selectable voltage vectors of motorl and motor2, respectively.
As evident, by applying a specified voltage vector to one of the motors, the
available vectors for other one will be limited.
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Table 1. DTC selectable active voltage vectors of motorl.

selectable
Selected V7 V8 V9 VlO Vll V12
V, vooo- - - - -
Vs v v v - o
V; - - v - - -
V, .
Vs - - - - 4 -
Vg v - - - v

Table 2. DTC selectable active voltage vectors of motor2.

selectable
selected

Vi Vo Vi Vo Vs Vs
- - - v

S
ANENENE

v v
v

When an EV turns in road, its wheels have different speeds. Consequently,
its motors experience different conditions. In other words, the inverter receives
two different voltage references simultaneously. As mentioned earlier, in order
to drive two independent motors with DTC approach, the upper and lower three
switches are triggered to control the upper and lower motors, respectively.
Due to active vector limitations, inappropriate voltages may be sent to
the related motors. However, this leads to the torque waveform distortion
and motor speed fluctuation. Consequently, the conventional DTC approach
faces significant weaknesses in simultaneous control of two independent
motors. In order to overcome such problems, the space vector modulation
(SVM) DTC approach is proposed in this paper. The proposed method is
capable of solving mentioned problems.

4. Proposed SVM-DTC Approach in Order to Dual Motor Control

The proposed control scheme of induction motors associated to the nine switch
inverter is presented in Fig. 2.

In this case, the electromagnetic torque and the stator flux are controlled
directly in closed-loops. Hence, an accurate estimation of these parameters is
required. As illustrated in Fig. 2, the estimated magnitude of torque and stator flux
go to PI controller. The PI controller outputs are the stator voltage references.
Afterwards, the reference parameters, named u*y and u*y are applied to the static
reference frame (f). Finally the SVM block receives the signals. As mentioned

before, the SVM approach, due to its reliefs, improves the DTC performance. In
the next step, the SVM block and its operation is elaborated.
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Fig. 2. Proposed SVM-DTC control diagram.

4.1. SVM block

As it is obvious, each leg of a nine switch inverter has eight different ON-OFF
states. As it was mentioned, at least, two switches should be closed at each
moment in order to avoid floating the outputs. Moreover, it is obvious that all
three switches cannot be closed at the same time due to avoid DC bus short-
circuit. Therefore, only three on-off states are possible. Table 3 illustrates these
circumstances called (-1), (0) and (1). In Table 3, k denotes to the nhame of legs (1,
2 or 3).further, u, m and | represent the upper, middle and lower switches,
respectively.

Attending three possible states for each leg, there are 27 various states for the
NSI. Table 4 shows the possible states, called NSI vector.
The NSI vectors can be divided into four groups:

1- motorl-active vectors: The upper motor receives active vectors, but the
lower motor receives zero vectors.

2- motor2-active vectors: The lower motor receives active vectors, but the
upper motor receives zero vectors.

3- both-active vectors: Both the motors receive active state.
4- zero state: Both the motors receives zero vectors.

Table 4 illustrates switching vectors of NSI and on-off position of each of nine
switches.
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Moreover, Fig. 3, illustrates the space presentation of the NSI vectors
according to Table 3 and Table 4.

Table 3. Switches on- off position.

Suk  Smk  Sik
-1 on off on
1 on on off
0 off on on

Table 4. Switching vectors of NSI.

VectorLeg 1L eg 2Leg 3 Type
Vip -1 0 0

Voo 1 1 0 2
&
Vso 1 0 S
Vao 1 1 5
Vo O 102
Veo -1 -1
Vo; 1 -1 -
Vg 11 1 2
o
Vog -1 1 8
Voo 1 1 1 8
Vou -1 -1 1 3
Vo, 1 -1 1
Vi; 1 0 0
Vog 11 0
Vi 0 1 0
Voo 0 1 1
V5'11 O 0 1 ‘12)
Veo 1 0 1 8
ey
V2'7 l '1 O 46
Vg -1 1 o @
Vig 0 -1
Vi -1 1
Ve -1
Ve, 1 -1
Vi -1 -1 -
o
V14 O O GN)
Vis 1
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Fig. 3. Switching vectors of NSI.

In this paper, the reference signals, named Ve, Viero, determine how to apply
the active and zero vectors to the under control motors. The mentioned reference
signals are specified as follows.

Vrefml =V L %y (1)
VrefmZ =Viem2 L Oy @)
o, =2xf t+¢., ©)
a,, =2xf t+d., (4)

where f,; and f,, are the motorl and motor2 reference signal frequencies,

respectively. Moreover, @,,; and @, represent the phase of above mentioned
reference signals.

It is noteworthy to note that the reference signal positions in the space vector
diagram determine the appropriate switching vectors. In the proposed control
method, it is preferred to apply active vectors to both the motors. In addition, in
an appropriate switching strategy, switching numbers from one state to another
state should be minimal. As illustrated in Fig. 4, the space vector diagram is
divided into six distinct sections.

However, selecting an optimal switching interval depends on the location of
space vector diagram of reference vectors. If the phase difference between
reference vectors is less than 60 degrees, the references are assumed to be in the
same section. Thereupon the active vectors can be applied to both the outputs. On
the other hand, if such phase difference is less than 120 degrees, references are in
vicinity. Active vectors also can be applied to both the outputs in this case. As a
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result, the identical vectors can be applied for the reference with the regional
difference less than 3.

refml

ml

)

Fig. 4. Space vector classification.

4.2. SVM switching in far sections

As mentioned earlier, it is difficult to control two induction motors of an electric
vehicle when the voltage references are in sections with the phase difference more
than 120 degrees. In order to overcome the dilemma of receiving different
vectors, the proposed approach in this paper is to half the switching period.
However, in the proposed approach, in the first half period, motorl receives
active vector while motor2 receives zero one. On the other hand, during the
second half period, motor2 gets the active vector and the zero vector delivers to
motorl. Tables 5 and 6 illustrate the proposed SVM switching vector sequence to
be applied to the NSI. An important point about the following tables is to make
sure that the sum of the both table terms should be equal to zero.

Table 5. SVM switching vector sequence in the first half period.
VZ VAmlvAm 1VAm1VAm1 VZ

LT L T LT
42 2 2 24

Table 6. SVM switching vector sequence in the second half period.

VZ VAmZVAmZVAmZVAmZ VZ

Moreover, the voltage vectors applying order and time intervals are provided
in Tables 7 and 8. As outlined above, minimizing the switching times is the
target. However, the minimum switching number occurs when the vectors Vi 1
and Vpy » are selected according to Table 7. Vy, 1 and Vy,, » should be also
selected confirming to Table 8. It should be noted that, V. 1 and Vpy » are two
adjacent voltage vectors of motorl.
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Table 7. SVM switching plan for motor1 considering reduced switching
number in the first half period.

Vrefm1 in 1th: 3th, 5th section
V13VAm1,2VAm1,lVAm1,1VAm1,2V13
L T T T T, T

4 2 2 2 2 4
Vyermy in 2,41 6™ section

V13VAm1,lVAm1,2VAm1,2VAm1,1V13
TO Tl T2 T2 Tl TO

4 2 2 2 2 4

Table 8. SVM switching plan for Motor2 considering
reduced switching number in the second half period.

Viefmz IN 1th| 3th, 5th section
V13VAm2,lVAm2,2VAm2,2VAm2,1V13
T I L L &L T

4 2 2 2 2 4
Viermz in 2,41 61 section

V13VAm2,2VAm2,1VAm2,1VAm2,2V13
o T, T T T, T

4 2 2 2 2 4

According to Tables 7 and 8, if the zero vector, V3 stands between the
first and second active vectors, the minimum switching number will be
required. On the other hand, the use of zero vectors (Vi4 and Vis) increases the
switching frequency.

It should be noted that the most important part of the SVM technique is
calculating the applying time of active and zero vectors. Since the total sampling
time, T, is short, the reference vectors of motors could be assumed constant
during Ts . Considering Tables 7 and 8, during the sampling time, the voltage of
reference vectors can be calculated as follows.

T, r Tam1k r Tamiket r

Ivrefml '[ VAml,k dt + J’ VAml,k+1 dt
= +
Ts Ts
Tam2.k' Tam2,k41 To (5)
or | r
J. VAmZ,k’ dt + '[ VAmZ,k’+1 dt + J.V13
T
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T, Tamik AL k41

S r o !

‘[Vrefmz VAml,k dt+ VAml,k+1 dt

T T "
s s
Tam2k r Tam2 41 T r (6)
J‘ VAmZ,k’ dt + j VAmZ,k’+1 dt +.[V13

T

S

where Vamik and Vamik+1 are the first and second active vectors of motorl in the
k™" section. On the other hand, V gmz 1 @nd V.5 1, are the first and second active
vectors of motor2 in the & section, respectively. Moreover, Tam:, k and Tam, k+1
are the first and second applying time period of Motorl in the k™ section. Also,
Tamz2, & @nd T 4,2 5+, are the first and second applying time period of Motor2 in the
k™ section, respectively. Egs. (5) and (6) can also be stated as:

T Vit =Vamk Tamx +Vamikes Tamke )
Ts VrefmZ = Vam2,k’ TAmZ,k’ +VAm2,k'+1TAm2,k’+l (8)

Decomposing (7) into the real and imaginary parts, yields:

k-1 kz
v 9 cos —3 2 COS?
L{”}:—VT +3WT

Vq 3 i " Amlk . (k _1)71_ i " AmLk+1 . kﬂ'
sin———— sin—
3 3
oS (k=D cosk—ﬂ
_2 3 3 [Kmk}
3 sin (k-Dz sink—” Tamiket
3 3 9)

Solving (9) obtains the following equation:

kz

T sink—” —Cos— |ry
|: AmLk :|:ﬁ£ 3 3 |: d:|

LI Vi sin (k-D)z cos (k-Dz ||V,
3 3 (10)

On the other hand, Eq. (1) could be presented as:

Vrefml = VrefmlZ aml
=V, + ]V,
= Vrefml Cos aml + erefml Sin aml (11)

Considering Egs. (10) and (11), the following equation is obtained.
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sin ke —cosk—”
|: TAmi,k :| _ \/§T5Vrefm1 3 3 |:C05 am1:|
T (k- _ ;
Am1ksl V, _sin (k 1)71' C0S (k 31)72' Sina,,

sin (k—” -a j
J_TVrEMI 3 m

3 K sin(am—(k_gl)ﬂj

Similar to the mentioned process, Eq. (8) is obtained.

sin Q —C0S Q
{ Tunaw } ) V@TSV,efm2 3 3 {cos amz}
T ) i . r_ " :
A2k V| sin (k 31)71' C0S (k 31)72' Sina,,

sin(k'ﬂ—a j
:ﬁTVreth 3 m
VoL ( (k’—l);rj
sin| @y, -

Particularly, if both the reference vectors stand in the first section:

TSVI'Em - T
T =T, = \/§Tflsm [5 - amlj

TV
T2 :TAml,Z = \ﬁ%ﬁmlsin(aml)

TV P
T, = Tpmas = V3 mfmzsin(——a ]
3 Am2,1 V 3 m2

TV
T, :TAmZ,Z = \ﬁ - \;efmz Sin(amz)

T,=T.-T-T,-T,-T,

. 3387

(12)

(13)

(14)

(15)

(16)

17)

(18)

where T, and T, are the applying time intervals of motorl active vectors. On the
other hand, T; and T, present the applying time periods of motor2 active vectors.
Further, Ty is the applying time of zero vectors and T is the total switching time.

4.3. SVM switching in adjacent sections

When the phase difference between the reference signals of motorl and motor2 is
less than 120 degrees, two references are adjacent. Accordingly, concurrent active
vectors could be applied. By considering two independent SVM blocks for

Journal of Engineering Science and Technology December 2017, Vol. 12(12)



3388 A. R. Shamlou, et al.

motorl and motor2, and comparing the time periods T1, T2, T3 and T4, the
applied switching sequence will be specified. If motorl and motor2 stand in the
fourth and third sections, respectively, the NSI switching vectors should be
implemented as shown in Fig 5. Moreover, Fig. 6 indicates the block diagram of
such case. Furthermore, switching vectors and time intervals of the understudied
case are presented in Table 9.

In all the switching intervals proposed in Table 9, Ty equal to Tz, +T2,. Values
of Tz, and Tz, are set to be To/2 compared to the different conditions, the amount
of Totime varies.

MoorisvMm [ Vo [ vi [ Vi | W

|
Motor 2 SVM | vi | ove [ v | Vi |
|

IswitchSVM [ Vis | Veo | Vio| Viwo| Vi

Fig. 5. Switching vectors in adjacent sections.

Get Ty, Ty, T, Ty
R;and R,

A

(Mode 1)

(Mode 2)
O:T'Tz'T:-;'T

(Mode 3)
g:T-Tz-T:;-T

Fig. 6. Algorithm of applying active vectors in adjacent sections.
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Table 9. Switching vectors and time intervals in adjacent sections.

Vectors L
Mode Time interval
R1:4, R2:3
1 Vl31V5,OlV4,01V4,91V4,101V13 TZlITZITl_T3_T4!T3lT4!TZZ
2 V131V5,0IV4,91V4,101V0,41V13T211T21T3lTl-T3lT3+T4-T11TZZ

3 Vl31V5,O1V4,9|V0,31V0,41V13 TleT21T11T3_T11T4lTZZ

4.4. SVM switching in the same section

If the phase difference between the reference signals is less than 60 degrees, both
reference signals can be assumed in the same section. In this case, two active
vectors can be used for both the outputs. Table 10 presents switching vectors and
time intervals when both the references stand in the third section. In comparison
to the switching in the adjacent sections, switching in the same section provides
higher possibility to apply active vectors in both the outputs. However, in a
straight road, due to the same state of the EV wheels, switching process often
occurs in the same sections.

Table 10. Switching vectors and
Vier1 @and Ve time intervals in the third section.

Vectors .
Mode Time interval
R;=3, R,=3

Ti+T>Ta+Ty, To>Te+Ts Vi, Vs0,Va0,Va9,Vai10,Vis Ta,T1.ToTaTa T3, Ta T

Ti+T>T3+Ty, Tz, Tit T T Ty, Ta+ Ty Ty, To-
Tu<T,<T3+T, T4, Ta T

Ti+T,>T3+Ty, T4>T, V13,V3,0,V3.9,V4,10,Vo,10, V13 Ta,T1-T3, T3, T2, Ta-T2, T2
T+ To<T3+Ty, Ta>T1+Ty Vig,Vag,Vao,Voo,Voi10,Via T, T1, T Ta-T1-T5, T4, T2o

Ti+To<T3+Ty, T, T0, T3 T, Ty+To- Ty, Ta+T4-Ts-
T1<T3<T1+T, T2, T2

Ti+To<T3+Ty, T1>T3 V13,V30,V3.9,V4,10,V0,10,V13 To, T T3, T3, T2, Ta-To, To

V13:V3,0:V3,9:V4,91V4,10:V13

V13,V3.9,V4,0,V4,10,V0,10, V13

5. Simulation and Discussion

In this paper, in order to evaluate the performance of the EV, the standard driving
cycles of New York City (NYCCDS) and (UN/ECE) are considered.

5.1. Simulation analyses in NYCCDS cycle

NYCCDS cycle is 1.18 miles (1.899 meters). The average speed in this test is 7.1
mile (11.43 km) per hour and the maximum speed is equal to 44.57 km per hour.
The test takes 598 seconds. The wheel diameter of the simulated vehicle is equal
to 50cm. In order to illustrate the fast dynamic response of the drive system,
NYCCDS speed varies every 30 seconds. However, simulation results clarify that
the proposed drive technique efficiently response to the alterations twenty times
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faster than NYCCDS cycle changes. Figure 7 illustrates the EV speed in the
NYCCDS driving cycle. As it is clear, vehicle drive system works well for large
changes of speed.

23

30 . rA/ M \,‘\ —
25 2114./( 14.4 145 14.6

@&
20

AR NAL i

Vehicle Speed (mile/h)

|
|
I

0 5 10 15 20 25 30
time (sec)

Fig. 7. Vehicle speed curve with NYCCDS driving cycle.

5.2. Simulation analyses in UN/ECE cycle

The UN/ECE cycle is also studied in this paper. The mentioned cycle is designed
based on traffic conditions of Paris and Rome. Its specifications are completely
different from the New York cycle. This cycle is also known as the European
cycle. However, low speed and low engine load are the main features of this
cycle. The total time of this test is 195 seconds and the total distance is 994
meters. Moreover, the average speed is 18.35 Km/hour. Figure 8 illustrates the
EV speed in the standard European cycle.

60

real

speed  (rpm)

20+ J

30 L L L L L L L L L
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Fig. 8. Speed curve of the vehicle with UN/ECE cycle.
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5.3. Turning conditions

In this section, capability of the nine switch inverter and the proposed control
method in turning left and right is evaluated. The specification of the studied EV
and its electric motors are provided in Table 11.

In this section, the traveled speed curve is considered as follows. Firstly,
speeds of both motors increase up to 350 rpm. Afterwards, the vehicle turns left.
In order to achieve safe operation, the speed of both motors should be reduced.
Consequently, the right and left motor speeds decreases to 340 and 310 rpm,
respectively. In the end of the curve, both the motors, again, speed up to 350 rpm.
After a 0.5 second, the car turns right. Under this conditions, speeds of the left
and right motors decrease to 340 and 310 rpm, respectively. Finally, both the
motors speed up to 400 rpm. Figures 9 and 10 illustrate the speed variations of the
right and left motors, respectively. Vehicle drive system follow applied reference
speed very well. Speed of motors change from each other independently. Both
motors track applied reference speed without distortion.

Figure 11 illustrates the efficiency of the motors confronting various speeds.
As it is obvious, efficiency of the motor 1 is higher than motor 2.

In order to evaluate the torque ripple and the torque dynamic response of
induction motors used in EV and controlled by SVM-DTC, the system response
to a step change of reference torque is shown in Fig. 12.
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Fig. 9. Right motor speed curve under turning conditions.
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Fig. 10. Left motor speed curve under turning conditions.
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Fig. 11. Motor efficiencies confronting various speeds.

Table 11. Electric vehicle and installed induction motors specifications.

Parameter Value
Length 4m
Width 2m
Height 1m
Wheelbase 25m
Weight 240 kg
Aerodynamic drag coefficient 0.13
Rolling resistance coefficient 0.006
Number of wheels Two in front and two in the rear
Rotational inertia 1.15 kgm?
Wheel radius 0.28m
Induction motor 2 kw, 380V, p=2,20 Nm, 50 Hz
Rotor resistance 1.82 Q
Rotor inductance 0.1568 H
Stator resistance 12Q
Stator inductance 0.1557 H
Mutual inductance 0.158 H
Moment of inertial 0.071 kgm?
1.2
N
. OA; Ej real —
iZE', 06 ) - ,/, , , reference
T o e
o LT |
0 L T 1] [}
R T
>0‘20 0.2 0.4 0.’6 0i8 i 1.2 1.’4 1.6 1.8 2
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Fig. 12. Torque Step Response in SVM-DTC Approach.

According to Fig. 12, the pick to pick torque ripple is 2%. In addition, the
torque step response is compared with the results in the literature [17-19]. The
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comparison results are provided in Table 12. As evident, the proposed method
leads to significant reduction of torque ripple.

Table 12. Comparison of torque ripple between different control methods.

Torque Ripple Method Reference

4% DTC [16]
3.4% New version of DTC  [17]
3.5% Vector control+DTC  [18]
2% Proposed Method

In order to evaluate the transient and steady state behavior of an induction
motor, the flux circular path analysis is considered. To achieve this goal, the
mentioned curves are provided in Fig. 13 and 14. According to Fig. 13, the flux of
motorl increases from zero and reaches the final value of 0.8 Wh. Fig. 15 and 16
also show the 3 phase currents of motorl and motor2 during straight road.
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Fig. 13. Motorl Flux Circle Curve.
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Fig. 14. Motor2 Flux Circle Curve.
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Fig. 16. Motor2 Three-Phase Current.

5.4. Different speed references of motors

In this section, a specific analysis is considered. It should be noted that in a
conventional EV, the speed difference of motors is always less than 250 rpm.
Hence, the speed difference of two induction motors increases up to 500 rpm.
Figures 17 and 18 show the reference and actual speed values of two motors. As
evident, although there is difference between the speed reference values, two
motors track the reference speeds very well. This means capability of the
proposed control scheme to satisfy EV requirements.

However, the proposed control method can be implemented not only in EV
control system, but also it can be used as a drive of other systems which need
similar operation. It is noteworthy that, none of the previous studies published in
literature has the capability to handle the abovementioned conditions.
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Fig. 17. Reference speed and rotation speed of motorl.
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Fig. 18. Reference speed and rotation speed of motor2.

6. Conclusion

In this paper, a two output inverter is proposed to control two induction motors of
electric vehicles simultaneously. The following conclusions can be drawn from
this study.

e The proposed nine switch inverter improves synchronous performance of the
motors which are mechanically decoupled.

e This leads to reduction of the semiconductor switch numbers from 12 to 9.
e The proposed method is suitable for application in electric vehicles.
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e The proposed control structure significantly reduces torque ripple and

improves the response speed. The obtained torque ripple is 2% which is less
than the existing structures.

e The proposed drive system leads to reduction of mechanical stress and hence,

enhancement of the life time of the system.

e Cost of inverter reduces due to reduction of switches.
e Itis not possible to control both of motors fully independent at every moment

and one of motors controls better than other in some moments of time.
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