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ABSTRACT Due to the increased environmental pollution, hybrid vehicles have attracted enormous
attention in today’s society. The two most important factors in designing these vehicles are size and weight.
For this purpose, some researchers have presented the use of the dual-mechanical-port machine (DMPM)
in hybrid electric vehicles (HEVs). This paper presents two modified converter topologies with a reduced
number of switching devices for use on DMPM-based HEVs, with the goal of reducing the overall size and
weight of the system. Beside the design of the DMPM in the series-parallel HEV structure along with the
energy management unit, the conventional back-to-back (BB) converter is replaced with nine-switch (NS)
and five-leg (FL) converters. These converters have never been examined for the DMPM-based HEV,
and therefore, the objective of this paper is to reveal the operational characteristics and power flow
mechanism of this machine using the NS and FL converters. The simulation analysis is carried out using
MATLAB/Simulink considering all HEV operational modes. In addition, two proposed and the conventional
converters are compared in terms of losses, maximum achievable voltages, required dc-link voltages, the
rating of the components, and torque ripple, and finally, a recommendation is made based on the obtained
results.

INDEX TERMS Back-to-back converter, dual mechanical port machine, five-leg converter, hybrid electric

vehicle, nine-switch converter.

I. INTRODUCTION

Due to the environmental issues and the limited resources of
the fossil fuels, the use of zero-emission or low emission vehi-
cles like electric vehicles (EVs) and hybrid vehicle (HV) tech-
nologies is increasing nowadays [1]. A hybrid vehicle that
includes an internal combustion engine (ICE) and an electric
motor is called hybrid electric vehicle (HEV). According to
various configurations, the HEVs can be divided into three
categories: series, parallel, and series-parallel schemes [2].
In the series-parallel HEVs, the mechanical operating points
(torque and speed) of the ICE and the wheels characteristics
are autonomous. Therefore, the ICE can be controlled to oper-
ate in the high-efficiency region of its characteristic. With the
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operation of the ICE in this region, the minimum fuel con-
sumption of the vehicle can be guaranteed [3]. Moreover, in a
series-parallel structure, the ICE can deliver most of its power
to the wheels without multi-stage conversion. The earlier fea-
ture is due to the parallel part of the series-parallel structure,
while the later one is due to its series nature [3], [4]. The over-
all performance of the series-parallel HEV is such that, when
the ICE efficiency is low in the starting and braking modes,
the vehicle’s drive system decouples the ICE and the vehicle
is driven out by the electric motor connected to the wheels,
powered by the battery. This strategy allows the ICE to link
with the wheels only when its efficiency is high. In this case,
the vehicle’s efficiency will increase and the fuel consump-
tion and pollution will decrease as well. Despite this optimal
performance, there are still some disadvantages in the HEVs
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structure. In particular, the implementation of above system
requires one additional electrical machine and a mechanical
version of a continuous variable transmission (CVT) called
planetary gear set to link the ICE and both electrical machines
to the wheels [5]. These requirements increase the weight,
size, frictional losses, audible noise, and maintenance cost of
the HEVs [6]. To overcome these requirements, researchers
proposed Dual Mechanical Port Machine (DMPM) as an
alternative [7], [8]. Due to the structure of the DMPM, it can
operate as a motor and a generator. In addition, there is no
need for a planetary gear, because the DMP machine is an
electrical variable transmission (EVT). As a result, the size
and cost of the system will be reduced [9]. Considering the
main concept of the EVT, different types of modified DMPM
has been reported in literature [10]-[15]. In [10] and [11],
the single-layer squirrel cage outer rotor based DMP machine
(SCDMP) is presented. Since the PM is removed from the
inner rotor, compared with the first version of the DMPM,
the cost of the machine reduces and the thermal robustness
increases. A hybrid excitation on the single layer of the
PM based EVT consists of a PM and a dc-field winding is
reported in [12]. The later excitation regulates the stator flux
linkage to minimize the iron and copper losses in the machine
at the same time by optimal control of the dc current. In [13],
a novel brushless dual mechanical port flux—switching PM
(BDMP-FSPM) is presented for a plug-in HEVs. In that
paper, a non-contact magnetic planetary gear (NC-MPG) is
used instead of the mechanical version of the CVT. Since the
internal gap of the motor is completely utilized, the overall
size of the motor is reduced and the power and torque density
can be further improved. A new magnetic field-modulated
brushless dual rotor machine (MFM-BDRM) and its speed,
torque, and power characteristic of the speed, torques, and
power were analyzed in [14] and [15].

Another crucial issue related to both EVs and HEVs is
the required power electronic converters in order to interface
different electrical parts. In hybrid electric vehicles based
on the independent motor and generator, there is a need for
the bidirectional six-switch converter for each machine along
with a DC-DC converter as an interface between battery
and DC-link [16]-[18]. Various types of DC-DC converters,
which are mostly appropriate options for EVs, have been
investigated in previous research works [19]-[21]. In [19]
an interface topology suitable for charging the batteries of
an EV is reported. That converter is able to provide both
buck and boost modes as well as the power factor correction.
A modified non-isolated single-inductor multiple-input buck
DC-DC converter, which can be considered as an appropriate
choice for hybrid dc sources based pure electric vehicle is
addressed in [20]. For same application, a multi-input DC-DC
interface, which is able to integrate three DC-sources such
as photovoltaic (PV) system, fuel cell (FC), and energy stor-
age system (ESS), is presented in [21]. Unlink the DC-DC
conversion systems, which have experienced many improve-
ments, DC-AC conversion parts of EV/HEVs have not
been strongly explored in previous literature. An integrated
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multilevel converter of switched reluctance motors (SRMs)
supplied by a modular front-end circuit for plug-in hybrid
electric vehicle (PHEV) applications is developed in [22].
In [23], the nine-switch (NS) converter is used to supply
two electrical machines that play roles of the motor and
generator in the HEV for simple modes. That paper does
not use the real dynamic model of the vehicle (merely used
two machines to show the HEV performance), the energy
management unit, and the standard driving cycle. In [24],
a five-leg power electronic interface is used to drive two per-
manent magnet synchronous machines (PMSM) in order to
independent control of wheels in EV application. An indirect
matrix converter (IMC) structure for HEV applications with
three-phase and single-phase outputs is reported in [25]. For
the DMPM-based HE Vs, researchers have not focused on the
power electronic converters, therefore, simply used the back-
to-back (BB) converters which require 12 switches for the
energy conversion [2], [3], [7], [8].

Considering the capability of the NS and FL converters
for simultaneous supplying of two independent three-phase
loads [26]—[29], in this work, the conventional back-to-back
converter used in the DMPM-based HEV is replaced with
these converters in order to reduce the volume and cost
by lowering the use of the semiconductor components and
their accessories. Indeed, the innovation of this work is the
combination of both EVT and NS/FL converters in order to
reduce the size of the HEV as much as possible. With these
converters, two outputs can be fed properly, the HEV can be
operated well in the operational modes of the standard drive
cycle, and the weight and the overall size of the system might
be reduced.

il. DMPM BASED HEV

A. DMPM OPERRATION PRINCIPLE

The DMP machines are a new generation of the electric
machines with two mechanical ports and two electric ports.
As shown in the Fig. 1, these machines consist of two rotors
and one stator. The stator is one of the electrical ports and
has a three-phase winding. The outer rotor consists of a
permanent magnet (PM) that composes a permanent mag-
net synchronous motor (PMSM) with the stator. The inner
rotor also has a three-phase winding and is powered by a

FIGURE 1. DMP machine structure.
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brush and a slider ring. This rotor includes an electric port
and a mechanical port, and it forms a double-fed induction
generator (DFIG) with stator [2]. The electric port on the
inner rotor balances the energy of the machine. It should
be noted that the PM rotor could receive power from both
electric parts. In fact, the torque and power in the air gap
between the inner rotor, PM and stator are exchanged for
the energy balancing purpose. In general, two independent
inverters, which are connected back-to-back to a DC bus, are
used to feed two electric ports. Depending on the relative
speed of the two rotors, the DMP machine might experience
different states [30]. The dynamic equations of the machine
in the dqO reference frame, which is rotated synchronously
with the PM rotor, can be expressed as follows [2]. It is noted
that since the performance of the proposed converters is the
main aim of this paper, the simple dq0 model is considered.

Vs = igsts + dAgs/dt + whgy )
Vas = iasts + dAgs/dt — whgg 2)
Var = igrtr +digr/dt + (@0 — @p) Aar 3)
Var = lartr +digr/dt — (@ — @) Agr 4
Ags = Lgigs + Lyigr o)
Ads = Am + Lsigs + Liniar (0)
Agr = Lyigr + Liigs @)
Adr = Am + Lyigr + Linigs ®)

where Ly and L,, are self-inductances of the stator
and inner rotor windings, rs and 7, are resistors of the stator
and inner rotor windings, L,, is mutual inductance between
the inner rotor and stator windings. A,,1 and A, are the flux
linkages produced by the PM-rotor in the outer and inner
machines respectively,  is outer rotor speed, and w, is inner
rotor speed. The electromagnetic torque developed on outer
and inner rotors are respectively defined in [2] as (9) and (10).
Considering applied torque by ICE and imposed torque by
wheels, the dynamic equations between different masses can
be written as (11) and (12).

Tous = P V/372 (ighmt + iar )
+3/2 (Lsa — Lsg) idsigs
+3/2(Lya — Lrg) iarigr
+3/2 (Lma — Lig) (isaiqr + igsiar)] (9)
Tin = =P | V3/2iarhm2 + 3/ 2Lndiasiyr
—3/2Lngigsiar — 3/2 (Lgr —Lar) iarigr ]

(10)
Tice — Tin = Jim + dwin/dt + Bwiy (11)
Tour — Troaa = Jowr + dwoy: /dt + Bwgy (12)

where T,,;, and T;,, Ticg, and Tj,u,q are the PM rotor,
inner rotor, ICE and load torques, respectively. Jin, Jour,
win, and wyy, are the inertia and speed of the inner and
PM rotors, respectively, and p is the number of the pole
pairs.
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B. DMPM APPLICATION IN HEVs

Fig. 2 shows the general mechanical section of a
DMPM-based HEV. As it is shown, in a DMP-based HEV,
the PM and inner rotors link to the wheels and ICE, respec-
tively. In addition, due to the magnetic couplings of the differ-
ent parts, there is no need for a planetary gear to synchronize
them, which is most salient feature of this EVT.

FIGURE 2. DMPM based HEV structure.

C. ENERGY MANAGEMENT OF DMPM BASED HEV

In general, demanded torque by the vehicle might be provided
through two parts. One part is due to the interaction of the
inner rotor and PM fields (7j,) and the other one is through
the interaction between the stator and PM fields (7,,;). When
the ICE is turned on, its torque is converted to a negative
torque between the PM and the inner rotor due to the interac-
tion of their fields. This negative torque causes a current flow
from the inner rotor winding to the battery. This power is then
given to the stator windings and creates a stator field. Finally,
the interaction of this field with the PM field applies a positive
torque on the PM rotor and the wheels. The operating modes
of a HEV can be classified as 1: Start-up, 2: Normal mode,
3: Acceleration, 4: Battery charge and 5: Braking. Assuming
that the ICE operates at the high efficiency region, the prob-
able states for the vehicle are examined as follows [30].

1- The first state is the start-up mode. In this mode, the ICE
is turned off for optimal efficiency, and the battery will start
up the vehicle.

2- The second state is related to the acceleration mode.
In this mode, the ICE is linked to the PM rotor and provides
the larger part of the requested power by the vehicle. The
other part of this power is provided by the battery and through
the stator. In this mode, the battery is discharged.

3- The third state refers to the normal vehicle condition.
In this mode, the demanded power by the vehicle is less than
or equal to the ICE’s power. If the ICE’s power is higher than
the demanded power, the excess power can be stored in the
battery through the stator.

4- The fourth state is when the vehicle is in the recharge
mode. In this mode, the ICE is responsible to provide the
requested power by wheels as well as the required power for
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recharging of the battery. When the state of charge (SOC) of
the battery is lower than the specified value, which is 40% in
this paper, this mode will be activated.

5- The fifth state refers to the braking mode. In this mode,
the acceleration value is negative, so the kinetic energy of
the wheels (PM rotor) is recovered and stored in the battery.
In this mode, the ICE should be switched off.

FIGURE 3. DMPM based HEV with BB converter (conventional).

IIl. PROPOSED CONVERTERS FOR DMPM BASED HEV

In conventional hybrid electric vehicles (including the
DMPM-based HEVs), the BB converter topology shown
in Fig. 3 is used for the bidirectional supply. As shown, each
winding has its own converter, which means 12 switches are
totally needed. In this study, two well-known converters with
areduced number of switches named nine-switch and five-leg
converters are introduced and adopted for use in the structure
of the DMPM-based HEV. Unlike the BB converter in which
there is no shared part between outputs, in NS and FL con-
verters the outputs are in common through a few switches as
shown in Fig. 4 and Fig. 5. Compared to the BB converter,
the NS and FL converters have three and two fewer switches
than the BB converter, respectively. It should be noticed that
as conventional DMPM-based HEVs, a buck/boost DC-DC
interface should be used between battery and DC terminal of
the converters in order to regulate the DC link voltage as well
as reducing the number required battery modules.

FIGURE 4. DMPM based HEV with NS converter (proposed).

IV. DMPM BASED HEV MODELING
A. ENERGY MANAGEMENT SYSTEM MODELING

The identification procedure of the operation mode of the
vehicle is shown in Fig. 6 [2], where the mentioned modes

33668

FIGURE 5. DMPM based HEV with FL converter (proposed).

1. Enter the acceleration, vehicle speed and SOC values.
2. Use the lookup table of the torque-speed characterestic of the
vehicle to calculate the maximum availabe torque.
3. Calculate the reguested drive power.
4. Calcluate the operational mode
rIf acc> 0
rIfSOC < 0.4
[ While 0.4 <SOC=0.8
Mode = 4;
- End
Eise
r If drive power < 11kW
If vehicle speed < 10km/h
Mode = I;
Eiseif acc < 0.5
Mode = 3;
End
End
Elseifacc > 0.5
Mode = 2;
End

— End
L End

Eise

Mode = 5;
~-End
5. Calculate the ICE’s power and its refernce speed based on its
efficiency characterestic lookup table

6. Calculate the refernce torque for the stator

FIGURE 6. Pseudo code of energy management unit.

are related to vehicle states described in Sec.II.C. Initially,
the acceleration, which is equivalent to the gas pedal position
pressed by the driver, along with the vehicle speed and SOC of
the battery are measured. Then, according to the torque-speed
characteristic of the vehicle, the maximum available torque
in corresponding vehicle speed along with requested power
by vehicle are calculated. Next, considering the applied con-
straints, the operation mode of the vehicle is obtained. Finally,
regard to the operation mode of the vehicle and the efficiency
characteristic of the ICE, the reference speed and torque of
the ICE along with reference powers, which must be injected
by ICE and battery, are calculated. If the ICE operates in
this reference speed, its performance on the optimal line in
efficiency curve can be guaranteed. The numbers assigned
to the modes in Fig. 6 are related to the operational modes
classified in section II.C. It should be noticed that in order to
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reduce the depth of charging/discharging of the battery and
consequently, increase the life span of the battery, the lower
and upper boundaries for SOC are respectively restricted to
40% and 80% [2].

FIGURE 7. Control strategy.

B. CONTROL STRATEGY

The control strategy used in this paper is shown in Fig. 7.
As shown, the torque provided by the stator is calculated
and compared to the reference value given by the energy
management unit. The torque error is progressed through a
proportional-integrator (PI) controller to generate the refer-
ence value for the g-axis stator current. At speeds less than
the nominal speed, in order to achieve the maximum torque
per current and the minimum current loss, the reference value
for the d-axis current is set zero [2], [3]. In this condition,
the torque only is controlled by i,,. At the speeds above the
nominal speed, however, as the electromotive force increases
and the control of the vehicle is become difficult, a flux-
weakening strategy is used [2], [32]. Therefore, the value of
the igg is set to a negative value depending on the nominal
current of the machine to create the flux-weakening effect.
In practice, however, the permanent magnets can be demag-
netized since the value of the d-axis flux is in opposition to
the PM flux [33], [34]. On the other hand, the actual speed
of the inner rotor is measured and compared to the reference
value given by the energy management unit and is given
to the PI controller. The output of the PI controller is the
reference current of the g-axis of the inner rotor winding i,
According to the usage of the synchronous frame theory for
the control strategy, the torque is controlled only by the g-axis
current. Therefore, the reference current of the d-axis is zero.
Then, the currents of the d and q axes for the stator and rotor
are compared with the measured values of their respective
currents. Finally, the difference between them passes through
a PI controller to obtain the stator and the rotor reference
voltages.

C. SPACE VECTOR MODULATION

1) SVM FOR CONVENTIONAL BB CONVETER

In a six-switch converter, in general, we have 32 switching
states depending on the positions of the three top switches of
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FIGURE 8. Active vectors of BB converter in polar frame.

each leg. By removing the undefined states, six active vectors
and two zero vectors, as shown in Fig. 8, are remained. In each
switching cycle, according to the reference voltage obtained
from the control section, the corresponding sector is firstly
identified. Then the reference vector is constructed using
its adjacent vectors and based on the time length for each
adjacent vector, which can be calculated using the following
expressions.

1 = ~/3/2mtgsin (7/3 — ) (13)
t» = v/3mt,sin (@) (14)
to=t;,—1 — b (15)
m = Vyer [ Ve (16)

where 1, f, and fy are the time lengths of the first adja-
cent, the second adjacent and zero vectors, respectively. #, is
switching period, m is modulation index, « is the angle of
the reference voltage, Vs is the magnitude of the reference
voltage and V. is the voltage of the DC link.

It should be noticed that there is a freedom in selection
of the type and position of the zero vectors in the vectors
sequence. The sequence of vectors must be so that the least
change in the status of the switches and consequently in the
switching losses can be achieved.

TABLE 1. On and off status of switches located in each leg.

SIU Sim SiL
1 ON OFF ON
OFF ON ON
3 ON ON OFF

2) SVM FOR PROPOSED NS CONVERTER

In this converter, since two AC outputs are common in three
intermediate switches, it is somewhat difficult to control
the load autonomously [23]. To overcome this limitation,
this paper uses a sequential switching method [23]. In this
method, for independent performance of two outputs, a part
of the switching period is assigned to the first output and
the rest for the second output. The zero vectors are also
divided between two outputs. The different states for each
leg are shown in Table 1. U, M, and L are subscripts for the
upper, middle, and lower switches of each leg, respectively.
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TABLE 2. Switching states for nine switch converter.

Switching Number A B C Outputl Output?2
1 3 3 3 Zero Zero
2 3 3 1 Zero Active
3 3 1 1 Zero Active
4 1 1 1 Zero Zero
5 1 1 2 Active Zero
6 1 2 2 Active Zero
7 1 2 1 Active Zero
8 2 2 1 Active Zero
9 2 1 1 Active Zero
10 2 2 2 Zero Zero
11 2 1 2 Active Zero
12 1 1 3 Zero Active
13 1 3 3 Zero Active
14 1 3 1 Zero Active
15 3 1 3 Zero Active
16 2 2 3 Active Active
17 2 3 3 Active Active
18 2 3 2 Active Active
19 3 3 2 Active Active
20 32 2 Active Active
21 3 2 3 Active Active
@] vy (V2)
11,18 9.17
(V4) « ‘ci\(
5,19
(Vs) (Vo) (Vs) (Vo)
6,20 7,21 3,20 15,21
Vo=1,2,3,4,10,12,13,14,15 Vo=1.4,5,6,7,8,9,10

FIGURE 9. Active vectors of NS converter in polar frame, (a) upper output
and (b) lower output.

In general, this converter has 21 valid switching states as
show in Table 2. Fig. 9 shows the active vectors of the first
and second outputs in polar coordinate. In this converter,
sector which the reference vector of each output is located,
should be firstly calculated. Then, the adjacent vectors of each
reference vector must be identified and switched to a specific
time for each output. The time length assigned to each vector
is calculated as following.

1 = ~/3/2mytgsin (1/3 — ay) (17)
1y = ~/3/2mytsin (ay) (18)
13 = N/3/2mytgsin (7w/3 — ar) (19)
14 = N/3/2my 1 sin (az) (20)
fo=1t;—1t —th—13—14 21)
my = 2V [ Ve (22)
mp, = 2V /Vae (23)

where 11, fp, 13, t4, and #y are switching times of the first
adjacent vector of the first output, the second adjacent vector
of the first output, the first adjacent vector of the second
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output, the second adjacent vector of the second output and
zero vector, respectively. my and my are the modulation
indexes of the upper and lower outputs, oy and ¢, are angles
of the reference voltages of the upper and the lower outputs,
Vresy and Vg are magnitudes of the reference voltages of
the upper and the lower outputs and V. is the voltage of the
DC link.

TABLE 3. Switching states for five leg converter.

Switching State of upper First Second
Number switches of each output output
leg

1 00000 Zero Zero
2 00001 Active Active
3 00010 Zero Active
4 00011 Active Active
5 00100 Zero Active
6 00101 Active Active
7 00110 Zero Active
8 00111 Active Zero
9 01000 Active Zero
10 01001 Active Active
11 01010 Active Active
12 01011 Active Active
13 01100 Active Active
14 01101 Active Active
15 01110 Active Active
16 01111 Active Zero
17 10000 Active Zero
18 10001 Active Active
19 10010 Active Active
20 10011 Active Active
21 10100 Active Active
22 10101 Active Active
23 10110 Active Active
24 10111 Active Zero
25 11000 Active Zero
26 11001 Zero Active
27 11010 Active Active
28 11011 Zero Active
29 11100 Active Active
30 11101 Zero Active
31 11110 Active Active
32 11111 Zero Zero

3) SVM FOR PROPOSED FL CONVERTER

In this converter, two outputs are common in one leg [28],
which makes it difficult to control the load independently.
However, this problem will be fixed by using the sequen-
tial switching for this converter as well. This converter has
32 acceptable switching states as shown in Table 3. These
32 switching states make 32 vectors in a polar frame for
both outputs, including 24 active vectors and 8 zero vectors.
Among these vectors, 12 vectors are individual vectors, which
create active vector in one of the outputs while create a zero
vector for another output. Fig. 10 illustrates these active and
zero vectors for both outputs in the polar frame. Like two
previous converters, in this converter, the adjacent vectors are
identified after determining the sector in which the reference
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(@ v (V2) G vy (V2)
9 25 3 7

A WANAN
(Vy) N (VD)||(Va) N V1)
16 17 || 28 5
(Vs) A/ (Vo) (Vs) A/ (Vo)

8 24 26 30
Vy=1,3,5,7,26,27,30,32 Vo=1,8,9,16,17,24,25,32

FIGURE 10. Active vector of FL converter in polar frame, (a) upper output
and (b) lower output.

vector of each output is located. The time assigned to each
adjacent vector can be calculated by (17) to (23), which were
used for NS converter.

V. COMPONENT REQUIERMENTS

A. DC LINK VOLTAGE

As it is mentioned earlier, in sequential switching method
used in NS and FL converters, the switching period is divided
in two parts depending on the amplitude and phase of the
reference voltages. This means unlike the BB converter in
which the DC-link energy is simultaneously available for
both outputs, in NS and FL converters, each output is con-
nected to the DC-link only for a fraction of the switching
period. Therefore, in order to achieve same voltages at the
outputs of the NS and FL converters in comparison with
the BB converter, higher DC-link voltage should be used.
Considering the time lengths assigned to the adjacent vectors,
which in total should be equal or less than the switching
period, the required value for DC-link voltage in NS and FL.
converters can be calculated as follow:

h+h+n+ =1 (24)
Considering (17) — (20), it can be re-written as:

V3/2ts (my (sin (/3 — ay) + sin (ay))
+my (sin(7/3 — o) +sin(ap))) <t; (25)
Eq. (25) is maximum when:
aj=m/6, i=U,L (26)
Substituting (26) into (25) yields:
V3/2(my +mp) <1 27)
Considering (22) and (23):
V3 (Vi + Vret) < Vae (28)

From (28), in order to have the same maximum achievable
output voltages, larger DC-link voltage is required in the NS
and FL converters compared to the BB converter. This means,
with the same DC-link voltage, the maximum achievable
voltages in NS and FL converters would be less than the BB
converter.
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B. POWER SWITCHING RATING

In order to compare the rating of the power electronic com-
ponents in different topologies, the current flow paths at
different operational modes should be analysed. Unlike the
BB converter, in which stator and rotor side converters have
independent current flow paths, in the NS and FL convert-
ers depending on the operational modes, current might pass
through some common switches between stator and rotor side
converters. As it is shown in Fig. 11(a), switches located in
upper and lower ports of the BB converter experience stator
and rotor side currents, respectively. This means the rating of
these switches depend on the rated current of the stator and
rotor windings, which might pass through.

FIGURE 11. Current flow paths for different converters, (a) BB, (b) NS,
and (c) FL.

For NS converter, switches would experience different cur-
rents depending on the applied vectors to the upper and lower
ports, as shown in Fig. 11(b). In DMPM based HEV applica-
tions, the upper and lower ports can be connected to the stator
and rotor windings, which may operate as source or load.
Therefore, in order to determine the rating of the switches, all
five operational modes of the DMPM based HEV mentioned
in section II.C, must be considered. Instantaneous currents
flowing through the switches located in leg A are shown
in Fig. 12(a). The rating of the middle switches can be deter-
mined from the maximum current between i; and i,. On the
other hand, for the top and bottom switches, sum of the stator
and rotor currents should be considered. Depending on the
operational modes, these currents could have different speci-
fications as summarized in Table 4. Since the stator and rotor
side ports experience different frequencies, the maximum
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FIGURE 12. Flowing currents through the switches in (a) NS and (b) FL.

TABLE 4. Stator and rotor windings’ specifications.

Operational Modes Frequency | Amplitude Type
Ty- WHEV oc Pygy Load
Start-up -
Lyr OHEY 0 Source
Tice<Tuev | iws OHEV oc AT Load
OICE>OHEY | dw.r Dslip o€ Wslip Source
Normal .
Tice>Tuey | dws WHEY oc AT Source
OICESOHEY | 1y Dglip o€ Wglip Load
. fyes WHEV oc AT Load
Acceleration -
lw-r Ogslip € Wglip Load
Tyes OHEY oc AT Source
Recharge -
lw-r Ogslip € Wgslip Source
. iyes OHEY o Py Source
Braking -
Ly-r MHEV 0 Source

* Tice and @icg are mechanical torque and speed of the ICE. Pygy,
Tuev and oygey are requested power, requested torque and mechanical
speed of the HEV, ag, is slip speed between inner and outer rotors,
and AT is equal to Tygy-Tick.

current that should be selected for the current rating of the
bottom and top switches is equal to Iguay + Lanax [35], [36].

Same justification can be used for switches in shared leg
of the FL converter as shown in Fig. 11(c). The maximum
current that would pass through the both switches is is + i,
as shown in Fig. 12(b). Considering Table 4, the current rating
of these switches would be g4 + Irmayx. For individual legs
of FL converter, the current rating of the switches can be
determined like BB converter. Components requirement for
different topologies is summarized in Table 5, where I, g4zeq
and I,,_,rqreq are nominal currents of the stator and inner rotor
windings, respectively.

C. LOSS COMPARISON

In BB converter, switches pass stator current or inner rotor
current at any moment of the time. Therefore, the loss cal-
culation of this converter can be performed easily. However,
in NS and FL converters, the switches might experience stator
current or rotor current or both, making the switching loss
calculation complicated. Therefore, in this paper, the switch-
ing loss comparison is performed approximately. Referred
to [23], the switching loss for different topologies can be
summarized as Table 5, where Epy and Eppp are wasted
energy while switches are being turned ON and OFF, and
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E,, is wasted energy when diode is being turning OFF with
current I, and voltage V,,. For this purpose, the same oper-
ational mode and same transition states (100 to 011 for both
outputs) are applied to the different topologies. Then, in order
to calculate the switching loss, the instantaneous currents,
which should be interrupted and conducted by each switch
during the two sequential switching periods, is identified.
As it is shown in Table 5, the switching loss of the NS and
FL converters can be less than BB converter depending on
the nominal currents of the stator and inner rotor windings.
However, due to the use of higher DC-link voltage in these
topologies, the switching loss reduction caused by currents
might be neutralized.

Considering same specifications for switches in different
topologies, the conduction loss is proportional to the instan-
taneous current flowing through the switches [35], [36]. For
BB converter, the instantaneous currents of the upper and
lower ports are related to the currents of stator and rotor
windings. In NS converter, as shown in Fig. 12(a), the upper
and lower switches might experience instantaneous currents
more or less than the BB converter’s currents, depending on
the amplitude, polarity and frequency of the stator and rotor
currents. The individual legs of FL converter would have the
same currents as BB converters, although the switches located
in shared leg might experience instantaneous currents less or
more than the BB converter.

VI. SIMULATION VALIDIATION USING

STANDARD DRIVING CYCLE

For effective analysis of the proposed structures, a standard
drive cycle that contains all operating modes of the HEV
is considered. For this aim, using the U. S. Department of
energy (DOE) report [37], which examines the Toyota Prius,
this standard drive cycle for simulation with same parameters
as [2], is derived as shown in Fig. 13(a). From Fig. 13(b) it can
be seen that the required torque of the wheels is proportional
to the input acceleration. In the braking mode, this torque
is negative. To obtain the amount of the power required by
the vehicle at the desired speed and the acceleration, sim-
ply multiply the mechanical speed of the vehicle in radians
per second by the torque obtained in the previous section
(See Fig. 14(b)). As it can be seen in Fig. 14(a), the vehicle’s
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FIGURE 13. Simulation results, (a) standard drive cycle based on DOE
report, and (b) requested torque by wheel.
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FIGURE 14. Simulation results, (a) operational mode of HEV based on
energy management unit, and (b) requested power by vehicle.

operating modes might vary from 1 to 5, as described
in section II.C.
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FIGURE 15. Vehicle speed.

As it is shown in Fig. 15, when the acceleration and the
torque are positive, the velocity increases and in the braking
modes (moments when acceleration are negative) the velocity
decreases. In comparison with the results presented in [37],
which is the related results for the vehicle speed in DOE
report, the accuracy of the results obtained from DMP-based
HEV in presence of BB, NS, and FL converters can be
verified. It should be noticed that since the results of the
vehicle speed and the operational modes are the same in
three scenarios, only one of them has been mentioned in this
section.

Torque(N.M)

10 20 30 40 50 60
Time(s)

FIGURE 16. Applied torque to wheels, (a) BB, (b) NS, and (c) FL
converters.

According to Fig. 16, it can be seen that the vehicle works
well in the presence of all three converters and follows the ref-
erence torque. The areas indicated with the red doted circles
in Fig. 16(a) show the moments when the acceleration is close
to zero, and therefore the output torque goes to zero. As it is
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FIGURE 17. Applied torque from ICE to wheels, (a) BB, (b) NS, and (c) FL
converters.
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FIGURE 18. Applied torque from the stator to wheels, (a) BB, (b) NS, and
(c) FL converters.
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FIGURE 19. All generated torques for BB converter in one frame.

depicted in Fig. 17, the ICE is off at the beginning of the drive
cycle in accordance with the operating modes. Gradually by
accelerating the vehicle and reaching to a certain speed and
power, the ICE is linked and provides larger part or all of the
requested power by the vehicle. In the areas indicated with
the red doted circles in Fig. 17(a) since the acceleration is
negative for a short time, the ICE is turned off. As the speed
of the vehicle has not been reduced, the ICE re-lights up as
the acceleration progresses. As shown in Fig. 18, the stator
torque is positive in modes 1 and 2, where the battery can
be pulled up, and in the mode 5, which is a braking mode,
the power flows from the wheels to the battery, the stator
torque is negative. The points highlighted in Fig. 18(a) are
the moments in which the stator torque is affected by the ICE
ignition. In time interval between 10 to 38 seconds (mode
3) in which the requested torque by the vehicle is less than the
applied torque by the ICE, in order to maintain the ICE in the
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TABLE 5. Comparison of different topologies.

Switching Loss Power rating of the switches Required DC-link Voltage
BB V rated rated
- o B+ B, o1 s Vi s )
i n-n
NS rated  yrated rated ted
Lo By + B + B, ) a1t w1zl af |- | e | 3% max {125 15 6 {1+ 1| B (Vg + Vo)
0 n-n
FL ted rated rated rated
L5 (Epy + Egpp + B, )[51{;‘1’?;"’ STl (e || e )}% anet warst o nesd e VB (Vi + V)
T n-n
1000 ¢ ] REFERENCES
l = 760 | [1] P. Y. Kon d G. K. K iannidis, “Chargi h f lug-i
. Y. g and G. K. Karagiannidis, arging schemes for plug-in
0. 740 7 hybrid electric vehicles in smart grid: A survey,” IEEE Access, vol. 4,
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FIGURE 20. DC link voltage, (a) BB, (b) NS, and (c) FL converters.

optimal performance zone, the ICE surplus torque is stored
in the battery through the inner rotor winding as energy. As it
can be seen, due to use the higher DC-link voltage for NS
and FL converters, the torque ripple of these converters are
more than the BB ones. Fig. 19 shows all generated torques
by ICE, stator, and wheels in one frame. As it can be deduced,
the sum of the ICE torque and stator torque is equal to
requested torque by the wheels. As shown in Fig. 20, the DC
link voltages of three converters are constant and have small
voltage ripple.

VIi. CONCLUSION

In this paper, the DMPM and its placement in the structure
of HEVs were firstly introduced. Then, with the introduction
of the nine-switch and five-leg converters, modeling of com-
plete system including the energy management unit is pre-
sented, followed by the control strategy and the space vector
modulation schemes for different topologies. Finally, using a
standard drive cycle, the performance of the DMPM-based
HEV was investigated in the presence of three converters.
The simulation results show that with the NS and the FL
while reducing the overall size and the weight of the system
by reducing the number of switches and their accessories,
the vehicle follows the drive cycle as closely as a conventional
BB converter. However, compared to the BB converter, higher
DC-link voltage is required in these topologies in order to
have same maximum achievable output voltages. It is found
that the NS and FL converters might have less switching loss
than BB converter depending on the current rating of the
stator and inner rotor windings.
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