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Abstract

The plug-in hybrid electric vehicles (PHEVs) are specialized hybrid electric vehicles that have the potential to obtain enough
energy for average daily commuting from batteries. The PHEV battery would be recharged from the power grid at home or at
work and would thus allow for a reduction in the overall fuel consumption. This paper proposes an integrated power electronics
interface for PHEVs, which consists of a novel Eight-Switch Inverter (ESI) and an interleaved DC/DC converter, in order to reduce
the cost, the mass and the size of the power electronics unit (PEU) with high performance at any operating mode. In the proposed
configuration, a novel Eight-Switch Inverter (ESI) is able to function as a bidirectional single-phase AC/DC battery charger/ vehicle
to grid (V2G) and to transfer electrical energy between the DC-link (connected to the battery) and the electric traction system
as DC/AC inverter. In addition, a bidirectional-interleaved DC/DC converter with dual-loop controller is proposed for interfacing
the ESI to a low-voltage battery pack in order to minimize the ripple of the battery current and to improve the efficiency of the
DC system with lower inductor size. To validate the performance of the proposed configuration, the indirect field-oriented control
(IFOC) based on particle swarm optimization (PSO) is proposed to optimize the efficiency of the AC drive system in PHEVs.
The maximum efficiency of the motor is obtained by the evaluation of optimal rotor flux at any operating point, where the PSO
is applied to evaluate the optimal flux. Moreover, an improved AC/DC controller based Proportional-Resonant Control (PRC) is
proposed in order to reduce the THD of the input current in charger/V2G modes. The proposed configuration is analyzed and its
performance is validated using simulated results obtained in MATLAB/ SIMULINK. Furthermore, it is experimentally validated
with results obtained from the prototypes that have been developed and built in the laboratory based on TMS320F2808 DSP.

Key Words: Dual-loop control, Eight-Switch Inverter (ESI), IFOC, Interleaved DC/DC Converter, Loss Model of the induction
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I. INTRODUCTION

In recent years, there has been a lot of interest in the
concept of plug-in hybrid electric vehicles, which have great
potential to achieve higher fuel economy and efficiency, with
a longer range in pure electric propulsion mode. The plug-
in hybrid electric vehicle (PHEV) is a hybrid electric vehicle
with an energy storage system (ESS) that can be recharged
by connecting the vehicle plug to an external electric power
source (such as the electric utility grid) [1].

Furthermore, Hybrid Electric Vehicles (HEVs), especially
PHEVs have become an interesting alternative to conventional
vehicles due to their capability of reducing fuel consumption,
Zero-exhaust emissions and sizes of batteries / Supercapac-
itors on board while maintaining long vehicle ranges. Plug-
in hybrids provide significantly improved performance and
flexibility when compared with conventional vehicles.
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Recently the PHEV motor drive, power electronic units
and energy storage technology have developed at a rapid
rate in response to expected market demand for PHEVs.
Therefore, the power switching devices and associated control
systems play a key role in bringing plug-in hybrid vehicles to
market with reliability and affordability [1]-[4]. The power
electronic system should be efficient to improve the range
of the electric operation and fuel economy. The selection of
power semiconductor devices, converters/inverters, control and
switching strategies, the packaging of the individual units, and
the system integration are very essential to the development
of efficient and high performance PHEVs [2].

Battery chargers are another key component required for
the emergence and acceptance of PHEVs. Generally, there
are two types of battery chargers: off-board (standalone) and
on-board (integrated charger). Several integrated chargers in
vehicle applications have been reported by the academia or
industry [5]-[9]. Especially, an on-board battery charger has
to be small and light in order to maximize energy efficiency
and the distance covered per charging. Therefore, several
bidirectional ac-dc converter topologies can be used as on-
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board battery charger. The specific topology chosen depends
on the PHEV requirements, for example the efficiency, re-
liability, cost, volume and weight. There are two strategies
for the bidirectional ac-dc converter design: one is that the
bidirectional converter separates from the driving system. The
other one is to combine the electric motor like filter and the
same converter for charging mode and traction mode [1]-[9].
Furthermore, the bidirectional dc/dc converter with a proper
charging/discharging profile is required to transfer energy
between the battery pack and the electric traction system in
order to reduce the size and weight of the battery pack [5],
[8].

The purpose of this paper is to present an integrated configu-
ration and to demonstrate its feasibility for PHEVs conversion.
In this paper, a new converter topology, eight-switch inverter
(ESI), is proposed to implement the integration of the PHEV
with the grid as a bidirectional single-phase AC/DC (On-Board
Charger) and to achieve the traction mode as DC/AC inverter
with high performance, low cost and low volume compared
with other topologies. The different operating modes of the
proposed converter are given and the evaluations are provided
in Section II. In addition, a bidirectional DC/DC interleaved
converter and its controller are presented for the battery pack
to maintain the DC-link voltage with high efficiency compared
with conventional DC/DC converter. In this research, four
control strategies are investigated to validate the performance
of the proposed topology. These are indirect field-oriented
controller (IFOC), IFOC based on PSO, Dual-loop controller
for the interleaved DC/DC converter control and PWM current
control based Proportional-Resonant Controller (PRC) for the
integrated charger control. The PRC is compared with other
controllers. Informative simulation is carried out and experi-
ment is performed using 30 kW lab-prototypes to verify the
validity of the proposed topology.

II. THE PROPOSED CONFIGURATION

Fig. 1 illustrates the proposed configuration of the PHEV
during the charge depletion (CD) mode. In this mode, the
net energy stored in batteries will decrease over a driving
profile. The depletion process will be ended at about 20%
of the battery state of charge (SoC).

A. The Bidirectional DC/AC Converter

The structure of the proposed DC/AC converter, ESI, is
illustrated in Fig. 2. This converter consists of eight switches,
which are connected in the sequence of 3/3/2 as shown in
Fig.2. With the proposed converter, there are four operating
modes. In these modes, the converter has the ability to:

1) Operate as a DC/AC inverter, Model, which transfers

the power from DC-link to the motor;

2) Operate as a three-phase PWM AC/DC rectifier, Mode2,

which transfers the power from motor to DC-link;
3) Operate as a single-phase PWM AC/DC converter, Mode
3, which charges the battery from the grid, and

4) Operate as a single-phase DC/AC inverter, Mode 4,
which delivers power back from battery pack to the
utility during peak load. This mode is called “Vehicle to
Grid” (V2G) mode or “Vehicle to Home” V2H mode.
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Fig. 2. The structure of the proposed ESI.

B. The Interleaved DC/DC Converter

Interleaving techniques are widely used to reduce in-
put/output ripples and to increase the power capacity of
boost converters operating in critical conduction mode [10],
[11]. In this research, a bidirectional dual-phase interleaved
converter is proposed for the battery discharging/ charging in
order to reduce the current ripple/voltage ripple, to minimize
the size and weight the inductor and to improve reliability
of the power electronic system. Furthermore, the proposed
DC/DC converter is used for battery system to reduce its size
and weight. Fig. 3 illustrates the proposed DC/DC converter.
Development of small-signal transfer functions for non-linear
pulse-width modulated (PWM) DC-DC Converters can aid in
ease of understanding circuit performance and control [11],
[12]. To obtain a certain performance objective, an accurate
model is essential. The state space averaged modeling is
widely used for modeling the PWM DC-DC converters.

In this paper, the small-signal transfer functions from duty
cycle to inductor current and from duty cycle to output voltage
in continuous current mode (CCM) for the boost converter are
derived as follows:

(s) (14501 =35)

a(s) = 22 =Gy, a a 1
Gua(s) d(s) Gy ) (D

s, ()
Gld(s)_ d,\(s) _Gdl A(S) (2)

Where:

Go— Y n(1-D)*Ro—R.] ., Vo 3
=00y |n(1—DPRo+R.| ~ (1-D)
Ot = —— @



410

9
SeNe:

RL L é Re
—AMA—T TN <
—Aa—rYy Vo

RL v —

_-:/nuu Sj sd
=
Fig. 3. The Proposed Dual-Phase Interleaved DC/DC converter.
C,(50C)
Rine (SOC)
>
_/\NV_ B v, - _,P
o LAAR—
R, (SOC)
—n e ¥
I
L
Fig. 4. Thevenin battery Model.
n(1-D)*Ro—R
0o = )L = 5)
A =S4 (©6)
S)=—+——
o}  Qw
n(l—D)ZRo—i—RL 1
= s = — 7
@ ¢ IC(R, T R) 97 2 @
£ = L+C[RL(R, + Rc) +n (1—D)*R,Rc] ®
2\/LC(R, +Rc)[n (1—D)*R, +Ry]
2V,
Gi= 9
4w (1-D)*R,+ R, ®
1
W= ———— 10
7 CR, /2 Re) o
Vi v, 143
Vo=—>" " L =—2_  andR,=-2 (Il
o (17D)7 L l’l(l*D)Ro’an o0 P(, ( )

Where V,, is output voltage, C is the capacitance, L is the
inductance, R; is the internal resistance of the inductor, R¢
is the internal resistance of the capacitor, n is the number of
phases (n=2), Vpyy is battery voltage, D is the duty ratio, P,
is the output power and R, is the equivalent resistance for the
load. Therefore, the boost converter under feedback control is a
nonlinear function of the duty cycle, which leads the controller
design of the boost converter much more challenging from the
viewpoint of stability and bandwidth compared with the Buck
DC/DC converter. The controller of the converter has been
explained in section IV.

The mathematical modeling of the Li-Ion battery package
used in the simulation program is introduced as Thevenin
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Battery Model [13]. All elements in the model are functions
of the battery state of charge (SOC). Fig. 4 illustrates the
Thevenin battery model. The parameters of the battery are
determined by using look-up tables based on experimental data
presented in Appendix A.

III. THE CONTROL STRATEGIES

In this section, there are four control strategies are in-
vestigated to validate the regulation performance of the pro-
posed converters. These are indirect field-oriented controller
(IFOC) indirect field-oriented controller (IFOC) based on PSO,
dual-loop controller for DC/DC interleaved converter and
Proportional-Resonant controller (PRC) for battery charger
(G2V) and Vehicle to Grid (V2G) or V2H.
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A. Indirect Field-Oriented Control (IFOC)

In recent years, the development of field-oriented control
has opened the possibility of using AC motors for precision
control. The indirect field-oriented control scheme is the
most popular scheme for field-oriented controllers. It provides
material decoupling between the torque and flux currents
Furthermore, the indirect field oriented control (IFOC) consists
of controlling the stator current is represented by a vector
control.

IFOC allows the stator current to be decoupled into torque
producing and flux producing components that can be con-
trolled and maintained- independent of each other, making the
control much similar to that of a separately excited DC motor
[14]-[16]. The required d-axis component of the stator current,
igs, to achieve a given rotor flux magnitude demand Ar*, can
be determined from eq. (12).

AS = Lum*ig, (12)

The required g-axis component of the stator current, iz, for
a given torque demand (7e*), can be determined from eq. (13).

3 PL,
Te= 3 51, U 21

13)

For the d-axis of the synchronously rotating reference frame
to be aligned with the rotor flux, the ‘slip relation’, eq. (14),
must be maintained.

Ly
i (14)
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The torque demand (Te*) is calculated from speed controller
(PI controller) as follows [16]:

T) = K,,Aw+K,-/Awdt (15)
K,=2I«&xw,—B (16)
K =Jx 2. (17

It is clear that, the IFOC with a constant rated rotor flux
generally exhibits poor efficiency of the motor at low load. If
significant energy savings need to be obtained, it is necessary
to optimize the efficiency of the motor. The optimum efficiency
of the motor is obtained by the evaluation of the optimal rotor
flux level [14]. To implement the efficiency optimization of
the induction motor, the loss model is essential.

B. IFO Based PSO

Minimization of the loss in the induction motor is directly
related to the selection of the flux level at any operating point.
In this article, particle swarm optimization (PSO) is applied
to evaluate the optimal flux. It has the straightforward goal of
minimizing the total losses for a given load and speed.
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1) Loss Model for Induction Motor: In the development
of the loss model, a simplified induction motor model with
iron losses is developed. For this purpose, it is necessary to
transform all machine variables to the synchronous reference
frame [14], [15]. Stator copper, rotor copper and iron losses
dominate the overall power loss compared to stray, friction,
and converter losses. In the current work, the stray loss is
neglected. The total electrical losses can be expressed as
follows:

Prosses = Peut + Pewz + Piron + Piny (18)
The total losses of the motor (T Py,g.5) are given as follows:
T Pposses = Prosses + Pfric (19)

Where P, is the stator copper losses, P, is the rotor
copper losses, P, is the iron losses, Py, is the estimated
inverter losses and Py is the friction loss. The total electrical
losses (Pjysses) Can be rewritten as:
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2 2 . .
+ | kin (G +15) + kainy (lf}i + lf,i)}
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A —% i¢,, and v%,, = @, Li, 1)
-
) Ly, . )
gy = —L—”r’ iog, and g, = 0. 1)
The total electrical losses are obtained as follows:
2 ) . 2
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22 . .
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Efficienc = 24)
Y (n ) Pout +TPlosses

The equation (23) is the cost function, the electrical losses
formula, which depends on rotor flux (Ar) according to the
operating point as described in equations (12-23). Fig. 5
presents the typical distribution of losses in a converter-
machine system and its variation with the flux for a certain
steady state (low-load torque and a certain speed).

As the flux reduces from the rated value, the core losses
decrease, but the motor copper losses increase. However, the
total losses decrease to a minimum value and then increase
again. It is desirable to set the rotor flux at the optimal value,
so that the efficiency is optimum.

2) Particle Swarm Optimization [PSO]: As swarm intel-
ligence is based on real-life observations of social animals
(usually insects), it is more flexibility and robust than any
traditional optimization methods. PSO method is a member
of the wide category of SI methods [14]. The PSO can be
represented by the concept of velocity and position. The
Velocity (v) and the current position (S) of each agent can
be modified by the following equations [14], [17]:

VL —wk ey« (pbest; —s¥) 4+ cary % (gbest —s¥) (25)



412

a3 oL s
J@ J@ ':.';';".

fTTTTeee

Eighy Pulses Genevatfon

BATTERY

Hystersis
Cumnent
Comirol [

IFOC T

Fig. 7. the proposed system with IFOC based PSO.

i j@ i g@ :.MW,
3 o3 o

BATTERY

l Veria

Single
Ve Phase PLL

3 l I*
> ®—) PRC
T
(b)

Fig. 8. The Charging Mode. (a) The proposed system for G2V, and, (b) the
proposed controller based PRC.

~
Ve

G3,G6,G8

G2,G5,G7

Vie
i I /\M

| Shife 180 degree I 53

7
Ta 54

Fig. 9. Dual-loop control strategy structure for Bidirectional converter.

&)

Journal of Power Electronics, Vol. 11, No. 4, July 2011

Cm = 9.84 dB (at 3.03¢=004 rad/sec) , Pm = 46 deg (at 1.21e~004 radisec)

g T e = AR
=
T
2 L
g
10 10 10° 10 10°
Frequency (rad/sec)
Fig. 10. Current loop gain.
4” Gm =30.7 dB (at 7.19¢+003 radisec) , Pm = 64.6 deg (at 314 rad/sec)
I —
20 i
T —
[ L
i T
60
-80
Z e
R 5
29
£ ey
10" 10 1w ' 10°
Frequency (rad/sec)
Fig. 11. Voltage loop gain.
k+1 _ ¢k k41
Sl — gl )b (25)

Where w is weight, r| and r, are random numbers [0 1], pbest
is the previous best position, gbest) is called the global best
of the swarm, ¢ and ¢, are positive constants [c] +¢2 < 4),
and S is the position.

In this paper, PSO is applied to evaluate the optimal flux that
minimizes the total losses (Cost Function). Fig. 6 illustrates
the flowchart of the execution of PSO during optimization
process. The problem can be formulated as follows:

Minimize T Pyges (A1, T, ;)

Fig. 7 presents the proposed system and its control strategy.
The parameters used of the PSO are shown in Appendix A.

C. Proportional- Resonant Controller (PRC)

The Power Factor Correction (PFC) is necessary for AC-to-
DC converter mode in order to comply with the international
standards, such as IEC-dateDay2Month3Year1000lstrans1000-
3-2 and IEEE-519. In order to control AC current, the
Proportional-Resonant Controller (PRC) has been chosen.
PRC is quite similar to well known PI controller, but integral
part is generalized integrator in stationary frame [18], [19].
The PRC is more effective in stationary frame than a PI
controller at achieving zero steady state error and enhances
the reference tracking capability. The transfer function of PRC

is defined as:
2ki s

—— 27
e @7

G(s) = kp+

Here K, determines the dynamic response of the system, K;

adjusts the phase shift between the output and the reference,

and @y is the resonant frequency which is set to 314.16 rad/s

in this case. Fig. 8 shows the proposed converter during battery

charger mode. This control strategy is compared with the
hysteresis current control.
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D. Dual-Loop Controller for DC/DC Converter

In this paper, simple feedback PI controllers are used to
maintain a constant bus voltage of 400 V in the DC/DC
converter output, irrespective of the variations in load and
input voltage. The PI controllers will be designed based on
the required phase margin (®m) and critical frequency (@)
using bode-diagram, as explained in [20]. The transfer function
of the PI controller in w-domain is given by:

ki

Ge(w) =kp+~ (28)

Where:
cos 6

ko= Y
g |Gp (jwwc)’

(29)
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The G, is the transfer function of the open loop system (e.g.
Goa(s), or Gig(s) as is mentioned in section III. Fig. 9 illustrates
the block diagram of the control strategy. Fig. 10 and Fig. 11
illustrate the Bode plots for the current loop gain and voltage
loop gain of the controller, respectively.

The plots demonstrate that the current loop gain has a
crossover frequency of 2 kHz, with a phase margin of 46°.
To avoid interaction between the sub-systems and to accom-
modate the battery dynamic response, low control bandwidth
is used for voltage loop outer voltage loop has a crossover
frequency of 50 Hz and a phase margin of 64.6°.
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Fig. 19. the experimental Setup of the proposed system.

IV. SIMULATION RESULTS

To evaluate the performance of the proposed converter,
simulations have been performed by the use of MATLAB/
SIMULINK software based on the before mentioned system
equations. These simulations are carried out on three-phase
induction motor, and the motor parameters are mentioned in
the Appendix A. The battery package parameter is shown
in Appendix A. Fig. 12 shows the performance of the pro-
posed system when the PSO is applied side-by-side IFOC.
The dynamic response of the battery and the bidirectional
DC/DC converter during operation are shown in Fig. 13. Fig.
14 illustrates the optimal efficiency and rotor flux during
optimization process for the AC drive system (motor and
ESI). Fig. 15, Fig. 16 and Fig. 17 show the performance of
the proposed converter when the Hysteresis current controller
(HCC), Proportional- Integral Controller (PI) and PRC are
applied at battery charging from grid, respectively.

Fig. 18 shows the comparative study of the input current
THD between the control strategies of V2G or G2V.

V. EXPERIMENTAL RESULTS

In order to verify the obtained simulation results, the proto-
types of 30 kW bidirectional eight-switch inverter (ESI) and
DC/DC interleaved converter are designed, built and integrated
in the laboratory in order to drive a 19 kW induction motor.
The F2808 DSP is used for control strategies implementation,
SKHI 23/12 gate driver for IGBT. The shaft encoder, LEM
current and voltage sensors are used for measuring feedback
signals. The required measuring and interface circuits are
designed and built. Fig. 19 shows the experimental setup of
the proposed system. The motor is loaded by using Eddy
current braking. Fig. 20 presents the preliminary experimental
results of the motor and its performances. Fig. 21 illustrates
the measured efficiency of the ESIL

Fig. 22 and Fig. 23 show the response of the DC/DC
interleaved converter under load step with the proposed control
strategy and input voltage step, respectively. Fig. 24 presents
the steady state inductor currents of the DC/DC interleaved
converter.
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Fig. 21. The Efficiency of the ESI against output power during Mode 1.
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Fig. 22. The response of the DC/DC interleaved converter (ImV/A, and
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B oy Daws vl il mad mrain ~Sua mia omd wen £
: Iy ST T N SR T
ik e SO o o =
: Toik T ]
B T ]
Wipceg ey el e ey pegd prvaTens ol ey el peet wpag Pro 8
Ch1 S0.0% Chz 100% M 200ms 25054 4 Ornsdt
Ch3 S0 Orn'y Cha 20 0m¥ By 4 ChZ r 440V

Fig. 23. The response of the DC/DC interleaved converter (ImV/A, and
200V/div) under input voltage step or variation.
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The experimental implementation to evaluate the proposed
converter in battery charger/V2G will be performed in the near
future as well.

VI. CONCLUSION

In this paper, a novel bidirectional DC/AC, Eight-Switch
Inverter (ESI), and interleaved DC/DC converter are pro-
posed to achieve an integrated power electronics interface
for PHEV applications. The proposed ESI has been analyzed
and its performance characteristics have been presented. The
functionalities for the four operating modes (i.e., DC/AC
inverter for motoring mode, AC/DC converter for braking
mode, single-phase AC/DC PWM rectifier for battery charger,
and single-phase DC/AC inverter for V2G) have been verified.
Moreover, the bidirectional interleaved DC/DC converter and
its controller are proposed to reduce the input/output ripples
with high efficiency and to maintain the DC-Link voltage.
A dual-loop control method is employed to achieve the fast
transient response.

In addition, the motor can operate with high performance
after using IFOC based PSO at any operating point especially
at low load. The Proportional-Resonant Controller is more
efficient than other control strategies to reduce the input
current THD to be 2.72 % for battery charger mode as well as
V2G. Finally, the results have demonstrated that the proposed
topology has achieved all the operating modes successfully
and it promises significant savings in component count with
high performance for PHEVs compared with other topologies.
Therefore, it can be expected that this study can be utilized
for development of high efficiency PHEV system.

APPENDIX A
TABLE I
THE MOTOR PARAMETERS
Stator leakage
Rateddp:)wer 20 HP inductance (L,.) 991 uH
Rated line Rotor leakage
voltage 400V inductance (L;,) 91 uH
Rated frequency 50 Hz Rated Speed 1460 rpm
A
Stator resistance Moment of 5
i, (R,) 0.2147 Q Irfzertia o 0.102 kg.m
otor resistance riction 0.0095
R 0.2205Q | Coefficient (B) N.m.sec/r
utua .
inductance (L) 0.0642 H Pole Pairs (P) 2
Kin 0.413 K2 0.0250
Ke 58e-5 Kh 58e-5
Rye 790 Q 13 0.707
TABLE 11
THE PARAMETERS OF THE CONVERTERS
Inductance (L) = L) 375 uH
Inductor resistance (Ry) 34 mQ
DC/DC Converter Capacitor (C) 390 uF
Capacitor Resistance (R¢) 1.07 mQ
Switching Frequency (Fs) 20 kHz
ESI Converter AC Filter Capacitor 50 uF
AC Inductor Filter 1.3 mH
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TABLE III
PSO ALGORITHM PARAMETER
Population size 20 Min. weight (wmin) 0.1
Max. iter 100 rl [ 0,1]
cl 0.5 2 [ 0,1]
c2 0.5 Lower Bound 0.1
Max. weight (Wpay) 1.4 Upper Bound 2.5
TABLE IV
Li-IoN BATTERY PARAMETERS [17]
Rated Capacity 10 Ah Initial SOC 80%
Nominal voltage (V) 33V Min. Voltage 20V
Max. discharging Internal
Current 230 A resistance/cell >8 mQ
Number of series cell 61 umber o 3
(Ns) parallel(N,,)
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