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Abstract: - Simulation has been acknowledged as an effective method of optimizing fuel consumption and 
sizing components for hybrid electric vehicles (HEVs). However, the accuracy of simulation results requires 
validation. Power-hardware-in-the-loop (PHIL) simulation can be an effective technique in obtaining accurate 
results and comparing different options before prototyping. Using the PHIL concept, this paper presents an 
implementation of a parallel HEV architecture on a dynamometer power train system. Four different energy 
storage systems (ESSs) in the HEV were tested to compare the performance of each system. The four ESSs 
included the battery-only type and the battery/ultra capacitor-based hybrid type. A fuzzy logic energy 
management strategy was implemented to address the power distribution in the HEV. In this paper, we compare 
and discuss the energy efficiency, electrical performance of the ESSs, and fuel economy of the HEV. The 
results show that hybrid ESSs have several advantages over the battery-only systems. 
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1 Introduction 
Requirements in developing clean and efficient 
vehicles have increased significantly. The increase 
has resulted from more stringent regulations for 
emissions and higher fuel prices. Pure electric 
vehicles (PEVs), hybrid electric vehicles (HEVs), 
and fuel cell vehicles (FCVs) have been proposed as 
replacements for conventional vehicles in the future 
[1]. Among the three types of vehicles, the HEV is 
transitional, more familiar to the public, and has 
been available in the market since the past decade. 

To regulate the workload of the internal 
combustion engine (ICE), one or more electric 
motors (EMs) are added to the different types of 
commercial HEVs. Energy storage systems (ESSs) 
that supply the electrical power needed by EMs 
become the key components in successful 
implementation of HEVs [2-4]. In the past decade, 
different types of batteries have been applied as 
ESSs in HEVs [5-7]. Batteries typically contain 
reasonable or good energy density. However, 
compared with ideal energy storage components [2, 
8], batteries have various limitations such as low 
power density, short lifecycle, and poor 
performance under low temperature. Table 1 
presents the characteristics of certain energy storage 
components. 

 
Table 1. Features of different energy storage 

components 
Type Energy 

density(Wh/kg) 
Power 

density(W/kg) 
Lead acid 40 100 
Nickel-

Metal Hydride 
80 700 

Li-ion 150 900 
Ultra 

capacitor 
5.6 11000 

 
As shown in Table 1, the ultra capacitor (UC) 

has higher power density than other batteries. 
However, the energy density of the UC is 
considerably low. By combining the different 
features of batteries and UC, we can form a hybrid 
ESS (HESS) to ensure good performance in both 
energy density and power density [9-14].  

The different ESS topologies as well as variable 
types and sizes of other power components, provide 
a high freedom to design a desired HEV. Simulation 
has been recognized as a good solution to address 
the diversity in designing HEVs. Various software 
products based on system modeling are specialized 
in the simulation of HEVs. The software products 
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efficiently provide different fuel economy results 
according to different HEV architectures [15-17]. 

Nevertheless, it is still difficult to obtain the 
actual performance of the key components through 
simulation. If the energy management strategy 
(EMS) performance strongly depends on the 
parameters of the key components, then the 
accuracy of the simulation results requires further 
verification. 

Prototyping of the target HEV can provide 
accurate and final results, but it is an extremely 
costly solution for researchers. Power-hardware-in-
the-loop (PHIL) is an interesting choice to obtain 
more accurate performance than pure simulation. 
Meanwhile, the PHIL simulation has lower cost 
requirement than prototyping [18-19]. Some of the 
real components can be tested on a bench by using 
the PHIL simulation. The real components receive 
the commands that are sent from the real-time 
simulation processor. Through installed sensors, the 
states of the real components also feed back to the 
real-time simulation processor. 

In this paper, we highlight how the PHIL concept 
is implemented to test a parallel HEV architecture 
particularly with different ESSs. PHIL can be 
advantageous in changing different components 
(ESSs in this case) in similar configuration and 
driving conditions. Four different ESSs, namely, 
LiFePO4 battery, lead–acid battery, and their 
respective integrations with UC to form another two 
HESSs (Li-HESS and LA-HESS), are tested in the 
PHIL-parallel HEV configuration. According to the 
different topologies, the performances of the ESSs 
are compared in terms of the variation of current, 
voltage, and energy efficiency. A fuzzy-logic-based 
EMS is also introduced to address the power 
distribution between a battery and a UC in the 
HESS. 

This paper is organized as follows. In Section 2, 
the base architecture of the target HEV and its 
features are presented. Section 3 describes the 
energy management system for the target HEV 
equipped with HESS by using fuzzy logic. Section 4 
presents the PHIL simulation system that is mainly 
formed by a five dynamometers test bench, 
additional components, and real-time controllers. To 
demonstrate the different performance and energy 
efficiency of the ESSs, Section 5 presents detailed 
experimental results. Lastly, a brief conclusion is 
presented. Moreover, as direction of our future 
research, artificial intelligence techniques such as 
agent based modeling[20] will be employed in the 
modeling of the energy storage components. 

 
2  Power architecture 

The target HEV we have developed is mainly aimed 
at the mid-range and low-end vehicle markets. 
Considering the target markets and potential 
consumers, the target HEV has special features 
compared with other commercially available HEVs. 
First, the target HEV has small size and light 
weight. The HEV can also achieve low fuel 
consumption and is suitable for use in a crowded 
urban area. Second, the HEV mainly operates in 
urban and suburban districts and rarely runs on the 
highway, which reduces its maximum velocity. 
Finally, it is mainly used for commuting or driving 
in scenic areas, such that the driving distance is not 
long and acceleration demand is not high. As a 
result, powerful components need not be applied in 
the target HEV. To meet the aforementioned 
requirements, the kinetic performance of the target 
HEV is shown in Table 2 [21]. 

 
Table 2.  Kinetic performance of target HEV 
Item Value 
Maximum 

velocity(km/h) 
≤80 

0-50km/h acceleration 
time(s) 

≤20 

Grade-ability (%) ≥20 
 

 Battery

EM

Motor
Controller

ICE

Clutch
D

D

HS
PS

PS

HS

Trans

TC

a) Adopting battery 

 Battery

EM

Motor
Controller

ICE

Clutch

Ultracapacitor  DC/
DC

D

D

HS
PS

PS

HS

Trans

TC

b) Adopting HESS 
Fig. 1 Architecture of the target HEV power train 
 
Figure 1 presents the two architectures of the 

target HEV with different ESS topologies. Figure 
1(a) illustrates the adoption of the battery (lead–acid 
battery and LiFePO4 battery in this study), and 
Figure 1(b) illustrates the adoption of the Li-HESS 
or LA-HESS. A double-cylinder engine with small 
displacement at the front drive axle was adopted. 
The double-cylinder engine was connected to the 
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automatic manual transmission (AMT). The output 
shaft of the AMT was linked to the propeller shaft 
(PS), differential, half shafts, and two wheels. At the 
rear drive axle, the electric motor (EM) was 
connected to the PS through a torque coupler (TC). 
The TC increases the working speed of the EM by 
applying a 5.187 gear ratio. By applying the gear 
ratio, the operating range of the electric motor is 
ensured so that it can match the maximum speed 
constraint and power requirement of the vehicle. In 
this configuration, the HEV can easily switch 
between two-wheel drive mode and four-wheel 
drive mode based on the road and operating 
conditions. Moreover, cancelling Integrated Starter 
Generator can also reduce the cost of the HEV. 

The HESS is composed of a battery pack, a UC 
pack, and a bi-directional DC/DC converter. The 
UC pack connects with the battery pack through the 
bi-directional DC/DC converter. The energy density 
of the battery is relatively high, but the transient 
power response of the battery is not desirable. When 
the discharge rate is high, the heat of the battery 
increases. The increased heat increases the 
temperature of the battery pack, which results in low 
cell efficiency. The heat also deteriorates the safety 
and life cycle of the battery. By contrast, the energy 
density of the UC is low whereas the power density 
is considerably high. The UC can meet the 
instantaneous high power demand of the EM. By 
combining the two types of electrical sources, the 
battery only has to meet the average electrical power 
requirement during HEV driving. The UC is used to 
make up for the fluctuations in electrical power 
demand. Combining the two types of electric 
sources mitigates the battery workload. The 
combination also helps to improve the working 
efficiency and prolong the life expectancy of the 
battery. Because of the high power density of the 
UC, the HESS can better absorb the regenerated 
power during vehicle regenerative braking. As a 
result, the HESS can be expected to have better 
energy efficiency than the traditional ESS. 

Table 3 lists the specifications of the target HEV. 
A small double-cylinder engine with 0.25 liter 
displacement was chosen as fuel converter. The 
electric motor is a permanent magnet brushless DC 
motor that can also regenerate power during engine 
driving or vehicle braking. We selected a 40 Ah and 
72 V LiFePO4 battery pack, a 45 Ah and 72 V lead–
acid battery pack, and a 48 V UC pack. The AMT 
parameters are also presented in Table 3. 

 
3  Energy management strategy  

 
3.1  Energy management topology 

To address the complexity of the power train system 
(the target HEV equipped with HESS), we adopted 
an EMS that is mainly based on fuzzy logic. Several 
modes in the EMS are used, namely, pure electric 
mode (PEM), parallel mode (PM), and braking 
mode (BM). Depending on the driving conditions 
and component status of the vehicle, the HEV runs 
 

Table 3.  Specifications of the target HEV 
Vehicle and 

components 
Parameter Value 

 Curb/Gross 
weight(kg) 

850/1
150 

 Tire rolling 
radius(m) 

0.28 

Vehicle Frontal area(m2) 1.91 
 Aerodynamic 

drag coefficient 
0.34 

 Rolling 
resistance 
coefficient 

0.009 

ICE Idle/maximum 
speed(rpm) 

Maximum 
torque( N m⋅ ) 

1400/ 
8000 
18.7/ 
5500 

 Maximum 
power(kW) 

12.7/ 
7000 

 Displacement(l) 0.25 
Traction 
motor 

Peak power(kW) 
Continuous 

Power(kW) 

14 
7 

 Peak 
torque( N m⋅ ) 

70 

LiFePO4 
Battery 

Capacity(Ah) 
Equivalent series 

resistance(ohm) 
Nominal 

operating voltage(V) 

40 
0.052 

72 

Lead-Acid 
Battery 

Capacity(Ah) 
Equivalent series 

resistance(ohm) 

45 
0.084 

 Nominal 
operating voltage(V) 

72 

Ultra 
capacitor 

Capacitance(F) 
Nominal 

operating voltage(V) 

165 
48.6 

 Emax (Wh/kg) 3.81 
 Pmax (W/kg) 7900 

Transmission 
Speed Ratios 

1st gear 
2nd gear 
3rd gear 
4th gear 

4.2 
2.408 
1.505 

1 
 Final Drive Ratio 5.187 

 

WSEAS TRANSACTIONS on SYSTEMS Junyi Liang, Jianlong Zhang, Chengliang Yin, Futang Zhu

E-ISSN: 2224-2678 529 Issue 11, Volume 12, November 2013



START

BSOC<20%

USOC<50%

Vehicle_Speed
>V_threshold

PEM PM

ES FLC

Yes

Yes

Yes

No

No

No

Engine_on=1

Engine_on=0

Acc_Pedal>0 Brk_Pedal>0

BM
PEM FLC PM FLC RB FLC

EPR

P_Bat_FLC P_UC_FLC

P_Bat_Ref P_UC_Ref

Battery

DC/DC

UC

HESS

ICE EM

Vehicle

ICE_Torque EM_Torque

 
                                                               Fig. 2 EMS topology 

 
in the three different modes. As shown in Fig. 2, the 
threshold constraints are adopted to decide the mode 
switching. The accelerator and brake pedal positions 
decide the HEV that runs in a driving or braking 
mode. To protect the battery and the UC, a 20% 
battery state of charge (BSOC) constraint and a 50% 
UC state of charge (USOC) constraint are adopted. 
When the BSOC or USOC drops below their 
constraints, the ICE must be switched on. The mode 
changes from PEM to PM. If both the BSOC and 
USOC are higher than their constraints, a vehicle 
speed threshold is adopted to allow starting the ICE. 
The ICE can be started after the rotating speed has 
entered the high-efficiency speed area. 
Nevertheless, the PEM is still preferred if the power 
request is low and the HESS can support sufficient 
power to meet the request. An engine status (ES) 
fuzzy logic controller (FLC) was constructed to 
handle this situation. Section 3.2.1 further explains 
the process for the FLC.  

When the mode is decided, the related FLC 
handles the power distribution in each mode. Fig. 2 
shows the ES FLC and the three other FLCs, which 
are PEM FLC, PM FLC, and regenerated braking 
(RB) FLC. By using the three FLCs, the ICE torque, 
the EM torque, the battery power, and the UC power 

can be decided and sent to the corresponding vehicle 
components. 

An electrical power redistribution (EPR) module 
is found in the EMS. The FLCs distribute the power 
between the battery and the UC. However, the 
battery current can change beyond the constraints 
depending on the intrinsic features of the battery. 
Thus, EPR is introduced to limit the battery current 
in terms of level and slope. The battery current is 
then kept within an interval [maximum charge 
current (−3 C), maximum discharge current (3 C)] 
by employing a saturation model. Moreover, a 
“battery current slope limitation” [10] at a delay 

( )F s is embedded in EPR to permit the safe 
operation of the battery, even during transient power 
demand. To obtain a natural linear transfer function, 
a second-order delay (filter) ( )F s  is chosen for the 
battery current dynamics as follows:                                                                                               

2

1( )
( / ) (2 / ) 1n n

F s
s sω ζ ω

=
+ ⋅ +

 (1)  

where nω  and ζ  are the regulation parameters. 
Thus, a new battery power “P_Bat_Ref” can be 
obtained, and the power command “P_UC_Ref” 
sent to the DC/DC converter can also be acquired. 
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By employing the EPR, the battery load can be 
mitigated, and the transient fluctuations of electrical 
power can be met by the UC. 
 
3.2 Fuzzy logic controllers 

The fuzzy logic control has been applied 
successfully to the design of the HEV control 
strategy [22–29]. In this study, we use four 
controllers that employ fuzzy logic in the EMS. The 
four controllers are ES FLC, PEM FLC, PM FLC, 
and RB FLC. The ES FLC decides which mode 
should be operated. The PEM FLC distributes the 
requested power in the HESS in PEM. The PM FLC 
conducts the power distribution between the ICE 
and EM. The RB FLC handles the distribution of the 
absorbed energy from regenerative braking. The 
four controllers cooperate with one another to 
satisfy the energy management requirements of the 
target HEV. 

 
3.2.1 ES FLC 
Under driving condition, the ES FLC decides which 
mode should be employed. Normally, PM is 
preferred when the EM torque is insufficient to meet 
the driver power demand or if the battery SOC is too 
low. However, the most common reason for 
switching to PM is that: the driver power demand is 
higher than the power threshold that the ICE has to 
be switched on. 

As the deep charge and discharge cycles affect 
the battery lifetime [30], keeping the battery 
operating in a narrow BSOC range provides better 
protection. To maintain the BSOC, the ES FLC was 
constructed. The ES FLC addresses the relationship 
between the ICE ON command and the current 
BSOC. As shown in Fig. 3 [31], the ICE was turned 
OFF below a certain electric launch speed when the 
BSOC was not extremely low. Above the limited 
speed, the ICE would be turned ON if the required 
ICE torque was higher than the off torque envelope 
(OTE) at the current speed. The MS FLC was used 
to relocate the OTE based on the current SOC. The 
OTE would move up or down when the BSOC 
changed. Thus, the OTE would let the ICE be turned 
ON “earlier” or “later” to meet the charge-
sustaining request. If the BSOC was extremely low 
(e.g., lower than the 20% BSOC constraint), the ICE 
would not be shut down. 

The structure of the fuzzy logic controller is 
presented in Fig. 4. The decisions of the ES FLC are 
based on the departure of the current BSOC from 
the target BSOC. The changes in the rate of the 
BSOC also affect the decisions of the ES FLC. 
Multiplied by a conversion coefficient, the ES FLC 
can output the offset torque from the original 

threshold. The offset torque is compared with the 
required ICE torque to decide whether the PM 
should be selected. Fig. 5 shows the fuzzy surface of 
the ES FLC. 

 
3.2.2 PEM FLC 

The PEM FLC is specifically designed for the 
energy flow control in the PEM. Fig. 6 presents the 
block diagram of the PEM FLC. The inputs of the 
FLC are the required power from the EM (P_EM), 
BSOC, and USOC. 

 

 
Fig. 3 Engine ON/OFF threshold 
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Fig. 5 Fuzzy surface of ES FLC 
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Pro_UCPEM
FLC

P_Battery

BSOC ×
Normalized

P_EM

+
_

P_Ultracapacitor

Fig. 6  Block diagram of PEM FLC 
 

The PEM FLC output is indicated as Pro_UC, 
which means that the proportion of the P_EM is 
supplied by the UC. The rest of the P_EM is 
supplied by the battery. The UC can meet high 
power and large current requirement in a short time. 
However, the energy density of the UC is 
significantly lower than that of the battery. The 
battery is a good energy storage component that can 
provide electric energy for longer time than UC. 
According to the different energy and power 
features of the UC and battery, a proper fuzzy logic 
for the PEM can be established. The battery 
provides the total electric energy if the USOC is low 
and the power requirement of the motor is not 
extremely high. Otherwise, the requirement is met 
by both the UC and the battery. The energy 
distribution between the battery and the UC is 
decided by their SOC status and the operation power 
of the motor. Fig. 7 illustrates the fuzzy surface of 
the PEM FLC. 
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Fig. 7 Fuzzy surface of PEM FLC 

 
3.2.3 PM FLC 
The PM is the “full” mode that employs both ICE 
and EM to work together for the HEV. Fig. 8 
presents the block diagram of the proposed PM 
FLC. The PM FLC has three inputs and one output. 
The inputs of the PM are the ICE speed (IS), 
accelerated pedal position (K), and BSOC. The 
output is the Tice which represents the torque 
percentage of the maximum engine torque at the 
current rotational speed. Notably, a value of 0.5 for 
Tice indicates the highest efficiency operation 

torque of ICE, which will change according to the 
ICE speed. 

 

Acc_pedal(K) TicePM
FLCBSOC

RTC

Dis-Normalized

Vechile_Speed

EM_torque

ICE_Speed
ICE_torque

Fig. 8 Block diagram of PM FLC 
 
Given that the energy stored in the battery is 

significantly larger than that in the UC, the PM FLC 
mainly regulates the BSOC level by adjusting the 
ICE torque. The PM FLC intends to control the ICE 
to operate in a comparatively high-efficiency region. 
To keep the BSOC at a normal range, the torque 
command of the ICE can be tuned. If the BSOC is 
high, the ICE power drops and the EM provides 
more power. If the BSOC is low, additional power 
is provided by the ICE to charge the battery. Given 
that the PM FLC only distributes power between the 
ICE and the EM, power management of the HESS 
requires cooperation among the PM FLC and other 
FLCs. When the PM FLC outputs a positive power 
command to the EM, the HESS has to output power 
for EM-assisted driving. Then, the PEM FLC is 
called to regulate the output power flow between the 
battery and the UC. When the EM regenerates 
power to charge the HESS, the RB FLC (as 
discussed in Section 3.2.4) meets the regenerative 
power distribution requirement. Fig. 9 illustrates the 
fuzzy surface of the PM FLC. 
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Fig. 9 Fuzzy surface of PM FLC 

 
3.2.4 RB FLC 
The RB represents the regenerative braking 
condition. Fig. 10 shows the block diagram of the 
proposed FLC for the RB. The inputs of the FLC are 
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BSOC and USOC. The RB mainly distributes the 
regenerative energy between the battery and the UC. 
With high dynamic performance, the UC should be 
first charged by the large current when HEV breaks 
in a hard transient state. When the USOC is low, the 
UC receives more RB power. When the USOC is 
high, the battery receives more RB power. Fig. 11 
presents the fuzzy surface of the RB FLC. 
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Fig. 10 Block diagram of RB 
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Fig. 11 Fuzzy surface of RB FLC 

 
4 PHIL system design 
The PHIL control for the parallel HEV 
configuration was implemented on a dynamometer 
power train system (DPS). As shown in Fig. 12, the 
DPS consists of four AC Motors as outputs and 1 
AC motor as input. The input/output AC vector 
motors are in conjunction with vector drives. 
Compared with the DC motor and drive systems, the 
input/output AC vectors lend better motor 
durability, faster response time, are smaller, and 
have better power generation at high speeds. Table 4 
lists the specifications of the motors.  
 
Table 5. The specifications of dynamometer motors 
Motors Type Speed Torque  

    Input 
motor 

280kW 
AC 
vector 
motor  

0~8000rpm 
(Bi-direction)  

453Nm 
(From 0 to 
5900rpm)  

Front 
output 

170kW 
AC 

0~3000rpm 
(Bi-direction)  

2029Nm 
(From 0 to 

motor vector 
motor 

800rpm)  

Rear 
output 
motor 

380kW 
AC 
vector 
motor  

0~2500rpm 
(Bi-direction)  

4535Nm 
(From 0 to 
800rpm)  

 
The control system for the DPS was grouped 

based on three major parts: iTest, Procyon, and 
Unico Drive. iTest is the central control and data 
acquisition system in the DPS. iTest executes a 
predefined test schedule which is the Economic 
Commission of Europe (ECE) driving cycle in the 
test. The test involves coordinating the 
dynamometers along with data acquisition from the 
sensors on the test articles and in-cell instruments. 
Procyon is a real-time platform for control 
algorithm prototyping and PHIL simulation testing. 
In our test, iTest and Procyon were assembled in the 
control cabinet and were connected to each other via 
the User Datagram Protocol bus (see Fig. 13). Unico 
Drive was integrated with the dynamometers in the 
DPS. Unico Drive controlled the dynamometers to 
ensure accurate behavior during the test.  

 

 
Fig. 12 The dynamometer power train system 
 

 
Fig. 13 The control cabinet of the DPS 
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Fig. 14 The AV900 power system 

 
In the test, a bi-directional multi-channel DC 

power system called AV900 was adopted to 
simulate the ESS. As shown in Fig. 14, the AV900 
can provide or absorb electric energy that the EM 
consumes or regenerates. Fig. 15 illustrates the 
AV900 and EM system assembled with the DPS to 
match the architecture of the target HEV. The input 
motor 0 connects with the AMT. The output motors 
1 and 2 simulate the front wheels. Both input and 
outputs are used as the front axle power train of the 
target HEV. The ouput motor 3 and 4 simulate the 
rear wheels. The AV900 and EM system are 
integrated in the rear axle power train. By using the 
power from AV900, the EM can drive the output 
motors 3 and 4 alone.  
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The engine torque map data of the objective 

double-cylinder engine is downloaded into the 
models in Procyon. Then, the controller sends the 
torque command TICE to the AC drive of the input 
motor. The input motor runs as a virtual engine in 
this test. The parameters of the target HEV are 
imported into the models by using the graphical user 
interface (GUI). Through the GUI, the models can 
simulate the resistance of the HEV that has to be 
overcome under the ECE driving cycle. 

The FLCs and vehicle component models built in 
Matlab/Simulink are downloaded into Procyon. 
Then, Procyon works as a virtual HEV controller to 
communicate with all of the power sources. Procyon 
uses a controller area network bus to communicate 
with the additional motor controller and AV900, 
sending motor torque command TEM to the former 
and receiving real time power signal PAV900 from the 
latter. Procycon also uses original fiber optic to 
communicate with the Unico Drive, sending torque 
TICE and speed command ωWheel to the corresponding 
Dynos. Then, the observed torque values Tobserver on 
motors 1 to 4 are transmitted to Procyon as the 
actual torque values on the wheels. With the power 
signal PAV900 from the AV900, Procyon can 
calculate and output the power requirements to the 
ESS. By using all of the software and hardware 
configurations, the construction of a closed-loop test 
environment that simulates the real HEV road test is 
accomplished. 

 
5 Results 

 
The PHIL test results are presented in this 

section. The driving cycle used for the fuel economy 
evaluation is the ECE driving cycle. Table 5 lists the 
characteristic parameters of the ECE driving cycle. 

  
Table 5. ECE driving cycle 

Parameter Value 
Time(s) 800 
Distance(km) 4.052 
Maximum speed(km/h) 50 
Average speed(km/h) 18.234 
Maximum acceleration(m/s2) 1.043 
Maximum deceleration(m/s2) -0.926 
Idle time percentage (%) 32 
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(b) The engine and EM torque  
Fig. 16 Test results of speed and torque of the 

target HEV under ECE driving cycle 
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(a) Initial BSOC = 70% (b) Initial BSOC = 50% (c) Initial BSOC = 30% 

Fig. 17 The engine and EM working points with different initial BSOC values 
 
As shown in Fig.16, the actual speed can follow 

the desired speed well, demonstrating the kinetic 
performance of the target HEV can meet the specific 
usage condition as we introduced in section 2. The 
mode transition is also presented in Fig. 16. “A” 
represents the PEM and the EM that drives the HEV 
alone. When the vehicle speed is higher, the 
propelling mode changes from “A” to “B”, the 
motor assistant condition in the PM and ICE drives 
the HEV along with the EM. Then, the vehicle 
speed reaches a constant value and the mode 
changes to “C”, which is the parallel charge 
condition is in the PM.  

The engine works in the high-efficiency area and 
the additional power is used to drive the EM to 
charge the ESS. Then, the mode changes to “D” 
(RB) when the driver depresses the brake pedal. The 
EM regenerates the braking power to charge the 
ESS, thereby improving the overall energy 
utilization efficiency. 

Fig. 17 illustrates the engine and EM working 
points under different initial BSOC values. When 
the BSOC is 70%, the fuzzy logic controller leads 
the engine to work in the highest-efficiency area 
(see Fig. 17(a)). Meanwhile, the EM can work with 
the engine to meet the power requirement. Fig. 
17(b) shows that if the initial BSOC of 50% is 
slightly lower than the normal SOC working area of 
the battery, the engine working points move to a 
higher torque area to provide more power and 
charge the battery. As shown in Fig. 17(c), when the 

initial BSOC is extremely low at 30%, the engine 
working points move to the highest torque area and 
charge the battery immediately to keep the battery 
healthy. These results demonstrated that EMS can 
regulate power sources to cooperate well to 
guarantee the balance of the BSOC. 

AV 900

Isolation
Transformer

Utility 
Interface

AC Inverter
Unit

DC Converter Unit

DC/DC 1 DC/DC 2

Battery Ultra Capacitor

P_BAT P_UC

 
Fig. 18 Topology of the HESS test 

 
As discussed in Section 4, the AV900 was 

adopted to simulate the ESS in the test bench. 
According to the EM power consumption in AV900, 
the EMS can output distributed power requirements 
for battery/UC in HESS simultaneously during the 
ECE driving cycle. Then, the distributed power 
requirements are loaded to the real battery and the 
UC by AV900 to test and verify the effectiveness of 
the proposed EMS.  Fig. 18 shows the topology of 
the HESS test. The battery and the UC are 
connected to AV900 with different DC/DC 
converters. Then, the AV900 works in power mode  
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Fig. 19 Voltage variation of the batteries in four ESS topologies 
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Fig. 20 Current variation of the batteries in four ESS topologies 

 
Table 6 Voltage variation of the batteries in four ESSs 

Voltage Maximum 
voltage(V) 

Minimum 
voltage(V) 

Fluctuation 
range(V) 

The 
percentage of 

decrease 
Lead-acid 

battery only 
81.06 63.24 17.82 0% 

Lead-acid 
battery in HESS 

76.8 68.52 8.28 53.53% 

LiFePO4 
battery only 

75.16 65.44 9.72 0% 

LiFePO4 
battery in HESS 

73.6 68.74 4.86 50% 

 
Table 7 Current variation of the batteries in four ESSs 

Current Maximum 
current(A) 

Minimum 
current(A) 

Fluctuation 
range(A) 

The 
percentage of 

decrease 
Lead-acid 

battery only 
-127.34 62.08 189.42 0% 

Lead-acid 
battery in HESS 

-56.72 26.82 83.54 55.90% 
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LiFePO4 
battery only 

-124.38 66.14 190.52 0 

LiFePO4 
battery in HESS 

-56.7 27.52 84.22 55.79% 

 
Table 8. Energy efficiency results of four ESSs 

  Lead-acid 
Battery Only 

LA-HESS LiFePO
4 Battery 

Only 

Li-
HESS 

BSOC Initial (%) 70 70 70 70 
Final (%) 67.41 67.78 67.21 67.52 

UC voltage Initial (%) / 45.6 / 45.6 
Final (%) / 41.65 / 41.76 

Battery energy 
Consumption (Wh) 

87.03 74.70 80.82 71.90 

UC energy Consumption 
(Wh) 

/ 5.92 / 5.76 

Total energy Consumption 
(Wh) 

87.03 80.62 80.82 77.66 

Energy efficiency 
improvement  by adopting 

HESS (%) 

/ 7.36 / 3.91 

Total energy saving (%) 0 7.36 7.14 10.77 
  

to load the separate power commands to the battery 
and the UC. By connecting the LiFePO4 battery and 
the lead–acid battery to the AV900 separately, the 
battery-only system test is also conducted. The 
results are discussed as follows. Fig. 19 shows that 
in the battery-only system, the voltage variations of 
batteries are relatively large. The large voltage 
variations may increase the control difficulty of the 
EM system. The voltage variation of the lead–acid 
battery is particularly larger than that of the 
LiFePO4 battery because of the higher internal 
resistance of the former. By contrast, the voltage 
variations of both the LiFePO4 battery and the lead–
acid battery decreased significantly when the 
batteries were integrated in the HESS topology. As 
summarized in Table 6, the fluctuation range of the 
direct current (DC) link voltage in the HESSs is 
reduced approximately 50% than that of the battery-
only systems. 

Fig. 20 illustrates the current variations of the 
four ESSs. Research showed that large and rapid 
fluctuant current is harmful to the battery health and 
can deteriorate the battery life expectancy [32]. 
Compared with the almost 3 C current fluctuation in 
the battery-only system, the current fluctuation of 
the battery in the HESS has dramatically decreased 
to approximately 1.5 C. As summarized in Table 7, 
the current fluctuations decreased by approximately 
55% in both HESSs. 

 

 
Table 8 presents the energy efficiency results of 

the four ESSs. Given the different intrinsic features, 
the lead–acid battery consumed more energy than 
the LiFePO4 battery when meeting the same power 
requirement. By integrating the battery with the UC 
in HESS, both the energy efficiency of the LA-
HESS and the Li-HESS were improved. The 
efficiency improvement of the LA-HESS was larger 
than that of the Li-HESS. However, the Li-HESS 
showed the best performance in total energy 
consumption. Considering the cost factor, the LA-
HESS could be a choice. However, the lead–acid 
battery in the LA-HESS could be a potential source 
of pollution [2].  

Based on the different performances in voltage, 
current, and energy efficiency of the four ESSs, the 
following conclusions can be made: 

1) By integrating the battery and the UC in the 
HESS, the voltage fluctuation on the DC link was 
decreased, which facilitate us to control the EM 
system. Among the four ESSs, the Li-HESS had the 
lowest voltage fluctuation thus the Li-HESS was the 
best in cooperating with the EM system. 

2) The current fluctuation of the battery 
decreased in the HESSs than in the battery-only 
system. The decrease mitigated the workload of the 
battery, which could result in longer battery life. 

3) The energy consumption decreased when the 
HESS topology was used. Both the LA-HESS and 
Li-HESS exhibited better performance than the 
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battery-only systems. The Li-HESS had the best 
energy efficiency result among the four ESSs. 

Given that the Li-HESS had the best energy 
efficiency among the four ESSs, we chose the 
topology of the HEV equipped with Li-HESS to 
evaluate the fuel consumption of the HEV. By 
downloading the fuel consumption map of the ICE 
into Procyon, the fuel consumption of the ICE in the 
ECE driving cycle was calculated. Under the ECE 
driving cycle, electrical energy consumption in the 
HESS occurred. Given the difficulty to obtain 
perfect zero electrical energy consumption in an 
experiment, we conducted several experiments with 
different initial HESS status. Then, a linear 
interpolation method was employed to estimate the 
total fuel consumption at the zero electrical energy 
consumption point. Fig. 21 indicates that the 
estimated fuel consumption was improved to 23% 
compared with the average reference vehicle 
consumption values. 
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Fig. 21 Relative fuel consumption of the HEV 

equipped with Li-HESS 
 
 
4. Conclusion 
In this study, a parallel HEV configuration was 
applied in a DPS by using the PHIL technique. We 
provided a detailed implementation of the PHIL 
approach in the DPS. An EMS based on fuzzy logic 
was developed and adopted in the control system to 
manage the energy flow of the entire power train. 

Four different ESSs, namely, LiFePO4 battery, 
lead–acid battery, Li-HESS, and LA-HESS, were 
tested and compared with the similar vehicle 
parameters and experimental conditions. By 
combining the high energy density feature of the 
battery and the high power density feature of the UC, 
the HESS showed several advantages compared 
with the battery-only system. The HESS could 
significantly release the battery workload, which 
resulted in longer life expectancy of the battery. The 
voltage variation in the DC link was also reduced. 

The reduction was beneficial for the EM system 
control. The energy efficiency of the HESSs was 
higher than that of the corresponding battery-only 
systems. The LA-HESS had a cost advantage 
compared with the Li-HESS. However, the LA-
HESS could be a potential source of pollution. The 
Li-HESS exhibited the best performance among the 
four ESSs.     

In-depth understanding of the optimal operation 
of the HESS can further improve system efficiency 
and maintain the health of electric components. 
Optimal operation of the HESS remains a 
significant issue that requires further investigation. 
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