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Abstract  

 
This paper proposes a novel compound-type hybrid energy storage system (HESS) that inherits the unique advantages of both 

battery/supercapacitor (SC) and the SC/battery HESSs for electric vehicles (EVs). Eight operation modes are designed to match 
this system. A mode control strategy is developed for this HESS on the basis of these modes, and five classes of operation modes 
are established to simplify this strategy. The mode control strategy focuses on high operating efficiency and high power output. 
Furthermore, the compound-type HESS is designed such that the SC is the main priority in braking energy absorption. Thus, this 
HESS can operate efficiently and extend battery life. Simulation results also show that the compound-type HESS can not only 
supply adequate power to the motor inverter but can also determine suitable operation modes in corresponding conditions. 
Experimental results demonstrate that this HESS can extend battery life as well. The overall efficiency of the compound-type 
HESS is higher than those of the battery/SC and the SC/battery HESSs. 
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I. INTRODUCTION 
New energy vehicles have received much attention as a 

promising solution to the energy crisis and to environmental 
pollution [1]-[4]. In particular, electric vehicles (EVs) are 
advantageous over other new energy vehicles in the following 
ways: no fuel consumption, reduced daily traveling costs, and 
little noise [5]. Batteries are common among all of the energy 
storage systems (ESSs) used in EVs [1], [6]-[8]. However, 
the power density of a battery should be adequately high to 
meet peak power demand. Current battery technology can 
satisfy the requirements of EVs, but the size and the high cost 
of batteries may be unacceptable [1], [6]. In addition, ESSs 
often receive instantaneous power demands. Thus, batteries 
must operate under frequent charge and discharge. These 
processes adversely affect battery life [9]. As a result, battery 
cells are difficult to balance under extreme working 
conditions [10]. These drawbacks mainly drive the 
development of auxiliary energy sources and the design of 

energy management strategies for extending battery life [4], 
[7], [11], [12]. 

Hybrid energy storage systems (HESSs) that combine 
batteries with supercapacitors (SCs) have been proposed to 
address the aforementioned drawbacks [13]-[15]. SCs can be 
used as auxiliary equipment to absorb braking energy during 
regenerative braking and to prevent batteries from being 
subjected to peak power under low-energy and high-power 
densities [16], [17]. Thus, battery life can be extended in EV 
applications, especially under start–stop or acceleration [11], 
[17]. A key factor in designing a HESS that performs 
perfectly is to maximize the energy stored in SCs [6], [18]. In 
previous studies, SCs were used as low-pass filters in passive 
parallel configuration [11], [18]. This configuration did not 
employ DC–DC converters; thus, there was no energy loss in 
power converters. Furthermore, passive parallel configuration 
was low-cost. However, the energy stored in the SC could not 
be utilized effectively.  

Multiple or cascaded converter configurations have been 
recommended to maximize the energy stored in SCs [17], 
[19]. In the two configurations, both battery and SC voltages 
can be kept lower than motor inverter voltage. Thus, battery 
cells can be easily balanced. However, two or more full-size 
converters must be incorporated into these configurations to 
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match the battery and the SC; as a result, the cost of the 
power converter is high. The energy from either a battery or a 
SC should also be converted with a DC–DC converter at least 
once to reduce the operating efficiency of the entire system. 
The efficiency is another key factor in HESS design. 
Numerous studies investigated either optimal control or 
energy management strategies to improve the operating 
efficiencies under the two configurations. However, these 
studies fail to reduce the times of energy converted [17], 
[20]-[24]. Multi-output DC–DC converter topologies have 
also been generated on the basis of multiple or cascaded 
converter configurations [25], [26]. Considering the cost and 
the efficiency, these configurations may be not suitable for 
the application of HESS in EVs.  

Size should also be considered carefully when designing a 
suitable HESS for EVs [27], [28]. An ESS with a single DC–
DC converter configuration is preferred due to the small size 
and low cost of the DC–DC converter [29]-[31]. Moreover, 
the energy from either the battery or the SC is converted only 
once in this configuration. Thus, the operating efficiency of 
the entire system can be increased. Such configurations 
include battery/SC [32], [33], SC/battery [31], [34], hybrid 
topology [6], and semi-active HESSs [1], [32]. The 
SC/battery HESS utilizes SCs with low nominal voltages, but 
this system requires a large DC–DC converter. On the 
contrary, a small DC–DC converter is adequate for the 
battery/SC HESS, but battery energy cannot be used as 
effectively. The hybrid topology and the semi-active HESSs 
were studied in [1] and [6]. Both systems incorporated only 
one power diode into the battery/SC HESS, thereby 
increasing the number of operation modes. However, these 
system cannot actively switch to low-power mode until the 
available energy for use in the SC is reduced. This scenario 
limits the operating efficiency of the HESS. 

In this paper, a novel compound-type HESS is proposed. 
And the mode control strategy is developed for this HESS. 
This paper is organized as follows: Section II presents the 
specific configuration of the compound-type HESS. Section 
III discusses the operation modes of this HESS. Section IV 
presents the design of the mode control strategy. Section V 
discusses the simulation results. Section VI details the 
experimental verification process. Section VII provides the 
main conclusion. 

 

II. DESIGN OF THE COMPOUND-TYPE HESS 
The major disadvantage of the conventional battery/SC [7], 

[28] and the SC/battery HESSs [11] [31], [34] is that an 
energy source must operate alongside the DC-DC converter, 
thus aggravating the energy loss in the power converter. The 
hybrid topology HESS that incorporates an additional power 
diode into the battery/SC HESS solves the aforementioned 
problem [6]. Pure battery mode is passively activated by the  
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Fig. 1. HESSs with single DC–DC converter configuration. 
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(a) Original concept.       (b) Specific configuration. 

Fig. 2. Compound-type HESS. 
 

clamping voltage of the SC. In other words, the pure battery 
mode of the hybrid topology HESS cannot switch actively. 
Fig. 1 shows the three types of HESSs. 

The proposed HESS combines the advantages of the 
battery/SC and the SC/battery HESSs. This proposed HESS 
is labelled as the compound-type HESS in this study. The 
proposed compound-type HESS has many advantages, 
including the following: (1) this HESS can be actively 
switched to pure battery mode to meet low power demands 
with the SC/battery HESS operation type; and (2) the SC can 
be used directly to satisfy peak power demands with the 
battery/SC HESS operation type. The original concept of the 
compound-type HESS is shown in Fig. 2(a) as a brief 
introduction. The HESS operates with a selector switch (SW) 
to select operation types actively. When the SW selects Path1, 
the HESS operates as the SC/battery HESS type. Otherwise, 
the HESS operates under the battery/SC HESS type. 

The proposed HESS must be controlled automatically to 
perform functions similar to the circuit in Fig. 2(a) as a HESS 
in the EV. To extend battery life, batteries should avoid direct 
recharge during regenerative braking. Furthermore, the power 
outputs of the batteries and of the SC should be controlled 
separately. The novel compound-type HESS is designed 
under a specific configuration to meet all of these 
requirements, as depicted in Fig. 2(b). Under this 
configuration, the nominal voltage of the batteries is 
approximately 50% of the maximum SC voltage. Hence, the 
SC can deliver more than 75% of the stored energy. The 50% 
discharge ratio is selected because VSC decreases 
exponentially in a constant power application. Meanwhile, 
power demand is related to voltage and current, and the SC 
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current increases exponentially. The system is inefficient 
when this voltage is less than 50% [6]. If either the battery or 
the SC voltage is low, overall system efficiency may 
decrease.  

In Fig. 2(b), SC voltage is generally higher than that of the 
batteries. When SW1 is ON, either the battery/SC HESS or 
the SC/battery HESS operation type is selected. Both SW1 
and SW2 are OFF during regenerative braking. Furthermore, 
braking energy can be injected directly into the SC to extend 
battery life. However, the SC voltage may be less than the 
battery voltage, thereby posing potential risk to the SC and to 
the batteries. Thus, SW2 is OFF. The HESS should use the 
pre-charging circuit to charge the SC in this condition. 
Meanwhile, the SC is sized to satisfy the design goal. This 
goal involves using the SC to satisfy peak power demands. 
The SC for the SD–EV developed in our laboratory must 
provide power constantly (equal to the peak power demand of 
the motor) at least every minute to ensure the gradeability of 
the SD–EV. Other methods for optimizing SC size can be 
derived from [1] and [6]. 

 

III. OPERATION MODES OF THE COMPOUND-TYPE 
HESS 

Many operation modes can be obtained by the unique 
configuration of the compound-type HESS. The power 
demands of the EV may vary in different driving conditions. 
Thus, the operation modes of this HESS must match these 
conditions with their corresponding mode control strategies. 
The ON/OFF states of SW1 and SW2, the states of charge 
(SOCs) or the voltages of the energy sources, and the operation 
modes of the DC–DC converter are considered 
comprehensively in the investigation of these operation modes. 
In this section, the operation modes and the energy flows of the 
compound-type HESS are detailed along with the ON/OFF 
states of SW1 and SW2.  

When SW1 is ON, three operation modes can be obtained. 
Fig. 3(a) illustrates the energy flow of the pure SC mode, 
wherein the SC voltage should be higher than the upper limit 
(the SOC of SC is higher than 0.95). Moreover, the batteries 
need not supply power to the motor inverter. Thus, SW2 and 
the DC–DC converter are OFF. Fig. 3(b) exhibits the energy 
flow of the hybrid output mode. In this mode, SW2 is ON and 
the DC–DC converter operates in boost mode. Both the 
batteries and the SC provide power to the motor inverter. Fig. 
3(c) displays recharge mode I. In this mode, the batteries 
recharge the SC and the DC–DC converter operates in boost 
mode. 

When SW1 is OFF, the HESS can operate in either output 
or input modes. Figs. 4(a) to 4(c) display the output modes. 
The pure battery mode can be initiated to meet the low power 
demands of the motor inverter. When the SC voltage is lower  
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Fig. 3. Operation modes when SW1 is ON. 
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Fig. 4. Operation modes when SW1 is OFF. 
 

than 0.5, recharge mode II can be activated to meet the low 
power demands. Low power mode can be used when battery 
SOC is less than 0.1. In this condition, the DC–DC converter 
bucks the SC voltage and the EV must be driven at low speed 
because the HESS provides limited power. 

The input modes are applied in regenerative braking. In 
this condition, SW2 must be OFF. Figs. 5(a) to 5(b) depict 
the operation modes. The pure SC recycle mode should be 
selected when the SC voltage is lower than the upper limit. 
Otherwise, the hybrid recycle mode is applied. 

 
IV. MODE CONTROL STRATEGY 

The schematic of the mode control system is displayed in 
Fig. 6. The input signals of the data acquisition system are the 
power demand of the motor, the currents, and the voltages of 
the batteries and of the SC. The control system calculates the 
power demand of the compound-type HESS, the SOCs of the 
batteries, and the SC. A suitable operation mode is selected, 
and the power distribution is implemented by controlling 
SW1, SW2, and the DC–DC converter. 
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Fig. 5. Operation modes when SW1 and SW2 are OFF. 
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Fig. 6. Schematic of the mode control system. 
 

A. Modeling 
The power demand of the HESS, battery SOC, and the 

SOC of the SC should be calculated in the mode control 
system. The driving cycle of an EV is complex, and power 
demand is difficult to calculate accurately by incorporating 
unwanted disturbances. Thus, nonlinear disturbances are 
ignored in the simulation model. 

/=dem
HESS f clmb ad motor inverteracc decP P P P P η η+ +（ + ）/      (1) 

where dem
HESS dc dcP U I=  is the power demand of the HESS; fP  

is the power demanded to meet the rolling resistance of the 
wheel; /acc decP is the power demanded by acceleration or 

deceleration; and  and adP  are the power demands to 
facilitate climbing and generate aerodynamic drag force, 
respectively. 

The battery and SC models are established with 
resistance–capacitance (RC) equivalent circuits [35], [36]. 
Fig. 7 shows the two RC equivalent circuits. The equivalent 
circuit of the battery consists of capacitors (Cb and Cc) and 
three resistors (Re, Rt, and Rc). The relationships among the 
voltages of Cb and Cc and the three resistors are indicated in 
Eq. (2). The output voltage of the single battery is expressed 
in Eq. (3), and the calculation of battery SOC is described in 
Eq. (4) [37].  
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The SC equivalent circuit consists of a capacitor with 
constant capacitance (C0) and a capacitor with variable 
capacitance (Cv). Cv is linear with SC voltage, as expressed in  

 
(a) Battery equivalent circuit.  (b) SC equivalent circuit.  

 

Fig. 7. Equivalent circuits of the batteries and of the SC. 
 

TABLE I 
CLASSIFICATION OF THE OPERATION MODES 

Number Classification DC–DC converter 
1 Lossless mode No operation 
2 Economy mode Boost mode (peak efficiency) 
3 Power mode Boost mode (upper limit) 
4 Braking mode No operation 
5 Emergency mode Buck mode (power limit)  

 
Eq. (5). A multi-partition of the SC voltage is utilized to 
calculate the SOC of the SC. This multi-partition assumes 
that the average variation in capacitance from Vn to Vn+1 is 
C1. The calculation of the SOC of the SC is expressed in Eqs. 
(6) to (8) [38]. 
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B. Mode Control Strategy 
 The compound-type HESS utilizes eight operation modes 

in addition to the pre-charging mode. Selecting a suitable 
mode to match the corresponding driving condition is key to 
mode control strategy. This strategy is designed with mode 
switch rules and power management strategy. Given that the 
mode switch may be either active or passive, the energy 
flows varies according to different modes. Even power 
distributions are dissimilar in the same operation mode. A 
power management strategy may be complicated to design. 
Furthermore, this strategy is directly related to the power 
output of the DC–DC converter; therefore, five classes of 
operation modes are proposed to control this converter 
effectively and clearly. The classification of the operation 
modes is shown in both Table I and Fig. 8(a). The efficiency 
of the DC–DC converter is presented in Fig. 8(b). The state 
diagram of the mode control strategy is presented in Fig. 8(c). 

The operation modes and the control of the power output 
of the DC–DC converter are easy to determine on the basis of 
the five classes of these modes. Thus, mode switch rules and 
a power management strategy can be easily designed. 

clmbP
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 (a) Mode control strategy. 

 

 

 

(b) Efficiency of DC–DC converter in EVs. 
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Fig. 8. Mode control strategy and DC–DC efficiency. 
 
The class of lossless mode includes the pure SC and pure 

battery modes. The lossless mode is ideal because the 
operation does not include the DC–DC converter. The switch 
rules and power distributions of the pure SC and pure battery 
modes are expressed in Eqs. (9) and (10), respectively. 

=  [( 0.95 0.1 0)]）（ ）（⋅ ≥ ∧ ≥ ∧ ≥dem dem
SC HESS SC bat HESSP P SOC SOC P . (9) 

 bat SC= [( 0.1) (0.85 0.95)

                 (0 10kW/ )]

dem
bat HESS

dem peak efficience
HESS DC DC

P P SOC SOC

P η −
−

⋅ ≥ ∧ ≤ <

∧ < ≤
.    (10) 

The class of economy mode includes the hybrid output 
mode, recharge mode I, and recharge mode II. In this mode 
class, the DC–DC converter operates at peak efficiency. In 
hybrid output mode and in recharge mode I, the power output 
of the batteries is 10kW/ )peak efficience

bat DC DCP η −
−= . The SC either 

provides or absorbs the additional power. The switch rules of 
the hybrid output mode and of recharge mode I are 
determined using Eq. (11). 

bat SC

SC

( 0.1) ( 0) {(0.5 0.85)

          [(0.85 0.95) ( >10kW)] }
≥ ∧ > ∧ ≤ <

∨ ≤ < ∧

dem
HESS

dem
HESS

SOC P SOC

SOC P
.  (11) 

In recharge mode II, the power output of the batteries is 
 and the power input of the 

SC is 10 kW.  must be less than the upper limit. 
Moreover, the switch rule of recharge mode II is expressed in 
Eq. (12). 

bat SC0.1 ( 0) [(0.25 0.5)

( ( 20 20)< ) ]    
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∧ = − +

dem
HESS

upper upper
bat bat bat SC

SOC P SOC

P P P SOC
.    (12) 

The class of power mode includes the hybrid output mode 
and recharge mode I. In this mode class, the power output of 
the batteries is . Thus, the power output of the 

DC–DC converter is . The SC either 
provides or absorbs excess power. The switch rule of the 
power mode is expressed in Eq. (13).  

bat SC

SC

0.1 ( 0) ( 0.25)

{(0.25 0.5) [10KW/ )]}>(η −
−

≥ ∧ > ∧ ≤
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dem
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peak efficience upper dem
DC DC bat HESS

SOC P SOC

SOC P P
. (13) 

The braking mode is simple because the SC absorbs 
braking power perfectly. All regenerative braking is 
incorporated into the SC when SOC is less than 0.95. Thus, 
the batteries are prevented from direct recharge. The switch 
rule is expressed in Eq. (14).  

 ( 0) ( 0.95)< ∧ <dem
HESS SCP SOC .          (14) 

The class of emergency mode includes two special 
operation modes: low power and hybrid recycle. These 
modes should be used as sparingly as possible to extend 
battery life. In the emergency mode, the recharge power 
supplied by the DC–DC converter to the batteries is set to 10 
kW. The power output of the batteries should be limited to 
less than 5 kW when these devices provide power to the 
motor inverter. The switch rule is determined using Eq. (15).  
 [ 0.1, 0] [[ 0.95, 0]< > ∨ > <dem dem

bat HESS SC HESSSOC P SOC P .  (15) 

The upper limit of battery power output ( 0.1>batSOC ) is 
10 kW when the SOC of the SC is higher than 0.5. Therefore, 
the SC can successfully limit the power output of the batteries. 
When the SOC of the SC is less than 0.5, the batteries should 
supply additional power. Eq. (12) is applied to limit the 
power output of the batteries. The maximum battery power  
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TABLE II 
IMPORTANT PARAMETERS OF THE COMPOUND-TYPE HESS 

Items Values 

SC 400 V (5*80 V 96 F in series) 
Batteries 208 V (3.2 V 80 Ah in series) 

DC–DC converter Peak efficiency (9.8 ~10.2 kW) 
Total mass of the EV 1350 Kg 

motor 30 kW (PMSM) 
Radius of the wheel 0.29 m 
 

 
 

(a) SD–EV. 
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(b) Simulation modules.  
 

Fig. 9. Simulation modules based on SD–EV. 
 

output s is 15 kW. This setting is applied when the SOC of 
the SC is 0.25. 

If regenerative braking must be continuous and when both 
the battery and the SC are fully charged, then braking 
resistance can be considered in the process of absorbing the 
excess energy under regenerating mode. 

 

V. SIMULATION RESULTS 
A simulation model that is based on SD–EV is developed 

to validate the compound-type HESS. The important 
parameters of this HESS and of the SD–EV are presented in 
Table II. The simulation modules of the compound-type 
HESS are presented in Fig. 9. Three types of power demands 
(highlighted in Fig. 10) are chosen to reflect the different 
operating characteristics of the HESS in the New York City 
Cycle (NYCC), the Extra Urban Driving Cycle (EUDC), and 
the Japanese 1015 Driving Cycle (J1015).  

Figs. 11(a) and 11(b) show the simulation results in the 
NYCC. The hybrid output mode is activated when 

SC0.85 0.95≤ <SOC . Moreover, the pure SC mode is 
selected when the SOC of the SC is higher than 0.95. The  
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Fig. 10. Three types of power demands. 
 
classes of the economy, lossless, and braking modes are also 
implemented in the NYCC. The hybrid output mode is 
selected when the power is higher than 10 kW. The SC is 
used to meet the high peak power demand. Thus, the power 
output of the batteries is maintained at an appropriate level. 
The SC also absorbs all of the braking energy so that the 
batteries avoid direct recharge in the braking mode. Therefore, 
battery life is extended. 

Figs. 11(c) and 11(d) show the simulation results in the 
EUDC and in the J1015, respectively. The maximum power 
demand in the EUDC is approximately twice that of the 
power demand in the J1015. Thus, the SC provides additional 
energy to meet the peak power demand. In the process, the 
SC SOC drops quickly. When the SC SOC is less than 0.5 
and the power demand is high, the power mode is utilized. At 
the end of the EUDC, recharge mode II is selected to 
compensate the SC SOC. Pure battery mode is usually used 
in J1015 because the power demand is low, and the SC SOC 
value observed in this region is in the range of [0.85, 0.95]. 
The simulation results suggest that the classes of the lossless 
and economy modes are utilized to reduce energy losses in 
the DC–DC converter. The power mode is selected only 
when the SC SOC is less than 0.5 and the power demand is 
high. This mode ensures the HESS can provide adequate 
power to the motor inverter. In addition, the SC absorbs all of 
the braking energy to extend battery life. Therefore, the 
proposed compound-type HESS balances high operating 
efficiency with high power output using its mode control 
strategy. 

 

VI.  EXPERIMENT VERIFICATION 
In many HESS studies, researchers employ a scaled-down 

platform and usually perform experiments with electronic 
load and power supply. The experimental results can reflect 
the representative characteristics of HESS. Thus, the 
effectiveness of the HESSs in combination with their control 
strategies can be confirmed by such findings. For example, 
[6] and [33] performed experiments in this manner. Hence, 
we also conducted our experiment similarly. The  
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(a) Simulation results in the NYCC (the initial SOC of the SC is 
0.91). 
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(b) Simulation results in the NYCC (the initial SOC of the SC is 
0.98). 
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(c) Simulation results in the EUDC (the initial SOC of the SC is 
0.98). 
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(d) Simulation results in the J1015 (the initial SOC of the SC is 
0.98). 

 

Fig. 11. Simulation results. 

 
 

Fig. 12.  Experimental platform. 
 

TABLE III 
IMPORTANT PARAMETERS OF THE EXPERIMENTAL PLATFORM 

 
Items Values 

Electronic load 150 V (KL6101 100 A, 1200 W Max) 
Power supply 32 V (IPD3305-SLU 5.2 A, 0.03%) 

SC Limited as 25 V (Kaimai 76 V 94 F) 

Batteries 12.8 V (HuanYu 3.2 V 80 Ah in series) 

DC–DC 
converter Peak efficiency region: (90 W to 110 W)  

 
experimental platform is depicted in Fig. 12, and the 
important parameters of the platform components are listed in 
Table III. Fig. 13 displays the comprehensive results. 

Figs. 13(a) and 13(b) illustrate the comparative results of 
the compound-type HESS with 1/100 power demand in the 
NYCC. The lossless mode switches to economy mode when 
the initial SC voltage drops from 25 V to 23.5 V. This 
occurrence is in accordance with the initial SOC of SC, 
which also decreased from 1 to 0.95. The DC–DC converter 
operates in boost mode within its peak efficiency region 
when the economy mode is implemented. The lossless and 
braking modes are implemented without the DC–DC 
converter, and no energy is supplied directly to the batteries. 
The experimental results are in accordance with the 
simulation results, thus demonstrating that the high efficiency 
of the DC–DC converter and the satisfactory performance of 
the compound-type HESS. Meanwhile, the power output of 
the batteries is maintained at an appropriate level to extend 
battery life. These results also demonstrate the mode control 
strategy of the economy, lossless, and braking modes.  

Fig. 13(c) presents the experimental results of the 
compound-type HESS with 1/100 power demand in the 
EUDC. Power demand is high to verify the power mode and 
recharge mode II. The SC voltage drops quickly, and either of 
the two aforementioned modes is implemented when the SOC 
of the SC is less than 0.5. The power mode ensures the power 
supply to the compound-type HESS; this process is important  

electric load
DC-DC

SW1, SW2
control board

batteries SC

computer

power supply

oscilloscope
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(a) Experimental results in the NYCC when initial SC voltage is 
set to 25 V. 

Economy mode
(Hybrid output mode)

0 100 200 300 400 500 600
0P D

C-
D

C 
(W

)

0 100 200 300 400 500 600P b
at

 (W
)

0 100 200 300 400 500 600
-100P S

C 
(W

)

0 100 200 300 400 500 600
21
22

23

24

t/s

V
SC

 (V
)

Lossless mode 
(Pure battery mode)

Braking mode
(Pure SC recycle mode)

100

50

0

50

100

0

100 Economy mode

(b)  

(b) Experimental results in the NYCC when initial SC voltage is 
set to 23.5 V. 
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(c) Experimental results in the EUDC when initial SC voltage is 
set to 25 V. 
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(d) Experimental results in the J1015 (0 s to 120 s) when the 

initial SC voltage is set to 25 V. 
Fig. 13. Comprehensive results with 1/100 power demands in the 
three driving cycles. 

TABLE IV 
COMPARATIVE RESULTS  

Driving 
 cycles 

Energy losses in DC–DC 
converters 

Overall system efficiency 
of HESSs 

Com- 
type 

battery 
/SC 

SC/ 
battery 

Com- 
type 

battery 
/SC 

SC/ 
battery 

NYCC 4.3% 9.1% 8.6% 92.3% 90.7% 91.3% 
EUDC 7.2% 9.1% 12.3% 91.1% 90.7% 87.5% 
 

because the SC can provide only limited energy and should 
be recharged in this condition. The results demonstrate the 
mode control strategies of the power mode and of recharge 
mode II. Moreover, the compound-type HESS is 
well-balanced in terms of high efficiency and high power 
output. 

Fig. 13(d) shows the experimental results of the 
compound-type HESS with 1/100 power demand in the J1015. 
The initial battery voltage is less than 10.8 V; thus, battery 
SOC is less than 0.1. A time limit (0 s to 120 s) is set for the 
experiment because the SC can provide less energy to charge 
batteries after 120 s. The low power mode is utilized if the 
SC supplies adequate power. Furthermore, the batteries are 
recharged if the power output of the DC–DC converter is 
higher than the power demanded by the electronic load. 
Otherwise, the batteries should provide power to the 
electronic load. The results demonstrate the emergency mode 
as well. 

To enhance the effectiveness of analysis, the 
compound-type, the battery/SC [33], and the SC/battery [31] 
HESSs are implemented along with their control strategies 
given 1/100 of the power demands in the NYCC and in the 
EUDC. The comparative results of the three HESSs are listed 
in Table IV. The energy losses in the DC–DC converter of 
the compound-type HESS are limited in both the NYCC and 
the EUDC. In addition, this HESS presents a better 
performance in terms of overall system efficiency. The 
energy losses of the DC–DC converter in the EUDC are 
higher than those in the NYCC because the power mode is 
activated. Meanwhile, overall system efficiency does not 
accord with the energy losses in the DC–DC converter 
because the compound-type HESS incurs additional energy 
loss in SW1 and SW2. Nonetheless, the battery/SC and the 
SC/battery HESSs operate without energy loss in SW1 and 
SW2. Therefore, the process of reducing this type of energy 
loss will be studied in the future. 

Although the compound-type HESS experiences additional 
drawbacks, the comparative results suggest that this HESS 
can reduce energy losses in the DC–DC converter in addition 
to extending battery life. The compound-type HESS also 
reports high overall system efficiency. Specifically, the 
efficiency of the compound-type HESS is up to 1.6% and 1% 
higher than that of the battery/SC and of the SC/battery 
HESSs in the NYCC, respectively. The corresponding 
efficiencies under EUDC are 0.4% and 3.6%. 
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VII. CONCLUSION 
A novel compound-type HESS is proposed in this paper. 

The proposed HESS is uniquely advantageous over the 
conventional HESS in terms of both battery/SC and the 
SC/battery HESS configurations. The compound-type HESS 
is designed with eight operation modes, and five classes of 
these modes are highlighted to simplify mode control strategy. 
This strategy focuses on both the high operating efficiency 
and the high power output of the compound-type HESS. 
Therefore, the DC–DC converter usually operates at peak 
efficiency to transmit energy from the batteries to the SC. 
Mode control strategy merely increases power output to the 
motor inverter when power demand must constantly be high. 
In addition, the SC is designed as the top priority in terms of 
braking energy absorption. Thus, the batteries are prevented 
from direct recharging to extend battery life during 
regenerative braking.  

The model of the compound-type HESS and its mode 
control strategy was simulated. The simulation results 
showed that the compound-type HESS and its mode control 
strategy can not only provide adequate power to the motor 
inverter, but they can also determine suitable operation 
modes under corresponding conditions. This scenario can 
improve HESS efficiency and extend battery life. A 
scaled-down platform was also constructed for the 
experiment conducted. The experimental results were in 
accordance with the simulation results and effectively 
demonstrated the mode control strategy of the 
compound-type HESS. This HESS can limit the power output 
of the batteries. Furthermore, the batteries were prevented 
from direct recharge during regenerative braking. Thus, 
battery life is extended. In addition, the experimental results 
demonstrated that the compound-type HESS can reduce 
energy losses in the DC–DC converter significantly. The 
overall system efficiency of the proposed HESS is up to 1.6% 
and 1% higher than that of the battery/SC and of the 
SC/battery HESSs in the NYCC, respectively. The 
corresponding values are 0.4% and 3.6% in the EUDC. 
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