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In this paper, a simple and efficient rule based energy management system for battery and supercapacitor hybrid energy storage
system (HESS) used in electric vehicles is presented. The objective of the proposed energy management system is to focus on
exploiting the supercapacitor characteristics and on increasing the battery lifetime and system efficiency. The role of the energy
management system is to yield battery reference current, which is subsequently used by the controller of the DC/DC converter.
First, a current controller is designed to realize load current distribution between battery and supercapacitor. Then a voltage
controller is designed to ensure the supercapacitor SOC to fluctuatewithin a preset reasonable variation range. Finally, a commercial
experimental platform is developed to verify the proposed control strategy. In addition, the energy efficiency and the cost analysis
of the hybrid system are carried out based on the experimental results to explore the most cost-effective tradeoff.

1. Introduction

Electric vehicles are considered as one of the most promising
transportation tools for addressing issues faced by automo-
tive industry worldwide on energy and environment [1–4].
Technologies employed for all kinds of electric vehicles are
various, but their performances are largely dependent on
the characteristics of adopted energy storage system (ESS)
[5, 6]. Of all the ESSs, battery is one of the most widely used
in kinds of electric vehicles, which has been an emerging
area for ensuring a successful application of electric vehicles.
However, battery alone as a power source has yet faced
some challenges for practical engineering application, such as
higher energy efficiency, smaller voltage drops, larger vehicle
acceleration or deceleration rates, and better uphill climbing
performance. Although high power battery can be made
available, it is very bulky yet cost prohibitive [7, 8].

A possible solution to the battery dilemma is to add
onboard supercapacitor to form HESS with the purpose that
battery and supercapacitor function as a complementary role
based on their individual dynamic characteristics [9, 10].

Battery has high energy density and relatively low cost per
watt-hour but low specific power and short lifetime, while
supercapacitor preserves high power density and long cycle
life but relatively low energy density and high cost per watt-
hour [11–14]. Consequently, a combination of these two types
of ESSs will yield an equivalent ESS with both high energy
density and high power density, where energy is stored in the
battery and power is supplied by the supercapacitor. In this
way, sudden peak current in battery, which can be resulting in
a large reduction in lifetime [15, 16], can be avoided effectively.
Besides, electric vehicle range can also be extended because of
the high utilization of the regenerative breaking [17].

In order to encourage the development of battery and
supercapacitor HESS, mounting research efforts have been
devoted to improving the HESS performance from both low
level topology structure [11, 18–20] and high level energy
management [21–28]. In the literature, there are a number of
hybridization topology structures where the supercapacitor
has been implemented in combination with battery systems.
Based on these topology structures, various energy man-
agement control strategies for battery and supercapacitor
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HESS are also developed in the literature. These strategies
can be broadly classified into rule based and optimization-
based distribution. Rule based controllers are referred to
as deterministic rule, learning network, and fuzzy logical
controller. In [21], an ADVISOR-based battery and super-
capacitor HESS was developed; the power distribution rule
between battery and supercapacitor was determined based
on an experiment approach. In [22], an integrated rule based
metaheuristic approachwas presented, and simulation results
have proved the effectiveness of this multilevel EMS fulfilling
the requested performance with better source usage and
much lower installed capacities. In [23], a fuzzy logical con-
troller based on particle swarm optimization algorithm was
presented to achieve optimization power flow distribution
between battery and supercapacitor. Reference [24] adopted
the idea of neural networks and developed an efficient energy
management system for hybrid electric vehicles with closed
form approaches.

Optimization-based methods consider local and global
optimization problems by using past driving cycle infor-
mation to determine the power distribution mode among
power sources. Reference [25] formulated an optimization
problem by concerning the minimization of the magni-
tude/fluctuation of the current flowing in and out of the
battery and the energy loss of the supercapacitor. An MPC
(model predictive control) controller for a hybrid battery-
supercapacitor power source was proposed and experimen-
tally verified in [26]. The designed MPC controller enables
the battery to share the low frequency power components
and the high frequency power components are allocated to
the supercapacitor. In [27], a wavelet transform-based power
management strategy was proposed, in which load power is
decomposed into different frequency components to the FC
(fuel cell), battery, and supercapacitor, compatible with their
respective dynamic characteristics. Reference [28] adopted a
first-order low-pass filter, which was designed for frequency
decomposition along with analysis of components responses
under real world driving cycles. These strategies would
increase battery lifetime attributing to effective frequency
separation consideration.

In this paper, a rule based energy management system
is developed for a semiactive hybrid system. The objective
of the proposed energy management system is to focus on
exploiting the supercapacitor characteristics and increasing
the battery lifetime and system efficiency. The main con-
tributions of this paper are summarized as follows. First, a
simple but effective rule based energy management system is
developed for a semiactive hybrid system. The main role of
the energy management system is to yield battery reference
current according to energy levels of the power sources and
load demand level. Then two classical PI control loops are
proposed to adjust the load distribution between battery and
supercapacitor. The described energy management system
enables the battery to share low frequency and smooth load
current, and the corresponding high frequency and peak
current are distributed to the supercapacitor. This system
prevents an overstress on the battery while maintaining
a good voltage balance of the supercapacitor. This is an
important advantage to ensure the vehicle starts a new cycle

if high acceleration is required. Second, an experimental
platform of the hybrid system is developed to verify the
described energy management system using two standard
drive cycles for an electric vehicle. Finally, preliminary but
significant energy efficiency and the cost analysis of the
hybrid system are carried out based on the experimental
results to explore the most cost-effective tradeoff.

The rest of this paper is organized as follows: Section 2
describes the dynamic characteristics of the battery and
supercapacitor. Section 3 analyzes the hybrid topology struc-
ture. Section 4 describes the energy management control
strategy. Section 5 verifies the proposed control strategy based
on a commercial experimental platform. Finally, the paper is
concluded in Section 6.

2. Characteristics of Battery and
Supercapacitor as Power Sources

Batteries used in electric vehicle usually have the charac-
teristics of high energy density and relatively low power
density. The latter is a limitation to improve vehicle dynamic
performance.High power capability requires the resistance of
the battery to be low. Hence, knowledge of the resistance of a
battery is critical to the ability to assess its power capability.
In addition, the charging and discharge internal resistances of
battery are usually different, which is dependent on charging
and discharge operating conditions, including amplitude and
frequency of charging and discharge of battery. For lithium-
ion battery, the internal resistance could increase when high
frequency loads are exerted. The ampere-hour capacity is
affected by the discharging current rate and is modeled by the
Peukert equation [13]. The charging and discharging internal
resistances are nonlinear functions of current and state of
charge (SOC).

Recently, another energy storage device, the supercapaci-
tor, has attractedmuch interest because of its high power den-
sity (300W/kg–5000W/kg) and relatively low energy density.
There are presently commercially available carbon/carbon
supercapacitor devices (single cells and modules) from sev-
eral companies, such as Maxwell, Ness, EPCOS, Nippon
Chemi-Con, and Power Systems. All these companies market
large devices with capacitance of 1000–5000 F. These devices
are suitable for high power vehicle applications [29].

As described above, the difference between battery and
supercapacitor can provide the complementary advantage to
meet power and energy demand. From the perspective of
power characteristics, the charging and discharging efficiency
of system is usually considered as the main factor. By
comparison, only one-half of the energy at the peak power
from the battery is in the form of electrical energy to the load,
and the other one-half is dissipated within the battery as heat
in the ESR. That is to say the efficiency of batteries is around
50%. For supercapacitor, the peak power is usually for a 95%
efficient discharge, in which only 5% of the energy from the
device is dissipated as heat in the ESR. For a corresponding
high-efficiency discharge, batteries would have a much lower
power capability. Furthermore, the main drawback of the
batteries is a slow-charging time, limited by a charging
current; in contrast, the supercapacitor may be charged in
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Figure 1: Comparison of battery and supercapacitor.

a short time depending on a high-charging current (power)
available from the main source [30].

Figure 1 shows the comparison of battery and supercapac-
itor in terms of power and energy. Even though it is true that a
battery has the largest energy density (meaning more energy
is stored per weight than other technologies), it is important
to consider the availability of that energy. This is the tradi-
tional advantage of supercapacitor. With a time constant of
less than 0.1 s, energy can be taken from a supercapacitor
at a very high rate [31]. Electrochemical reactions in battery
and double-layer effects in supercapacitor will yield different
acceleration and deceleration transient behaviors of voltage
and current, which are described as different time constants
in dynamic equivalent circuit models.

3. Hybrid Topology Structure

Hybrid energy storage systems are formed in some typical
topologies in order tomanage the power flowbetween battery
and supercapacitor, each of which has its own properties.
In this section, the advantages and disadvantages of four
commonly used hybrid structures for electric vehicles are
described.

Figure 2 shows a passive topological structure, in which
both battery and supercapacitor are directly connected in
parallel. Although it is simple and easy to be realized inHESS,
the power distribution is inherently limited by their internal
resistance since the voltage of both battery and supercapacitor
is the same [25].

Figure 3 shows one of the semiactive topological struc-
tures, in which the DC/DC converter is connected to the
voltage side of the battery, and the battery voltage can be
boosted up such that the battery pack can be made smaller
to reduce its weight and volume. Further, with this structure,
the battery voltage can be controlled more effectively [32].

Figure 4 shows another type of the semiactive topo-
logical structures, in which the voltage of supercapacitor
is controlled by a bidirectional DC/DC converter, so that
the supercapacitor can be boosted up to meet the driving
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Figure 2: A passive topological structure.

Battery system

Supercapacitor
system

Bidirectional DC/DC Load emulator

Controller

Cable line
CAN line

Power demand

Control command

dynamic model

Vehicle
longitudinal

Figure 3: A semiactive topological structure.

power demand for electric vehicles. Likewise, it can also be
reduced to a lower level for the purpose of energy recovery
via regenerative braking. This would enable supercapacitor
to operate in a wider voltage range and to curb voltage
fluctuation and peak current damage to battery. Even if it
was not controlled by a bidirectional DC/DC converter, the
battery would still work in a high effective range [11].

A fully active topological structure is shown in Figure 5.
In this structure, two bidirectional DC/DC converters are
used such that the hybrid power system is decoupled between
battery and supercapacitor. Therefore, both power sources
can be controlled via each individual DC/DC converter
independently.This structure can bemore flexible, stable, and
efficient for voltage control and power distribution between
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Figure 5: A fully active topological structure.

battery and supercapacitor. It can also reduce the size and
weight of the hybrid energy storage system [19].

As a brief summary, the passive hybrid system is simple in
structure and more cost-effective, but the fully active hybrid
system offers the best performance. Therefore, a semiactive
hybrid system is often a good tradeoff among them in terms
of the performance, the structure complexity, and the cost-
effectiveness.

4. Energy Management Control Strategy

The presented energy management system control frame in
this research is illustrated in Figure 6.

4.1. Energy Management System. The function of energy
management system is to supply battery reference current,
which is subsequently used by the controller.

The power demand calculation of hybrid system can
be obtained by considering vehicle dynamics, and the total
power demand consisted of rolling resistance power, aerody-
namic drag power, slope resistance power, and acceleration
resistance power:

𝑃veh = 𝑃roll + 𝑃aer + 𝑃slope + 𝑃acc, (1)

where the rolling resistance power is described as

𝑃roll =
𝑢veh
𝜂

𝑀𝑔𝑓 cos (𝛼)
3600

. (2)

The aerodynamic drag power is described as

𝑃aer =
1

𝜂

𝐶aer𝐴aer
76140

𝑢
3

veh. (3)

The slope resistance power is described as

𝑃slope =
𝑢veh
𝜂

𝑀𝑔 sin (𝛼)
3600

. (4)

The acceleration resistance power is described as

𝑃acc =
𝑢veh
𝜂

𝛿𝑀

3600

𝑑𝑢veh
𝑑𝑡

. (5)

The total current demand can be calculated as

𝐼load =
𝑃veh
𝑈bus

, (6)

where 𝑈bus is the bus voltage, 𝑀 is the vehicle mass, 𝑢veh
is the vehicle velocity, 𝑔 is gravity constant, 𝑓 is the rolling
resistance coefficient, 𝛼 is the road slope angle, 𝐶aer is the
aerodynamic drag coefficient of the vehicle,𝐴aer is the frontal
area of the vehicle, and 𝜂 is the drive efficiency.

State of charge (SOC) is traditionally used to indicate
the residual electricity of the battery; its definition is usually
written by the equation

SOCbat = SOC
0
− 𝑘ch ⋅ 𝑘dis ⋅ ∫ 𝜀 ⋅

𝐼bat𝑑𝑡

𝐶bat
, (7)

where SOC
0
describes the initial value of SOCbat; 𝑘ch and 𝑘dis

describe the influence coefficients on the current integration
from charging current (𝐼

𝐿
< 0) and discharging current

(𝐼
𝐿
> 0), respectively; if the battery is charging, 𝑘dis = 1,

and if the battery is discharging, 𝑘ch = 1. 𝐶bat describes
the nominal capacity of battery; 𝜀 is the coulomb efficiency
(including charging efficiency 𝜀ch and discharging efficiency
𝜀dis).
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In order to indicate the residual electricity of supercapac-
itor, the state of charge (SOC) of the supercapacitor is used
to describe a percentage of the rated energy capacity, which
depends on the terminal output voltage and is defined as in
the equation

SOCSC =
(𝑈LSC − 𝑈𝑐min)

(𝑈
𝑐max − 𝑈𝑐min)

, (8)

where 𝑈LSC is supercapacitor load voltage and 𝑈
𝑐max and

𝑈
𝑐min are the maximum and minimum terminal voltage,

respectively.
The proposed energy management system is a rule based

and power-balancing strategy. The strategy is realized by a
series of simple control logical rules. The main advantage
of the proposed strategy is to protect battery from the high
dynamics in current demand without overdischarging or
overcharging the supercapacitor. Consequently, both battery
lifetime and energy efficiency are increased.

The flowchart of DC/DC converter control mode strategy
is shown in Figure 7. The control mode depends on the
symbol of the load current demand.The positive load current
represents the fact that the vehicle is driving. In this situation,
battery or supercapacitor must supply the requirement driv-
ing current to meet vehicle driving demand. Therefore, the
DC/DC converter need be switched to buck mode. However,
the DC/DC control mode also depends on the charge and
discharge relationships between battery and supercapacitor.
Even if the load current is positive, the DC/DC converter is
also switched to boostmodewhen the supercapacitor charges
battery. In thisway, the supercapacitor SOCcan be adjusted to
the expected variation range quickly and thus can ensure the
HESS tomeet the load current demandwithout overcharge or
overdischarge of the battery. As a result, the battery operation
condition can be smoothed greatly and battery lifetime is
increased as well.

SC charges 
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Battery charges 
SC

Buck mode

Yes Yes

No No
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Figure 7: Flowchart of the DC/DC converter control mode strategy.

The flowchart of driving mode control strategy is shown
in Figure 8. This decision-making flowchart considers as the
first decision a comparison of the real supercapacitor SOC
and the preset supercapacitor SOC variation range. If the real
supercapacitor SOC is located in the preset supercapacitor
SOC variation range, then the load current is distributed to
supercapacitor only and the battery will not supply any load
current.The purpose of this arrangement is to protect battery
from the frequent charge and discharge process and increase
battery lifetime. When the preset supercapacitor SOC vari-
ation range is broken, the battery is considered to balance
the supercapacitor SOC or share the load current. In this
situation, if the supercapacitor SOC exceeds its upper limit
value, then the load current is distributed to supercapacitor
only. Besides, the supercapacitor is charged by the battery.
In this way, the supercapacitor SOC can be decreased to the
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preset variation range quickly and thus guarantee the super-
capacitor to work within the reasonable capacity fluctuation
range. If the supercapacitor SOCdrops down to its lower limit
value, the battery is considered to share the load current to
avoid the large drop of the supercapacitor SOC. When the
battery SOC is bigger than its preset minimum value, the
load current is distributed to battery only. At the same time,
the supercapacitor is charged by the battery. Otherwise, the
supercapacitor cannot be charged by the battery. It must be
noted that the described rules abovemainly include five work
modes for the battery and supercapacitor: the battery work
only, the supercapacitor work only, the battery charges to
the supercapacitor, the supercapacitor charges to the battery,
and the battery and supercapacitor working together. In fact,
when the supercapacitor exceeds the preset supercapacitor
SOC variation range, the load current is distributed to battery
and supercapacitor jointly. In this process, the charge is also
carried out simultaneously.

The flowchart of idle speed mode control strategy is
shown in Figure 9. Generally, the SOCof the supercapacitor is
controlled within a certain reasonable fluctuation range.This
is to ensure that electric vehicle is able to run even if a high
acceleration or deceleration is required without overstressing
the battery. Therefore, the idle speed mode control strategy
is only to ensure the supercapacitor SOC to be controlled
within preset fluctuation range. When the supercapacitor
SOC is below the preset lower limit value, the supercapacitor
is charged by the battery. On the contrary, the supercapacitor
is discharged. Otherwise, no operation is carried out.

The flowchart of braking mode control strategy is shown
in Figure 10. Similar to the driving mode control strategy, the
battery current is firstly set to zero; this is very important to
protect the battery frombig current burst during the transient
process. Then the only decision in this flowchart depends on
the SOC of the supercapacitor and on the preset variation
range. When the supercapacitor SOC is below the preset
lower limit value, then the supercapacitor can absorb the
current from the regenerative breaking. At the same time, the
lacking energy is supplied by the battery charge. When the
supercapacitor SOC exceeds the preset higher limit value, the
regenerative breaking current is absorbed by battery. At the
same time, the part energy is delivered to battery from the
supercapacitor. Otherwise, the regenerative breaking current
is absorbed by the supercapacitor only.

4.2. Controller. The input variable of controller is the battery
reference current, and the output variable is the controller
command. In order to realize control objective, a classical PI
controller is adopted in this research. In this described config-
uration, the battery is connected to the DC/DC converter but
the supercapacitor is directly connected to the bus without
DC/DC converter. The current relations can be written by

𝐶bus ⋅
𝑑𝑈bus
𝑑𝑡

= 𝐼bat1 + 𝐼SC − 𝐼bus. (9)
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The equivalentmodel of the DC/DC converter connected
to the battery can be described as

𝐿bat
𝑑𝐼bat
𝑑𝑡

+ 𝑅bat𝐼bat = 𝑈𝐿bat − 𝑑 ⋅ 𝑈bus. (10)

Equation (10) is a nonlinear first-order equation; by using the
Laplace transform, we can obtain that

𝐼bat (𝑠) =
𝑈
𝐿bat (𝑠)

𝐿bat ⋅ 𝑠 + 𝑅bat
−

𝑑 (𝑠) 𝑈bus
𝐿bat ⋅ 𝑠 + 𝑅bat

. (11)

The control loop of the battery current is described
in Figure 11. The input is the DC/DC converter control
command; the output is the battery current. In order to
balance the hybrid systemwithout overdischarging the super-
capacitor, a supercapacitor voltage compensation loop has
been implemented, which is shown in Figure 12.

5. Experimental Results and System Analysis

5.1. Experimental Results. In order to validate the proposed
energy management control strategy, a commercial exper-
imental platform is constructed. The whole experimental
platform mainly includes two parts: hardware power system
and software control system, which are shown in Figures 13
and 14.

The supercapacitor pack adopted in this experimental
platform is the Maxwell/BCAP3000 type, rated 3000 F, 2.7 V
having the parameters given in Table 1. The battery pack
for the HESS is ternary lithium battery, which is considered
as the next generation battery used in electric vehicle. The
specific parameters of the battery pack are listed in Table 2.
The presented DC/DC is a bidirectional DC/DC converter,
by which both the driving current and the braking current
can be controlled for the battery pack. The main parameters

Table 1: Parameters of the supercapacitor pack.

Items Specifications
Nominal voltage 240V
Nominal capacity 55 F
Number of cells 88
Maximum continuous power 30 kW/13 s
Pack mass 45 kg ± 5%
Maximum operating temperature +65∘C
Minimum operating temperature −40∘C
Maximum storage temperature +70∘C
Minimum storage temperature −40∘C
Communication type CAN2.0B, J1939
Leakage current 5.3mA
Safe level IP65
Vibration IEC 16750
Lifetime 25∘C, ≥10 years
Initial 48V module resistance 6.3mΩ
Shock SAE J2464

of the DC/DC converter are listed in Table 3. The Electric
Control Unit (ECU) is a dSPACE-based MicroAutoBox (DS
1401). TwoCANcontrollers in theMicroAutoBox are adopted
for the load current calculation and control algorithm calcu-
lation, respectively.

The experiment was carried out to test the control
strategy based on two driving cycles, that is, the USA
Urban Dynamometer Driving Schedule (UDDS) and the
New European Driving Cycle (NEDC). Simulation results
and comparisons between the batteries only power system
and the HESS system for UDDS driving cycle are shown in
Figures 15–21.
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The charging and discharging currents of battery system
are compared in Figure 16. Since the supercapacitor pack can
absorb the regenerative braking energy quickly and supply a
burst current demand, thus the impact of big charging and
discharging current on the battery pack is avoided. It can
be observed that the current of battery system for the HESS
is mainly maintained in range from −20A to 20A, which
means that depth of discharge (DOD) of the battery pack
is less than 0.33 C, which is beneficial to extending battery
lifetime because the number of cycles to failure increases
exponentially as DOD decreases.

Figure 13: Hardware power system.

The evolutions of the battery voltage are compared in
Figure 17. It can be obviously observed that large voltage
drop of the HESS can be avoided compared to that of the
battery only system; namely, a good voltage stabilization
performance can be guaranteed for the battery system. It can
be seen that the battery voltage of the HESS is maintained
within the range from 279V to 287V, and the corresponding
voltage difference is 8V. For the battery pack with 72 series
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Figure 14: Software control system.
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of battery cells, a maximum 0.11 V voltage drop compared
with a maximum 0.28V voltage drop for battery only system
is roughly estimated. Therefore, it is obvious that the battery
system is operated in much smaller voltage fluctuation range
and the potential battery cell balancing problem can be
avoided to prevent individual cell voltages drift from time to
time, which leads to rapid decreases of the total pack capacity,
or even complete system failure.

The comparison of the battery SOC is shown in Figure 18.
Since the supercapacitor pack absorbs the braking energy
actively and efficiently and affords the additional peak power
to meet the vehicle driving power requirement, the SOC of
the battery pack is smoothed, which can be better found in
Figure 25. By comparison, the benefit to electric vehicle range
extension seems to be limited. This is because more braking
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Figure 19: DC/DC converter control command.

0 200 400 600 800 1000 1200 1400
−80

−60

−40

−20

0

20

40

60

80

100

Time (s)

Su
pe

rc
ap

ac
ito

r c
ur

re
nt

 (A
)

Figure 20: Supercapacitor current.
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Figure 21: Supercapacitor SOC.

Table 2: Parameters of the battery pack.

Items Specifications
Nominal voltage 280V
Nominal capacity 60Ah
Number of cells 74
Maximum continuous power 30 kW/13 s
Pack mass 280 kg ± 5%
Maximum charging temperature +45∘C
Minimum charging temperature 0∘C
Maximum discharging temperature +40∘C
Minimum discharging temperature −20∘C
Maximum storage temperature +45∘C
Minimum storage temperature −20∘C
Lifetime 25∘C, ≥1500 times
Communication type CAN2.0B, J1939
Charging time 1.5 hours
Initial 50V module resistance 20mΩ
Shock SAE J2464

Table 3: Parameters of the DC/DC converter.

Items Specifications
Boost voltage 200–400V
Buck voltage 120–240V
Rated power 15 kW
Maximum buck current 125A
Maximum boost current 75A
Maximum operating temperature +60∘C
Minimum operating temperature −20∘C
Maximum storage temperature +70∘C
Minimum storage temperature −30∘C
Communication type CAN2.0B, J1939
Ripple coefficient ≤1%

energy is absorbed by battery only system. These operations
obviously decrease system efficiency and battery lifetime.

The current of the supercapacitor pack is described in
Figure 20. Because of the fast dynamics and high system
efficiency characteristic of the supercapacitor pack, the high
frequency and peak current requirements are distributed to
the supercapacitor pack.This can thus protect battery system
from the high dynamics in the loads and increase the battery
pack lifetime and system efficiency.

The SOC of the supercapacitor pack is described in
Figure 21. It can be obviously observed that the developed
control strategy can successfully maintain supercapacitor
SOCwithin suitable variation range and achieve its final value
(60% is designed as the final value). Consequently, the battery
pack’s working condition can be greatly optimized benefiting
from the more frequent and effective participation of the
supercapacitor in the load share operation. Besides, electric
vehicle can be ensured to start a new cycle even if large loads
are required given that the supercapacitor pack has enough
energy and space to satisfy loads.
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Figure 22: NEDC driving cycles.
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Figure 23: Comparison of the battery current curves.

Similar simulation was also carried out for the NEDC
driving cycle, as shown in Figures 22–28. Again, in this case,
the advantages of the proposed energy management control
strategy proved to be effective in achieving battery lifetime
and system efficiency.

5.2. Efficiency Analysis of the Hybrid System. In this subsec-
tion, the energy loss is analyzed to evaluate the effectiveness
of the DC/DC converter used in the HESS. Since the energy
efficiency has a big relevance with the resistances of the
battery and supercapacitor packs and the efficiency of the
DC/DC converter, thus the resistance test for the battery
and supercapacitor packs and the efficiency of the DC/DC
converter test are firstly carried out.The results are plotted in
Figures 29–31.

The energy loss comparisons of two semiactive topolog-
ical structures described in Figures 3 and 4 and battery only
system for UDDS driving cycle are shown in Figure 32. It can
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Figure 24: Comparison of the battery voltage curves.
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Figure 25: Comparison of the battery SOC curves.

be observed that the energy loss of the semiactive topological
structures described in Figure 4 is about 400 kJ, and the
energy loss in the semiactive topological structures described
in Figure 3 is about 250 kJ. Therefore, the energy efficiency
of the semiactive topological structures described in Figure 3
is higher than that of the semiactive topological structures
described in Figure 4.This is because the supercapacitor pack
is adjusted by theDC/DC converter to satisfy the load current
frequently, consequently resulting in more energy loss from
the DC/DC converter. Therefore, the increased range largely
depends on the energy efficiency of the DC/DC converter.
To clarify the issue for future DC/DC converter development
in the HESS, the energy losses of the components in two
semiactive topological structures are described in Figures 33
and 34. It can be observed that the energy loss of the HESS is
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Figure 26: DC/DC converter control command.
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Figure 27: Supercapacitor current.
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Figure 28: Supercapacitor SOC.
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Figure 30: Charging/discharging internal resistances of the super-
capacitor pack.

mainly from the energy loss of theDC/DC converter. Besides,
the energy loss of the battery only system is higher than
the total energy loss of the battery and supercapacitor pack
in the HESS; it is thus suggested that the efficiency of the
DC/DC converter needs to be increased to one certain limit
value, which can effectively compensate for the energy loss
difference between the HESS and the battery only system.
Similar results can be found in Figures 35–37. According to
the experiment results and theoretical analysis, based on the
developed energy management strategy and the semiactive
topological structure described in Figure 3, the DC/DC
converter at least has 97% conversion efficiency to make the
HESS energy effective compared to the battery only system.
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Figure 32: Energy loss comparisons of two semiactive topological
structures and battery only system for UDDS driving cycle.

5.3. Cost Analysis of the Hybrid System. In this section, the
cost model of hybrid system is established.Themodel mainly
consists of battery life cost and system electricity cost.

The battery life model is developed in order to analyze the
impact of terrain inaccuracy on battery life. Since supercapac-
itor has much longer life cycle compared to that of battery, it
is assumed that the supercapacitor has no degradation during
the battery lifetime. The model on battery capacity dynamic
degradation adopted in this research is a semiempirical life
model [33]. The model includes four parameters, namely,
time, temperature, depth of charge, and discharge rate. The
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Figure 33: Energy loss of the semiactive topological structure
described in Figure 4 for UDDS driving cycle.
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Figure 34: Energy loss of the semiactive topological structure
described in Figure 3 for UDDS driving cycle.

variations of these parameters will influence battery lifetime
directly. The formula of battery life model is given by

𝑄loss = 𝐵 ⋅ 𝑒
−((𝐸
𝑎
+𝐵⋅𝐶rate)/(𝑅⋅𝑇bat)) (𝐴

ℎ
)
𝑧
, (12)

where 𝑄loss is the battery capacity loss which ranges from 0
to 1. 𝐵 is the preexponential factor, 𝐸

𝑎
is the activation energy

(Jmol−1),𝑅 is the gas constant (J (mol−1 k)−1),𝑇 is the battery
absolute temperature (K), 𝐴

ℎ
is the Ah-throughput, which is

expressed as 𝐴
ℎ
, 𝑧 is the power law factor, 𝐶rate is the battery

discharge rate, and 𝐵 is the compensation factor of 𝐶rate. The
original formula is developed based on LiFePO

4
battery test

results. For the consideration battery studied in this paper,
a correction coefficient can be considered to predict battery
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Figure 35: Energy loss comparisons of two semiactive topological
structures and battery only system for NEDC driving cycle.
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Figure 36: Energy loss of the semiactive topological structure
described in Figure 4 for NEDC driving cycle.

lifetime more accurately. Then the formula can be rewritten
as

𝑄loss = 𝛽 ⋅ 𝐵 ⋅ 𝑒
−((𝐸
𝑎
+𝐵⋅𝐶rate)/(𝑅⋅𝑇bat)) (𝐴

ℎ
)
𝑧
, (13)

where 𝛽 is the correction coefficient: 𝛽 = 1.7 × 10−4. Other
parameters used in this formula are listed in Table 4.The Ah-
throughput 𝐴

ℎ
is defined as

𝐴
ℎ
=

1

3600
∫

𝑡
𝑓

𝑡
0

𝐼bat
 𝑑𝑡, (14)

where 𝑡
0
is the initial time of a driving cycle and 𝑡

𝑓
is the final

time of a driving cycle.
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Figure 37: Energy loss of the semiactive topological structure
described in Figure 3 for NEDC driving cycle.

Table 4: Parameters of battery life model.

Item Value
𝐵 30330
𝐸
𝑎

31700
𝑅 8.314
𝐵 370.3
𝑧 0.55

The problem of the battery life is formulated as battery
life cost. The cost of energy storage system is assumed to be
1600USD/kWh for the battery system and 15000USD/kWh
for the supercapacitor. The electricity cost is assumed to
be 0.1 USD/kWh according to the report of the US Energy
Information Administration. Since it is assumed that the
supercapacitor has no degradation during battery lifetime,
only battery degradation cost is considered in two hybrid
energy storage systems with semiactive topology. In general,
battery can hardly be used when its capacity is reduced to
80% of its initial value. Therefore, the cost description of the
battery life and the electricity can be given by

Costbat,loss (𝑡)

= 24.768

× ∫

𝑡

0

𝐼bat


3600
𝑑𝑡 exp−(

31700 − 370.3𝐶rate
8.314𝑇bat

) ,

Costele (𝑡) =
0.1

3600
∫

𝑇

0

[𝑃SC (𝑡) + 𝑃bat (𝑡)] .

(15)

Note that the electricity cost can be influenced by the
resistance losses for both battery and supercapacitor and
efficiency loss for the DC/DC converter. In this work, the
resistances of battery and supercapacitor and the efficiency
of DC converter are simplified as a fixed value. Thus the total
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Figure 38: Comparison of the battery life cost based on UDDS
driving cycle.

cost comprising battery life and electricity cost can be written
as

Cost (𝑡) = Costlife (𝑡) + Costele (𝑡) . (16)

The comparison results of the battery life cost and the sys-
tem electricity cost based on UDDS driving cycle and NEDC
driving cycle are given in Figures 38–41. From Figure 38,
it has been demonstrated clearly that hybrid system has an
absolute advantage in improving battery life compared with
the battery only system.However, the systemelectricity cost is
increased because of the energy loss of the supercapacitor and
the DC/DC converter. By comparison, the battery life cost is
obviously higher than the systemelectricity cost.Therefore, to
pursue themaximumbenefit of the hybrid system, the battery
life cost should be considered as the main factor in the total
cost. In the future, when the battery is very cheap, the system
electricity cost may be dominant in the total cost. By then,
an appropriate balance between the battery life cost and the
system electricity cost need be considered. From Figures 40
and 41, similar conclusions can be obtained.

6. Conclusion

In this paper, a rule based energy management system is
developed for the battery and supercapacitor HESS. The
objective of the proposed system is to focus on exploiting the
supercapacitor characteristics and on increasing the battery
lifetime and system efficiency. Two controllers of the DC/DC
converter are designed and integrated to achieve this purpose.
Firstly, a current controller is designed to realize load current
distribution between battery and supercapacitor. Then a
voltage controller is designed to ensure the supercapacitor
SOC fluctuate within a preset reasonable variation range.

Experiment results have shown that the system enables
the battery to share the low frequency load current, which
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Figure 39: Comparison of the electricity cost based on UDDS
driving cycle.
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Figure 40: Comparison of the battery life cost based on NEDC
driving cycle.

would be very helpful to increase battery lifetime. Corre-
spondingly, the high frequency load current is distributed
to the supercapacitor pack. Efficiency analysis has revealed
that the semiactive topological structure described in Figure 3
has a higher energy efficiency compared with the semiactive
topological structure described in Figure 4. The increased
range depends on the energy efficiency of the DC/DC
converter largely. Besides, the DC/DC converter at least has
97% conversion efficiency to make the HESS energy effective
compared to the battery only system. The preliminary cost
analysis of hybrid system has demonstrated that hybrid
system can increase battery lifetime obviously comparedwith
battery only system. At the same time, the analysis also
highlights that an appropriate balance between the battery life
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Figure 41: Comparison of the electricity cost based on NEDC
driving cycle.

cost and the system electricity cost is necessary to pursue the
maximum benefit of the hybrid system in the future.
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