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Abstract—Thermal analysis and management of batteries have
been an important research issue for battery-operated systems
such as electric vehicles and mobile devices. Nowadays, battery
packs are designed considering heat dissipation, and external
cooling devices such as a cooling fan are also widely used to
enforce the reliability and extend the lifetime of a battery. This
type of approaches that target the enhancement of the cooling
efficiency via the reduction of the thermal resistance cannot
achieve an immediate temperature drop to avoid a thermal
emergency situation. Approaches based on removing the heat
from the heat sources via idle period insertion (similar to what
is done for silicon devices) would allow faster thermal response;
however it is not obvious how to implement these schemes in the
context of batteries.

In this paper, we propose the use of a simple parallel battery-
supercapacitor hybrid architecture with a dual-mode discharging
strategy that can provide immediate temperature management,
in which the supercapacitor is used as an energy buffer during
the idle periods of the battery. Simulation results shows that the
proposed method can keep the battery temperature within the
safe range without external cooling devices while exploiting the
advantage of the battery-supercapacitor parallel connection.

I. INTRODUCTION

Batteries are the most important energy source for the
modern off-the-grid electric or electronic systems and their
use is continuosly increasing due to the need of energy storage
elements required by new application domains such as renew-
able energy systems and electric vehicles. The lifetime and
the efficiency of a battery is largely affected by its operating
temperature; the state-of-health (SOH)1 of the battery exposed
to high temperature is seriously degraded. As an example, it
is reported that the SOH of battery in the electric vehicles in
a desert is 12% less than the vehicles in temperate climate
regions after 10 years [1]. The battery generally needs to be
cooled down during discharging period, and also, sometimes,
to be heated for the discharging efficiency in a cold condition.

Moreover, batteries are exposed to danger of thermal run-
away where themselves also generate the heat during discharg-
ing process. Thermal runaway happens when an uncontrolled
positive feedback loop is formed between the heat generation
and temperature, which is often leading to a destructive
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discharge cycles

result. Thermal runaway of lithium-ion batteries have been
reported in cellphones and laptop computers occasionally. The
basic solution is to use less reactive electrode materials and
non-flammable electrolytes, but it is clear that the operating
condition also should be maintained properly.

In general, we can have two categories of active thermal
management methods: thermal resistance2control and heat-
source control [2]. The first category attempt at improving how
the heat is removed. For instance, modern microprocessors can
be cooled down by using a heat sink and forced-convection
cooling devices such as an electric fan or a coolant pump. The
fan or pump enhance the heat-transfer efficiency (i.e., reduce
the thermal resistance) by increasing the amount of coolant
fluid through the heat-exchange channel.

A problem with these approaches is that the cooling device
used for the forced convection also consumes substantial
amount of power; for instance, in the case of fans, their power
consumption is proportional to the cubic of fluid velocity [3].
Another critical limit of the thermal resistance control is that
it cannot respond to a sudden temperature drop to avoid a
thermal emergency unless it can suddenly change the thermal
resistance in a thermal equilibrium. Heat source control meth-
ods, conversely, act directly on the generation of heat rather
than just removing it; this is typically done by inserting idle
periods during system operations. While this is quite standard
for digital components, it is apparently not obvious how it
could be implemented for energy storage devices.

As a matter of fact, batteries have no equivalent of the
power/performance states of digital devices; moreover supply
of energy cannot be simply suspended as done for computa-
tion: when a battery is disconnected, the system will be shut-
down. To avoid this, we need an energy buffer that powers
the system while idle periods are inserted into the battery
discharging profile. Such energy buffer could be a redundant
battery, but this is not a very practical solution in terms of
cost and form factor. Furthermore, the redundant battery will
undergo the same thermal problem.

The ideal storage buffer should have the following charac-
teristics: i) have large enough energy capacity to cover the
idle period, ii) have much lower internal resistance than the
battery (less ohmic heat-generation, thus not subject to thermal
problems), and iii) allow high number of charge/discharge

2The reciprocal of thermal conductance.



cycles (higher than batteries) in order to make the frequent
charging-discharging operation possible.

The most suitable candidate for the energy buffer device sat-
isfying that requirements is an electric double-layer capacitors,
or simply supercapacitors, the supercapacitors have extremely
low internal resistance and virtually unlimited cycle number
compared to the battery [4], and have been widely adopted
into various hybrid energy storage systems. Even the simplest
hybrid architecture - a parallel connection - have been reported
to have significant advantage in terms of cycle efficiency.

In this paper, we propose a smart way of using the superca-
pacitor in the battery-supercapacitor parallel connection. The
proposed dual-mode battery-supercapacitor hybrid architecture
enables immediate temperature control of the batteries while
exploiting the advantage of the parallel connection. We show
the feasibility of the proposed hybrid architecture and present
a control policy to properly configure what storage device is
connected to the load and when, depending on temperature
and the respective state of charge (SOC) of the storage devices
with a realistic load condition on a electric vehicle.

II. RELATED WORK

Thermal analysis and management of batteries have been
an important research issue for electric vehicles. An effect of
temperature on SOH degradation in the electric vehicles was
analyzed in [5]. A simulation model to evaluate the effect
of thermal management on battery life was presented in [6].
Battery pack designs was also investigated in terms of electro-
chemistry and fluid dynamics in [7]. A pre-heating method
as well as a cooling method for the battery in cold climate
was introduced in [8]. The requirement for the battery cooling
method considering a climate condition was presented in [1].

Supercapacitors are gaining more attention as an electrical
energy storage element in various applications thanks to its
high cycle efficiency and long lifetime properties. Several
battery-supercapacitor hybrid architectures for the hybrid en-
ergy systems have been proposed in the literature. A bidirec-
tional converter based approach was introduced for equipped
with electric vehicles regenerative braking [9]. An analysis
of the hybrid system considering operating conditions and
supercapacitor configuration was performed in [10].

The most basic, yet effective, hybrid architecture is a su-
percapacitor and a battery in parallel. It supports a higher rate
of discharging power thanks to the high power density of the
supercapacitor, and thus, enhances the discharging efficiency
under load fluctuations [11]: the supercapacitor behaves in
fact as a filter that relieves peak stresses on the battery. The
supercapacitor also serves a thermal management function by
reducing the current-induced heat generation at the internal
resistance of the batteries, though this is just a side effect.
To the best of our knowledge, there have been no attempt to
use the hybrid architecture in terms of thermal management
so far. The supercapacitors have been only used to enhance
the power capacity and cycle efficiency as a power buffer or
a load fluctuation filter.

III. BATTERY MODEL

A. Thermal model
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Pb2a Ta
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(a) Thermal circuit 
model for unit cell

(b) Thermal RC network model 
for battery pack

Fig. 1. (a) Lumpled RC-thermal circuit model for unit cell and (b) Thermal
RC network model for battery pack.

1) Unit cell model: Figure 1 (a) shows a thermal RC-
model used for an unit battery cell in this work. We adopt
the heat generation model from [12], which provides rea-
sonable approximation as a function of temperature and
charging/discharging current. Heating of a Li-ion battery is
calculated from the ohmic power dissipation and the entropy
change. The battery current incurs IR drop power losses due
to the internal resistance of the batteries, which should be
dissipated in the form of heat. At the same time, the charging
and discharging of the Li-ion batteries incur entropy change-
induced heat. The heat from the battery, Pbat , is given by:

Pbat = Ibat(Eoc−Vbat +Tbat
dEoc

dTbat
), (1)

where Ibat , Eoc, Vbat , and Tbat are battery discharging current,
open-circuit potential of battery, terminal voltage, and temper-
ature of the battery, respectively. Note that dEoc

dTbat
represents the

entropy related part, which varies with the battery materials.
The heat generated in the battery flows to the ambient

through the thermal resistance, which is determined by the
effective surface area and material characteristics. The tem-
perature changes according to the potential of the thermal
capacity that is determined by the mass of the battery. We
consider the battery as a lumped mass (Figure 1-(a)), with
uniform temperature distribution inside and heat flow only at
the surface of mass. This simplifcation is acceptable given the
small temperature gradient and the small size of the example
battery used in this work, that is the Sony US-18650 [13].

Pbat increases the temperature of the battery mass or is
transferred to the ambient air, which is given as the lumped
RC-thermal circuit model:

Pbat =Cbat
dTbat

dt
+

Tbat −Tamb

Rb2a
, (2)

where Tbat , Tamb, Cbat , and Rb2a represent battery temperature,
ambient temperature, thermal capacity of the battery, and ther-
mal resistance between battery and ambient air, respectively.
Cbat is defined as follows.

Cbat = ρcVcCp,c +ρaVaCp,a +ρsVsCp,s, (3)

where ρ{c,a,s}, V{c,a,s}, and Cp,{c,a,s} represent density, volume,
and specific heat capacity of cathode, anode, and separator,
respectively. Thermal resistance Rb2a is calculated from a heat-
transfer coefficient, h, and the surface area, As (Rb2a = 1/(h ·
As)). We use physical and chemical parameters for the Sony
US-18650 Li-ion battery reported in [14] (Table I).
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Fig. 2. (a) Li-ion battery circuit model and (b) internal resistance vs. SOC.

2) Battery pack thermal model: In practice, the battery
cells are organized in series and parallel connection (a battery
pack) to meet the power and energy requirement of the load
applications. We built a thermal RC network model based on
the unit lumped circuit model, which is widely used to analyze
the thermal behavior of the system with laterally connected
multiple heat sources [15]. We consider the lateral dependency
among the cell by putting the thermal resistances in three
dimensional manner as illustrated in Figure 1(b). Note that
we do not consider the air flow through the pack, and the
thermal resistances for each direction are obtained from Rb2a
according to the surface area portion of each direction.

B. Electrical model

In order to obtain Eoc and Vbat , we need an electrical circuit
equivalent model of the battery. To accurately estimate the
battery temperature, we should use a SOC-related potential
and impedance model. An equivalent circuit model considering
Eoc and equivalent resistance, ESRbat , as a function of the SoC
value, SOC, is introduced in [16] as shown in Figure 2.

Note that we use the equivalent resistance of internal
impedance, Z(SOC), to calculate the ohmic heat generation
in the battery. Eoc and ESRbat are given by the following non-
linear equations:

Eoc =b11eb12CSOC +b13SOC4 +b14SOC3+ (4)

b15SOC2 +b16SOC+b17,

ESRbat =b21eb22SOC +b23, (5)

where bi j are empirically-extracted regression coefficients. We
extract the bi j from the datasheet of the Sony US-18650 Li-
ion battery [17] according to the extraction method presented
in [18].

C. Temperature-induced capacity fade of Li-ion battery

A capacity fade (SOH degradation) phenomena is widely
reported for various kind of batteries [19]. The capacity fade
of Li-ion batteries is often modeled by an Arrhenius type of
equation as a function of discharging current, temperature, and
the number of cycles [20]. We use the capacity fade during
cycling to evaluate the temperature management method in
this paper. The capacity fade during cycling is presented as an
integration of the following function over time.

Qloss = A · e−B/(RT ) · Ibat
C (6)

where R and T are the ideal gas constant and temperature of
battery. The coefficient A, B, and C are obtained by regression

TABLE I
PARAMETERS FOR THE BATTERY MODELS.

Thermal model
Parameter Value Parameter Value

ρc 1.622 g/cm3 Vc 5.61 cm3

ρa 3.115 g/cm3 Va 4.88 cm3

ρs 0.946 g/cm3 Vs 1.35 cm3

Cp,c 0.623 J/g/K Cp,a 0.601 J/g/K
Cp,s 1.925 J/g/K h 35 W/m2/K
As 4.18×10−3 m2 dEoc

dTbat
0.00022

Electrical model
Parameter Value Parameter Value

b11 -0.2653 b12 -61.6492
b13 -2.0398 b14 5.2765
b15 -4.1733 b16 1.6544
b17 3.3564 b21 0.0435
b22 -14.2753 b23 0.1537

Capacity fade model
Parameter Value Parameter Value

R 8.3144621 A 1.1443×106

B 4.257×104 C 0.55

analysis of a manufacturer’s data. The parameters for the
models are summarized in Table I.

IV. DUAL-MODE OPERATION OF SUPERCAPACITOR
HYBRID ARCHITECTURE

A. Dual-mode architecture

We propose a dual-mode supercapacitor hybrid architecture
to enhance the advantage of the parallel connection in terms of
the thermal management. The Li-ion batteries should equips
protection circuit to keep them from over-charging or over-
discharging. These protection circuits are basically set of
switches and bypassing resistors to steering the current [21].
The supercapacitors also usually equip switch-included circuit
for cell balancing or overvoltage protection [22]. We will
utilize these switches to change the connections between the
battery and supercapacitor.

The proposed architecture can be operated in dual-mode:
Parallel mode and switching mode. The basic idea is to
connect the supercapacitor in parallel for efficiency in ordinary
state, and use it as a temporal energy buffer to insert an idle
period of the batteries when a thermal problem is expected.
Figure 3 shows the proposed hybrid architecture. The battery
and supercapacitor can be connected in parallel, or connected
to the power converter separately by controlling the switches.

The parallel mode operation is the same as the conventional
parallel connection battery-supercapacitor. In the switching
mode, the supercapcitor and battery is separately connected
to the power converter, and during the battery idle periods,
the supercapacitor temporarily supplies power to the converter.

Battery

������
�����	
�	

LoadSuper-
capacitor

Thermal 
management

Temperature

SW1

SW2

Switch control

Fig. 3. Proposed dual-mode battery-supercapacitor hybrid architecture for
temperature management.
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Fig. 4. Control policy of the proposed dual-mode hybrid architecture.

As a result, the battery is immediately cooled down without
internal heat generation. Note that the thermal contribution of
the supercapacitors is ignored in the experiment where the
internal resistance of the supercapacitor is hundreds of times
smaller than that of batteries [23].

B. Control policy
Figure 4 shows the state diagram of the controller that

regulates the transition between the modes. At first, the battery
and supercapacitor are connected in parallel and charged up to
the same voltage in the parallel mode. Note that the charging
process of the battery is a virtually completely controlled
process compared to the discharging process. In this sense,
we are focusing on the discharging process, and assume that
the battery and supercapacitor are given in charged state to the
same voltage.

The specific operation modes are described as transitions in
Figure 4 1© – 7©. The system normally operates in parallel
mode (leftmost state in Fig. 4). The battery switch (SW1) and
supercapacitor switch (SW2) are connected. once Tbat becomes
greater or equal to the emergency temperature Tem, then the
battery is disconnected and the operating mode is change
to the switching mode ( 1©). SW1 is disconnected and SW2
is connected during an idle period, which is derived from
pre-determined power gate switching frequency, fsw. After
the thermal idle period, the battery is re-connected and the
supercapacitor is disconnected during the same period ( 2©).
If Tbat is still higher than Tem and the supercapacitor energy
(Esc) is enough for the required energy of next thermal idle
period, then another idle period is inserted ( 3©). Otherwise,
the controller goes to the fail state and the both of switches
are disconnected ( 7©).

If Tbat drops lower than Tem, then the battery and superca-
pacitor are connected and the supercapacitor is re-charged to
switch back to parallel mode ( 4©). The battery current, Ibat ,
is limited by switching of SW2 lower than the pre-determined
maximum current Ibat,max ( 5©). The operating mode is changed
again to the parallel mode when the supercapacitor is charged
up to the same voltage of the battery ( 6©).

V. CASE STUDY: HYBRID SYSTEM DESIGN AND
OPTIMIZATION FOR ELECTRIC VEHICLES

A. Electric vehicle specification and driving profile
We perform the design space exploration of the proposed

architecture with a standard driving schedule of the vehicles:
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Fig. 5. Estimated battery cycle efficiency and average temperature with
different sizes of supercapacitor in parallel for US06 driving profile.

EPA US06 test procedure [24]. The power profile of the
electric vehicles with the driving schedule is obtained from
a vehicle simulator named ADVISOR, which provides whole
vehicle-level simulation with the standard test driving sched-
ules [25]. We use the default configuration of electric vehicle
(ev_default_in) provided in ADVISOR.

The battery pack in the target vehicle has 12 V output
voltage and 25 kW power capacity. We uses 60×20×3 battery
pack with the Sony US-18650 battery as an unit battery to
meet the capacity and voltage. We consider the lateral thermal
dependency among the cells in the battery pack with the model
presented in Section III-A2. The temperature is calculated by
the SPICE simulation of RC-thermal circuit. Note that the
target vehicle model does not provide regenerative braking.

B. Design space exploration of hybrid setup

1) Size of supercapacitor: The capacity of energy buffer
is determined by the size of the supercapacitor and the input
range of the power converter. We can utilize the energy in
the supercapapcitor as long as the terminal voltage of the
supercapacitor remains within the input range of the DC-DC
converter. It is generally expected that large supercapacitor
boosts the power capacity of the hybrid system and reduces the
load fluctuation more effectively. However, we cannot increase
the size of supercapacitor as we want where the volumetric
energy density and cost of supercapacitor limit the size of
supercapacitor in the hybrid system. As a result, the energy
portion of the supercapacitor in the battery-supercapacitor hy-
brid system is typically just few percent of battery energy [26].

Figure 5 shows the estimation result of battery cycle ef-
ficiency (charging-discharging) and peak temperature, Tpeak,
with different size of supercapacitor (Cscap) in parallel. Tpeak
is defined as the highest temperature among the cells in a
pack, which is used for the controller input. We use the
target load profile and battery pack specification introduced
in Section V-A for the evaluation. As Cscap increasing, the
relative effect on temperature is decreasing. The cycle ef-
ficiency keeps increasing at the same time, but there is a
knee point in the efficiency curve. We will explore the hybrid
setups that have capacitance value around the efficiency knee
point (5000 F to 25000 F) in the experiment, which can be
regarded as a reasonable range (0.4% to 2% of the battery
energy). Note that we optimize the size of supercapacitor in the
parallel connection in terms of efficiency, and then try to use
the supercapacitor for thermal management where a parallel
connection is widely adopted architecture. In this paper, we
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focus on the advanced operating policy of existing parallel
connection architecture to utilized the supercapacitors for the
thermal management.

2) Power source switching frequency: Concerning idle pe-
riod insertion, we can leverage some results from the model
and literature.

Observation 1: The heat generation model presented in
(1) is convex with respect to the current where the heat is
proportional to the square of the current. In terms of the heat
generation, we should prefer less fluctuated current profile.
Therefore, it is better to use a higher switching frequency that
can be filtered by impedance to reduce the fluctuation where
the impedance of the battery acts like a low-pass filter.

Observation 2: The switching of the power gates incurs
extra power consumption being proportional to the switch-
ing frequency, which is given by Psw = CgV 2

gs fsw/2 where
Cg, VDD, and fsw represent effective gate capacitance, gate
driving voltage, and the switching frequency of the switch,
respectively [4].

The observations 1 and 2 present a tradeoff between the
ohmic heat and switching power loss related to fsw. We
optimize the switching frequency based on the analysis of
the battery heat and switching power loss. We use a typical
model of the battery impedance, Zbat , as a set of RC elements
as shown in Fig. 6 [27]. It is reported that target battery
has a value of 110 mΩ, 40 mΩ, and 4 F for R1, R2,
and C on average during 1 C discharging, respectively. The
parameters of SiR422DP N-channel MOSFET switch are used
to calculated the switching power loss Psw [28]. We use 2C
amplitude, 50% duty pulsed discharge as a pulsed load, and
from 0.1 Hz to 100 Hz switching frequencies are applied.

The estimated power loss in the battery internal resistance
and switching power loss are presented in Figure 7. As
illustrated in Figure 7 (b), 8 Hz is the lowest frequency that has
no additional effect on Pbat (heat generated from the battery).
The switching power loss with 8 Hz switching frequency is
about 0.26 µW, which is a negligible value compared to the
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TABLE II
DISCHARGING TIME OF THE PARALLEL CONNECTION AND THE

DUAL-MODE OPERATION WITH DIFFERENT TemAND Cscap .

Tem Simulation Cscap (F)
(°C) results 5000 10000 15000 20000 25000

64
t parl
dchg (s) 2702 2725 2982 2982 2983

tdual
dchg (s) 2702 2725 2982 2982 2983

Extension (%) - - - - -

62
t parl
dchg (s) 2702 2725 2732 2735 2739

tdual
dchg (s) 2702 2725 2982 2982 2983

Extension (%) - - 9.1 9.0 8.9

60
t parl
dchg (s) 2131 2134 2201 2724 2726

tdual
dchg (s) 2136 2735 2982 2982 2983

Extension (%) 0.2 28.2 35.5 9.5 9.4

58
t parl
dchg (s) 2120 2123 2125 2126 2132

tdual
dchg (s) 2125 2705 2784 2982 2983

Extension (%) 0.2 27.4 31.0 40.3 39.9

56
t parl
dchg (s) 1534 1584 1617 2103 2120

tdual
dchg (s) 1607 2124 2722 2983 2983

Extension (%) 4.4 34.1 68.4 41.8 40.7

total amount of battery power (≈ 4.2V×1.6A = 6.4W). We
use 8 Hz as fsw in the experiment based on this result. Note
that the IR loss in the switches is relatively huge compared to
the swatching loss, but it is the same as the loss due to the
protection circuits. We do not consider IR loss as overhead
where it is not newly introduced by the proposed method.

C. Experimental result
Table II summarizes the discharging time of the parallel con-

nection (t parl
dchg) and dual-mode operation (tdual

dchg) with different
Tem and Cscap. We use 5000 F to 25000 F of supercapacitor
and 8 Hz fsw according to Section V-B. It shows stepwise
aspect due to the periodic characteristics of the load profile.
In general, the larger Cscap extends the longer discharging time
even with the lower Tem. With high enough Tem (64°C), the
parallel connection shows the same performance with the dual-
mode operation. However, the proposed dual-mode operation
significantly extends the discharging time for lower Tem (up to
68.4% with 56 °C as Tem).

Fig. 8 shows the temperature and current profile of the
conventional parallel connection and proposed dual-mode op-
eration when Tem is with 56 °Cand Cscap is 20000 F. T parl

peak
and T dual

peak represent the highest temperature in the battery pack
with the parallel connection and dual-mode operation. tdual

dchg is
41.8% longer than t parl

dchg, where T parl
peak meets Tem at 2103 s, and

T dual
peak meets Tem at 2983 s, respectively. Before 2103 s, both

of profiles are the same.
T parl

peak presented in Fig. 8 1© shows what will happen when
we discharge the battery in the parallel connection after the
thermal emergency. T parl

peak keeps rising up to 62.9 °C while
T dual

peak is maintained under 56 °C (Fig. 8 2©) by the idle periods
inserted in Fig. 8 3©. If we continue to discharge the battery
in the parallel connection, it results in extra capacity fade
compared to the dual-mode even for the same discharging
time. The estimated capacity fade of the dual-mode operation
is 14.88% less than that of the parallel connection by (6).
Table III shows the estimated capacity fade reduction when
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Fig. 8. Current and temperature profile of the battery pack with US06 driving
schedule thermal idle period-inserted battery-supercapacitor hybrid.

we discharge the parallel connection and dual-mode for the
same time (tdual

dchg) in Table II. The maximum difference of T parl
peak

and T dual
peak is up to 6.9°C, and the proposed method reduces

the capacity fade up 14.88% by maintaining the temperature
under Tem.

VI. CONCLUSION

In terms of the efficiency and reliability, the battery-
supercapacitor hybrid system has significant advantages. The
supercapacitors have been used as a power buffer or a load
fluctuation filter for the efficiency so far. On the other hand,
we can also use the supercapacitors in the hybrid systems as an
energy buffer to insert the thermal idle periods. In this paper,
we propose a dual-mode hybrid architecture for the battery
and supercapacitor, which can make immediate temperature

TABLE III
PEAK TEMPERATURE OF THE PARALLEL CONNECTION AND THE
DUAL-MODE OPERATION WITH THE SAME DISCHARGING TIME.

Tem Simulation Cscap (F)
(°C) results 5000 10000 15000 20000 25000

64
T parl

peak (°C) 61.6 61.5 63.5 62.9 62.5
T dual

peak (°C) 61.6 61.5 63.5 62.9 62.5
Qloss reduction (%) - - - - -

62
T parl

peak (°C) 61.6 61.4 63.5 62.9 62.5
T dual

peak (°C) 61.6 61.4 62.0 62.0 62.0
Qloss reduction (%) - - 2.15 1.4 0.74

60
T parl

peak (°C) 60.9 61.4 63.5 62.9 62.5
T dual

peak (°C) 60.0 60.0 60.0 60.0 60.0
Qloss reduction (%) 1.24 2.44 5.53 4.28 3.64

58
T parl

peak (°C) 59.2 61.0 63.2 62.9 62.5
T dual

peak (°C) 58.0 58.0 58.0 58.0 58.0
Qloss reduction (%) 1.50 6.81 9.21 9.65 8.55

56
T parl

peak (°C) 56.6 58.4 60.5 62.9 62.5
T dual

peak (°C) 56.0 56.0 56.0 56.0 56.0
Qloss reduction (%) 1.53 4.45 11.31 14.88 13.75

change of the battery while exploiting the advantage of the
conventional battery-supercapacitor parallel connection.

We propose a control policy for the proposed dual-mode
hybrid architecture based on the practical observations. We
design the system with the realistic operating condition of the
electric vehicles and present the feasibility of the proposed
method. The experimental result shows that the proposed dual-
mode hybrid architecture is able to maintain the temperature of
the battery within a pre-determined safe range with the benefit
of discharging time extension or capacity fade reduction.
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