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Abstract

For several years now, electric vehicles (EVs) have been expected to become widely available in
the micro-mobility field. However, the insufficiency of such vehicles’ battery-charging and dis-
charging performance has limited their practical use. A hybrid energy storage system, which
comprises a capacitor and battery, is a promising solution to this problem; however, to apply
model-based designs, which are indispensable to embedded systems, such as the electronic con-
trol units used in EVs, a simple and accurate capacitor model is required. Within this framework, a
lithium-ion capacitor (LIC) model is proposed, and its charging and discharging performances are
evaluated against an actual LIC. The model corresponds accurately to the actual LIC, and the re-
sults indicate that the proposed LIC model will work well when used with Model-Based Design
(MBD).
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1. Introduction

There are currently high expectations that the widespread use of electric vehicles (EVs) will help to reduce the
greenhouse effect and diversify energy sources. However, the insufficient driving range of EVs, their compara-
tively high price, and the necessity of frequent charging interfere with the proliferation of EVs in modern society.
Many engineers developing EVs insist that the only remaining problem to be solved is improvement of the bat-
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teries used in such vehicles. However, engineers developing EV batteries face severe difficulties in significantly
improving their performance.

This paper proposes use of a hybrid energy storage system (HESS), which comprises a capacitor and battery.
The utilization of supercapacitors for HESS has attracted the attention of many researchers [1]-[3]. A capacitor’s
charging time is very short; however, its discharging time is also short. Furthermore, the charging and discharg-
ing times of a battery are comparatively long. While the charging and discharging times of a capacitor are sever-
al minutes, those of a battery are several hours. These characteristics are caused by the differences in power
density per weight and energy density per weight between capacitors and batteries. Moreover, the frequent
charging and discharging (or “boost charging™) of a battery shortens its life, though such handling of capacitors
has no negative effect on their lifespan. Therefore, the hybridization of a capacitor and battery is a reasonable
solution to the problem of supplying efficient power sources to EVs. However, controlling HESS is very com-
plicated and requires a very careful design for the controller.

An efficient and conventional VV-model process of software development [4] comprises a deconstruction side
(“design™) and a rebuilding side (“verification™). Design is processed in a top-down manner, and verification is
executed in a bottom-up manner. Thus, the combination of these processes is represented by a “V” shape. The
model-based development process adds rapid loopbacks to the V-model process—namely, model in the loop
simulation (MILS), rapid control prototyping (RCP), and hardware in the loop simulation (HILS) [5]. Using
MILS, RCP, and HILS, an efficient design can be attained. In particular, MILS can be utilized as a rapid loop-
back to the MBD process to execute the functional design of HESS.

The MBD method is very efficient for designing embedded systems, such as complicated control systems
[6]-[9], and is indispensable for designing the electronic control units (ECUs) that are incorporated into the cur-
rent automobiles.

In this study, the modeling of a capacitor and its charging and discharging circuit is proposed to apply the
MBD method to the HESS design. Experiments show that the proposed modeling of the capacitor is sufficient
for applying the MBD method to the HESS design. Moreover, a circuit model that implements both constant
current and constant voltage [6] [10] is proposed, and its performance verified.

The configuration of this paper is as follows. In Section 2, the target EVs and a power supply system that in-
corporates the suggested HESS are shown. Section 3 describes the capacitor model and the model of its charging
and discharging circuit. To verify the suggested models, their behaviors are compared with measured results of
an actual LIC and circuit in Section 4. Finally, our conclusions are given in Section 5.

2. Electric Vehicles and the Power Supply System
2.1. Electric Vehicles

This paper’s target EVs are shown in Figure 1. The target EV in the left photo is a micro EV; that in the right
photo is a middle-sized EV bus with eight wheels. Currently, simple motor controllers, provided by the mo-
tor-development company and lithium-polymer batteries are installed. When completed, the HESS proposed in
this study will replace the current battery system.

2.2. Configuration of the Power Supply System

The power supply system, including the HESS proposed in this study, is shown in Figure 2. It is connected to
the motor controller and wireless power transfer system. HESS’s basic circuit is a bi-directional DC-DC con-
verter, and the circuit is controlled by a digital signal processor (DSP). HESS’s hardware has already been de-
veloped and is now being evaluated under actual driving schedules [8]. The HESS discussed in this study cor-
responds to the “Charging & Discharging Controller” shown in Figure 2. The modeling of an LIC in the capa-
citor array and of a charging and discharging circuit in the DC-DC converter (bi-directional) are described in
this paper.

3. Suggested LIC Model, Charger Model, and Discharger Model

In this section, the suggested LIC model and its corresponding charger and discharger models are described.
First, the specific charging modes for both LICs and lithium ion batteries (LIBs) are stated. Then, previous
models of supercapacitors (including LIC) are shown; finally, the suggested LIC model, and particularly, its
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Figure 1. Target electric vehicles.
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Figure 2. Configuration of the power supply system.
charging circuit model are explained.

3.1. Constant Current and Constant Voltage Charging Modes

When charging an array of LICs or LIBs, the constant current (CC) and constant voltage (CV) charging modes
are used [10]. The CC mode is useful for actually charging the array, and the CV mode is necessary for balanc-
ing the state-of-charges (SoCs) for each LIC or LIB. A model battery management system has already been re-
ported [3] [11], but no models have yet been reported that assume a CC and CV charging circuit.

3.2. Previous Supercapacitor Models

Some battery models have already been proposed for MBD applications in EVs [12]-[15]. As for capacitors, an
electric double-layer capacitor (EDLC) model has been reported [6] [16]. Moreover, a general supercapacitor
model for circuit simulation [17] and a behavioral model of supercapacitors [18] have been previously discussed.
Here the implementation of supercapacitors is mainly discussed for use with LICs and EDLCs. The simplest
EDLC model is the RC serial model, where a resistor (R) and a capacitor (C) are connected in a series called an
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“RC connection” [19]. A three-branch model, which connects three branches of RC serial connections in parallel,
has been studied [20] and is called the Zubieta model; it includes a capacitor that represents voltage dependency.
Another type of model comprises three RC serial connections with two serial switches that operate according to
time-variant responses [16].

The three-branch model for EDLC separates the different time constants represented by different branches.
One such model has been developed [19]. For accuracy, an EDLC model gradually becomes complicated by the
addition of RC serial connections that correspond to EDLC characteristics; however, it has been insisted that the
effects of adding a capacitor are very small in terms of improving the model’s performance [21]. Therefore, we
can conclude that many previous EDLC models implement RC serial connections and are modified to adjust the
charging or discharging behavior of the model to actual measured behavior through the addition of RC serial
connections.

LICs are relatively new devices, and only few studies discuss the LIC models. Previously proposed LIC mod-
els can be grouped into two categories. The first type of model [22] is an extension of the Zubieta-model for
EDLC and is constructed with a set of three variable capacitors, a set of two variable resistors (for representing
the charging and discharging behavior), and one parallel variable resistor. Here the values of these variable de-
vices are determined according to the corresponding look-up tables that are constructed from their measured re-
sults; therefore, this type of model is very specific to the device used. The contents of a look-up table are the
current, state-of-charge (SoC), temperature, charging/discharging cycle (life cycle), and so forth; a look-up table
for variable elements is ordered from two-dimensional to four-dimensional. To complete a look-up table,
large-scale special measuring apparatuses and very careful measurements are needed. In contrast, this type of
model does not include a resistor for each RC serial connection branch, which is a modification of the basic Zu-
bieta-model form. The objective of this modification is to simplify the three-branch model for EDLC. Here it is
estimated that this simplification is tied to the fact that an LIC has less voltage dependency than does an EDLC.

The second type of model [23] is constructed with countless RC series connections, and the values of R and C
are parameterized by three parameters (Ri: resistance, C: capacitance, and t: time constant), which are approx-
imated by third- or fourth-power polynomial functions of voltage. This model comes from the first branch in the
EDLC model [24]. The apparent reason for only considering the first branch appears to be that an LIC’s linear
dependency on the discharging current is stronger than that of an EDLC. The impedance of an LIC, including
frequency characteristics, can be calculated from these three parameters, and parameter identification in this
model is comparatively simple. However, as is described later, an LIC has a capacitive dependence with the
discharging current, making it likely that current dependency—not voltage dependency—would be considered
in its modeling.

3.3. Suggested LIC Model

The objective of LIC modeling in this paper is to work out the functional design of the charging/discharging be-
haviors of an LIC, based on the MBD method. Therefore, a simple and practical LIC model is required. Detailed
characteristics, such as temperature and life-cycle characteristics, are not required in the functional design.
Usually, data sheets published by LIC manufacturers are available and sufficient for the required modeling. For
example, the generic LIC manufactured by Taiyo Yuden Co., Ltd. and its data sheets, which were published as a
report [25], are used in these experiments. The descriptions and the figure, “Discharge Rate Characteristics,”
show its high linearity on the given voltage and its general nonlinearity on the discharging current. Furthermore,
from the initial IR drop behavior during discharge and the figure captioned “Self Discharge Characteristics” in
the data sheets, we see that the LIC’s potential can be kept at over 95% after several thousands of hours. From
these observations, a simple LIC model that includes a variable capacity with a current dependency is proposed.
The LIC model suggested in this paper is shown in Figure 3. Functional and timing behaviors are required in
this modeling, rather than detailed electrical behaviors. Therefore, this model consists of comparatively large,
parallel resistance and the RC connection mentioned above. In this paper, thermal behaviors are not included in
the model. The RC connection is shown as the serial connection of “Serial R” and a variable capacitor “C”. The
“Serial R” is an equivalent serial resistance (ESR) and “C” is the capacitance of the LIC, which has a depen-
dency on the discharging current. Therefore, a “Current Measurement” block is inserted between “Serial R” and
“C” and, from the measured current, the “Lookup Table” finds the corresponding capacitance and then dynami-
cally sets it to “C”. The “Low Pass Filter” with the time constant 1.0 [s] is inserted between the “Current Mea-
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Figure 3. Suggested LIC model.

surement” block and the “Lookup Table” to avoid the excessive instantaneous change of the capacitance of “C.”
As described above, this model is very simple and its efficiency is proven in the experiments described below.

3.4. The Charging and Discharging Controller Model

As mentioned in Section 3.1, both the CC and CV charging modes are needed to charge LICs. A model for the
electrical circuit and controller, implementing the CC and CV modes, is shown in Figure 4. This proposed
model consists of a charging and discharging circuit and a controller. The controller changes between modes—
such as charging/discharging, preliminary charging, CC charging, and CV charging—by using V1 and V2,
which are the LIC’s voltages. Moreover, the controller also checks the LIC’s over-discharging. In each of these
modes, V1 and V2 are compared with the specified input voltages, such as (Vp1, Vp2), (Vcl, Vc2), (Vvl, Vv2),
and (Vd1, Vd2). The controller can be implemented by either an electrical circuit or an embedded system. In
Figure 4, two LICs can be connected in order to test the balance of the charging and discharging of the LIC ar-
ray.

The controller’s functions can be described as follows. When V1 and V2 are greater than the threshold vol-
tage of the preliminary charging mode (Vpl), the switch (SW1) is off in order to terminate that mode; however,
when either V1 or V2 is less than Vp2, SW1 is on. Similarly, for the CC mode, only SW2 is on or off according
to V1 and V2 or according to either V1 or V2. For the CV mode, corresponding to Vi, only the switch SWi + 2
is off (i = 1, 2); otherwise, SW3 and SW4 are on. SW5 is used to prevent over-discharging.

4. Experimental Results

This section describes the experiments that were done to check the controller’s functions and to evaluate the
performance of the proposed models when an actual LIC is used. The parameter values are shown in Table 1.
The proposed models are implemented in MATLAB/Simulink based on a simulation-driven product design pa-
radigm. The simulation results—that is, the models’ behaviors—are then compared with the behaviors of the
actual LIC and of the constructed charging and discharging electrical circuit.

4.1. The LIC Used in the Experiments

A photograph of the LIC used in the experiment and its specifications [26] are shown in Figure 5. This type of
LIC, with a large capacitance, is currently used in many applications. Its average capacitance is 200 [F] and its
ESR in Figure 3 is 50 [mQ]. Its parallel resistance is very large; that is, the LIC’s voltage is kept at more than
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Specifications
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M ax. Usable Voltage 3.8[V]
Min. Operating Voltage 2.2[V]
Capacitance 160 - 240[F] (average 200[F])
ESR (Equivalent Serial R) 50[mQ] (Max.)
Figure 5. The LIC used in the experiments.
Table 1. Parameter values for the experiments.

No. Parameter Name Notation Typical Value
1 Prelimary Charging Mode Off Voltage Vpl 25[V]
2 Prelimary Charging Mode On Voltage Vp2 23[V]
3 Constant Current Mode Off Voltage Vel 3.8[V]
4 Constant Current Mode On Voltage Ve2 34[V]
5 Constant VVoltage Mode Off Voltage Vvl 3.8[V]
6 Constant VVoltage Mode On Voltage Vv2 3.6[V]
7 Over Discharge Function Off Voltage Vdl 27[V]
8 Over Discharge Function On Voltage Vd2 25[V]
9 Current for Constant Current Mode Icc 41A]

10 Current for Constant Voltage Mode lev 41A]

11 Current for Preliminary Charging Mode Ipr 0.18 [A]
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95[%] of its initial voltage after more than 3000 [Hrs]. The parallel resistance has no effect on the charg-
ing/discharging characteristics as long as the observation time is kept within several minutes rather than several
thousands of hours. Therefore, the parallel resistance is roughly estimated as 6 [MQ] based on the observation
that the self-discharge would be only a 0.2[%] decrease at 800 [Hrs] from 3000 [Hr] to 3800 [Hr].

4.2. Charger Model Implementation in Simulink

The proposed charging and discharging system model is shown in Figure 4. The Simulink implementation of
the charging operation of that system is shown in Figure 6. As shown in Figure 6, one capacitor socket is un-
necessary, in which case SW4 is not included. The LIC model shown in Figure 3 is embedded around the center
of Figure 6. The charging operation is performed by the switching operations described in Figure 4. In the pre-
liminary charging mode, the power is supplied via SW1. In the CC and CV modes, the power is supplied via
SW2, and in the CV mode, the switching operations of SW3 are repeated according to the LIC’s voltage.

4.3. Discharger Model Implementation in Simulink

The discharging operation in Figure 4 is implemented in Simulink as shown in Figure 7. LIC’s time-variant
voltage can be measured by the “simout” terminal block that is circled by “Voltage of LIC”. The “Vd2” block
shows the lowest operating voltage, which means that the discharging operation is activated by turning off SW5,
as described in Figure 4.

4.4. Charger and Discharger Model Implementation by Electrical Circuit

In order to compare the functions and performances of the proposed LIC model and its charging and discharging
modes, the actual electrical circuit is implemented as shown in Figure 8. The size of the printed wiring board is
310 x 228 mm?. The controller is implemented by using the logic circuit; it can also be configured by combining
a commonly used microcomputer and embedded software.

4.5. Evaluations

Evaluation results of the proposed LIC model compared with an actual LIC device are provided in this section.
First, evaluation measurements are described; the charging and discharging profile comparisons are then given.

4.5.1. Objective and Measurement

The objective of the comparison is to evaluate the accuracy of the proposed LIC model (which is specified in
Section 3.3) by comparing it against an actual LIC device. The goal is not to numerically match the voltages of
the LIC model to those of the actual LIC device because no detailed electrical parasitic or noise is included in
the suggested simulation and, moreover, variability exists within actual LIC devices. Therefore, the correlation
factor of voltage profiles between the proposed LIC model and the actual LIC device is used as our standard of
measurement—not the root mean square error.

4.5.2. Discharging Profiles

The discharging profiles of the model and actual LIC device are compared; those results are shown in Figure 9.
Here, an electronic load device is connected as shown in Figure 8. The discharging profiles are compared in
cases where the discharging currents are 0.3, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 [A]. From the measured results,
LIC’s high linearity on the voltage can be observed. The slope of each voltage decreases, as shown in Figure 9,
corresponding to the actual capacitance; the capacitance Cq4 can then be obtained by linear approximation using
the following equation.

C, =1, -At/AV

Here, Cyq is the discharging capacitance, Iy is the discharging current, At is the discharging time, and AV is the
decrease of the voltage.

In Table 2, the calculated discharging capacitances are listed. The discharging capacitance has non-linearity
with respect to the discharging current. These discharging capacitances are written in the “Lookup Table” in
Figure 3, and the simulated discharging profiles are shown as dashed lines in Figure 9.
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Figure 9. Discharging profile.

The correlation factors between the measured and simulated discharging profiles are also shown in Table 2.
In each case, the correlation factor is very close to 1, the maximum difference is 0.0009, and therefore, the ac-
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curacies of the discharging profiles are very high.

4.5.3. Charging Profiles

The measured and simulated results of the charging profiles are shown in Figure 10. The parameters used in this
simulation are listed in Table 3. On the printed wiring board, the voltage parameters are set by adjusting the vo-
lumes of the variable resistances. The values of Vpl, Vp2, Vcl, and Vvl are measured by voltage meters. In
Figure 10, the blue line is the measured profile and the red line is the simulated profile using the estimated ca-
pacitance C = 231.87 [F], which was achieved through the interpolation. The green dashed line shows the simu-
lated profile with C = 200.00 [F] for comparison. From this figure, it is concluded that the simulation result with
C =200.00 [F] has a comparatively faster change from preliminary charging to CC charging modes and also has
a steeper gradient of slope in the CC charging mode than in the measured result.

Table 2. Capacitances and correlation factors of discharging/charging profiles.

Mode Discharging Charging
Charging Current [A] -5.0 -4.0 -3.0 -2.0 -1.0 -0.5 -0.3 >0.0

Capacitance [F] 132.80 128.44 133.68 138.82 158.23 165.88 168.58 231.87

Correlation Factor 0.9994 0.9993 0.9991 0.9991 0.9991 0.9994 0.9997 0.9986
Table 3. Parameters used in the simulation.

No. Parameter Name Notation Typical Value Used Value in Simulation

1 LIC capacitance C 200 [F] see Table 2

2 Equivalent Serial Resistance ESR 50 [mQ] 50 [mQ]

3 Equivalent Parallel Resistance EPR 6 [MQ] 6 [MQ]

4 Prelimary Charging Mode Off Voltage Vpl 25[V] 2.40[V]

5 Prelimary Charging Mode On Voltage Vp2 2.3[V] 2.23[V]

6 Constant Current Mode Off Voltage Vel 3.8[V] 3.57[V]

7 Constant Voltage Mode Off Voltage Vvl 3.8[V] 3.57[V]

8 Constant VVoltage Mode On Voltage Vv2 3.6[V] =Vvl-0.2

9 Over Discharge Function On Voltage Vd2 25[V] 2.20[V]

Voltage [V]
3.8

Constant Voltage Charging

Vcl, Vvl: 3.57[V] f A
3.6 \ Simulated
""""""""""" A A -7
/14
3.4 ,’ I‘\
Constant Current )
32 Charging ~~<Measured
Simulated with
3 ; C=231.87[F]
’
! Simulated with
28 Preliminary C=200.00[F]
Vp2: v Charging
2.23[V] © —— Measured
\‘2\,4 —X— Vpl:240[V]
99 Correlation Factor: 0.9986
“0 20 40 60 80 100 120 140 160 180 200
Time [sec]

Figure 10. Charging profiles.
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As mentioned in Section 3.1, LIC charging must conform to the CC and CV modes as well as to preliminary
charging. From this perspective, the simulated results of the proposed model are very close to the measured re-
sults, and the correlation factor between those voltage profiles is 0.9986, which is very close to 1. The effect of
ESR can be recognized in the rapid increase of voltage at 112 [sec] and in the rapid decrease of voltage at 154
[sec].

In the actual CV mode, LIC’s voltage increases gradually because of the direct feedback control of the LIC’s
monitored voltage; however, the simulated voltage of the proposed LIC model holds almost constant voltage
once the CC mode ends. This decline is caused by the feedback control mechanism in the Simulink operation.
The actual feedback control is very fast in the actual electrical circuit. On the other hand, in the Simulink im-
plementation, the feedback is not direct and is always effective after one unit delay of the simulation cycle.
However, for functional design use, it is sufficient to know that the voltage level can be held while in the CV
mode.

From these evaluation results, the proposed LIC model can be practically used for functional designs in some
applications that are based on the MBD method—such as HESS. The actual functional design of HESS will be
utilized for electric vehicle development in the near future.

5. Conclusion

A new LIC model is proposed. The model is very simple, and its accuracy for charging and discharging func-
tions is verified against an actual LIC device with 200 [F]. The correlation factors between the proposed model
and the actual device are 0.9986 in the charging mode and within the range of [0.9991, 0.9997] in the discharg-
ing mode with various loads. The proposed LIC model, its charger model, and its discharger model can actually
be used to model HESS, which is based on the MBD method. In future work, a HESS design or developments
using the suggested LIC model within the MBD framework should be incorporated into electric vehicle designs
in combination with a motor controller and so forth.
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