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Abstract: A battery/supercapacitor hybrid energy storage system is developed to mitigate the battery
degradation for electric vehicles. By coordinating the battery and supercapacitor, the proposed system
avoids using the large bidirectional DC/DC. Through the improved topology and two added controlled
switches, the battery current can be managed flexibly. Based on the battery and supercapacitor voltage,
seven operation modes of battery and capacitor cooperation are designed. The control strategy is
redesigned to match the modes, in which the key control parameters are calibrated based on three
standard driving cycles. During driving, the proposed system calls the predefined parameter set by
the cycle recognition technique. The objective of the cycle-related control is to maximize the harvest
of the braking energy and minimize battery degradation in various driving styles. Taking the battery
case solely as a benchmark and the infinite supercapacitors case as the largest battery degradation
mitigation scenario, the battery degradation quantification of the proposed energy storage system
shows more than 80% mitigation of the maximum theoretical battery degradation mitigation on urban
dynamometer driving schedule (UDDS), highway fuel economy cycle (HWFET), and high-speed
(US06) driving cycle, respectively. During the tested driving cycles, the simulation result indicates the
battery degradation reduced by 30% more than the battery solely scenario, which proves the benefit
of the proposed system.

Keywords: electric vehicles; hybrid energy storage system; supercapacitor; battery life; electric vehicles

1. Introduction

Both greenhouse gas (GHG) emission and fossil fuel consumption have been critical environment
topics in recent decades. Compared to the conventional vehicle, the electric vehicle (EV) has advantages
in energy consumption, exhaust emission, and average maintenance cost [1]. The lithium-ion battery
is used as the supply source widely for electric vehicles [2], including the plug-in hybrid electric
vehicles (PHEV) [3], battery electric vehicles (BEV), and fuel cell electric vehicles (FCEV) [4]. However,
there are two concerns in the lithium battery application, including the expensive energy capacity
and the limited driving environment, which limits the promotion of electric cars. Mitigating the
battery capacity degradation and prolonging the battery life are two key goals in the battery energy
management system [5].

During the vehicle configuration, the energy storage system is required to meet both the power
and energy demand. For the lithium-ion battery, the power density is relatively lower than energy
density. However, the capacitor is just the opposite. In the energy storage system (ESS) configuration,
the charging mileage requirement should be met firstly [6]. Considering the power density features,
the power configuration is not high enough. As a result, the battery suffers high discharging current,
which accelerates the capacity degradation rate; that is to say, the strong discharge current accelerates
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the degradation [7]. Furthermore, frequent charging and discharging are harmful to battery life [8,9].
In some extreme driving situations, the battery may be overcharged and discharged, which reduces the
battery lifecycle seriously [10,11]. To solve the problem, the supercapacitor (SC) is usually configured
to assist the peak power demand [12]. Moreover, increasing the battery size is another method to
enhance the power demand of ESS. However, this method leads to high configuration costs. Further,
with the battery size raising, the balancing difficulty among battery cells increases exponentially [13].
Using the SC can avoid the above issues in the ESS design. Also, in terms of maximizing energy
efficiency, it is crucial to make good use of the harvested braking energy. As the power source, the
SC can supply higher power. Adding the supercapacitor to the energy storage system, the frequent
discharging and charging flow across the battery can be avoided [14,15]. The literature describes the
advantages of the hybrid energy storage system (HESS) [16]. First, the supercapacitor can be used
to protect the lithium-ion battery from the peak-power discharging. Secondly, because the SC has
a higher energy efficiency than that of battery, including the SC can improve efficiency and reduce
energy loss. Thirdly, the supercapacitor can work in a wider temperature range. Finally, since the
supercapacitor can absorb the braking energy, the equipped battery can skip the frequent charging
operations during braking situations [17].

For the purpose of improving the above issues, multi-new hybrid energy storage system has been
proposed [18-32], including the novel HESS topology and the control strategy. In the previous proposed
HESS topologies, there were three main types [18]: Passive, semi-active, and fully active, which will
be introduced in the following section. The passive topology is simple, there are no requirements
for control or expensive power electronic converters. However, during the power source working
process, the voltage of SC is same as the voltage of battery. Therefore, the SC cannot charge/discharge
at peak power rate. The major problem with this topology is that it cannot effectively utilize the UC
stored energy [19]. In contrast, the fully active topology is the most complicated, which adopts two
bi-directional DC/DC converters [20]. It has a good effect but the most expensive cost. As for the
semi-active topology, it can provide a good trade-off between the passive topology and fully topologies.
At present, the semi-active topology is the HESS research hotspot. In order to minimize the cost of
HESS, Jose et al. came up with an interleaved controlled bidirectional converter topology to reduce
the size of traditional DC/DC converter and extend the battery lifespan [21]. Ziyou et al. adopted
the unidirectional DC/DC converter to optimal the system cost and quantify battery capacity loss by
adding an additional diode. In this improved case, the unidirectional DC/DC converter size can be
configured to a smaller size [14]. Odeim et al. studied the energy management algorithm with the
genetic strategy and investigated the power load between the battery and supercapacitor with the
optimization of multi-objective [22]. Cao et al. used a new HESS topology to optimize the system
cost, however, the efficiency of braking energy regenerating is not high [20]. Song et al. researched
the temperature and battery influence on the optimized HESS; the simulation shows that the HESS
configuration and energy management system is robust to the temperature variations and battery
price [23]. According to the state of charge (SOC) of the supercapacitor, the core point is to set the
changeable battery discharge power limitation in their method. Because of the HESS topology, to
configure a large DC/DC converter is unavoidable [24]. According to the previous literature, the
full functioning of battery/SC topology and the DC/DC cost are expensive and complicated [14,20].
For example, the bi-directional DC/DC converter has a better function, but it is more expensive than
the unidirectional type [25].

Besides the HESS topology, another important issue in HESS is the control strategy. The purpose of
the control strategy is to regulate the best power flows sharing to prolong the battery lifetime. There are
two control routes depicted in the literature [26], rule-based approach [27] and optimization-based
approach [28,29]. In order to improve the regenerative braking energy, Naseri et al. improved
an improved regenerative braking system. The PI controller is used to adjust the braking torque
by regulating the duty-cycle of the PWM algorithm. The features of the improved regenerative
braking system can achieve constant torque regenerative braking for realizing comfort and security
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purposes [30]. Maciej et al. used the genetic algorithm strategy to optimize the fully active HESS
system to decrease the battery degradation and extend the battery lifespan. Since the minimum
number of DC/DC converters is two in the HESS, the whole system cost is still high [31]. Nassim et al.
researched the new control strategy of HESS by reducing the battery power current to reduce battery
decay. Santucci et al. have proposed to organize the energy management of a three sources hybrid
electric vehicle in two-level. The first level was managed by an optimization-based control strategy
while the second level can be managed by a rule-based or an optimization-based EMS [32]. Wang et al.
have proposed a real-time optimization-based control strategy for a battery—SCs HESS using a single
DC/DC converter. Validation on a standard urban driving cycle ECE-15 considered known in advance
has been performed [33]. Whatever the approach for the HESS control, the variations of the driving
cycle affect the HESS performances. Indeed, the HESS parameters are usually determined for a specific
driving cycle that represents an ideal case.

Since the energy density of lithium-ion is much larger than the supercapacitor, the battery is
usually regarded as the primary energy source in HESS [12]. Furthermore, the coordination between
battery and SC should guarantee that the HESS can harvest the regenerative braking energy at high
efficiency. Figure 1 is a brief overview of the traditional HESS topologies.
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Figure 1. Different hybrid energy storage system (HESS) topologies: (a) passive parallel topology; (b)
battery/supercapacitor (SC) configuration; (c) SC/battery configuration.

1.1. Passive Parallel Topology

Figure 1a shows the typical parallel topology of the HESS. Since the battery voltage range is narrow
compared with SC voltage, the SC cannot make good use of its wide voltage range. Generally, the
typical end of discharge battery voltage is around 80% of the nominal battery voltage (V,ominar) [34], i-€.,
the usable battery voltage is [0.8V ominal, Viominall- In this topology, the SC voltage is also constrained
by the same voltage range as the battery. The SOC of SC is calculated as follows:

1
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Esc is the stored energy in the supercapacitor, the unit is J. C is the capacitance of supercapacitor,
the unit is F. V is the supercapacitor voltage, Vy is the maximum voltage of supercapacitor. SOCs is
the supercapacitor state of charge. According to the above equations, about 64% of the total energy
stored in SC cannot be discharged. Equally, in order to realize the same usable energy in SC, the SC
size requirement will be higher in the basic passive parallel topology than other topologies that use
DC/DC converter. In this topology, the advantage is the low-cost configuration. No DC/DC converter
is needed in the passive parallel topology. In contrast, the disadvantage is the low utility percentage of
the total stored energy in SC is the main disadvantage. The voltage of SC has to follow the battery
voltage, which limits the use of large power density characteristics of the SC.

1.2. Battery/SC Topology

Figure 1b indicates the battery/SC topology. In this topology, the DC/DC converter connects
the battery and SC. Because of the bidirectional DC/DC converter, the working voltage range of SC
is much wider than that in basic passive topology. The advantage of this topology is that a wider
SC voltage range is conducive to the potential charging/discharging capacity of the SC. Because of
higher coulombic efficiency, this topology is helpful to improve energy efficiency when harvesting the
regenerative braking energy. The disadvantage of this topology is that the SC does not have enough
usable energy stored. Besides, the DC/DC converter has to be set large enough to supply higher power
from the battery to the motor, which increases the system cost.

1.3. SC/Battery Topology

Figure 1c shows the SC/battery topology diagram. Compared with the above topology, the
difference is that the SC and the battery exchange the position with each other. The advantage of this
topology is that the energy flow can avoid the DC/DC converter during the majority operation when
the vehicle is driving. The energy loss of the DC/DC converter is lower than other topologies. In this
topology, there are four disadvantages [14,15]: (a) The DC/DC converter leads to energy loss when
current flows across converter [14]; (b) the frequent charging actions reduce battery life [35]; (c) the
DC/DC converter needs to be configured at a large size [20]; (d) The battery energy of harvesting
regenerative braking energy is lower than the SC [19].

1.4. Fully Active Topology

Figure 2a represents the fully active topology in which two bidirectional DC/DC converters
exist [20]. In this topology, the SC, battery, and inverter are isolated separately, and the available
voltage of SC can get the largest range. This topology makes good use of SC and assists the battery in
the largest potential. They are all the advantages of this topology. In contrast, the dominated drawback
of the topology is the high cost of two bidirectional DC/DC converters.

1.5. Multi-Input Topology

Figure 2b shows the multi-inputs topology, in which a multi-input bidirectional DC/DC converter
works equally as the two bidirectional DC/DC converters [36]. This topology has the same features
as the above fully active topology. The voltage range among SC, battery, and inverter are isolated
absolutely. SC can reach a wider voltage range. The main disadvantages of the multi-input topology
are the complicated structure and high cost of DC/DC converter configuration. Its pros/cons are similar
to the fully active topology.

1.6. Semi-Active Topology (Bidirectional DC/DC Converter)

For the purpose of reducing the DC/DC converter size, Cao et al. came up with a new topology to
leverage the full functionality of battery and SC, which is introduced in Figure 2c [20]. In this topology,
a controlled switch is added to control the current flow direction. There is no controller component
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between the SC and motor load when the SC voltage is too low to transfer the energy to motor load,
the battery needs to supply the energy to both the motor load and SC even at high power demand.
The advantage of this topology is the battery not only works as the unique power source during the
low-power cases but also assists to supply power at high-power cases. The drawback focuses on the
DC/DC converter. Since the bidirectional DC/DC converter is mandatory during the energy flowing
between the motor load and battery, the efficiency of harvesting braking energy is not high when the
SC is charged fully.

1.7. Semi-Active Topology (Unidirectional DC/DC Converter)

Figure 2d shows a lower-cost topology in which the above bidirectional DC/DC converter is
replaced by the unidirectional DC/DC converter, which is proposed by Song et al. [14]. In this topology,
five modes are controlled to realize the coordination between battery and SC for all possible situations.
The novelty of this topology is the unidirectional DC/DC converter, rather than a bidirectional DC/DC
converter. The unidirectional DC/DC converter can transfer the energy from the regenerative braking
system to the battery when SC is fully charged. The advantage of this topology is that the unidirectional
DC/DC converter has a lower cost than the bidirectional DC/DC converter. The drawback is that the
charging efficiency is not high enough because of the energy consumption of the DC/DC converter.
This topology cannot realize the high efficiency in both charging and discharge for the battery.
Furthermore, the SC voltage is controlled strictly higher than the battery, which constrains the usable
energy stored in SC.

+ DC/DC L,——
e : converter B Multi-
Supercapacitor Inverter Supercapacitor ];g‘g/t]l)tij Inverter
+ DC/DC . converter
_‘|: converter | -
Battery Battery
(a) (b)
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Figure 2. Different HESS topologies: (a) Fully active configuration; (b) multiple inputs DC/DC; (c)
semi-active configuration incorporated (bidirectional); (d) semi-active configuration incorporated with
a diode (unidirectional).

Although these prior studies are relevant for the research questions addressed in the present
study, there are several limitations of the prior studies that justify the need and broad impact of the
present study. Also, we proposed our contribution to this paper. Including:

1. Failed to develop the HESS topology and the changeable control strategy [14]. In this paper,
the control strategy is developed based on the customized hardware topology.

2. To cove the high efficiency regenerative braking energy harvesting and the battery discharging,
the previous literature failed to use the unidirectional DC/DC converter in the HESS topology [20].
In this paper, we improved the HESS topology by using the unidirectional DC/DC converter, with
two switches.
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3. Failed to improve the rule-based control strategy according to the driving cycles. In this
research, the control threshold can be customized to mitigate battery degradation at various driving
cycles [14,15].

4. Failed to investigate the combination among the HESS size configuration, topology, and the
control strategy. In our research, we integrated them together, and presented the quantitative battery
degradation is given across different scenarios.

This paper is organized as follows. Section 2 stresses the topology structure of the proposed HESS
and describes the working modes in both driving conditions and braking conditions. The strategy is
presented in Section 3. It is a rule-based control strategy, which matches the proposed HESS closely.
In Section 4, we explain the battery degradation model, which is chosen as the objective function of
searching for the key parameters of the control strategy. Simulation results are shown in Section 5.
Conclusions and future work are in Section 6.

2. The Topology of the HESS

For the purpose of improving the current topology, this study proposes a new semi-active HESS
topology (Figure 3). Besides inheriting the advantages in other semi-active topologies, the proposed
topology also improves both the discharging and charging efficiency. During the HESS operation,
there are seven modes in total. All operation situations can be identified as one of seven driving modes.
It covers three modes in driving condition and three modes in braking condition.

S1 K
DCDC converter S2
N|

[
|
[
H I +——
_|,; : — Inverter
|
|
|
|

J

Unidirectional
DC/DC
converter

Figure 3. Proposed HESS topology.
2.1. Driving Condition

The driving condition is the most frequent action for vehicles. During the driving conditions,
4 modes of HESS are divided. When selecting each individual mode, the control strategy and topology
deactivate or activate the switches’ status by analyzing the power demand, battery, and SC SOC.

2.1.1. Mode 1: The Supercapacitor Working as the Unique Energy Source

When the SOCgc is high enough (SOCgc > KO0), the SC supplies all required power solely.
The precondition of this mode is the SC stores enough energy. The regenerative braking energy can
charge SC to a high voltage (SOCsc > K0). The SOCsc is equal to the ratio between the voltage square
and the maximum voltage square. In mode 1, the controlled switch S2 is connected (Figure 4).
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y

|
|
|
|+
_||— [ Inverter
H |
Unidirectional | -
DC/DC |
converter |

Figure 4. Mode 1—the SC acts as the unique power source.

2.1.2. Mode 2: The SC and Battery Supply Energy to Motor Load Together

In mode 2, the supercapacitor assists the battery to reduce the discharging power. When the
SOCgc is in the range [K2, KO] and the power demand is larger than the power threshold (Pryesiold),
both the battery and supercapacitor work as the energy source. The power distribution strategy will
be shown in the next section. Here, the controlled switch S2 is connected (Figure 5).

Unidirectional
DC/DC
converter

S1 S2 ‘
r——=-—=—="==== [
| NL |
-
+ T 7 I ’
— 1 | |+
: i ‘It : T Inverter
| |
l |
! :

Figure 5. Mode 2—both the battery and supercapacitor discharge.
2.1.3. Mode 3: The Battery Acts as the Unique Power Source

In this mode, only battery charges the motor. There is no current flow between the battery and the
SC. In this mode, there is no energy loss on the DC/DC converter. This mode can be triggered when
one of the following two conditions is met: (a) The SC does not have enough energy stored; (b) the
SC has sufficient energy stored, and the vehicle demanded power is lower than the Py eg014 Here, the
controlled switch S1 is connected (Figure 6).

+

+T Inverter

Figure 6. Mode 3—the battery acts as a unique power source.

Unidirectional
DC/DC
converter

—1
ITT

2.1.4. Mode 4: The Battery Supplies Power to the Motor Load and SC Simultaneously

In mode 4, the lithium battery supplies energy to both the motor load and SC simultaneously.
This mode can be activated when the conditions are satisfied at the same time: (a) The vehicle demanded
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power is lower than Py eq014; (b) SOCsgc is lower than K2. Here, the controlled switch S1 is connected
(Figure 7).

1
|
|
|
|
|
|
|
|
|

+

- Unidirectional
DC/DC
converter

|
|
[
|
_|E : * v Inverter
|
|
|

Figure 7. Mode 4—the battery supplies power to the motor load and SC simultaneously.
2.2. Braking Condition

There are two main controlled targets in the braking condition. Firstly, the braking energy should
be harvested as much as possible; secondly, in order to protect the battery, the battery should avoid
being charged frequently in braking conditions.

2.2.1. Mode 5: Both the Braking Energy and Battery Charges the SC

In this mode, all regenerative braking energy flows into the SC. In the meantime, the battery
also charges the SC. This mode can be activated when the condition is satisfied: The SOCgc is lower
than K1, which aims to resume the SC energy as much as possible. Here, the controlled switch S2 is
connected (Figure 8).

S1 S2

NI
|7l

-
+

Inverter

Figure 8. Mode 5—both the braking energy and battery charge the SC.

Unidirectional
DC/DC
converter

2.2.2. Mode 6: The SC Harvests the Braking Energy Solely

Compared with mode 5, the SC absorbs the energy from the regenerative braking system solely in
mode 6. It is the most common mode during the braking process. Here, the controlled switch S2 is
connected (Figure 9).
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Figure 9. Mode 6—the SC harvests the braking energy solely.

2.2.3. Mode 7: The Battery Harvests the Braking Energy Solely

After the SC is charged to full (SOCgc > KO0) by regenerative braking energy, the SC has no
available space to store the extra braking energy. The HESS controls the switch S2 to be disconnected
and switch S1 to be connected. In this mode, the battery begins to harvest the regenerative braking
energy. In other previous literature, either the battery or the SC acts as the only power source, which
will harvest the braking energy. However, they cannot realize the balance between battery protection
and redundant braking energy utility. Mode 7 is the action following mode 6 (Figure 10). There is an
extreme situation when the battery driving downhill at a long distance. Because of the regenerative
braking, the battery can be fully charged. In this situation, both S1 and S2 are disconnected.

S1 szK

|
|
|
L+
_|: | Inverter @
H LT
- Unidirectional I
DC/DC I
: converter !

Figure 10. Mode 7—the battery harvests the braking energy solely.

Across the above seven modes, the switches S1 and S2 are the key components to control the
current flow direction and route. In summary, the switch S1 is the connection between the battery
and the motor. Once the energy flow transfer between the battery and motor, S1 will be connected.
In contrast, switch S2 is the connection between the supercapacitor and motor. Once the energy flow
transfer between the battery and motor, S2 will be connected.

KO, K1 and K2 are the SOCg¢ thresholds—Pesnorq (0.25 < K2 < K1 < KO < 1). KO is the threshold
above which the SC is regarded as fully charged; K1 is the SOC threshold above which the SC stops
accepting the current from the battery. K2 is the SOC threshold under which the SC is not allowable
to discharge. During the range [K2, K1) of SOCsc, Pipyresnold is the demarcation point, which decides
whether the battery charges the SC or not. In the meantime, Pyyesp014 also decides when the SC begins
to assist the battery. The switch S1 is the connection between the battery and the motor. Once the
energy flow transfers between the battery and motor, S1 will be connected. In contrast, switch S2 is the
connection between the supercapacitor and motor. Once the energy flow transfers between the battery
and motor, S2 will be connected. The type of controlled switch is IRGP4067DPBF [37].



Energies 2020, 13, 246 10 of 21

2.3. Vehicle Model Specification

As to the demanded power calculation, this paper calculates the demanded power as follows:
power demand : Pgppang = [ma + f(v) + mgsin 6] x v 3)

Coast down curve : f(v) = A+ Bxv+cx0v? 4)

where m is the vehicle weight, unit: kg. a is the acceleration of vehicle, unit: m/s2. v is the vehicle
speed, m/s. g is the gravitational acceleration, equal to 9.8 m/s?. f(v) is the coast down curve for the
vehicle, including the rolling resistance and the aerodynamic resistance. f(v) is the empirical resistance
equation for a vehicle, which contains the aerodynamic drag and the rolling resistance [38]. A, B and C
are the fitted parameters of the coast down curve. A: Unit is N, B: Unit is N-s/m, C: Unit is N-s2/m?2.
Coast down is one of the most frequent tests for vehicles and consists of vehicle launch from a certain
speed with the engine ungeared, simultaneously recording the speed and traveled distance until the
vehicle stops. This can be done for different reasons, mainly targeted to obtain valuable information
about the general condition of the vehicle and about its interaction with the environment.

The battery and supercapacitor specification is introduced in [15]. Table 1 shows the basic unit
parameters for both the supercapacitor and lithium battery.

Table 1. Unit parameters.

Specification Supercapacitor Battery
Capacity of unit 2000 F 44 Ah
Maximum voltage (V) 2.7 3.6

Figure 11 shows the statistical daily driving distance features [19]. Around 80 percent of the
driving distance samples have a lower daily trip than 82 km. Furthermore, 96.6 km can meet 85%

of the overall driving trips. Both the daily driving distance distribution and cumulative features are
demonstrated in Figure 11.

0.25 ; 1

Distribution percentage/%
Cumulative percentage/%

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210
Daily mileage distribution/km

Figure 11. Daily driving features.

Taking the NISSAN Leaf as an example, the average measured energy consumption is 171.4 Wh/km
on the US06 cycle [19]. Aims to satisfy the majority (e.g., 85%) of the individual daily driving requirement
(60 miles), even until the time when the battery needs to be replaced (supposing the battery retires
after the remaining energy decreasing up to 70% of the primary capacity), the battery size should be
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configured at least 23.66 kWh. Moreover, the temperature is an important factor that affects the HESS
system. However, the temperature influence on the driving range is complicated. For a car with the
same configuration, the vehicle’s mileage is various across the different driving situation, including the
temperature. In this paper, we calculate the energy requirement and configure the battery and SC size
under the room temperature environment.

According to the previous studying, the supercapacitor units can be set as 76 [19]. The following is
a brief introduction to the calculation process: First, the overall energy requirement for the power supply
system is calculated by vehicle model and mileage requirement. Secondly, the extreme acceleration
driving mode is used to calculate the energy requirement for SC. Thirdly, the energy requirement for
the battery is obtained and divided by the battery cell parameters.

Therefore, the battery configuration should be set as follows:

Epat = Ean— Esc ©)
The battery units” number can be calculated as follows:

EBat ( 6)

Numberpyy = —————.
E nergYpat_cell

Epgqt represents the configured battery package capacity. E 4 represents the total energy requirement
for the vehicle energy supply source. Egc represents the configured supercapacitor package capacity.
Energypas cen is the rated capacity in Wh for each battery unit. Combining the feasible of configured
HESS topology, the number of battery cells is chosen as 164. Since the battery package adopts the
parallel structure of two cells, referring to Table 1, the battery package capacity is 88 Ah (equally,
1C=88A).

For the motor, we adopt the same motor as the Nissan Leaf, and for the inverter, its specification
is CSI 100-F2T, which support the 110-300 V voltage input [39].

The weight values of the components are described in Table 2.

Table 2. Component parameters.

Components Model (kg) Leaf (kg)
Base weight (kg) 1462 1462
Battery (kg) 146 181
DC/DC converter (kg) 10 N/A
Supercapacitor (kg) 27.4 N/A
Total weight (kg) 1645 1643
A N/A 31.91
B N/A 0.11159
C N/A 0.017757

For Nissan leaf, the coast down curve is measured by the Argonne National Laboratory (ANL) [40].
Furthermore, they have the instantaneous power versus the time at different driving cycles. The above
table shows that the mass between the leaf and models in the paper is similar. Based on leaf measured
data, this study adopts Equation (7) to deduce the power demanded in the configured model.

Weightmodgl

Weighty ey X Ereaf @

Emodel =

E nodel Tepresent the energy consumption of the configured, Weight,,, 4.1 represents the total mass
of the configured model, including the DC/DC converter, battery package, and DC/DC converter [41].
Weight)e,r represents the total mass of Nissan Leaf. Ej.;y is the measured energy consumption for
Nissan Leaf. Equation (7) shows that the fuel consumption rates between Leaf and HESS models are
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approximately equal. Specifically, the leaf can represent the model fuel consumption on the typical
driving cycles.

3. Evaluate the Battery Degradation

The main object of this research is to explore the SC influence on battery degradation. There are
two kinds of battery degradation: Calendar degradation and cycle degradation. Calendar degradation
results from time going, and it is not much different for different usage cases. In this paper, only
the battery cycle loss is considered. From the above equations, the battery degradation loss can be
concluded that the greater the battery discharge power, the faster the battery decaying. According
to the previous literature, the battery cycle degradation rate is influenced by the cumulative integral
of the circuit and instant discharging value [7]. In HESS, the lithium battery contributes the majority
needed energy. However, the supercapacitors can help to decrease the battery degradation rate at the
peak power demand period.

This paper quantifies the capacity degradation of lithium battery and compares the degradation
values between the proposed HESS and the battery solely case. According to previous literature [36],
the battery degradation experiential equation is used as follows:

Dcycle = (0( X T? +BpxT+ V)exp[(é XT+ 6) X Imt@] X AhThrough 8
Deglendar = ux tO'S X exP[—Ea/(R X T)] )
Dy = Dcycle + Dealendar (10)

where a X T> + B X T + y and u are pre-exponential factors, T is the absolute temperature, a, ,y, 6, €
are fitted parameters of the curve, I 4 is the current C rate, AhThrough represents the amount of charge
delivered by the battery during cycling, T is the days, E, is the activation energy in J-mol~!, and R is
the gas constant. Dcycle , Deatendar, and D,y are the cycle battery degradation, calendar degradation, and
total degradation, respectively. These parameter values are listed in [7].

Once the electric current is flowing between the SC and the battery, the total energy loss of HESS
will increase. Approximately all energy flowing from SC can be regarded as the battery output. During
the discharging process of HESS, the cumulative energy flowed from SC consumes 1/ (npc,pc X 11sc)
times energy from the battery. Here, 1pc/pc and ngc are DC/DC converter efficiency and SC coulombic
efficiency, respectively. In this research, the DC/DC converter efficiency is set as 95%, and the SC
coulombic efficiency is set as 92% [42,43].

4. The Control Strategy of the HESS

The core part of the control strategy for HESS is the instantaneous control for SC voltage. This is
different from the previous literature, in which the formulation is created based on the speed [35].

in(3 X Venicre, 160
SOCexp —1- mm( 16v8h1cle ) (11)
min(3 X Vienicre, 160
Vexp _ \/1 _ ( 1611(e)hzcle ) X Vi (12)

SOCeyp represents the expected SOC of supercapacitor, Ve is the vehicle speed, Veyy is the SC
voltage expectation value, and V., represents the largest SC voltage. This strategy is easy to control
the SC voltage, but there are some drawbacks.

In mild driving situations, the vehicle power demand is not high. For the purpose of making
good use of battery energy, the battery can act as the unique power source to avoid energy loss in the
DC/DC converter and SC. As for the aggressive driving situation, the power demand is much higher
than the power demand in a mild driving cycle. In such cases, the SC needs to power the vehicle.
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However, different drivers have different driving behaviors, so it is impossible to get a set of fixed
control thresholds to meet all kinds of driving situations. Furthermore, the energy capacity of SC is
limited, and it is impossible to assist the battery too much. The controller should have the ability
to adjust the SOC of SC instantaneously. The previous control strategy is the global optimization to
realize the overall optimization for the majority of driving situations, but it cannot realize the best
control for every kind of driving cycle. This study comes up with a variable control algorithm to
implements the HESS optimized control in different driving situations (UDDS, HWFET, and US06).

4.1. Control Strategy Diagram

This paper uses the decision-tree function to coordinate the power allocation between the
supercapacitor and lithium battery (Figure 12). Based on the previous HESS topologies, some new
improvements are added. Further, seven operation modes are divided into driving. When the SOCg¢
is changing in the range from 0.25 to 1, the controller adopts different power allocation strategies
between the battery and SC.

Input
Pyanic k, SOCsc

P, ehick =0

Mode 1

Mode 7 Modc 5 Modc 6

Mode 1 Mode 2

Modc 4 Modc 3 Modc¢ 2 Modc 3

Figure 12. Rule-based algorithm.

Different from the chemical application in lithium battery, the supercapacitor keeps the energy by
using the physical features. Theoretically, all stored energy in the SC can be discharged totally. Because of
safety reasons, one-quarter of the maximum energy does not get used in the supercapacitor [44].
Based on Equations (1) and (2), the working voltage of SC is from %Vmax to Viuax [21,44]. During the
real-time control, the HESS chooses the exact working mode based on the demanded vehicle power and
instantaneous SOCgc. Under the initial situations, the switch S1 and S2 is disconnected. The strategy
details are listed as follows:

Step 1, judge the driving or braking mode based on the driving action.

Step 2, if the vehicle is in the driving condition, mode 1-4 will be implemented. The SOCsc,
demanded power and power threshold decide which mode is activated. Including;:
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SOCgc is in the range of [KO, 1), which represents the SC is fully charged. In order to keep storage
space for the regenerative braking, SC can supply all demanded vehicle power solely.

SOCgc is in the range of [K1, KO), which represents the SC owns sufficient energy. If the vehicle
demanded power is larger than the threshold (Pyesno1q), both the battery and SC supply power together.
Mode 2 will be activated. If the vehicle power demand is no larger than the threshold (Pyyeshors), mode
3 will be activated. In mode 3, only the battery supplies the energy. The switch S1 is connected.

SOCgc is in the range of [K2, K1), which represents the SC stays on the medium energy level.
In this situation, if the demanded power is larger than the Py 1014, model 2 is activated. In this mode,
the SC and the battery discharge the energy together. Once the demanded power is larger than Pypyespo1d,
mode 3 will be activated.

SOCgc is in the range of [0, K2), which represents the SC has insufficient energy. In this situation,
if the demanded power is higher than Py,.s014, the battery supplies the energy to motor solely (mode 3).
Otherwise, the battery powers the motor load and charge the SC at the same time (mode 4). However,
the maximum discharging power of the battery is no larger than Py eshol4-

Step 3, when the vehicle drives in the situation of braking, modes 5-7 will be activated.

SOCgc is in the range of [KO0, 1), which represents that the SC has sufficient energy. For the
purpose of improving energy efficiency, the battery needs to harvest the regenerative braking energy
(mode 7). The controller switch S1 is connected. However, in order to protect the battery, mode 7 does
not appear frequently.

SOCgc is in the range of [K1, K0), which represents the SC stays on the medium energy level.
In order words, the SC still has available space to harvest the regenerative braking energy (mode 6).

SOCsgc is in the range of [0, K1), which represents the SC has insufficient energy. In preparation
for the next peak power demand, the SC needs to be charged soon. Besides the regenerative braking
energy charging the SC, the battery also charges the SC at constant power. Here, mode 5 is activated.

4.2. Determine the Key Thresholds of the Rule-Based Control Strategy

In the above control strategy, seven HESS operation modes are defined based on the HESS status.
The factors which decide the mode selection, consist of the power demand, SC SOC. During the
multi-comparison, there are four parameters are included: K0, K1, K2 and Pyespors- The values of
the four parameters are different across different cycles. For a certain driving cycle, there is a group
of parameters, which can realize the minimum battery current. This paper explores the optimized
parameters configuration in the control algorithm, which matches the proposed HESS topology.

In the control strategy, there are four parameters (K0, K1, K2 and Pypespo14) to be determined. KO is
the SOCgc threshold above which the SC is regarded as sufficient energy stored (or fully charged).
K1 is the SOCg¢ threshold under which the SC will need the extra charging from the battery when the
battery has spare discharging power space. K2 is the SOCg¢ threshold under which the SC is regarded
as insufficient energy stored and stops assisting HESS discharging. Pypeshors is the power threshold,
which is used to judge whether the power demand is high or not. For example, if the demanded power
is larger than P14, the demanded power can be regarded as high-power demand. In this research,
the control algorithm uses the automatic searching strategy to explore the optimized configuration for
the above parameters, which is shown in the Algorithm 1. It is an itinerate loop to find the optimized
parameters set for the thresholds. In the control strategy, 1CP means the discharging value of power
at which all energy stored in the battery can be discharged out in an hour. For the 24 kWh battery
package, 1CP = 24 kW [19].

For KO, its constraint is

0.90 < KO < SOCsc max- (13)

For K1, its constraint is
0.5 < K1 < SOCsc max- (14)
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For K2, its constraint is [17,22]
SOCsc,min < K2 <0.5. (15)

For Preshold, its constraint is
0< Pthreshald <1CP. (16)

Algorithm 1 Code structure of searching the parameter set.

for K0=0.9: A :SOCSC,mux
for K1 = 0.5: A :SOCsc yax
for K2 = SOCSC,min :A:05
for Pthreshold =0: ASOCstep 1CP
Calculate battery degradation
Choose the smaller one after every iteration
result: KO, K1, K2, Pypesno14, which results in the smallest battery degradation.

5. Results

In theory, the battery can work at a constant discharging power if the SC size can be configured
large enough [19]. Combined with the battery degradation feature, the battery can realize the minimum
degradation when discharging at a constant value. The infinite SC case means that the SC is configured
large enough and the SC can supply unlimited power. In reality, the infinite SC case cannot be realized
because of the actual cost constraint. The battery degradation gap between infinite SC case and battery
solely case represents the largest battery degradation mitigation. Taking the HWFET as an example,
Figure 13 shows the battery current in these three different scenarios: Battery solely, optimized HESS,
and infinite SC cases. For the optimized HESS case, the battery current can avoid the peak discharging
periods effectively, such as the moment 300 s and 625 s. As for the infinite SC case, it represents the
ideal scenario in which the battery works at the average power.

90 Battery solely on HWFET m
Optimized HESS on HWFET
Infinite SC on HWFET

70 -

” a N LI |MA" mm&kuum M\ i |ﬂ %
w A ;\/

Current/(A)
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Figure 13. Battery current in different scenarios.

In order to quantify the battery current improvement in different range, Figure 14 shows the
battery current fractions in each discharging/charging current range. The negative battery current
shows the regenerative process of braking. Compared with the battery solely case, the optimized HESS
reduces the battery charging frequency largely during braking. For example, all high regenerative
braking current (higher than —0.25 C) is avoided. Instead, the braking energy charges the SC rather
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than the battery. Similarly, the high battery discharging power period has also been shortened, such as
the discharging current range 0.5-0.75 C and higher than 0.75 C. Overall, the optimized HESS moves
the peaking discharging and charging current to the mild and small current range, e.g., range 0-0.25 C.

80 T T

I Battery solely on HWFET
I Optimized HESS on HWFET| |

70

60

Fraction/%
N w IN o
o S o o

-
o

<-0.25C -0.25C-0 0-0.25C 0.25-0.5C 0.5-0.75C >0.75C
Battery current

Figure 14. Battery current distribution.

In this research, a concept of realization percentage is used to evaluate the mitigation effect of the
new proposed optimal HESS system.

Doptimar = Dinfinit
Realization percentage = P nfinte 100% (17)
DButtery_solely - Dlnfinite

where Dopyima is the battery degradation value in new proposed HESS system, Dy, fiit, is the battery
degradation in infinite SC case, and Dgattery_solely 1S the battery degradation in battery solely case.
In theory, Dy finite < Doptimal < DBattery_solely, the larger the Realization percentage is, the larger mitigation
on battery degradation can be realized.

After launching the searching algorithm, four-parameter sets can be deduced for any specific
driving cycle. Table 3 shows the battery cycle loss on these different tested cycles. According to the
simulation, the HESS can get as high as 93.79%, 94.44%, and 82.72% of the theoretical mitigation
potential of battery degradation on UDDS, HWFET, and US06, respectively.

Table 3. Searching results for parameters.

UDDS HWEFET USo06
Test distance (km) 719 99.0 66.3
Average power (kW) 2.75 5.77 11.17
KO 0.96 0.94 0.98
K1 0.9 0.82 0.81
K2 0.25 0.25 0.25
Pitreshold 3.12 6.24 13.92
Battery(ldg_gi‘)a dation On the tested driving cycles
Infinite SC (%) 37.73 46.37 77.23
Optimal (%) 38.83 46.79 85.1

Battery solely (%) 55.43 53.92 122.78
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Taking our own recorded driving cycle as an input to validate the developed control system,
Figure 15 shows the speed profile of the trip. This trip is a combined trip, which contains both the
city and highway driving features. Figure 16 shows the battery degradation comparison among
different HESS. Table 4 gives the cumulative battery degradation values of all kinds of energy storage
system. Among all scenarios, the battery size is the same, which is 23.66 kWh. Especially, the energy
management algorithm is same for all topologies. Based on Figure 16 and Table 4, the following items
can be concluded: (1) The infinite SC case represents the ideal control situation, in which the battery
can discharge at the average constant current and realize the least battery degradation. It locates at the
lowest position in cyan color. (2) In contrast, the battery solely case represents the worst case, in which
the battery experiences the largest degradation. In this topology, there is no SC as an assisted power
source. Generally, the previous two scenarios represent the best and worst battery degradation. (3) For
the simple parallel structure as 1a (refer to Figure 1a), its benefit on mitigating battery degradation is
very limited. The battery degradation is 11.62 x 10~#, which is close to the battery solely case. It means
the battery degradation mitigation is limited in this case. (4) “Refer 2¢” case is the semi-active HESS
with bidirectional DC/DC converter included, which represents a high configuration cost. Except
for the unlimited SC case, “Refer 2¢” is the HESS topology which has the best battery degradation
mitigation. (5) In the proposed HESS, the battery degradation decreased from 11.90 x 10™#t0 8.33 x 107*
(reduced by 30%), which is closed “Refer 2¢” case. (6) “Refer 2a” case is the fully active HESS with two
bidirectional DC/DC converter included. However, the energy loss of converters leads to the larger
energy consumption of the battery. The battery degradation is close to the proposed HESS and refer 2c.
(7) “Refer 1b” case is the battery/SC topology in which the bidirectional DC/DC converter included.
Compared to the “Refer 2a”, the missing of diode leading to the overflow of the energy, which leads to
energy loss and increases the battery degradation.

40

w
o
T
!

O | | | | | | |
0 400 800 1200 1600 2000 2400 2800 3200
Time/s

Figure 15. The combined driving cycle.

Table 4. The accumulative battery degradation on the tested driving cycle.

Infinite Battery Proposed
Types SC Solely HESS Referla Referlb Refer2a  Refer2c
Degradation ;¢ 11.90 8.33 11.62 10.12 8.77 8.08

(107%)
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Figure 16. Battery degradation comparison in different HESS.
6. Conclusions

This paper proposes a new HESS system, which consists of a novel topology and a customized
control algorithm. The improvements include reducing the DC/DC converter size, avoiding frequent
discharging and charging to the battery, and maximizing braking energy regeneration. By adding two
controlled switches between battery and SC, seven modes are identified based on the demanded power
and SOCgc. In the control strategy, different sets of control parameters are found for different driving
cycles by using the searching method. For the new HESS system estimation, the battery degradation
quantification shows 93.79%, 94.44%, and 82.72% of the theoretical mitigation potential of battery
degradation on UDDS, HWFET and US06 are realized, respectively. Using an independent driving
cycle as the test cycle, the simulation result shows the battery degradation mitigation reached as high
as 30%, larger than the majority of the prior HESS. This result indicates that the HESS topology and
control strategy can be optimized together to realize a better battery degradation mitigation target.
When comparing the battery degradation with other HESS, the proposed HESS does not need the
bi-directional converter, and achieves a competitive battery degradation mitigation result than the
majority of the prior HESS. Furthermore, the temperature is a complicated factor that affects the HESS
system. The temperature is a complicated factor. For a car with the same configuration, the vehicle’s
mileage is not constant across the different driving situations, including the temperature. We prefer to
use the security factor to determine the size of the power system. In this paper, we only use the energy
required to configure the battery and SC size. In our future research, the temperature factor will be
considered in the HESS configuration.
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