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Abstract: The research presented in this paper documents the implementation of an active hybrid
energy storage system that combined a battery pack and an ultracapacitor bank. The implemented
hybrid energy storage system was used to reduce the peak-power that the battery needs to provide
to the load. An active topology utilising two direct current/direct current (DC/DC) converters
and a switch was used to implement the hybrid energy storage system. Fuzzy logic was used as
a close-loop control structure to control the DC/DC converters in the topology, whilst a rule-based
control strategy was used to control the operating states of the hybrid energy storage system.
Experimental implementation of the system showed that the system was able to actively control the
energy flow throughout the hybrid energy storage system in order to limit the power drawn from the
battery to a user-defined limit. The performance of the fuzzy logic controllers was also experimentally
found to be sufficient when used in conjunction with the rule-based control strategy. The system
allows one to utilize batteries that are optimized for energy density seeing that the system was able to
actively limit the power drawn from the battery, whilst providing the required power to the load by
utilising the ultracapacitor bank.
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1. Introduction

The popularity of electric and hybrid electric vehicles (EVs, HEVs) continues to grow due to
growing consumer expectations and legislation to reduce the impact of fossil fuels on the environment.
According to the European Automobile Manufacturers” Association (ACEA), the share of electric cars
in the European Union (EU) was around 30% higher in 2018 compared to 2017 [1]. The limiting factor
in developing EVs that have comparable performance to that of internal combustion vehicles (ICEVs)
is the energy storage system (ESS) used in the EV [2-4]. Batteries have been the most commonly used
ESS in EVs due to their reliability and high energy density compared to other electrical energy storage
devices. However, even with improvements in energy and power density, batteries still have a limited
cycle life, and their energy density pales in comparison to that of gasoline [5,6].

Electric vehicles (EVs) require a power and energy dense source in order to provide power during
acceleration as well as store enough energy so that the vehicle has a sufficient range. In general,
batteries only possess one of these characteristics, not both [7]. EV designers often utilize batteries that
are optimized for energy density, but in order for the battery pack to meet the power requirements of
the vehicle, the size of the battery pack is increased, in order to increase the power capacity of the pack.
This increases the weight and cost of the battery pack. The battery pack in an EV accounts for about
one-third of the total production cost of the EV [8]. Hybrid energy storage systems (HESSs) have been
proposed in the literature to hybridize different ESSs with complementary characteristics in an attempt
to address some of these issues [9-15].
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Two ESSs that are commonly used for hybridization are batteries and ultracapacitors (UCs) due to
their complementary characteristics. The power density of UCs is much higher than that of batteries,
but they have a low energy density in comparison [16-19]. UCs also have a cycle life that is orders
of magnitude larger than that of batteries, which makes them ideal to be used to absorb/supply the
transient power fluctuations of a load [18,19]. The frequent charge and discharge cycles, especially
at high rates of charge/discharge, negatively influence the battery life and usable capacity of the
battery [20-25]. HESSs can thus be used to improve vehicle acceleration and reduce the life cycle cost of
the vehicle by extending battery life through power smoothing. They also allow the EV manufacturer
to utilize batteries that are optimized for energy density, seeing that the HESS reduces the peak-power
demands on the battery.

Various topologies have been developed and are used in the literature to implement the
hybridization [26,27]. HESS topologies are divided into three categories, namely: passive, semi-active
and active topologies. The simplest topology to implement is the passive topology, in which the battery
and UC are simply connected in parallel to the load. The power sharing ratio between the battery and
the UC in this topology is dependent on the internal resistance of each device [28-31]. Due to the
lower internal resistance of UCs compared to that of the batteries, they act as a low-pass filter in this
topology [28,32,33]. D. Haifeng et al. (2010) implemented a passive HESS with a lead-acid battery [34].
The passive HESS system was implemented in a city bus developed in China. D. Haifeng et al. also
found that the HESS enhanced the peak power that the system was able to output. The system
increased the life of the battery system, especially when the power demand was high.

R. A. Dougal et al. (2002) analytically analysed the passive topology and also found that the
topology can supply power to a pulsed load with a higher peak power draw. The system has smaller
internal losses and increases the effective battery life [35]. R. A. Dougal et al. used an ultracapacitor in
parallel with a Li-ion battery. The study found that the addition of the ultracapacitor increased the
peak power capacity of the system by five times and reduced the power loss by 74% when a pulsed
load of 5A was used at a 1 Hz repetition rate and 10% duty cycle.

The passive topology reduces the peak power drawn from the battery, but there is no method of
controlling the power flow in this topology or utilizing all the energy stored in the UC. Semi-active
and active topologies improve on this by utilizing direct current/direct current (DC/DC) converters
and switches in order to control the energy flow in these topologies.

Semi-active topologies only utilise one DC/DC converter to control the energy flow from one of
the ESSs to another. The DC/DC converter is placed between the two ESSs whilst one of the ESSs is
still connected to the DC bus. This allows some degree of control of the power flow throughout the
system, but in this topology either the battery is directly connected to the DC bus, making the battery
susceptible to power spikes, or the UC is directly connected to DC bus, preventing the topology from
utilizing the energy stored in the UC without causing large voltage variations in the DC bus [11].

Z. Yingchao et al. (2013) simulated a semi-active HESS and used a pulsed load for the HESS
scheme [15]. The ultracapacitor was directly connected to the DC-link. The topology was shown to
decrease the high discharge currents experienced by the battery only system. The charge and discharge
cycles experienced by the battery were also reduced by the topology. The operation of the battery is
optimised by allowing the battery to provide a relatively constant output current and reduces the
internal losses experienced by the battery.

H. Min et al. (2017) did a comparative study between the battery/ultracapacitor and
ultracapacitor/battery topologies [36]. The battery/ultracapacitor topology was also experimentally
implemented and validated. H. Min et al. used a bidirectional DC/DC converter to interface between
the battery and the ultracapacitor. The study found that the battery/ultracapacitor topology had
a higher efficiency than that of the ultracapacitor/battery topology. The study also found that the
battery/ultracapacitor increased the range of the vehicle by 7%.

M. Michalczuk et al. (2012) simulated a semi-active HESS with the battery directly connected
to the DC-link [37]. M. Michalczuk et al. made use of the Economic Commision for Europe (ECE)
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driving cycle to simulate the load experienced by the HESS. The simulations performed compared
the performance of a battery-only system compared to that of the HESS at different temperatures.
The HESS showed significant improvement when compared to the standalone battery system at
low temperatures.

Active topologies overcome the limited power control that is provided by the semi-active topology
by utilizing multiple DC/DC converters. This allows full control over the energy flow throughout the
system whilst also isolating the ESSs from the DC bus. The active topology unfortunately increases the
power loss throughout the system due to the losses associated with the additional DC/DC converters,
which also add to the overall complexity and cost of the system.

Z. Song et al. (2014) proposed a novel semi-active HESS topology [20]. The topology was
simulated in Simulink® MATLAB® [38]. The China Bus Driving Cycle was used as the load profile
in the simulation. LiFePOj, batteries were used in the simulation model. The simulations done by
Z. Song et al. showed that the proposed configuration reduced the peak currents experienced by the
battery pack. The simulations showed that the ultracapacitor was also more effectively used in this
topology, providing higher peaks of power when compared to that of the passive parallel system. The
loss in the battery capacity over time was also reduced in the simulation.

C. Xiang et al. (2014) proposed a novel topology which is somewhat similar to the aforementioned
topologies but makes use of two switching devices and diodes to control the flow of energy between
the EESs and the load [14]. Depending on the load, the topology is operated in different modes. The
combination in which the switches are connected or disconnected then determines how the power
is provided to the load. The topology was simulated and implemented to verify its operation. The
results showed that this topology was able to meet the power demands of the load whilst requiring
a lower-capacity DC/DC converter than what is required in a conventional HESS topology.

This paper presents the design of an overhead controller for an active HESS utilizing fuzzy logic
controllers to control the DC/DC converters in the topology. The design and experimental setup of the
system are briefly discussed. The experimental results of the system are also presented in this paper.
The active topology that was utilised is depicted in Figure 1 and utilises two DC/DC converters as well
as a switching device, to bypass the DC/DC converters to directly connect the battery to the load, to
reduce losses. The novelty of this paper lies in the use of fuzzy logic for DC-DC converter control in
conjunction with a rule-based overhead controller to control the flow of power in a HESS. The HESS
topology that was used in the article is also not commonly found in other research papers.

Switch

Unidirectional ' Unidirectional
Battery Boost ucC Buck Load
Converter I Converter

Figure 1. Active Hybrid Energy Storage System (HESS) topology used in this study.
2. Hybrid Energy Storage System

The overall system design is depicted in Figure 2. From this figure it is clear that a battery and UC
were used as the ESSs in this study. The system utilises a control system working in conjunction with
two fuzzy logic controllers to control the power flow throughout the system. The system also utilises
various voltage and current sensors to determine the state-of-charge (S0C) of the battery and the UC,
as well as measure the power that is transferred from each source, the power flowing through the boost
converter and the power drawn by the load. The topology utilises a unidirectional boost converter to
interface the battery with the UC, whilst a unidirectional buck converter is used to transfer power from
the UC to the load. The switch is used to directly connect the battery to the load, depending on the
operating mode of the system.



World Electric Vehicle Journal 2020, 11, 34 4 of 24

v
r Switch
I
__________________ | Battery Unidirectional uc Unidirectional | |Programmable|
Boost Converter Buck Converter Load

(Lesd — — 5 :

[Power Transfered] [Duty Cycle] [Output Voltage] [Duty Cycle]
1 1

(Batiry Soc] v I v

Fuzzy Logic Fuzzy Logic Load
Controller Controller Profile
| Switch State I [Reference Powet] [Reference Voltage] lLoad Powerl

le

» Overhead Controller [«

Figure 2. Overhead system design.

The system was designed in such a manner as to limit the power drawn from the battery to a
user-defined limit. During experimental testing this limit was set to the average power drawn by the
load profile plus the losses induced by the DC/DC converters. This was done so that the SoC of the UC
would be the same at the start and the end of the load profile. This would mean that the system would
be able to provide power to the load until the battery would be depleted. Seeing that the UC bank that
was used had a higher nominal voltage than that of the battery bank, a boost converter was used in
order to be able to transfer power from the battery to the UC bank. The output voltage of the buck
converter is set equal to that of the battery pack, so as to minimize the power spikes that occur when
the system switches between different operating modes.

2.1. Overhead Control Rules

The system utilised different operating modes to control the energy flow throughout the system
depending on the power drawn by the load. The overhead control rules used to determine in which
mode the system should operate in are depicted in Figure 3. The controller has seven different operating
modes which are briefly discussed in the paragraphs to follow. Mode switching is implemented by
controlling the state of the switch as well as the reference power for the DC/DC converters. In Figure 3,
Cy represents the critical value for the battery/ultracapacitor’s SoC. P;, represents the user-defined
power limit for the amount of power that can be drawn from the battery.

Mode 0: This mode is activated when the state-of-charge (SoC) of the battery is below 10% and
the SoC of the ultracapacitor is below 25%, i.e., both the battery and the ultracapacitor are depleted.
This mode pulls the switch low to disconnect the battery from the load, and zero power is transferred
by either DC/DC converters. The system is therefore in shutdown.

Mode 1: When the SoC of the battery is below 10% and the SoC of the ultracapacitor is above 25%
the ultracapacitor provides power to the load, irrespective of how much power the load draws, until
the ultracapacitors SoC reaches 25%. After the SoC of the ultracapacitor drops below 25%, mode 0 will
be triggered.

Mode 2: This mode is activated when the load power is below the user-defined power limit for
the battery pack, the state-of-charge (SoC) of the battery is above 10%, the SoC of the ultracapacitor
is above 95% and the battery only provides power to the load. The controller drives the state of the
switch high, in order to directly connect the battery to the load, bypassing the DC/DC converters. No
power is transferred by the DC/DC converters in this mode.
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Figure 3. Overhead Control Rules.

Mode 3: If the load power is below the user-defined power limit and the SoC of the ultracapacitor
is between 25% and 95%, the battery provides power to both the load and to the ultracapacitor so that
the following holds true,

Pioaa + Puc < Battery Power Limit 1)

where Pj,,, is the power drawn by the load and Py;¢ is the power provided to the ultracapacitor by the
battery through the boost converter. The battery charges the ultracapacitor to ensure a high SoC of the
ultracapacitor so that if the load power drastically increases, the ultracapacitor has sufficient energy to
supply power to the load.

Mode 4: If the load power is below the user-defined power limit and the SoC of the ultracapacitor
is below 25% the battery provides power to the load and no power is transferred through the boost
converter to the ultracapacitor. No power is transferred to the ultracapacitor in this mode seeing
that the boost converter would be unable to control the transfer of power from the battery to the
ultracapacitor seeing that the ultracapacitor’s voltage at 25% SoC is below that of the battery. The
diode in the boost converter would become forward biased, causing the battery to uncontrollably
discharge into the UC, which with its low internal resistance, would result in a very high discharge
current through the battery, damaging it. To prevent this from occurring, a metal-oxide-semiconductor
field-effect transistor (MOSFET) was placed in series with the input of the boost converter, which is
not shown in Figure 2, which was used to connect/disconnect the battery to the boost converter. This
mode’s power flow is similar to that of mode 2s power flow.

Mode 5: This mode is activated when the load power is higher than the defined power limit
for the battery pack. If the SoC of the ultracapacitor is higher than 25% and the SoC of the battery is
above 10% the ultracapacitor provides power to the load through the buck converter, whilst the battery
provides power to the ultracapacitor at the user-defined power limit.

Mode 6: When the load power is higher than the defined power limit, but the SoC of the
ultracapacitor is lower than 25%, i.e., the ultracapacitor is unable to provide power to the load and
the batteries are directly connected to the load through the switch. Directly connecting the battery to
the load during high power draw is not ideal, and reaching this mode indicates that the user-defined
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power limit is below the average power draw of the load or the ultracapacitor bank is undersized and is
not able to supply power to the load through a series of high power peaks, draining the ultracapacitor
bank below 25% before the battery is able to recharge the ultracapacitor bank.

Table 1 summarizes the operating states of the battery, the ultracapacitor and the DC/DC converters
for each mode as discussed above.

Table 1. Hybrid energy storage system (HESS) operating states.

Operating Operating State ~ Operating Switch State Boost Converter Buck Converter
Mode of Battery State of UC Reference Power (Py;¢) Reference Voltage
0 Depleted Depleted Low Inactive Inactive
1 Depleted Active Low Inactive Battery voltage
2 Active Inactive High Inactive Inactive
3 Active Active High < Pr = Pjoug Inactive
4 Active Inactive High Inactive Inactive
5 Active Active Low Py Battery voltage
6 Active Depleted High Inactive Inactive

2.2. Direct Current/Direct Current (DC/DC) Converter Control

As the reader may note from Figure 2, a buck and a boost converter were used in the HESS
topology. The DC/DC converters were designed to operate in discontinuous conduction mode. The
relationship between each converter’s output power and the applied duty cycle is as follows.

For the boost converter, the derivation of the relationship between the boost converter’s output
power and the input duty cycle in discontinuous mode is complex; therefore, only the resulting
relationship between the input duty cycle and the output current is given here, but the full derivation
is available in [39]. For the boost converter in the HESS, since the relationship between V,, and V;, is
relatively constant, the duty cycle (D) can be expressed as a function of the load current for various

values of V;,,/V, [39],
1/2
D:[iﬁ(&_l) Lo ] )
27 Vin Vi IoB,max

where ) ymqy is the maximum output current at the boundary position between the continuous and

discontinuous-conduction mode. To give the reader a better understanding of the relationship between
the duty cycle and the output current at a constant output voltage, the reader is encouraged to view
Figures 7-15 in [39]. The figure shows the square root relationship between the duty cycle and the
output current for a certain V;, /V, ratio.

As the reader may note from the figure and from Equation (2), as the duty cycle increases for a
constant V;,/V,, the output current, and therefore the output power, increase if the boost converter is
operated in discontinuous conduction mode.

Similarly, the buck converter was also designed to operate in discontinuous mode. The relationship
between the duty cycle and the output current of the buck converter in discontinuous mode is given in
Equation (3), and the derivation of the equation can also be found in [39].

1/2
D— & Io/IoB,max

®)
Vin| 1- “,’—;’1

The reader is encouraged to view Figures 7-9 in [39] to view the relationship between the duty
cycle and the output current/power for a constant V;,,/V, as expressed in Equation (3). We can note
from Figures 7-9 and Equation (3) that as the duty cycle is increased, the output current and therefore

the output power increase. Similar to the boost converter, there is a square root relationship between
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the duty cycle and the output current/power whilst the buck converter is operated in discontinuous
conduction mode.

In order to control both DC/DC converters, fuzzy logic was chosen as a suitable control topology,
due to the fact that fuzzy logic does not require a precise mathematical model or transfer function of
the system and is tolerant of imprecise data [18]. Fuzzy logic also has been shown to have comparable
performance to that of traditional PI or PID controllers [40]. The fuzzy logic control structure that
was used in this study is shown in Figure 4. The controller utilises the error and the derivative of
the error between the set-point value and the measured value to determine the control action that
should take place. The memory block is used to store the outputted duty cycle, whilst the fuzzy logic
controller outputs the change in the duty cycle, i.e., if and by how much the duty cycle should increase
or decrease.

Fuzzy Logic Controller

o
o

Rule Base '§ Change in
T4 I
N uty cycle
2
<]
A

1
1
> Membership > :
| Functions 1
e 1
(3 + Vout/Pout DC/DC P Memory P
Converter - Block [T

_T Vref/Pref

Figure 4. Fuzzy Logic Control Structure.

The fuzzy logic controller outputs the amount at which the duty cycle should increase/decrease.
The boost converter is used to control the amount of power that is transferred from the battery to the
UC and therefore was operated in a power-controlled mode. The input power flowing through the
boost converter was therefore used as the measured value for the fuzzy logic controller controlling
the boost converter, with the reference amount of power that should be transferred received from the
overhead controller. The output voltage of the buck converter is the measured variable that the fuzzy
logic controller controlling the buck converter utilises and it also receives its reference voltage from the
overhead controller. The buck converter is used to provide power to the load, but this study utilised
a programmable load to emulate realistic load profiles; therefore, the buck converter was operated in
a voltage-controlled mode.

The programmable load imposed a power profile derived from standard vehicle drive cycles used
for vehicle type testing, such as the New York City Cycle (NYCC), which was then scaled to fit within
the designed power limits of the DC/DC converters. The output voltage of the buck converter was
therefore used as the measured value for the fuzzy logic controller controlling the output voltage of
the buck converter. The reference voltage for the buck converter was set to equal the battery’s voltage
minus the nominal forward voltage of the diode between the battery and switch as shown in Figure 2.
This was done to reduce voltage/power spikes when the controller switches between the different
operating modes by trying to keep the DC-link voltage relatively constant.

Two input membership functions are required for the two different inputs into the controller. The
membership functions are simple curves that define how each input value is mapped to a specific
value, or the degree of truth that that value has. The first membership function, as shown in Figure 5,
is the error in the set-point and the controlled value.
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The second membership function, as shown in Figure 6, is the rate of change of the error
membership function. This function is used to determine if the error is reduced at a satisfactory rate.

A Error membership function

1 NL NM NS z PS PM PL!
0.8+
0.6+
04+
02! / \

0

I 1 |

1.5 1 0.5 0

Degree of membership

| 1
- -0. 0.5 1 15
Rate Error

Figure 6. A Error membership function.

Each membership function has seven functions, which are abbreviated as negative large (NL),
negative medium (NM), negative small (NS), zero (Z), positive small (PS), positive medium (PM) and
positive large (PL).

The fuzzy logic controller only requires one output membership function seeing that it only has
one output, which is the change in duty cycle. The output membership function is shown in Figure 7.

Output duty cycle membership function

1! NL' NM NS z PS PM ! 'PL |

a,

2

g 08¢

<

£ 06-

g

5 04-

(9]

B 02 /

[«9)

e 9
! 1 1 1 | 1 1 1 1 1 |
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Change in Duty Cycle

Figure 7. Output duty cycle membership function.

The input ranges of the membership functions were changed and varied during the simulation
process until the controller performed satisfactorily. Adjusting the input range of the membership
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functions adjusts the gain and inversely the sensitivity of the input functions. The fuzzy logic rules
that were devised are tabulated in Table 2 below.

Table 2. Fuzzy logic rule table.

A Error

NL NM NS z PS PM PL

NL NL NL NL NM NM NS Z

NM NL NM NM NS NS Z PS
NS NB NM NS NS Z PS PM
Error Z NM NS NS Z PS PS PM
PS NM NS Z PS PS PM PL
PM NS Z PS PS PM PM PL
PL Z PS PM PM PL PL PL

N—Negative; Z—Zero; P—Positive; S—Small; M—Medium; L—Large.

The rules were defined in such a way that the controller not only takes into account the error
between the measured value and the reference value, but based on the derivative of the error, the
controller determines if the error is decreasing at a sufficient rate and accordingly increases or decreases
the duty cycle. The fuzzy logic controller utilised the maximum method for aggregation, whilst
the centroid calculation method was used for defuzzification. The Mamdani inference system was
used [41].

3. Results

3.1. Experimental Setup

The completed system setup used to experimentally implement and test the active HESS is shown
in Figure 8. As shown in the figure, a laptop executing Simulink’s Real-Time® environment is directly
connected to the target hardware via a micro-USB cable. The target hardware was the STM 32 Nucleo
F767Z1 microcontroller from STMicroelectronics. The characteristics of the batteries and the UCs that
were used for the experimental setup are presented below in Table 3.

Table 3. ESS device electrical characteristics.

Device Parameter Value
Rated capacity 3200 mAh
Panasonic NCR18650B [42] Gravimetric energy density 243 Wh/kg
Maximum cell voltage 42V
Rated capacitance 3000 F
Initial ESR 0.29 mQ)

Maxwell BCAP3000 [43]

Gravimetric energy density 6.0 Wh/kg

Maximum cell voltage 285V
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ion batteries PCB F76771 Time®

Figure 8. Complete experimental setup.

Two Panasonic NCR batteries were used in series, resulting in a battery pack with a nominal
voltage of 7.2 V and a rated capacity of 3200 mAh. Six of the Maxwell BCAP3000 cells were used in
series to create a UC bank with a maximum voltage rating of 17.1 V and a capacitance of 500 F. The UC
bank made use of a passive balancing circuit to ensure that all cell voltages were approximately equal,
preventing damage that could occur due to cell voltage imbalances.

The B&K Precision 8602 programmable load was used to practically emulate the load profiles. The
load profiles that were used were developed from the NYCC, ECE 15 and the worldwide harmonized
light-duty vehicles test cycles (WLTC) Class 2. The work done by Sciarretta et al. [9] was used to
calculate the resultant power profile that would be required to operate a vehicle according to the speed
profiles of the above-mentioned drive cycles.

In order to reduce the overall system complexity, the buck converter was designed with a 100 W
power limit, whilst the boost converter had a 25 W power limit. The power profiles that were created
were thus adjusted so that the maximum power draw from each profile is below the designed power
limit of the buck converter. The size of the UC bank also does not have a strong influence on the
performance of the active HESS, seeing that the SoC of the UC should be the same at the start and
end of each load cycle. The UC bank should be sufficiently sized that it is able to store enough energy
to provide power when the controller operates the system in mode 5 so that the SoC of the UC does
not drop below 25% during any point in the load cycle. A capacitor bank with a lower capacitance
could have been used, but this size UC bank was used seeing that it was already available in the
research laboratory.
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The integrated PCB used to interconnect all the different functional units is shown below in
Figure 9. The buck converter, boost converter, current and voltage sensors, MOSFET drivers, voltage
regulators and the low-pass filter array are housed on the PCB. The PCB uses four phoenix screw
terminals to interface with the programmable load, the battery, the ultracapacitor and to receive power
from the 15 V bench power supply. The bench power supply is used to provide power to the MOSFET
drivers as well as the LM 7805 voltage regulator which supplies a regulated 5 V output that is needed
to power the shunt current monitor ICs. The IRF3205 MOSFET was used as the switch that connects
the battery to the programmable load.

Load Connection 15 V Power Supply Interface to Nucleo F767Z1

Low-pass
filter array

- (1111 it TS . i Switch to
'H'.r', UL : directly
connect
battery

Buck with load

> — @
s =
Converter I‘ ‘ g
p Battery

S ' ' . ocwveerl W Connection
~ e ‘ act

P s”

Ll

'

'
e &

m)

Boost Converter

Figure 9. Implemented PCB.

A summary of the component values that were used for the boost and buck converter is tabulated
in Tables 4 and 5, respectively. A switching frequency of 10 kHz was applied to both DC/DC converters.

Table 4. Buck converter component values.

Component Characteristic Value
MOSFET Rps(on) 20 mQ)
Inductor Inductance 96 uH

Diode Forward Voltage 0.6V
Peak Reverse Voltage 100V
Capacitor Capacitance 470 uF

ESR 52 mQ)
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Table 5. Boost converter component values.
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Component Characteristic Value
MOSFET RDS(on) 8 mQ)
Inductor Inductance 36 uH

Diode Forward Voltage 0.6V
Peak Reverse Voltage 100 V
Capacitor Capacitance 470 uF
ESR 52 mQ)

A laptop executing Simulink’s Real-Time® [38] environment was used to deploy the overhead
controller and the two fuzzy logic control units in the Nucleo F767ZI microcontroller. The Simulink®
model used to experimentally implement the active HESS is shown in Figure 10. The sensor input
blocks utilize the add-on package for the Nucleo F767ZI in Simulink® to utilize the analog-to-digital
converters in the Nucleo. The look-up tables that are connected to the output of the analog-to-digital
blocks are used to convert the measured values to the actual value, for example, to a current or
voltage value.
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Figure 10. Experimental Simulink® model.

The fuzzy logic controllers as shown in the red blocks control the duty cycle of the pulse width
modulated (PWM) signal applied to the buck and boost converter. The overhead controller outputs
the reference voltage for the buck converter and the reference power for the boost converter. The
buck and boost converter enable output ports in the overhead controller are used to drive the output
PWM signal to zero to disenable the buck and boost converters, depending on the operating mode.

The time block was utilised to implement hysteresis control to prevent the system from oscillating
between the different system operating modes. A hysteresis delay of 200 ms was implemented before
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the system was allowed to switch between operating modes. This delay was found practically to be
sufficient and prevented the system from oscillating between operating modes.

The next section briefly discusses the performance of the fuzzy logic controllers controlling the
two DC/DC converters as well as the overall system performance. The performance of the fuzzy logic
controllers was verified by using a step change in the reference input for each controller and observing
the response of the controlled system.

3.2. Fuzzy Logic Controllers

Seeing that the buck converter was operated in a voltage-controlled mode in which the reference
voltage is equal to the battery voltage minus the forward-voltage of the diode, the controller was set
to keep the output voltage constant whilst a step change in the load power was induced to test its
performance. Figure 11 shows the performance of the fuzzy logic controller whilst the reference output
voltage was set to 7 V. The figure shows how the controller alters the applied duty cycle as the power
drawn from the buck converter is increased.

Output voltage
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Figure 11. Output voltage response of the fuzzy logic controlled buck converter as the load power
is stepped.

From the figure we can note that the controller was able to control the output voltage of the
buck converter as the power drawn from the buck converter increased. To supply the required power
at the required output voltage, the output current needs to increase. Therefore, in accordance with
Equation (3), the applied duty cycle (D) needs to be increased.

We can, however, note from the timescale that the output voltage has a somewhat slow slew rate
whilst the output voltage returns to the reference voltage. This was experimentally found to be due to
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the limited sample time of the microcontroller when used as an external hardware target in Simulink®.
It was experimentally determined that the sample rate of the microcontroller was about 2.5 ms whilst
connected as an external target. This slow sample rate degraded the performance of the controller,
resulting in the slow slew rate as the controller returned to the reference voltage. Nonetheless the
fuzzy logic controller’s performance was adequate to be used in the active HESS.

The performance of the fuzzy logic controller controlling the boost converter was also
experimentally verified by step changing the reference power that the boost converter had to provide.
The boost converter was used to control the amount of power that is transferred from the battery to
the UC and was therefore operated in a power-controlled mode. Figure 12 shows the response in the
output power of the boost converter as the reference power was stepped. The reader may note that the
duty cycle decreases in the figure as the power increases, which is the opposite of that described in
Section 2.2. This is due to the fact that the duty cycle that was logged during testing was the duty cycle
outputted to the input of the MOSFET driver (IXDI614) instead of the resultant duty cycle applied to
the MOSFET in the boost converter. Nevertheless, taking into account that the shown duty cycle is
inversely applied to the boost converter, an increase in the duty cycle results in an increased output
power, as described in Section 2.2.

Output power
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Figure 12. Output power response of the fuzzy logic controlled boost converter as the reference power
is stepped from 2.8 Wto 7 W att =20 s and from 7 W to 14 W at t = 30 s.

The rise time for the measured power as the reference power is stepped at t = 30 s is approximately
110 ms with 2.4% overshoot. The fuzzy logic controller’s performance was deemed to be sufficient to
control the power transferred from the battery to UC.

3.3. Overall System Performance

This section discusses the performance of the overall active HESS system and describes how the
system operated. Four different load profiles were used to test the performance of the active HESS. The
first profile that was used was the pulse train load profile, which is used to more clearly illustrate how
the active topology manages the power flow between the components in the different operating modes.
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3.3.1. Pulse Train Load

The pulsed load profile that was used had an amplitude of 38 W and a duty cycle of 38%. The
user-defined power limit was set to 20.5 W, as this was experimentally found to be sufficient so that the
SoC of the UC was the same at the start and end of the load cycle.

We can firstly note from Figure 13 that the designed system is able to control the power flow
throughout the system and limits the power provided by the battery to the user-defined limit. We can
also note how the overhead controller switches between the different modes of operation, depending
on the load’s power draw. As shown by the red portion, when the load’s power draw is above the
defined limit, the system switches to mode 5 in which the UC provides power through the buck
converter to the load. The boost converter transfers power from the battery to the UC at the defined
power limit. This power limit was required to ensure that the SoC of the UC was the same at the start
and end of the cycle, which would allow the system to provide power to the load profile until the
battery is depleted. No power is provided through the switch to the load.
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Figure 13. (a) Pulsed load power distribution; (b) Power through the switch; (c) Power transferred
through the boost converter; (d) Controller operating mode.
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When the load power drops below the defined limit, as shown in the blue portion, the system
switches to operating mode 3 in which the battery provides power directly to the load. In this mode,
the battery provides power to the load and if the SoC of the UC is between 25% and 95%, the battery
charges the UC so that the total power drawn from the battery is equal to the power limit. The reader
may note that the power provided by the UC to the load has a high peak as pointed out by point A in
Figure 13a.

This is the result of the overshoot caused by the fuzzy logic controller controlling the buck
converter. The buck converter’s duty cycle is set to zero during mode 3 when no power is to be
transferred from the UC through the buck converter to the load. When the system then switches
to mode 5, the fuzzy logic controller changes the duty cycle so that the output voltage of the buck
converter is equal to that of the battery. This large step-change results in the overshoot as observed in
Figure 13a. The reader may also note that the summation of the switch’s power in Figure 13b and the
boost converter’s power in Figure 13c does not exactly match the load’s power draw exactly. This is
due to the losses associated with both the boost converter and the switch.

3.3.2. NYCC Drive Cycle

The power profile developed from the NYCC drive cycle was also used to test the performance of
the practically implemented system and is shown in Figure 14. The user-defined power limit was set
to 8.4 W. This power limit was chosen such that after the duration of the drive cycle, which is 600 s, the
SoC of the UC is at the same level at the start and the end of the profile.
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Figure 14. (a) NYCC load power distribution; (b) Power through the switch; (c) Power transferred
through the boost converter; (d) Controller operating mode.
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The active HESS drastically reduces the peak power drawn from the battery. The system actively
limits the power drawn from the battery by switching between the different operating modes. The blue
portion shows when the system operates in mode 3 seeing that the load power is below the defined
power limit and the SoC of the battery and UC are in nominal states. The red portion shows when the
system operates in mode 5 when the load’s power draw is above the defined power limit.

3.3.3. Economic Commision for Europe (ECE) 15 and Worldwide Harmonized Light-Duty Vehicles
Test Cycles (WLTC) Class 2 Drive Cycle

The ECE 15 drive cycle was also experimentally used to test the performance of the active topology.
The results for this test are shown in Figure 15. The active HESS reduced the peak-power drawn from
the battery by 83.88%. The red portion in the figure shows when the system operates in mode 5 whilst
the blue portion shows when the system operates in mode 3. The power limit for the active topology
was set to 11.9 W. This power limit was chosen such that the SoC of the UC was the same at the start
and end of the cycle. The power transferred through the switch and the boost converter is also shown
in the figure.

(a) ECE 15 load proflle
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Figure 15. (a) ECE 15 power distribution; (b) Power through the switch; (c) Power transferred through
the boost converter; (d) Controller operating mode.

The WLTC class 2 drive cycle was also experimentally used to test the performance of the active
topology. The results for this test are shown in Figure 16. The peak-power drawn from the battery was
reduced by 78.83% compared to the battery-only system. Figure 16 shows the experimental results
after the WLTC class 2 drive cycle was tested. A power limit of 13.8 W was required to ensure that the
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SoC of the UC was the same at the start and the end of the cycle. The SoC of the UC during this profile
is also shown in the figure. We can see that the SoC of the UC is at the same level at the end of the cycle
as it was at the beginning of the cycle. When the system operates in mode 3, we can see that the SOC
of the UC increases, seeing that the battery charges the UC. In mode 5, the SOC of the UC decreases as
it provides power to the load through the buck converter.

w)

Power (

State-of-charge (%)

Mode
O = kDU e

Figure 16. (a) WLTC Class 2 power distribution; (b) Power through the switch; (c) Power transferred

5 3

o 8

(a)WLTC Class 2 power profile

through the boost converter; (d) UC state-of-charge; (e) Controller operating mode.

3.3.4. NYCC Drive Cycle Retested
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In order to illustrate the control of power through the system when the power limit was set to a

higher value than the average power for the specific load profile, the NYCC load profile was retested.

The results of this test are shown in Figure 17.
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Figure 17. (a) WLTC Class 2 power distribution; (b) Power through the switch; (c) Power transferred
through the boost converter; (d) Controller operating mode; (e) UC state-of-charge.

The defined power limit was set to 11.6 W, whilst the average power draw for this profile is only
8.4 W. As we can note from the graph in Figure 17 showing the SoC of the UC, the controller starts
in mode 3, because the load power is below the limit, but the UC is not fully charged, so the UC is
charged until a SoC of 97% is reached. When the load power increases above the defined limit, the
controller switches to mode 5 as shown by the red portion of the figure.

The controller switches back to mode 3 and charges the UC and once the SoC of the UC reaches
97%, the controller switches to mode 2 shown by the blue portion in the figure. In this mode the battery
is directly connected to the load, whilst no power is transferred through the boost converter to the
UC. Hysteresis control was implemented to prevent the mode controller from oscillating between
modes 2 and 3 when the SoC of the UC reaches a certain level. The upper limit for the SoC was set to
97% whilst the lower limit was set to 93%.
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3.3.5. Mode 4 and 6 Testing

Figure 18 is used to show that the controller is able to switch from the normal operating modes,
which would be modes 3 and 5, to mode 4 and 6, in which the battery is directly connected to the load
when the UC is depleted and its SoC is below 30%. We can see from the load profile that the battery
provides all the power to the load through the switch in these modes, whilst no power is transferred
from the UC. The only two operating modes that are not shown in this article are modes 0 and 1.
Mode 0 simply disconnects both the UC and the battery, seeing that both devices are depleted. Mode 1
provides power to the load through the buck converter to the load from the UC when the battery is
depleted. Once the UC is also depleted, this system will enter mode 0.
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Figure 18. (a) Power distribution; (b) Power through the switch; (c) Power transferred through the
boost converter; (d) Controller operating mode.

4. Discussion

From the experimental results it is clear that the developed active HESS was able to experimentally
limit the power drawn from the battery. The power drawn from the battery for each load profile
was equal to the average power draw of that load profile plus the losses associated with the DC/DC
converters and the switch. Table 6 compares the peak-power drawn from the battery-only system to
that of the active topology. Figure 19 graphically illustrates the peak power values as tabulated in
Table 6 for each drive cycle.
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Table 6. Comparison between the peak power drawn from the battery for the battery-only system and

the active HESS.
Load Profile Peak Power Drawn from Peak Power Drawn from Percentage Peak
the Battery-Only System the Active HESS System Power Reduction
Pulse train 38W 205 W 46.05%
NYCC drive cycle 85W 84 W 90.12%
ECE 15 drive cycle 74 W 11.93 W 83.88%
WLTC class 2 drive cycle 652 W 13.8 W 78.83%
90 T T T T T
801 [ | Battery-only system i
I Active HESS

70

Power (W)

30

Pulse train Pulse train NYCC ECE 15 WLTC Class
38 W peak 62 W peak Drive Cycle Drive Cycle 2 Drive

Figure 19. Comparison between peak power drawn from battery-only system and active HESS.

As we can note from Table 6 and Figure 19, the active topology drastically reduces the peak power
drawn from the battery. For this system to be practically useful in an EV, one would require the use of
a predictive control scheme to determine what the defined power limit should be for the system. This
system provides a base for future work to be conducted, seeing that the system provides a topology
that is able to control the energy flow between the battery and the UC and also provides a method of
directly connecting battery to the load.

5. Conclusions

In this paper an active HESS that utilises fuzzy logic control to control the DC/DC converters
in the topology is presented. The topology makes use of two unidirectional DC/DC converters as
well as a switch to limit the power drawn from the battery and to isolate the battery from the power
fluctuations/spikes. The system is able to actively limit the power drawn from the battery to a user
defined power limit.

The experimentally implemented system showed firstly that the fuzzy logic controllers were able
to adequately control the DC/DC converters and secondly that the overhead controller was able to
control the energy flow through the system. The system limits the maximum amount of power that is
drawn from the battery, which reduces the required power rating of the battery, allowing one to utilise
batteries optimized for energy density. During testing, the user-defined power limit was set to the
average power draw of the load profile plus the losses associated with the DC/DC converters, so that
the UC’s SoC was the same at the start and end of the cycle. The system reduced the peak power that
the battery had to deliver by 78.83% for the WLTC class 2 drive cycle, by 83.88% for the ECE 15 drive
cycle and by 90.12% for the NYCC drive cycle.
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Future work could utilise this system as a base and could use advanced predictive control
algorithms to determine the power limit, which would dynamically change depending on the route
profile. Some of the algorithms that, for example, could be considered are the dynamic programming
optimisation algorithm (DP), an artificial neural network working in conjunction with Pontryagin’s
Minimum Principle (PMP) or a driving pattern recognition (DPR)-based power management strategy,
to name a few. Future work could also utilise bidirectional DC/DC converters in order for the system
to also implement a control strategy to absorb the power during regenerative braking.

Author Contributions: Conceptualization, original draft preparation and writing, M.J.v.]. Review, editing and
supervision and research grant holder, R.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is based on research/work supported in part by Eskom (grant number: 26892278). The
research findings are those of the authors and not of Eskom.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  European Parliament. Electric Road Vehicles in the European Union. 2019. Available online: http:
//www.europarl.europa.eu/RegData/etudes/BRIE/2019/637895/EPRS_BRI (accessed on 15 December 2019).

2. Layton, B.E. A Comparison of Energy Densities of Prevalent Energy Sources in Units of Joules Per Cubic
Meter. Int. |. Green Energy 2008, 5, 438-455. [CrossRef]

3.  Wishart, J. Fuel Cells vs. Batteries in the Automotive Sector. 2014. Available online:
https://www.researchgate.net/profile/Jeffrey_Wishart/publication/311210193_Fuel_cells_vs_Batteries_
in_the_Automotive_Sector/links/583f628808ae8e63e6182d34/Fuel-cells-vs-Batteries-in-the- Automotive-
Sector.pdf?_sg%5B0%5D=2vi_tQCH2U3tfiONp2x8P8QWzpzzHD3LgqZv (accessed on 17 December 2019).

4. Tomaszewska, A.; Chu, Z.; Feng, X.; O’Kane, S.; Liu, X.; Chen, J.; Ji, C,; Endler, E.; Li, R,; Liu, L et al.
Lithium-ion battery fast charging: A review. eTransportation 2019, 1, 100011. [CrossRef]

5. Hannan, M.A.; Hoque, M.; Mohamed, A.; Ayob, A. Review of energy storage systems for electric vehicle
applications: Issues and challenges. Renew. Sustain. Energy Rev. 2017, 69, 771-789. [CrossRef]

6. Aneke, M.; Wang, M. Energy storage technologies and real life applications—A state of the art review.
Appl. Energy 2016, 179, 350-377. [CrossRef]

7. Nikolaidis, P; Poullikkas, A. A comparative review of electrical energy storage systems for better sustainability.
J. Power Technol. 2017, 97, 220-245.

8. Zimmermann, T.; Keil, P.; Hofmann, M.; Horsche, M.F; Pichlmaier, S.; Jossen, A. Review of system topologies
for hybrid electrical energy storage systems. J. Energy Storage 2016, 8, 78-90. [CrossRef]

9. Ju, E;Zhang, Q.; Deng, W.; Li, J. Review of structures and control of battery-supercapacitor hybrid energy
storage system for electric vehicles. In Proceedings of the 2014 IEEE International Conference on Automation
Science and Engineering (CASE), Taipei, Taiwan, 18-22 August 2014; pp. 143-148.

10. Seim, L.H. Modeling, Control and Experimental Testing of a Supercapacitor/Battery Hybrid System—DPassive and
Semi-Active Topologies; Norwegian University of Life Sciences—Department of Mathematical Sciences and
Technology: As, Norway, 2011; pp. 44-60.

11.  Ali, A.J. Hybrid Energy Storage System using Battery/Ultra Capacitor. Middle East |. Sci. Res. 2014, 20,
976-980.

12. Haifeng, D.; Xueyu, C. A Study on Lead Acid Battery and Ultra-capacitor Hybrid Energy Storage System
for Hybrid City Bus. In Proceedings of the 2010 International Conference on Optoelectronics and Image
Processing, Haikou, China, 11-12 November 2010; Volume 1, pp. 154-159.

13. Dougal, R.; Liu, S.; White, R.E. Power and life extension of battery-ultracapacitor hybrids. IEEE Trans.
Compon. Packag. Technol. 2002, 25, 120-131. [CrossRef]

14. Xiang, C.; Wang, Y, Hu, S; Wang, W. A New Topology and Control Strategy for a Hybrid
Battery-Ultracapacitor Energy Storage System. Energies 2014, 7, 2874-2896. [CrossRef]

15.  Yingchao, Z.; Zhen, G.; Yongchang, Z.; Tianwen, Z.; Liping, ]. Active battery/ultracapacitor hybrid energy
storage system based on soft-switching bidirectional converter. In Proceedings of the 2013 International
Conference on Electrical Machines and Systems (ICEMS), Busan, Korea, 26-29 October 2013; pp. 2177-2182.


http://www.europarl.europa.eu/RegData/etudes/BRIE/2019/637895/EPRS_BRI
http://www.europarl.europa.eu/RegData/etudes/BRIE/2019/637895/EPRS_BRI
http://dx.doi.org/10.1080/15435070802498036
https://www.researchgate.net/profile/Jeffrey_Wishart/publication/311210193_Fuel_cells_vs_Batteries_in_the_Automotive_Sector/links/583f628808ae8e63e6182d34/Fuel-cells-vs-Batteries-in-the-Automotive-Sector.pdf?_sg%5B0%5D=2vi_tQCH2U3tfiONp2x8P8QWzpzzHD3LgqZv
https://www.researchgate.net/profile/Jeffrey_Wishart/publication/311210193_Fuel_cells_vs_Batteries_in_the_Automotive_Sector/links/583f628808ae8e63e6182d34/Fuel-cells-vs-Batteries-in-the-Automotive-Sector.pdf?_sg%5B0%5D=2vi_tQCH2U3tfiONp2x8P8QWzpzzHD3LgqZv
https://www.researchgate.net/profile/Jeffrey_Wishart/publication/311210193_Fuel_cells_vs_Batteries_in_the_Automotive_Sector/links/583f628808ae8e63e6182d34/Fuel-cells-vs-Batteries-in-the-Automotive-Sector.pdf?_sg%5B0%5D=2vi_tQCH2U3tfiONp2x8P8QWzpzzHD3LgqZv
http://dx.doi.org/10.1016/j.etran.2019.100011
http://dx.doi.org/10.1016/j.rser.2016.11.171
http://dx.doi.org/10.1016/j.apenergy.2016.06.097
http://dx.doi.org/10.1016/j.est.2016.09.006
http://dx.doi.org/10.1109/6144.991184
http://dx.doi.org/10.3390/en7052874

World Electric Vehicle Journal 2020, 11, 34 23 of 24

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Min, H; Lai, C.; Yu, Y.; Zhu, T.; Zhang, C. Comparison Study of Two Semi-Active Hybrid Energy Storage
Systems for Hybrid Electric Vehicle Applications and Their Experimental Validation. Energies 2017, 10, 279.
[CrossRef]

Michalczuk, M.; Grzesiak, L.; Ufnalski, B. A lithium battery and ultracapacitor hybrid energy source for an
urban electric vehicle. Przeglad Elektrotechniczny 2012, 88, 158-162.

Chao, C.-T.; Sutarna, N.; Chiou, J.-S.; Wang, C.-]. Equivalence between Fuzzy PID Controllers and
Conventional PID Controllers. Appl. Sci. 2017, 7, 513. [CrossRef]

Sciarretta, A.; Back, M.; Guzzella, L. Optimal Control of Parallel Hybrid Electric Vehicles. IEEE Trans. Control
Syst. Technol. 2004, 12, 352-363. [CrossRef]

Song, Z.; Hofmann, H.E,; Li, J.; Han, X.; Zhang, X.; Ouyang, M. A comparison study of different semi-active
hybrid energy storage system topologies for electric vehicles. J. Power Sources 2015, 274, 400-411. [CrossRef]
Choi, M.-E.; Lee, J.-S.; Seo, S.-W. Real-Time Optimization for Power Management Systems of a
Battery/Supercapacitor Hybrid Energy Storage System in Electric Vehicles. IEEE Trans. Veh. Technol.
2014, 63, 3600-3611. [CrossRef]

Xiong, R.; Chen, H.; Wang, C.; Sun, F. Towards a smarter hybrid energy storage system based on battery and
ultracapacitor—A critical review on topology and energy management. J. Clean. Prod. 2018, 202, 1228-1240.
[CrossRef]

Cao, J.; Schofield, N.; Emadi, A. Battery balancing methods: A comprehensive review. In Proceedings of the
2008 IEEE Vehicle Power and Propulsion Conference, Harbin, China, 3-5 September 2008; pp. 1-6.

Bai, Y.; He, H.; Li, ].; Li, S.; Wang, Y.-X; Yang, Q. Battery anti-aging control for a plug-in hybrid electric vehicle
with a hierarchical optimization energy management strategy. J. Clean. Prod. 2019, 237, 117841. [CrossRef]
Lukic, SM.; Cao, J.; Bansal, R.C.; Rodriguez, F; Emadi, A. Energy Storage Systems for Automotive
Applications. IEEE Trans. Ind. Electron. 2008, 55, 2258-2267. [CrossRef]

Khaligh, A.; Li, Z. Battery, Ultracapacitor, Fuel Cell, and Hybrid Energy Storage Systems for Electric, Hybrid
Electric, Fuel Cell, and Plug-In Hybrid Electric Vehicles: State of the Art. IEEE Trans. Veh. Technol. 2010, 59,
2806-2814. [CrossRef]

Coffin, D.; Horowitz, J. The supply Chain for Electric Vehicle Batteries. 2018. Available online: https:
//www.usitc.gov/publications/332/journals/the_supply_chain_for_electric_vehicle_batteries.pdf. (accessed on
20 December 2019).

Aharon, I.; Kuperman, A. Design of semi-active battery-ultracapacitor hybrids. In Proceedings of the 2010
IEEE 26-th Convention of Electrical and Electronics Engineers in Israel, Eliat, Israel, 17-20 November 2010.
Choi, M.-E.; Kim, S.-W.; Seo, S.-W. Energy Management Optimization in a Battery/Supercapacitor Hybrid
Energy Storage System. IEEE Trans. Smart Grid 2011, 3, 463-472. [CrossRef]

Cao, J.; Emadi, A. A New Battery/UltraCapacitor Hybrid Energy Storage System for Electric, Hybrid, and
Plug-In Hybrid Electric Vehicles. IEEE Trans. Power Electron. 2011, 27, 122-132.

Lee, B.-S.; Wu, Z,; Petrova, V.; Xing, X,; Lim, H.-D.; Liu, H.; Liu, P. Analysis of Rate-Limiting Factors in Thick
Electrodes for Electric Vehicle Applications. J. Electrochem. Soc. 2018, 165, A525-A533. [CrossRef]

Du, W.; Gupta, A.; Zhang, X.; Sastry, A.M.; Shyy, W. Effect of cycling rate, particle size and transport
properties on lithium-ion cathode performance. Int. J. Heat Mass Transf. 2010, 53, 3552-3561. [CrossRef]
Zhao, C.; Yin, H.; Yang, Z.; Ma, C. A quantitative comparative study of efficiency for battery-ultracapacitor
hybrid systems. In Proceedings of the IECON 2014—40th Annual Conference of the IEEE Industrial
Electronics Society, Dallas, TX, USA, 29 October-1 November 2014; pp. 3076-3082.

Yang, A.; Wang, Y.; Yang, F; Wang, D.; Zi, Y.; Tsui, K.L.; Zhang, B. A comprehensive investigation of
lithium-ion battery degradation performance at different discharge rates. J. Power Sources 2019, 443, 227108.
[CrossRef]

Du, J.; Liu, Y;; Mo, X.; Li, Y,; Li, J.; Wu, X.; Ouyang, M. Impact of high-power charging on the durability
and safety of lithium batteries used in long-range battery electric vehicles. Appl. Energy 2019, 255, 113793.
[CrossRef]

Li, Y.; Huang, X; Liu, D.; Wang, M.; Xu, ]. Hybrid energy storage system and energy distribution strategy for
four-wheel independent-drive electric vehicles. J. Clean. Prod. 2019, 220, 756-770. [CrossRef]

Ruan, J.; Walker, PD.; Zhang, N.; Wu, J. An investigation of hybrid energy storage system in multi-speed
electric vehicle. Energy 2017, 140, 291-306. [CrossRef]

The Mathworks Incorporated; MATLAB: Natick, MA, USA, 2017.


http://dx.doi.org/10.3390/en10030279
http://dx.doi.org/10.3390/app7060513
http://dx.doi.org/10.1109/TCST.2004.824312
http://dx.doi.org/10.1016/j.jpowsour.2014.10.061
http://dx.doi.org/10.1109/TVT.2014.2305593
http://dx.doi.org/10.1016/j.jclepro.2018.08.134
http://dx.doi.org/10.1016/j.jclepro.2019.117841
http://dx.doi.org/10.1109/TIE.2008.918390
http://dx.doi.org/10.1109/TVT.2010.2047877
https://www.usitc.gov/publications/332/journals/the_supply_chain_for_electric_vehicle_batteries.pdf.
https://www.usitc.gov/publications/332/journals/the_supply_chain_for_electric_vehicle_batteries.pdf.
http://dx.doi.org/10.1109/TSG.2011.2164816
http://dx.doi.org/10.1149/2.0571803jes
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2010.04.017
http://dx.doi.org/10.1016/j.jpowsour.2019.227108
http://dx.doi.org/10.1016/j.apenergy.2019.113793
http://dx.doi.org/10.1016/j.jclepro.2019.01.257
http://dx.doi.org/10.1016/j.energy.2017.08.119

World Electric Vehicle Journal 2020, 11, 34 24 of 24

39.

40.

41.

42.

43.

Mohan, N.; Undeland, T.; Robbins, W. DC-DC Switch-Mode Converters. In Power Electronics: Converters,
Applications, and Design, 3rd ed.; Wiley: Minneapolis, MN, USA, 2002; pp. 171-176.

Du, ].; Zhang, X.; Wang, T.; Song, Z.; Yang, X.; Wang, H.; Ouyang, M.; Wu, X. Battery degradation minimization
oriented energy management strategy for plug-in hybrid electric bus with multi-energy storage system.
Energy 2018, 165, 153-163. [CrossRef]

Majumdar, A. Soft Computing in Textile Engineering; Woodhead Publishing Limited: Cornwall, UK, 2011.
Panasonic. Product Specifications. Available online: https://www.batteryspace.com/prod-specs/NCR18650B.
pdf (accessed on 20 October 2019).

Maxwell Technologies. Datasheet. Available online: https://www.maxwell.com/images/documents/k2series_
ds_10153704.pdf (accessed on 20 October 2019).

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.energy.2018.09.084
https://www.batteryspace.com/prod-specs/NCR18650B.pdf
https://www.batteryspace.com/prod-specs/NCR18650B.pdf
https://www.maxwell.com/images/documents/k2series_ds_10153704.pdf
https://www.maxwell.com/images/documents/k2series_ds_10153704.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hybrid Energy Storage System 
	Overhead Control Rules 
	Direct Current/Direct Current (DC/DC) Converter Control 

	Results 
	Experimental Setup 
	Fuzzy Logic Controllers 
	Overall System Performance 
	Pulse Train Load 
	NYCC Drive Cycle 
	Economic Commision for Europe (ECE) 15 and Worldwide Harmonized Light-Duty Vehicles Test Cycles (WLTC) Class 2 Drive Cycle 
	NYCC Drive Cycle Retested 
	Mode 4 and 6 Testing 


	Discussion 
	Conclusions 
	References

