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Abstract: In this paper, a distributed energy storage design within an electric vehicle for smarter
mobility applications is introduced. Idea of body integrated super-capacitor technology, design
concept and its implementation is proposed in the paper. Individual super-capacitor cells are
connected in series or parallel to form a string connection of super-capacitors with the associated
management unit to form a panel. These super-capacitor panels are shaped to fit the alternative
concept of vehicle design, and it solves the design issues and prepares for configurable electric
vehicles. Body integration of super-capacitors enhances the acceleration, and regenerative braking
performances of the electric vehicle increases the operating life of the Li-ion battery and improves
space utilization by giving more area for the main energy source, the Li-ion battery. Integrating
super-capacitor into the car body involves special packaging technology to minimize space and
promotes distributed energy storage within a vehicle. This pioneering design encourages future
configurable electric vehicles. Model of both the Li-ion battery and the super-capacitor employed
is studied with its series internal resistance determined at various C-rates. Loss and the efficiency
analysis of the bi-directional converter, traits of body integrated super-capacitors system and control
of the interleaved bi-directional converter to regulate the power-sharing in the hybrid energy storage
system is presented.

Keywords: hybrid energy storage; interleaved converter; Li-ion; super-capacitor; ultra-capacitor;
distributed energy storage; configurable EV; electric vehicle

1. Introduction

Modern electric vehicles and renewable energy-based power systems employ multiple
energy storage devices (ESDs) which are the major devices in vehicles [1,2]. A hybrid energy
storage system (HESS) can be a combination of two or more ESDs, namely, secondary
batteries (lead—acid, Li-ion), electric double lager capacitor (EDLCs) or supercapacitor (SCs)
[3], fuel cells [4], superconducting magnetic energy storage (SMES) [5] and flywheels [6].
Distinct characteristics associated with each of these energy storage devices make them
compatible with a variety of electrical engineering applications. Li-ion-based chemistries
are the preferred choice of ESD among secondary batteries due to their higher specific
energy (~120-300 Wh/kg) [7], lower maintenance, negligible self-discharge and lack of
memory effect. A higher density version is available but the safety is an issue for very new
battery technology and practical implementation. Yet, the low specific power (~1-3 kW /kg)
and slower transient response pose a hindrance to high-pulsed-power applications such as
electric vehicles [8]. Fuel cells [9] are an alternative energy source for electric vehicles but
their power density is lower than batteries and SCs. A fuel cell’s specific energy density
is governed by the fuel, for example, hydrogen fuel density is 1.6 kWh/kg [9]. SCs offer
higher specific power (=10 kW /kg) than batteries and fuel cells, operate for a million

Energies 2021, 14, 6553. https:/ /doi.org/10.3390/en14206553

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4086-8245
https://orcid.org/0000-0003-2615-5169
https://orcid.org/0000-0002-3267-0290
https://orcid.org/0000-0001-7696-5800
https://doi.org/10.3390/en14206553
https://doi.org/10.3390/en14206553
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14206553
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14206553?type=check_update&version=2

Energies 2021, 14, 6553

2 0f 22

cycles and offer excellent transient behavior [10]. However, they possess lower specific
energy (=~ 5 Wh/kg) in comparison, although research is being carried out to improve the
performance [11]. These unique characteristics indicate an absence of an ideal ESD for
all applications.

An HESS with close-to-ideal characteristics, for a given application, can be realized by
the combination of two or more of the abovementioned ESDs. For example, a Li-ion battery
and super-capacitor-powered electric vehicle utilizes the complementary traits of both
ESD:s to realize an HESS with good specific power and specific energy and improved range
and acceleration [1,2,12]. The finite life of the Li-ion battery can be increased by enabling
the SC to handle high power and pulsating load requirements [13]. An HESS with super-
capacitors and Li-ion batteries is ideal for motor sports to cater to high acceleration and
braking performance demands. The applications in electric vehicles [14] have been reported.
An HESS is beneficial in microgrid applications with PV and wind power as inputs [15]. It
is usually included with cell equalization based on buck-boost [16], resonant circuits [17]
or switched-capacitor [18] circuits. HESSs in DC-microgrids have been researched with the
combination of PV and electric springs [19]. A bi-directional power flow converter [20] is
needed for energy management to allow flexible power control and energy storage.

The classical application method of a switched-capacitor for vehicles is to add the
super-capacitor to the battery. The technology uses simple series connection [21], and a
planar and sandwich structure [22] has been reported, but the power level is still low and
not suitable for electric vehicle applications. Our novel design is based on a new packaging
concept that makes use of the vehicle body parts and, therefore, the power level and energy
storage level are large and both series and parallel connections can be used. It is a large
network of super-capacitor power and energy connections. The proposed method makes
use of the vehicle body parts. The energy storage is in the vehicle body instead of an
energy storage compartment which is bulky and requires a lot of space. Using this concept,
the vehicle has more interior space.

In this study, the SCs are integrated into the body parts of an electric car. This
allows enhanced space utilization as the SCs are placed in the hollow parts of the car
without occupying space meant for the primary energy source. Previous research on
supercapacitor packaging has been focused on the direct connection in series or sandwich
connection [23,24]. The proposed concept is new as it combines the packaging of energy
storage and vehicle body parts. The super-capacitors proposed to be used are of high quality
and have inherited short circuit protection. Even under short circuit, the super-capacitor
will not catch fire or explode. In addition, the installed super-capacitor energy management
system provides external circuit level protection and management. Therefore, the system
is safe. The super-capacitor does not contain any chemicals and the key materials are
only dielectric and metal conductors. Therefore, no corrosive material is contained or non-
recyclable as compared with batteries. Therefore, the proposed concept is safe. Integrating
SCs into the car body poses challenges and these are solved and highlighted in the study.
The paper introduces three performance indices—hybrid energy ratio (HER) «,, hybrid
peak power ratio (HPPR) x,, and hybrid average power ratio (HAPR) x;,. The design
of the body integrated super-capacitor panels and a bi-directional interleaved DC-DC
converter is presented. Super-capacitor panels and the developed converter are interfaced
with an existing Li-ion battery-powered drive train of an electric car. Analyses of the super-
capacitor-battery HESS, including a simple model of the Li-ion battery, super-capacitor
and the bi-directional interleaved converter (BIC), are performed. Experiments are carried
out to determine the internal resistances of the Li-ion battery and SC. Experimental results
demonstrating the performance of the developed converter and the car are presented with
waveforms captured during the running of the car on a dynamometer.

The concept of body integration and examples of super-capacitor panels matched
to the shape of the car body are presented in Section 2. Section 3 describes the battery
and the super-capacitor model, Section 4 focuses on the bi-directional converter and
Sections 5 and 6 explain the system design and supervisory control of the BIC. The pre-
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sented concept provides a novel design of future configurable electric vehicles [25,26] in
which the energy storage is distributed and each configurable part has its own energy for
mobility and control.

2. Concept of Body Integration

The concept of BISC is shown in Figure 1. Super-capacitor cells are connected in series,
called strings, to increase the operating voltage. Many such strings are parallelly connected
to enhance the power rating. The panels are connected to an SCMU and covered by an
enclosure for protection. The shapes of the BISC panels match a part of the original car
body and are smoothly integrated into the bonnet, door, roof or boot lid.

Figure 1. Concept of body integrated super-capacitors.

Figure 2a shows the prototype of a BISC car. It features several BISC panels placed on
the roof, behind the driver and passenger seats and inside the door and the bonnet. All
these panels are connected in parallel. The BIC, battery and SC management systems, VCU
and the motor controller are installed in the boot. The primary energy source, a Li-ion
battery, is placed beneath the two seats.

In [27], a simulation model of EVs powered by SCs is proposed for determining the
acceleration and distance traveled. The BISC panels also have embedded voltage-balancing
circuits to equalize individual super-capacitors’ voltages in a string. These balancing
circuits augment the operating life of the super-capacitors and alleviate the likelihood of
working hazards. Resistive voltage equalizing schemes, as reviewed in [28], are installed
in the panel.

Figure 3 shows a BIC interfaced with the BISC and Li-ion battery HESS. The BIC is
an ideal choice when the operating current is high and is therefore employed in the HESS.
The main drawback for this HESS—converter configuration is that the output voltage of the
BIC does not have a wide range as the port is parallel to a voltage source. As in [29,30],
loss of the system in Figure 3 is analyzed in detail with a simulation model.
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Figure 2. (a) Prototype of the body integrated super-capacitor car: (b) DC-DC converter, BMS, SCMS,
VCU and motor drive installed in the boot. BISC panels (c) placed behind the seats and under the
hood, 65 F, 54 V, (d) placed behind the seats, (e) placed inside the door, (f) designed to be the bonnet,
(g) placed over the roof.
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Figure 3. Hybrid energy storage system using bi-directional interleaved converter.

3. Analysis of Energy Storage Devices
3.1. Li-Ion Polymer Battery

Individual Li-ion NMC cells rated at 3.7 V and 56 Ah are used to characterize the
battery of the HESS. The OCV versus SOC curve is obtained as explained in [31,32]. The cell
is charged to 100% SOC initially and is discharged for a definite period with a constant
current and rested periodically. The discharge current is used calculate the SOC using [33]

M.

SOC(%) = 100 x Qrem — 100 x (Qnom - Ibattdis> (1)
Qnom Qnom
The measured OCV versus SOC curve is plotted in Figure 4. The characteristic is
curve fitted to a third degree polynomial (or a cubic) function given by (2).

@

OCV(SOC) = p1SOC3 + p2SOC? + p3SOC + p4
p1 = 3.288u, p» = —0.5409m, p3 = 0.03148, p4 = 3.195
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The measured internal resistance Ry, at 1 C and 0.5 C is around 3 mQ) from SOC 20%
to 90% and around 10 mQ) from SOC 90% to 100%.

Batteries can be modeled utilizing electrochemical [34], electrical circuit [31,32], ana-
lytical [35] and stochastic [36] methods. An electrical circuit model utilizes a DC source,
R, L and C components to characterize the battery, making them an ideal candidate for
electrical simulation. The battery model in this study is intended for a longer duration of
operation rather than the RC time constants which are suitable for instant estimation of
the power loss associated with the model. Therefore, a simple electrical circuit model with
a DC source and a series resistor (characterizing the equivalent resistance of the contact,
electrode and the electrolyte) is shown in Figure 5. The rated voltage of the battery pack is
81.4 V and the rated capacity is 112 Ah.

3.2. Super-Capacitor

A single super-capacitor cell of 2.7 V and 350 F is used for characterization. The internal
resistance of the super-capacitor is extracted from the experiments as suggested in [37].
The variation in the internal resistance during charging and discharging with current is
shown in Figure 6. The DOD of the super-capacitors is given by the equation

VZ _ VZ
DOD — VZSCmax VZSC (3)
SCmax ~— Y SCmin

There are several SC models in the literature. In [38], a full frequency-range model of
an SC capable of mimicking different phenomena is presented. It consists of several series
and parallel RC networks. Several SC electrical circuit models have been reviewed in [39].
For application in this study, a simple model with a series resistance is sufficient to predict
the SC behavior. Figure 5 shows the variation in SC ESR with different discharge currents.

A simplified model of a Li-ion cell and a super-capacitor cell including only the series
resistance and eliminating the RC networks is given in Figure 6.

OCV (V) vi/s SOC (%) for a single cell

4.4 T

Measured
Curve Fitted

3 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

SOC (%)

Figure 4. Measured and curved fit plots of OCV versus SOC of a Li-ion polymer cell.
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Variation of SC-ESR with current
16

4 T T T T T T T T
—$— Equivalent Series Resistance during Charging

=& Equivalent Series Resistance during Disharging

15

Resistance (mQ)

1 2 3 4 5 6 7 8 9 10
Current (A)

Figure 5. Variation in the super-capacitor equivalent series resistance with current during both
discharging and charging.

Figure 6. Simplified model of super-capacitor and the Li-ion polymer battery.

4. Power Converter Analysis

The BIC is connected to the BISC panels to step up or down the voltage during dis-
charging or charging of the SC, respectively, and to fully utilize the large voltage range
of the SC. The BIC topology helps switch the current from the SC among all phases
equally and aids in optimizing the DC bus ripple by employing interleaving. In addi-
tion, during regeneration, interleaving enables smoothing of the SC charging current by
minimizing ripple.

The BIC can operate in two modes. Under discharging mode (or motoring), the super-
capacitors, along with the battery, will discharge to the load. For analysis, it is assumed
that the BIC will operate under CCM. Under charging mode (or regeneration), the energy
recovered during regeneration of the 3-¢ induction motor is used to charge the super-
capacitors. The analysis is carried out on a single phase equivalent model of the bi-
directional converter shown in Figure 7. The converter is analyzed in both discharging and
charging modes in the following subsections.
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Figure 7. Single phase equivalent model of converter, highlighting parasitics for loss estimation.

4.1. Discharging Mode Analysis

The discharging mode analysis includes the study of efficiency and steady state
characteristics of the BIC. The equivalent states of the single phase boost converter when
the MOSFET S; is turned ON and OFF are shown in Figure 8a,b, respectively. MOSFET
switching loss in a boost converter can be represented as [40]

Psw = fsCoVi. = fsCo(IscRo)? 4)

RSC RDSon RC

Lye
Isc § 1 G)

\
Vsc Cr
@)

AY
/1

Lf R ] R on I
MA- de
Rsc Isc Iy éRC

~ 1
Ve /\Cf

®

A}

(b)

Figure 8. Bi-directional converter operation during discharging mode operating as a boost converter.
(a) Switch S; ON (0 < t < DTs). (b) Switch S; OFF (DTs < t < Ts).

From Table 1, the RMS current expression through the switches (Is,) and the passive
components (Lf, Cy) can be obtained. These expressions can be used to derive the respective
conduction losses in each component. The efficiency of the converter during discharge
(14is) as a function of parasitics and the duty cycle is given by (6). Efficiency (1145) in general
terms can be given by

1
= 5
Nais o P, ®)
Py
The net conduction loss can be computed by using the expressions for the different
RMS currents in Table 1. The corresponding conduction loss is evaluated using the parasitic
resistance. The sum of switching and conduction losses can be expressed as a function of
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the output power. After re-arranging and substituting in (5), the expression for efficiency
during discharge mode (7,;5), excluding the inductor core loss, can be simplified to

1
Ndis = (6)
DRps + R, + Rsc  Rps + DR
14 DS AT BSC, DS € 1 2f.CoRo

Ro1—D)? ' Ro(1-D)

Using the above expression, the steady-state boost voltage gain can be expressed as (7) [16].

7

= = 7
Mboost VSC 1-D ( )

Figure 9a plots the variation in the steady state voltage gain and the efficiency of
the boost converter versus the duty cycle for different Ry settings. To determine the duty
cycle corresponding to the maximum voltage gain, the ratio of the output voltage to the
input voltage of the converter is differentiated with respect to the duty ratio and equal

d(Mboost) . . AP
to zero, ————= = 0. The duty cycle corresponding to maximum voltage gain is given

by (8). Efficiency at the maximum steady-state voltage gain (#/pm,x) can be computed by
substituting the value of D,y from (8) into (6) and is given by (9).

Ro— R — \/(2c0f5R5 + Ro — Re)K + 2CoR2 f
2C0st% + Ryp — R¢

®)

max —

RoK
2K(Rg — Rc) + Re/ (2CofsR3 + Ro — Re) K+ 4CoR3fsK

NDmax =

©)

Table 1. Expressions for RMS current through different components during discharging mode.

0<t< DTs DT, <t < Ts RMS Current
15 Idc 0 Idc\/ﬁ
1 1—-D 1-D

I* 0 Idc Idc

51 1-D Vi—D
I =1 Idc Idc Idc
L=7sc 1-D 1-D 1-D

I;:D D
I -1 I —_—
C de 1-D dc 1-D
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(b)
Figure 9. Characteristics of the converter during discharge mode with R, = 0.1 ), Ry = 0.01 O,
R; =020, fs =50kHz, Cy =10 pE, Rgc =5mQ), Vsc =27V, (a) Duty Cycle and (b) Output Resistance
of the converter.

4.2. Charging or Regenerative Mode

In this section, the charging efficiency of the super-capacitor is described. The energy
(Esc) stored in the super-capacitor at time t after being charged is given by

2 _ 2
ESC: CSC(Vsc(t; Vsc(o)) (10)

where Cgc is the capacitance in Farad, Vsc(0) is the initial voltage of the super-capacitor
before charging. The total energy consumed (E;,,;) during the charging period is given by

t t
Etotal :/0 Viuek (t) Isc (t)dt = /0 (Vs (t) 4 Isc(t)Rsc) Iscdt (11)
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where Vj,,« is the output of the BIC when operating as a buck converter. In this operating

mode, the converter charges the super-capacitor. The efficiency can be computed by é ot
The same analysis can be computed for constant current charging
Igct
Vsc(t) = =~ + Vsc(0) (12)
sC
B AVsc + Vsc(0)
nsc = (13)
AVsc + Vsc(0) + IscRsc
Isct
where AVsc = % From Table 2 and Figure 10, the efficiency of the converter operating
sC
during constant charging can be computed, if the regenerative power is known, using (14).
Pj. — P
Neh = Mouck = CT (14)
dc

where the net loss (P;) can be reduced to: P; = IgCK + 2fs COVSQC. Figure 11 shows the
charging efficiency versus charging current of the BIC simulated for a constant regenerative
power of 250 W.

Table 3 gives the specifications of the BIC converter prototype shown in Figure 12.

Table 2. Expressions for RMS current through different components during charging mode.

0<t<DTs DT, < t < Tg RMS Current
Is, 0 Isc Iscv/I—D
I; ISC 0 Isc\/ﬁ
Iy = Isc Isc Isc Isc

(@) (b)

Figure 11. Bi-directional converter operation during charging mode operating as a buck converter.
(a) Switch §7 ON (0 < t < DTy). (b) Switch ST OFF (DTs < t < Tg).
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Figure 12. Charging efficiency versus charging current of the BIC (14) simulated for a constant
regenerative power of 250 W.

Table 3. BIC parameters and design.

Parameters Value
SC voltage range (input) 54 V=20V
Battery voltage range (output) 924 V-78 V
Max. power 8 kW
L¢ per phase 100 pH
Switching frequency 45 kHz
Input cap. 470 pF
Output cap. 1000 uF
FET IXFN140N20P 200 V, 115 A
FET drivers ADuMB3224
PT LEM LV-25P
CT LEM HTEFS 200P
MCU STM32F446ZE

5. Sizing, Design and Performance Indices of the HESS

The data collected by the BSMS [41] calculate the SOC of the battery and super-
capacitor pack. The BSMS interfaces with the VCU, battery and SC chargers. Figure 13
outlines the system-level integration in the designed HESS EV. A 5kW three-phase in-
duction motor is driven by an inverter. Both the Li-ion battery and the super-capacitor
power the motor. The Li-ion battery is interfaced with the DC bus through a protective
relay. All the SC panels also have a protective relay. Individual SC panels are connected
in parallel and interfaced with the six-phase bi-directional DC-DC converter. The BMU
and SCMU continuously supervise the voltage, current and temperature of cells inside the
battery module and SC modules, respectively. Bus voltage, bus current and the insulation
resistance are also supervised by the bus monitoring units. Data from the BMU and SCMU
are collected by the BSMS to compute the SOC of the battery and SC, and other important
parameters. The BSMS interfaces with the charger and the VCU. The VCU provides the
supervisory control to turn ON/OFF the BIC, inverter and interfaces with the display unit
helping the vehicle driver.
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Figure 13. Block diagram depiction of designed EV.

The parameters of the EV prototype are listed in Table 4. The super-capacitor panels
are integrated into the car body as shown in Figure 2. An individual super-capacitor cell
is rated at 2.7 V and 350 F. Twenty super-capacitor cells are connected in series to form a
string. Several strings are connected in parallel to form one BISC pack. Each BISC pack
has embedded protection and balancing features. The net capacitance of the installed BISC
is equal to 323 F. Each door has a BISC panel of 30 F integrated into its original structure
(Figure 2e) . BISC panels rated at 65 F are placed behind each of the car seats and one under
the bonnet (Figure 2d), and a 98 F curved panel is installed as the roof (Figure 2g). All the
BISC panels are rated at 54 V and connected in parallel. The BIC interfaces the BISC panels
with the battery and the motor drive as elucidated in Figure 3. The Li-ion polymer battery
pack has a voltage rating at 81.4 V and 112 Ah.

Table 4. EV design.

Parameters Value
Model Two-door and two-seat light EV
Total mass 790 kg
Tire radius 0.275m
Gear ratio 8.25
Rated velocity 50 km/h
Maximum velocity 70 km/h
Motor power 5kW
Li-ion NMC battery voltage range 924V to66 V
Battery capacity 112 Ah
SC voltage range 54Vto20V
SC rating 323 F

Performance Indices

HER is defined as the ratio of the energy stored in the SC («..), or the chemical
potential energy in Li-ion battery (., ), to the total energy in the system.

0.5CscV2-
Kege = > (15)
0.5C5Cvsc + (Vbthnom X 3600)
- Viat Qnom % 3600 (16)

K =
@ 0.5Csc V2 + (Viat Quom x 3600)
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HPPR is defined as the ratio of the peak power delivered/absorbed by the SC («pp.),
or the battery (xpp, ), to the peak power demanded by the load. Similarly, HAPR is defined
as the ratio of the average power delivered/absorbed by the SC (k,p,.), or the battery
(Kapy, ), to the average power demanded by the load. For the HESS in this study, the values
of ks and x,, , when the SC is fully charged and the battery SOC is 100% are 1.415%
and 98.585%. The value of HER changes dynamically as the battery and SC discharge
to the load. Intelligent energy management algorithms based on HER can be designed.
The variation in ., and . is shown in Figure 14. The HPPR and HAPR can be adjusted
by the designer, which depends on the energy management algorithm and the application.

100

90 [

80 [

70r

60 [

o° s0f
©
40
30
20
10
0 10 20 30 40 50 60 70 80 90 100
SOC (%)
(a)
15
A
6]
n
(o]
©
05t
o |
0 10 20 30 40 50 60
\Y V
sc V)
(b)
15
1
0
2]
(]
©

05

0 0.2 0.4 0.6 0.8 1 12

Depth of Discharge
(c)

Figure 14. (a) Variation in ., v/s SOC assuming energy in the SC is constant. (b) Variation in xe,
v/s Vsc assuming energy in the battery is constant. (c) Variation in x.,. v/s DOD assuming energy
in the battery is constant. Parameters used for these plots: Vscpax =54V, Vscpin =20V, Qnom = 110
Ah, V},,; =814 V.
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6. Control Strategy and Implementation

Articles [42-46] explore various control strategies. In [42,44], optimal control to mini-
mize HESS losses and prolong battery life is implemented using a power split algorithm.
Fuzzy control has been proved for power flow development [47] and is realized to ensure
there is minimum variation in the battery current and the losses are minimized in [43].
In [45], Markov’s decision process is used to ensure optimum power allocation between
the SC and battery. Similarly, a model predictive technique is employed for active energy
management in [46]. These techniques are computationally intensive and require advanced
controllers for efficient programming.

In this study, an adaptive PI control technique is employed which can be easily
implemented by MCU. That is, the PI parameters values are not fixed but are varied
according to the SC voltage. The initial values are set using modeling and simulation.The
final values are adjusted by trial and error during the experiments to obtain the desired
performance. The controller ensures that during acceleration and braking, more current is
delivered/absorbed by the SC, respectively, thereby preventing the battery from degrading
faster. This is carried out by optimally tuning the controller to react faster.

A simple energy management system to share the demanded power through super-
capacitors and a Li-ion battery is presented in Figure 15. The VCU supervises all the
subsystems in the car including the converter. After initialization, important parameters
of the converter Vsc, Vi, Isc and I, are read to ensure they are under the limits. If any
of the parameters exceed the threshold value, the converter is immediately turned off.
Upon receiving the signal from the VCU, the converter measures the battery current I;; to
determine if the vehicle is motoring or regenerating.

If the vehicle is motoring, i.e., I;; is positive, the super-capacitor discharges through
the BIC and shares the demanded power. The value of the controlled super-capacitor
current Igc is set by the user. A threshold value of I is set to decide when the converter
should operate, for both charging and discharging operations. The parameters that deter-
mine the threshold value include the load current, DOD of the super-capacitor modules
and SOC of the Li-ion battery pack. During discharging, the objective is to maintain the
super-capacitor’s current at the reference value. This is achieved by using a PI controller.
If the vehicle is regenerating, i.e., Ij; is negative, the BIC operates as a buck converter
and charges the super-capacitor. During regeneration, the objective is to minimize I;,; and
increase the super-capacitor charging current. Therefore, the controller is programmed to
operate the converter such that the current is 90% of the maximum allowed current.

The design of the vehicle has to take care of the inverter design. The multi-level
inverter based on multiple battery cells is a good attempt [48]. All the wiring, including
the power distribution and the magnetic components, the multi-stranded design, should
be followed [49].
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Figure 15. Simple energy management and supervisory control of the bi-directional interleaved
converter and HESS.

7. Results and Discussion

At heavy load, all phases (six in this case) are active and share the current to obtain
higher efficiency (Figure 16). When the load becomes light, the power processed by each
phase is significantly reduced. If all the phases are still operating, the switching loss
conduction loss, inductor core loss, etc. still exist in all channels. This makes it relatively
inefficient. During higher power operation, the increase in conduction losses and switching
losses causes the efficiency to reduce. The light load efficiency can be improved by active
phase shedding algorithm.Test results to certify the working of the BIC using DC supplies
(Figure10) is shown in Figure 17. A PI controller is programmed in STM32 to govern the
current to a set value. Furthermore, the current control algorithm helps in minimizing the
inrush current which is vital in SC systems. Figure 17a,b depicts the VI input and output
waveforms of the BIC operating with a set current of 45 A and 80 A.
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Figure 16. Measured efficiency of the converter during discharging mode.
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Figure 17. Ch.1: input current, Ch. 2: input voltage, Ch. 3: output current, Ch. 4: output voltage.
Measured discharging operation of the BIC at a constant current of (a) 45 A, (b) 80 A.

First, experiments using BISC panels and lead—acid batteries (92 V, 12 A) are carried
out. Figure 18a,b depicts the SC discharging test with the battery current(ly,;) regulated
to 1.5 times and equal to the BIC output current, respectively. At the beginning, only the
battery is discharged, and when the BIC reads the discharge command from the VCU,
the BIC is controlled such that the desired value of the BIC output current is realized.
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SC charging test results are depicted in Figure 19. Figure 19a shows the 10 A constant
current charging waveform. At the beginning, the regenerative current charges the battery
alone and waits for the instruction from the VCU. Upon receiving the instruction, the SC
begins to become charged while the controller regulates the charging current to 10 A.
Figure 19b depicts the over-voltage safety feature of the BISC panels. When the SC charges
up to the cut-off voltage (50 V), the converter turns off, forcing the regenerated current to
only charge the battery.

Test results of an HESS (BISC panels and Li-ion battery) powering a 5kW, 3-phase
induction motor installed on an EV are shown in Figure 20. In Figure 20, the motor is
started from rest until the prototype EV reaches a certain speed. Once the EV reaches
the set speed, the driver tries to maintain the speed for a brief period and releases the
accelerator pedal thereafter. The waveforms in Figure 20a—c show the experiment at 15
kmph, 20 kmph and 25 kmph, respectively. The super-capacitor voltage, super-capacitor
current and battery current are measured. It is seen that the average SC current is at least
four times higher than the average battery current. The ratio of the currents can be further
adjusted based on the driving cycle and pattern. It can clearly be seen that the response
of the SC to the load demand is quicker when compared to the battery. This ensures that
during start-up, the battery is less exposed to the motor’s high power demand, which
improves the battery life in the long run. During braking, most of the regenerated power
(although the magnitude is small in the examples in Figure 20b,c) is transferred to the SC.
This again protects the battery from the spiky charging current.

Operating waveforms of the BIC under both discharging and charging scenarios
are presented. Experimental results of the super-capacitor and battery current when the
vehicle is started from standstill, reaches a certain speed and halts shows that the designed
vehicle functions well. The Li-ion battery is protected during both the start-up and braking
operation. During the vehicle start-up, the SC responds relatively quickly to the load
demand by discharging a higher current in a shorter time. Similarly, during braking, most
of the regenerated power is fed to the SC, thereby protecting the battery from spiky currents.
Both of these characteristics help improve the battery life effectively [18].
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8. Conclusions

The paper presents the analyses of a BISC and the developed BIC. The system is
integrated into an existing Li-ion battery-powered electric drive train. Measurements of
the converter, model of the Li-ion battery used and super-capacitor based on experimental
data, results of the hybrid energy storage system with a simple energy management and
control are illustrated.

The concept of body integration is illustrated with examples from the developed
system. Body parts of the EV are fitted with SC panels which match the shape. The BISC
panels are equipped with protection and passive balancing features, making them safe.
The door, bonnet, roof and space behind vehicle seats are fitted with SC panels, utilizing
the available space effectively in order to share the packaging between the SC and the
vehicle body .

A simplified model of a single cell of both a Li-ion battery and SC is presented. Since
the objective of the study is to use significantly larger time constants than the second
and third order RC networks in electrical circuit models, a simplified model with only a
series resistor is studied. Additionally, the series resistance is also larger in magnitude in
comparison to the resistors in the RC network and therefore accounts for the maximum
power loss.

The BIC is studied under both SC discharging mode and charging mode, i.e., the
converter is operating in voltage-boost mode or in voltage-buck mode. The relationships
between duty cycle, efficiency and the converter gain give the designer valuable informa-
tion. Overall system efficiency can be improved by operating the converter only during
certain conditions, as required.

The system design of the vehicle is presented. Features and functions of the BSMS,
VCU, the HESS, DC-DC converter and inverter are clearly explained. The proposed system
is stable and it can be controlled by a simple energy management technique to share the
power demanded by the inverter. PI control is able to be used to implement the energy
management strategy with reference parameters set by the user.

The proposed work prepares for a configurable electric vehicle as the energy storage
can be installed in different locations of a vehicle, instead of the energy storage being
fixed in a single energy storage compartment. The energy storage in a distributed format
facilitates the smart and innovative design of electric vehicles and will form a new concept
of electric vehicle application.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

EDLC Electric double layer capacitors
ESD Energy storage device

EV Electric vehicle

SC Super-capacitor

BISC  Body integrated super-capacitor
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CCM  Continuous current mode

BIC Bi-directional interleaved converter
SOC State-of-charge

HESS  Hybrid energy storage system
ocv Open circuit voltage

DOD  Depth of discharge

BMS Battery management system

SCMS  Super-capacitor management system
vVCU Vehicular controller unit

SCMU  Super-capacitor management unit
BMU Battery management unit

PV Photo-voltaic

Vipat Battery voltage (V)

Ipat Battery current (A)

Rpat Battery series resistance ({2)
tais Discharge period (s)

Qnom Nominal capacity (Ah)
Qrem Remaining capacity (Ah)

Vse Super-capacitor voltage (V)

Csc Capacitance of SC (F)

Isc Super-capacitor current (A)

Rgc Super-capacitor internal resistance ((2)
Esc Energy stored in the SC (J)

Vie BIC output voltage (V)

L BIC output current (A)

Ly Filter inductance (H)

R; Series resistance of inductor (€2)

It Inductor current (A)

Ro BIC output resistance during discharge ((2)
Co Linear output capacitance of MOSFET (F)
D Duty cycle of the converter

fs Switching frequency of the converter (Hz)
Cr Filter capacitances (F)

Rc Series resistance of capacitor (Q2)

51 Low side MOSFET

SI High side MOSFET

Rpg MOSFET on-state resistance (()

n Efficiency

Pr, Net power loss (W)

Py Output power (W)

Psw Switching loss (W)

K Rps + R+ Rsc ()

Eiotar Total energy consumed (J)

Viuck Buck mode output voltage (V)
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