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Abstract: A battery cell equalisation system for automotive applications based on a supercapacitors
energy storage SCES tank is proposed. The main advantages of the developed system are the
utilisation of the regenerative brake energy for battery cell equalisation, reduction in the number
of DC-DC converters, the flexible operation expressed by the possibility to address each battery
cell with bi-directional switches, and acceptable efficiency in all modes of operation. The energy
transfer between the SCES and battery cells is precisely analysed with modelling and simulations in
steady-state and transient conditions. Power loss is estimated per sub-system, systemising the loss
reduction techniques and achieving the maximum efficiency. The required DC-DC converters are
described and designed according to the specific modes of operation in the developed application.
Finally, the experimental verification is provided using a small physical model.

Keywords: battery cell; energy storage; bi-directional converter; buck-boost; two-switch forward
converter; supercapacitor

1. Introduction

The battery pack is an electric vehicle’s (EV) most expensive and sensitive part. Usually,
it consists of hundreds or thousands of battery cells connected as a pack in series in
parallel. As the cells are complex electrochemical elements, they have differences in
their parameters which progress further due to temperature, charge—discharge cycles,
environmental differences, etc. This leads to different cell capacitances, voltage, and self-
discharge rates, eventually leading to battery pack performance and lifetime expectancy
degradation. Because of this, the proposed Battery Cell Equalisation System (BCES) is a
vital part of battery storage (BS).

The battery cell equalisation techniques have been an object of research in numerous
studies in recent years [1-6]. The review of the primary equalisation circuits in [1] presents
and compares capacitive and inductive energy storage, single and multi-tube flyback, and
different DC-DC converter topologies. As the study concludes, further improvements to
the battery cell equalisation system must be focused on circuit design, giving a reliable
system; flexibility improvement, leading to easy expansion on a large scale; and overall
efficiency increase. A widely used circuit for equalisation is inductor-based, presented in
better detail in [2,3], which usually requires a significant number of inductors and completes
the energy transfer between adjacent cells only. A review and comparison study [2] of
the inductor-based topologies suggests universal control equalisation algorithms. Some
studies present the operation of an inductor equalisation circuit developed further to a
dual interleaved inductor equalisation circuit [3]. As a primary benefit, the study reports
an equalisation efficiency improvement of 4.89% and a time reduction of 37.4% based on an
adaptive fuzzy neural network equalisation algorithm. Further efficiency and equalisation
time improvements are found using zero voltage switching quasi-resonant converters [4],
giving an efficiency improvement of 6%.
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Other types of battery cell equalisation systems [5-9] are based on the primary type
switching capacitors circuits—switched capacitor and single-switched capacitor [5-7], mod-
ularised switched capacitor [8], and double-tiered switched capacitor [9]. These topologies
require bi-directional switches. The capacitors could be high-capacitance electrolytic types.
As shown in [5], a capacitor with 22 mF, ESR = 65 m(2 is successfully used to equalise
two cells with initial SoC of 35% and 11.3%, or with a SoC difference of 23.7% for 545 mAh
cells. Results based on simulations with a single-switched SC are given in [6], where the
capacitor capacitance is raised to 16 F and ESR = 200 m(). Similarly, the suggested system
in [7] is based on 350 F SCs with ESR = 20 m(). The energy storage in the SCs enough for
one equalisation cycle is E = 3291.8 ], reaching an efficiency of 98.4%. As the bi-directional
switches are a vital part of the equalisation system, determining the overall loss and even-
tually the overall efficiency, the authors in [8] suggested a circuit with a reduced number of
transistors. The system efficiency varies in the 98.5-99.2% range, which is confirmed in [9].

The combination of the battery pack and SCs energy storage has also been an object
of significant research as it gives substantial advantages. One advantage is the battery
lifetime expectancy extension, which leads to significant financial benefits [10]. The split of
the energy, delivered from both types of storage, requires precise control systems [11-13]
with algorithms to control bi-directional [10,11] and unidirectional [13] DC-DC converters.
The battery-SCs energy system efficiency could be improved by 16%, as suggested in [12],
and the current throughput of the battery could be reduced by 30%. The same system’s
topology is used successfully in powerful renewable energy applications [14-16], leading
to the mitigation of power fluctuation [14] and overall system cost minimisation [15].
Also, in a range of high-power applications, SCs energy tanks are used in the railway
reverse recovery storage system with an installed power of 3.5 MW, accumulating an
energy value of 210 MJ [16]. The system is based on bi-directional buck-boost converters,
using the fast charge ability of the SCs, also depicted in [17] and relatively high efficiency
proven in [18,19]. Eventually, these SCs applications show that they could be used as
energy storage for battery cell equalisation, as suggested in [20]. In addition to this,
considering the SCs’” mature integration [10,11] and control in the EVs Battery-SCs energy
storage [12-14], overall financial benefits [15,16], and fast charging abilities and energy
fluctuation mitigation [17-19], it could be suggested that the SCs energy tank could be
used as a part of the battery cell equalisation system [20] further developed to utilise the
regenerative brake energy from the electric drivetrain.

The comprehensive review in [21] shows the current development and application of
carbon nanotubes (CNT) in the supercapacitor’s structure, significantly improving their
mechanical, electrical and surface area properties. As the research describes, the CNT
supercapacitors based on CNTs/graphene, CNTs/metal, and CNTs/polymer electrodes are
good candidates for energy storage systems, where the CNTs/metal-based supercapacitors
have the potential to achieve a higher energy density of 80 Wh/kg.

The SCES requires modelling and simulation procedures to be completed as part of
the design methodology, giving the energy distribution, state of the charge, power loss and
thermal conditions. As suggested in [22,23], the SCs models could be based on equivalent
circuits with satisfactory precision. The same models could be applied to the entire SC
pack [24,25]. Further, Final Element Analysis [26] or electro-thermal analogy [27] could be
used to determine the capacitor’s thermal mode of operation. The same approach could
be implemented for the battery pack, estimating the Battery SoC with an error of less than
3%, as suggested in [28]. The models supported with the mathematical apparatus for the
batteries and SCs estimating the SoC and the charge difference are presented in [29,30].
The main focus is given to SCs’ charge and discharge mode of operations under constant
current (CC), efficiency estimation, power loss, and charge equalisation [29]. The same
circuit structure and approaches for the analysis are applied to the battery energy storage,
and more specifically, storage based on Li-ion battery cells, as revealed in [31-33].

The design procedures of the equalisation systems specialised for Li-ion battery cells
have been improved in the last several years, giving an accuracy rate of 99.707% and a total



World Electr. Veh. ]. 2023, 14, 185

30f28

precision rate of 99.995%, as reported in [34], with improved volume and weight [35]. As
active balancing shows significantly better energy efficiency and overall performance [34],
various dynamic balancing topologies have been studied [36-42] offering different advan-
tages: accommodating a redundant battery, improving the power density [36]; using a
double-layer hybrid topology with improved equalisation speed [37]; using multiport con-
verters improving the system functionality [38,39]; combining the battery equalisation and
battery charging circuits reducing the overall cost, weight and volume [40]; using a SCES as
redundant energy storage [41,42], based on bi-directional DC-DC converter or low dropout
regulators for fast and efficient cell equalisation system. Despite the selected topology, one
of the most critical sub-systems determining the overall system’s efficiency and flexibility
is the electronic converter, transferring the energy for the equalisation process. Therefore,
the studied research results show that the power electronic unit topology selection and
consecutively design and integration are of essential importance [13,16,20,29-31,36-40].

The control of the charging and discharging of the SCES applied with DC-DC con-
verters must be conducted with precise control. An analysis of the control process is
given in [41,42] focused on SCs aeronautical applications. As suggested, a buck-boost
transformer-less converter can be successfully applied to control the energy storage charge.
The main mathematical apparatus supporting the converter control system is presented,
giving a stable operation for the entire voltage and energy range.

Flyback converters have a significant application for battery cell equalisation [43-45], giv-
ing simple and robust topology with galvanic primary-to-secondary isolation. In addition
to this, the secondary side active rectification has the potential to improve efficiency [43].
The topology could be based on the primary side current control, avoiding the feedback
circuit [44]. Also, the converter topology could be bi-directional [45], supporting the charge
and discharge of the battery cells.

Further efficiency improvement could be found by integrating resonant converters into
the battery equalisation system [46—48]. More specifically, they could be LLC converters
due to their inherent primary side zero voltage soft-switching (ZVS) operation, reducing
the switching loss. The research reports on LLC converters with modified multi-output
transformers that are capable of equalising multiple cells [46]. In [47], the converter’s
connection with the battery cell’s string with external unidirectional switches is shown.
The converter’s dynamic shows that the converter compensates for a voltage difference of
204 mV to 3 mV in 4100 s. The opportunity for a paralleled interleaved topology to be used
for battery balancing is reported in [48].

An efficient battery equalisation system requires bi-directional cell-to-cell or cell-to-ES
energy transfer. As shown in the comprehensive active equalisation techniques in [49], the
multiple bi-directional converters architecture, based on individual converters per each
battery cell, gives independent operation with microprocessor control. The transformer-less
bi-directional buck-boost converters, accommodated for battery cell equalisation, have
the potential to offer a compact and budget-friendly solution, as shown in [50]. Further
modifications in the converter-battery circuit connection could achieve any-cells-to-any-
cells and integrate buck-boost converters and parallel-connected switched-capacitors [51],
improving the system’s flexibility, balancing speed, and efficiency. Similar topologies
could be applied to high-voltage grids [52], using the switching capacitors in series with
additional switches.

The transformer-based topologies also apply to battery cell equalisation systems, giv-
ing galvanic isolation and benefiting from the transformer conversion ratio in a significant
primary-to-secondary voltage difference. In [53], a bi-directional forward converter with a
simplified topology and control circuit is successfully proposed. For the SC energy tank
charging and delivering energy to the battery, a half-bridge bi-directional converter can be
used, as shown in [54]. The research shows a 3 kW laboratory-tested current-controlled
prototype. Higher power converters, up to 1 MW, can be achieved with modular multi-
level converters, as shown in [55]. A two-switch forward converter could be utilised for
the unidirectional charge of the battery or SC storage, as shown in [56-58]. In [56] it is
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demonstrated that this topology can easily be used in constant current (CC) and constant
voltage (CV) close loop control. Also, the two-switch converter could operate with reduced
oscillations and mitigated reverse recovery [57,58], offering the ability of digital control
with digital signal processors (DSPs) [59].

Based on the conducted literature review, the following conclusions could be summarised:

e  The Battery Cell Equalisation System (BCES) is an indispensable part of battery pack
energy storage for automotive applications. Most of the BCES are based on multiple
DC-DC converters, in some cases equal to the number of the cells, which increases
the number of passive elements, and, respectively, the overall volume and weight. A
better structure could be a topology accommodating a central DC-DC converter with
bi-directional switches, establishing the energy flow between the cells and the ES.

e  The researched BCES use the energy from the battery pack to equalise the cells in
it. A more efficient solution could accommodate the reverse recovery brake energy,
accumulating the energy in an ES. Considering the high energy accumulated for a
short time, the SCs would match the requirements for a fast charge and increased
charge/discharge cycles.

e  Utilising SC’s energy tank as a part of the BCES requires additional research on the
charge mode, clarifying the CC and CV conditions according to the specific energy
parameters of the regenerative brake and cell equalisation operations.

The summary points above suggest that achieving a flexible BCES utilising the reverse
recovery break energy in a SCs tank still requires substantial research. This includes
identifying the topology of the bi-directional DC-DC converter for cell equalisation and its
integration with the battery pack with bi-directional switches, estimating the installed SC
capacity and SC-to-cell energy transfer and proposing a unidirectional DC-DC converter
for an SC storage charge. Based on these considerations, the main aim of this paper is to
offer a novel, complete BCES for automotive battery packs, utilising regenerative braking
energy in a redundant SC storage for cell equalisation. The system must be capable of
addressing each of the battery cells, equalising their state-of-charge in both charge and
discharge mode and using only one bi-directional converter for this purpose.

The rest of the paper is structured as follows: Part Two presents the suggested BCES
with the necessary topology, mathematical apparatus, and modes of operation supported
with models and simulations in MATLAB; Part Three presents the design procedures of
the implemented bi-directional DC-DC converter for cell equalisation and the unidirec-
tional DC-DC converter for SCs regenerative brake charging; Part Four is focused on the
equalisation operation mode utilising the designed sub-systems—SCs energy tank, DC-DC
converters, and battery pack with bi-directional switches; Part Five shows the experimental
verification conducted with a physical model of the designed BCES.

2. Battery Cell Equalisation System Analysis

The suggested BCES is integrated into the electric drivetrain system, as shown in
Figure 1. The overall system is divided into seven sub-systems to be able to present the
analysis of the sub-systems 1, 5, 6, and 7 in more detail. The accepted designations are
as follows:

e  Sub-system 1: battery ES comprises cells connected in series strings that are then
paralleled. In the models and design procedures that were further developed, only a
cell is used as an element of charge equalisation.

e  Sub-system 2: bi-directional DC-DC converter transferring the energy between the
battery and main inverter (out of scope).

Sub-system 3: traction inverter and motor (out of scope).
Sub-system 4: battery management system (BMS) controlling the equalisation process
(out of scope).

e  Sub-system 5: SCES identical to the battery storage architecture. Based on analytical

calculations, modelling, and simulations, the design procedure shows the recom-



World Electr. Veh. ]. 2023, 14, 185

50f 28

| Sub-system1 | [ Sub-system2 ! [ “Sub-system3 |
Battery Energy Storage : : DC/DC : | Three-phase DC/AC inverter !
L I : — electric machine |
! I

I I
= DT —L:‘I R d L L |
I+ l & | | I | !
- T - = | I | i |
L |11 |pe/oc | || DC/AC EM )l
: — l+_|_ i N : ! |
=1k T 1 i |
! |
I

mended approach for the energy storage accommodation, giving the desired capacity
and operational modes of charge and discharge.

e  Sub-system 6: unidirectional DC/DC converter used for SCES fast charge from regen-
erative break energy. The design procedure shows the applicability of the selected
topology, considering the necessary high transformation ratio and power transfer.

e  Sub-system 7: bi-directional DC/DC converter for battery cell equalisation. The
design procedure shows the selected transformer-less topology applicability under
the necessary modes of operation: battery cell charging/discharging from the SCES
and battery cell equalisation by cell-to-cell energy transfer through the SCES.

ISubocyctenm 1
]l ISub-system N N N
===l iy === —— | 4 I
| I
=) — |
Q—I |
DC/DC | BMS |,
| I
 —— d
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: ! : I: 1 DC/DC i Fr—————— —
|
Ll e :I | : Sub-system 7
- 7T | | I Battery cells equalisation |
l I; " I I : Bi-directional |
————————————— - - - - = l DC-DC converter k

Figure 1. Electric drivetrain block diagram with an integrated system for battery cell equalisation.
Red—positive DC; Blue—negative DC; Purple—communication.

The connection between the DC-DC converters, SCES tank, and the battery is shown
in Figure 2. The structure is based on bi-directional MOSFET switches, the combination of
each ensures a flexible system with connections between the SC tank and each battery cell
through the converter DC-DC 2 (sub-system 7, Figure 1). Each battery string is connected
to two DC Grids (DCgrl and DCgr2) with two switches on the positive and negative
side, which requires four input switches per each string (Qs1.1-Qs1.4, String 1). Two
switches connect each battery cell to the positive and negative sides. The bi-directional
energy transfer charging or discharging the battery cell is transferred respectively from
or to the SCES. Energy cell-to-cell equalisation is possible between every two different
strings, connecting DC-DC 2 between DCgrl and DCgr2 with switches Qb1-Qb4. The
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same operation mode is unsupported between two cells in the same string. This mode
must be achieved through the SCs, connecting the DC-DC 2 with the SC tank with two
switches, Qa3 and Qa4. The SCs charging is given from DC-DC 1 (sub-system 6, Figure 1),
taking energy from the regenerative braking (sub-system 3, Figure 1). This converter is
connected to the SC tank with unidirectional switches Qal, Qa2.

DCgrl-l-l — DCgr2=| |= String 1
.j_mr- Qs11 bl_l ‘bl_s b-l-s-_L(c[l\l]:.l)
\ _ — vil, | vi2 V1.NL)
Qal | Qs1.3
o™«
. 0s1.4 01.2i Q1.4l Ql.Nl
Regenerative l_IL—l ......
e . M1
braking input
Ic1.1Icz.1 csz *
' ® Battery pack
c12(c22 a =
* output
MmN String N
CLNJC2N % . . P—
QsN.1 k)m ]\QNB ]\QN.S K(Q,&‘_l)
Qa2 s QsN.2 UN1, | UN2 VN.MJ_)
QsN.3
| .
QsN.4 QN.Zi QN.41 QN.Ml

Figure 2. Charging battery cells in automotive energy storage for voltage equalisation. Red—positive
DC; Blue—negative DC.

The number of switches of the string Qj, s+ is calculated from the number of cells per
each string Vs, and the constant number of the input switches Qgsy = 4:

Qn.str =2X Vcellfstr +4 (1)

The total number of switches at the bi-directional DC-DC 2 converter (Qp1 — Qpg) is 4,
as well as the total number of the SC tank (Q,1 — Qa4). The total number of switches for
the entire system can be calculated from the number of the paralleled strings N

Qtotul = Nt X Qn.str +8 (2)

The switches” ON/OFF operation is shown in Table 1, according to the systems’ modes
of operation. To clarify the switching pattern, every operational mode is given for String 1
and String N, according to Figure 2.

Table 1. Switches’ status according to the system mode of operation.

Converters’ Mode
of Operation

ON Switches OFF Switches

SCES charging from regenerative breaking

DC-DC 1 (ON)
DC-DC 2 (OFF)

Qa3, Qa4; Qb1-Qb4

Qal, Qa2 Qs1.1-QsN.4; Q1.1-QN.M
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Table 1. Cont.

Converters’ Mode
of Operation

ON Switches OFF Switches

Battery cell equalisation—battery charging from the SCES
(String 1, Cell V1.1 undercharge)

DC-DC 1 (OFF)
DC-DC 2
(ON, Buck mode)

Qal, Qa2; Qb1, Qb2; Qs1.1, Qs1.2;

Qa3, Qa4; Qb3, Qb4; Qs1.3,Qs1.4; Q1.1, Q1.2 N 1-OsN 4 QN 1-ONM

Battery cell equalisation—Dbattery charging from the SCES
(String N, Cell VN1.1 undercharge)

DC-DC 1 (OFF)
DC-DC 2
(ON, Buck mode)

Qal, Qa2; Qbl, Qb2; Qs1.1-Qs1.4;

Qa3, Qa4; Qb3, Qb4; QsN.3, QsN.4; ON.1, QN.2 Q1.1-01.N; QsN.1, QsN.2; ON.3-ON.M

Battery cell equalisation—energy cell-to-cell distribution
(String 1, Cell V1.1 overcharged, String N Cell VN1.1. undercharge)

DC-DC 1 (OFF)
DC-DC 2
(ON, Buck mode)

Qb1-Qb4; Qs1.1, Qs1.2; QsN.3, QsN.4; Q1.1, Q1.2;
QON.1, QN.2

Qal-Qa4; Qs1.3, Qs1.4; QsN.1, QsN.2;
0Q1.3-Q1.N; ON.3-QN.M

Battery cell equalisation—energy cell-to-cell distribution
(String 1, Cell V1.1 undercharged, String N Cell VN1.1. overcharge)

DC-DC 1 (OFF)
DC-DC 2
(ON, Buck mode)

Qb1-Qb4; Qs1.3, Qs1.4; QsN.1, QsN.2; Q1.1, Q1.2;
QON.1, QN.2

Qal-Qa4; Qs1.1, Qsl.2; QsN.3, QsN.4;
0Q1.3-Q1.N; ON.3-ON.M

Battery cell discharge—energy transfer to the SCES
(String 1, Cell V1.1 overcharged, no cell undercharge)

DC-DC 1 (OFF)
DC-DC 2
(ON, Boost mode)

Qal, Qa2; Qbl, Qb2; Qsl.1, Qsl.2;
QsN.1-QsN.4; Q1.3-Q1.N;
ON.1-ON.M

Qa3, Qa4; Qb3, Qb4; Qs1.3, Qs1.4; Q1.1, Q1.2

Battery cell discharge—energy transfer to the SCES
(String N, Cell VN.1 overcharged, no cell undercharge)

DC-DC 1 (OFF)
DC-DC 2
(ON, Boost mode)

Qal, Qa2; Qbl, Qb2; Qs1.1-Qs1.4; QsN.1,
QsN.2; Q1.1-Q1.N;
QN.3-QN.M

Qa3, Qa4; Qb3, Qb4; QsN.3, QsN.4; QON.1, QN.2

The SCES design mainly focuses on estimating the stored energy necessary for the
battery cell charging and the capacitors’ power loss estimation. This requires an analysis
of the selected converter architecture, focused on the specific CC/CV charging modes of
operation. The design procedure must define the necessary number of capacitors in series,
strings in parallel (sub-system 4, Figure 1), and the total capacitance. The required energy
for the battery cell charge is estimated as the constant power delivered over time, which
must be delivered from the SC tank with no external source available. The energy stored
in the SCES must be more than what is required for the charging process to be completed,
compensating for the residual energy after each cycle. The precise amount, respectively, the
integrated tank capacity and structure, is to be estimated analytically and depicted using
simulation procedures. Considering the non-isolated bi-directional DC-DC converter, the
maximum SCES voltage could be recommended in a range between 2 and 2.5 times the
battery cells’ voltage. A value of 10 V is accepted, based on the nominal 3.7 V Li-ion battery
cells voltage. The relatively small voltage difference allows a transformer-less bi-directional
buck-boot DC-DC converter to be utilised, giving a simple structure and high efficiency.

The required capacitors’ energy W is given with the integral of the power Pc over
the time £ [3,4,6,7,12,19,20,29,30]:

We = /Pcdi’ (3)
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The energy accumulated in a capacitor is given by the equation:
L2
WCup = ECVCap 4)

The transfer of the entire energy accumulated in the SCES physically requires the tank
voltage to be discharged to 0 V. Such an operation would not sustain the charging process
for several reasons: (a) the DC-DC converter cannot operate under its specific minimum
voltage; therefore, the discharge to 0 V cannot maintain the power transfer; (b) the power
discharge and energy curves follow the voltage curve proportionally, decreasing expo-
nentially, which makes the power transfer ineffective; (c) with the voltage decrease, the
discharge current must increase causing increased losses. Therefore, the SC tank discharge
will cause a residual voltage Vjes. The ratio between the residual voltage and maximum
tank voltage Vux can be defined as the discharge radio D, expressed in percentages as
follows [29,30]:

—"% % 100 ®)
max

The maximum energy W;,,x can be calculated for the entire pack using the maximum
voltage Viuay:

1
Winax = ECVr%lux (6)

The useable energy Wy, can be defined as a fraction of Wy, depending on the
discharge coefficient ¢, specified over the discharge ratio as follows:

Wise = Whiax X g (7)
D2
t=(1- 100 ®

The SCES charge and discharge basic equations [3,4,6,7,12,19,20,29,30] necessary for
the simulation models are given in Table 2. The results of the simulations present the com-
parison between constant voltage (CV) and constant current (CC) illustrated, respectively,
with block diagrams in Figures 3 and 4. The charging DC-DC converter is a two-switch
forward converter designed in the following part.

Supercapacitor
Feedback tank

Constant Voltage

Figure 3. Block diagrams of a SCES charging with a DC/DC converter—constant voltage. Red—
positive DC; Blue—negative DC.



World Electr. Veh. ]. 2023, 14, 185 9 of 28

Supercapacitor
Feedback tank
Constant Current

Figure 4. Block diagrams of a SCES charging with a DC/DC converter—constant current. Red—
positive DC; Blue—negative DC.

Table 2. SCES charge and discharge mathematical models.

Charge Discharge
Transient capacitor’s voltage V¢ and current I
Ve = Viu(1-e ) ©) Ve = Voo R (10)
e = Y x (e 0) () le=—(%) x () (12)
_t
Veini = Vin + (Vini - Vin)e RC (13) -
ICZ‘VZI — VinRVim' X (E*%C) (14) -

Where C is the equivalent tank capacitance (F), R is the equivalent circuit resistance (Q2), Vi, and V,, respectively, the tank input
and initial discharge voltages (V), t is the time (s), Vcin; is the initial voltage capacitor charge, and Icjy; is the initial current
capacitor charge

SCES voltage Vs under constant charge (Iccy) and discharge (Icpy ) currents

Veap = <Vmax X %) + <7IC%X)E) (15) Veap = (Vmﬂx X ?6’6’) + (LD&LM) (16)
_ VmaxX(Dmafoini) _ VmaxX(Dmafoim)
TCH =Cx W (17) TDH =Cx W (18)

Where Dj,; and Dmax are the initial and maximum discharge ratios, Tcyy and Tpyy are charge and discharge times (s), and Vmax is
the maximum voltage (V)

Energy loss during the charge (Wj,sscy) and discharge (WjysspH ) process

Wiosscn = Resr % C X Iccp X Wiosspn = Resr % C X Icpy X
anx X <Dnmx7Dini) (19) Vmax X (Dmafoiui) (20)
100 100
— CXVanv Dmnx 2 Dim‘ 2 21
AWWP—< 2'>X{<1oo> *(100) @)
Where AW,y is the stored /recovered energy, Rgsr is the equivalent series resistance of the tank (Q)
Charge (cy) and discharge (17pp ) efficiency
AW, AWegp+ Wy
UCH = AWcap"rpWy (22) T/DH = AV\I}WV (23)
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Table 2. Cont.

Charge Discharge
1 pH =1+ 2REgr %
ficH = (29) 1001 (25)
|: 1 + ZRESR X ( Vrrmx X (DmDniiDini) )
100Iccp
< Vmax X (Dﬂtnx+Dini> )
_ Tey (26) IDH = 27)
H D
e Tcy +2RpsrCx 1+ 2RgsrC % (%)

Diax—Dini
Diax+Dini

The simulations are conducted with a SCES with a structure suggested according
to the above-presented considerations: SCs capacitance Csc = 100 F; capacitors ESR
Rgsg = 35 m(); capacitors nominal voltage Viax caps = 2.5 V; maximum energy storage
voltage Vyux = 10 V; total energy storage capacitance C = 175 F, total storage tank ESR
RESR tota1 = 20 m€); capacitors connected in series 5; capacitors’ strings connected in
parallel 7.

Figure 5 shows the results for CV charging as follows: (A) the transient charging
process continues for 17.5 s, e.g., five times the time constant T = 3.5 s with constant
input voltage V;,, = 10 V; (B) the peak current at the beginning of the transient process
is 499.86 A, and the average current is 100.72 A, which are considered unacceptable for
the selected battery cells; (C) the peak capacitor loss is 44.64 W, and the average capacitor
loss is 17.61 W; (D) the peak power delivered to the energy storage is 1249.94 W, and the
average power is 493.13W; (E) the peak energy is 8629.12 ], and the average accumulated
energy is 6124 J.
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Figure 5. SC tank charging with CV. (A) Constant charging voltage (1 Black), and capacitor’s tank
voltage (2 Blue); (B) charging current (Red); (C) capacitor’s power loss (Red); (D) input source power
(Green); (E) accumulated energy (Red).
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Figure 6 shows the results for CC SC energy storage charging as follows: (A) the
constant charging current is Icc, = 1 A, selected according to the maximum battery cells
current and following the design of the DC-DC converter; (B) charging and tank voltages
of 10.07 V, with a maximum capacitor voltage of 2.56 V reached in 21.8 s; (C) the maximum
capacitor loss at the end of the charge of 0.36 W and average capacitor loss of 0.06 W;
(D) the peak power delivered to the tank is 10.12 W, and the average power is 1.62 W, used
as an input parameter for the equalisation DC-DC converter design; (E) the peak energy is
8967.48 ], and the average accumulated energy is 734.45 J.
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Figure 6. SCES charging with CC. (A) Constant charging current (Red); (B) capacitors tank volt-
age (Black); (C) capacitor’s power loss (Red); (D) input source power (Green); (E) accumulated
energy (Red).

The results from the CV and CC simulations in Figures 5 and 6 show that CV SCs
charge applies high energy stress over the charging power supply and the capacitors,
caused by a high initial current and leading to a high capacitor loss. The CC charging mode
shows superior energy parameters, giving lower capacitor loss and potentially lower stress
over the charging DC-DC converter. As given in Figure 6, the energy transfer process and
cell charge equalisation cannot be completed only in the CC operation. Therefore, CC/CV
charging can be recommended in order to use the maximum energy storage capacity [29].
The results are depicted in Figure 7: (A) A block diagram showing the necessary current
and voltage feedback, giving the CC/CV mode of operation; (B) the constant current of 1
A and the voltage reaching the constant voltage of 10 V; (C) peak and average capacitor
loss, respectively, of 0.36 W and 0.04 W; (D) the maximum power reaches 10.12 W with an
average power of 1.1 W; (E) the average accumulated energy is 5961.75 J.

The same CC/CV mode is used for SCES charging from regenerative break energy
(converter DC-DC 1, Figure 2), as depicted in Figure 8: (A) CC of 100 A, estimated according
to the regenerative braking parameters continues for 3 — 5 s; (B) the SC tank nominal voltage
reaches 10 V; (C) peak and average capacitor loss, respectively, of 29.27 W and 9.61 W;
(D) the maximum power of the converter is 819.61 W with an average power of 268.98 W;
(E) the average accumulated energy is 5661.75 J.
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Figure 7. CC and CV charging from a battery cell (sub-system 7, Figure 1). (A) A block diagram for
CC/CV charger (Red—positive DC; Blue—negative DC); (B) charging current (1 Red) and charging
voltage (2 Black); (C) capacitor’s power loss (Red); (D) power delivered from the source (Green);
(E) accumulated energy (Red).
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Figure 8. CC and CV charging from regenerative breaking (sub-system 6, Figure 1). (A) Charging
current (Red); (B) Charging voltage (1 Black) and capacitor’s tank voltage (2 Blue); (C) capacitor’s
power loss (Red); (D) power delivered from the source (Green); (E) accumulated energy (Red).
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3. DC-DC Converters Analysis and Design

According to the above analysis, the two DC-DC converters (Figure 2) have different
energy parameters, thus applying an individual set of requirements to their design. Con-
verter DC-DC 1 converts high power, estimated at 1 kW. The high voltage input, estimated
at 300-500 V to a low output voltage of 10 V, requires the topology to be transformer-based.
Converter DC-DC 2 is bi-directional with power estimated at 10 W, converting the SCES
voltage of 10 V to the battery cell voltage of 3.5 V and vice versa.

3.1. SCES DC/DC Charging Converter

The selected topology for the DC/DC charger is a two-switch forward converter
which offers significant advantages in the designed battery cell charging sub-system:
primary-to-secondary side transformer isolation; two switches in series on the primary
side, giving additional potential for functional safety implementation in this topology; a
simple structure and control system, providing a possibility for a budget-friendly solution;
and relatively good, over 90%, expected efficiency for a hard-switching converter. Along
with this, taking into account the specific energy requirements in the developed system, the
inherent topology drawbacks can be mitigated: the secondary side inductor volume can be
minimised; due to the relatively narrow secondary side voltage range and the significant
primary to secondary side voltage difference, the duty cycle 50% limitation does not apply
substantial design difficulties.

The converter is shown in Figure 9, where C1 is the input filter capacitor, Q1 and Q2
are primary side MOSFET switches, D1 and D2 are primary side demagnetisation diodes,
TX1 is the high-frequency pulse transformer, diodes D3 and D4 form the secondary side
rectifier and freewheeling diode, and the output filter is formed from the inductor L2 and
capacitor C2. Following the suggested system architecture (Figure 1), the voltage source V1
represents sub-system 3, supplying the regenerative break energy, and the secondary side
load is sub-system 5, e.g., the SCES under charge.

—
'ZL a
|
TX1 HD3 - of\
V1 o] o]
: __C1 D4
e P17 s1 -~
),

D2
JH- Q2
T i

Figure 9. Two-switch DC-DC converter accommodated in the designed system for SCES charge from
regenerative braking.

The transformer turns ratio can be calculated from the converter’s maximum output
voltage [60,61]:
Vout =1 X Vi min X DCpax X N (28)

where V,,;; is the nominal output voltage; # is the estimated efficiency; Vi, iy is the
minimum operating input voltage; DC,4y is the maximum duty cycle; N is the turns ratio
of the transformer.
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The minimum voltage Vj;, ;i must be matched with the SC minimum voltage, and,
respectively, the residual pack voltage Vs, giving the required discharge ratio, Equation (3).
The converter output voltage must take into consideration the battery cell charging voltage,
assumed as 4.2 V for Li-ion batteries, plus the expected voltage drops from the cell’s
switches (Figure 2).

From the previous equation, the turns radio N and the duty cycle DC can be written
as follows [60,61]:

Vout
pr— 2
N n X Vin min X DC,mx ( 9)
Vout
DCpip = ———24 0
i 77><Vinmin><N (3 )

The primary transformer inductance Ly;,¢ can be calculated assuming that the mag-
netising current is 10% of the primary side current.
V. .

Linag = 5, (31)

pk=pk
DCpix

SW

The output capacitor C,,; and the required equivalent series resistance Rpgg can be
calculated using the following equation:

AIout

Copp > —out
M= 2 e X AV

(32)

1
Recp < —
ESR = 27 f. X Cout

where Al and AV, are the output current and voltage ripples, and f; is the crossover
frequency.

The estimated Rpggr from the last equation must be minimised when the output capac-
itor is selected. The peak-to-peak output current ripple is calculated using the following
equation [60,61]:

(33)

V..
Al < ripple (34)
REsr

Having the output current ripple Al}, the inductor value could be calculated using
the following:

V.
L= 7 (1= DCyin) Tsw (35)
The secondary side peak current can be calculated using the equation
Al
Isec pk = lout + TL (36)

The primary side current I, , is calculated from the secondary side current e yx,
and the transformer turns ratio:

Ipr pk — Lsec pk X Nyatio (37)
The valley current will reach
Al
Ip_v - (Iout - ZL) X Nmtio (38)

The primary side RMS current can be calculated using

2 AI; x N)?
Ior rms = | DConax ((1.1 X Iy pk) — 11X Ly i X Al X N+ (L?))> (39)
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Transistors’ conductive losses are given by the equation

Peond = Ipr rms” X Rps(on) (40)

The switching ON Psy, o4, and OFF Py, , ff losses are calculated from

Ton
P on = FSW/O IDS(t) X VDS(t)dt (41)
I X V; X AT
Pew oy = pr val in max x Fopy (42)
12
L ok XV X AT
Py off = -F lg - X Fsy (43)
where the time AT is calculated from the gate drive charge Qgp and drive peak current
IpRV pi:
AT = Qe (44)
IpR vpk

Primary side freewheeling diodes selection requires the primary side peak magnetisa-
tion current Iyqq pk and the rest time t,,5 to be calculated using

Vin min « Dcmax

I = 45
mag pk Lmug Fswew ( )
L

frest = Imag pk X v mugf (46)

m min

The average current will be
Lpae ok % (fon =+ trest)

Imag average — Fsw ( e 20H = ) (47)

The secondary side diodes (D3 and D4) reverse voltage peak depends on the trans-
former turns ratio Ny, and maximum input voltage Vi, yax:
Vieo pic = Nratio X Vin max (48)
kp

where kp is the diode derating factor. Considering the low-voltage secondary side, battery
cell charge, it can be recommended that the range is kp = 0.6 — 0.7.
The power dissipated from the rectifier D3 is calculated from the forward voltage
drop Vy:
Pps = Vf X Tout X DCpax (49)
From the previous equation, the freewheeling diode D4 dissipates:

PD4 = Vf X Iout X (1 - DCmax) (50)

The converter parameters, calculated according to the presented methodology, are
shown in Table 3.

Table 3. Two-switch converter design parameters (Figure 9).

Design Parameter Value Equation

Input design parameters

Input/output voltage ranges 300-500 V/0-12 V -

Nominal/maximum output current 100 A/120 A -

Switching frequency/targeted efficiency 100 kHz/90% -
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Table 3. Cont.

Design Parameter Value Equation

Output design parameters

Transformation turns ratio and minimum duty cycle 0.1, 0.27 (29), (30)
Selected output capacitor (C2, Figure 9) 6800 pF, 10 mQ) (32), (33)
Output inductor and DC resistance (L1, Figure 9) 20 uH, 300 mQ) (35)
Primary/secondary RMS current 1005 A/7.3 A (36), (37), (38), (39)
Selected MOSFETS (Q1, Q2, Figure 9) NTHL040N65
Conductive/switching/total power loss 212W/41W/62W (40), (41), (42), (43)
Primary side demagnetisation peak/average current 1A/04A (45), (47)
Selected primary side diodes (D1, D2, Figure 9) STTHS812

Selected secondary side diodes (D3, D4, Figure 9) VS-150EBU02

Rectifier (D3)/freewheeling (D4) diodes power loss 378 W/462 W (49), (50)

3.2. Bi-Directional Battery Cell Equalising DC/DC Converter Analysis and Design

The selected topology for the DC-DC 2 (Figure 2) is a transformer-less bi-directional
buck-boost converter, shown in Figure 10. The converter comprises two MOSFET Q1 and
Q2, inductor L1 and output capacitor C1. The SCES is connected on the primary side,
and the battery cell (R1, V2) on the secondary side. The converter operates in buck mode
charging the battery cell, or boost mode discharging the cell with overcharge.

ka »
Cl.1 lvalley Feea
S Time
R1
Eu CM.1 U
o - L — Y 3
| CM2 Lflar Ty i
| | C1 —
! | Q2 ———
| — —
LN | |
T ouT | . L]

Figure 10. Buck-boost bi-directional converter, accommodated in the designed system for battery
cell equalisation.

High side Q1 and low side Q2 transistors loss (Figure 10), respectively, P,,_ o1 and
Pyn—qo are calculated using [62,63]

2
(ka - Ivalley) Vour

Poanl = Igut + 12 X Roanl X (51)
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(ka - Ivalley) ’

Pon—QZ = Igut + 12

1%
X Ron_0a X (1 - "”t> (52)
Vi

where I is the peak ripple current value; Iy, is the minimum valley ripple current value;
Iout is the average output current; Vs and Vj,, are the output and input voltages; Ry, o1
and R, are Q1 and Q2 ON resistances.

The inductor L1 value (Figure 10) can be determined from the above variables and the
switching frequency Fy, as follows:

Vin = Vour) - Vout

L1 = 53
Fop X AL 8 Vi (53)

where the current ripple Al} on the inductor is calculated using
Al =2 (ka - Lmt) —2x (ka - Iout) (54)

The switching losses of both transistors Psyy_g1 and Psyy g2 can be calculated based
on the transistors” datasheet data for the rise t,;5, and fall {;; times and the switching
frequency Fsyy as follows [62,63]:

1
Psw_g1 = 5 X Vin X Tout X (trisele + tfall—Ql) X Fsw (55)
1
Psw_g = 5 X Vb_g2 X Iout X (trisefQZ + tfazz—Qz) X Fsw (56)

where Vp_(, is the Q2 body diode forward voltage drop.
The Q2 body diode reverse-recovery loss Pp_(, is calculated using

1
Pp g = 7 X ViN X IRg X trr X Fsw = Qpr X ViN X Fsyy (57)

where IgR is the peak value of the body diode reverse recovery current; t,, is the body
diode reverse recovery time; Q,, is the body diode reverse recovery charge.
The dead-time loss depends on the rise t,;5.— pr and fall { ¢, pr dead-times.

Ppr = Vp_q2 X lout X (trise—DT + tfallfDT) X Fspy (58)
The gate loss can be calculated using the equation
Pgate = (antele + antefQZ) X Vgs X FSW (59)

where Qgate— 1 and Qgare— 2 are the gate charges of the transistors Q1 and Q2; Vs is the
gate voltage.
The inductor loss P; _pcr depends on the inductor resistance Rpcrg:

2
(ka - Ivalley)

P_pcr = |Iou+ 7 X Rpcr (60)
The output capacitor loss is
AlL >2
P = —= X Rpcp_ 61
c1 ( W ESR—C1 (61)

The total converter loss is a sum of the above equations:

Protar = Pon—o1 + Pon—2 + Psw—_g1 + Psw—01 62)
+Pp_g2 + Ppr + Pgate + PL_pcr + Pc1

Output capacitor C1 (Figure 10) is calculated using the equation
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Iout
Cl=—=———x|DCx (1-DC 63
oy X [DCx (1-DC)] (63)

where the DC is the duty cycle, and the V), is the peak-to-peak voltage ripple.
The converter efficiency is estimated from the equation

Vout X Iout
- 64
T (Vout X Iout) + Protar (64)

The designed converter parameters are given in Table 4.

Table 4. Buck-boost bi-directional converter output design parameters (Figure 10).

Design Parameter Value Equation

Input design parameters

Input/output voltages 12V/5V -
Nominal/maximum current 2A/25A -
Switching frequency 100 kHz -

Output design parameters

Selected MOSFETS (Q1, Q2, Figure 10) FDP8896

Transistors Q1/Q2 total power loss 039W/0.17 W (51), (52), (55), (56)(57), (58), (59)
Selected inductor (L1, Figure 10); Inductance/Rdc 150 uH, 50 mQ) (53), (54)

Selected capacitor (C1, Figure 10); capacitance/ESR 100 puF, 35 mQ) (63)
Inductor/capacitor power loss 0.17 W/0.034 W (60), (61)

Converter total loss/estimated efficiency 1.07 W/90.4% (62), (64)

Current (A)

'
o

4. Battery Cell Equalisation Process Analysis

The battery cell equalisation is conducted in three operational modes: an undercharged
cell is charged from the SC tank; an overcharged cell is discharged to the SC tank; cell-to-cell
energy is transferred, respectively, from an overcharged to an undercharged cell in two
different strings. As the first mode requires the SCES discharge, the impact of the same
process on the tank energy parameters requires a more profound study.

Figure 11 shows the SCES discharge process from a model based on Equations (1)—(27).
The negative current (A) is determined according to its direction from the tank to the
battery cell. The tank voltage reaches the accepted minimum voltage for 178 s (B), which
determines an area of operation (ON) and an area with residual voltage (OFF) in each
DC-DC converter that does not operate. The exact process determines the residual energy
after the process is completed.

T T 10 T T T 10

x103 ' '
B 8 8
24 e
. 2
g S
i S4r 124
o
> ‘ ‘ Lﬁ
- 2F ON OFF 2 1
11 ‘ OFF ™
1 1 1 0 1 1 s 0 o1 1 £ 11T
0 200 400 600 0 200_ 400 600 0 200 400 600
Time (sec) Time (sec) Time (sec)
A B C

Figure 11. SCES discharge. (A) Discharge current (Red); (B) tank voltage (Blue); (C) energy transferred
from the tank (Red).
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Figure 12 shows a battery cell’s charge supported by the SCES as follows: (A) the block
diagram of the SCES, DC-DC converter operating in buck mode, voltage and current sense
networks, and the battery cell under charge; (B) SCES voltage, discharged from initial 10 V;
(C) charging current to the battery cell flowing in a negative direction from the SCES to the
battery cell; (D) constant power delivered to the battery cell; (E) energy accumulated in the
SCES; (E) power loss in the SCs.
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Figure 12. SCs discharge process supplying the battery cell charge. (A) A block diagram of battery cell
charging from the SCES (Red—positive DC; Blue—negative DC); (B) SCES voltage (Blue); (C) SCES
current (Red); (D) delivered constant power to the battery cell (Green); (E) SCs tank energy discharge
(Red); (F) SCs power loss (Red).

Figure 13A-D shows the SCES charge from a battery cell. This mode of operation
supports the battery cell discharge due to overcharge. Considering the parameters of the
cell equalisation buck-boost converter (DC-DC 2, Figure 2), it could be suggested that
during normal operation, the SCES is always charged to an initial voltage. In this design,
the minimum input voltage in the buck mode of operation is accepted at 6 V. Therefore, the
result of the charging process between the minimum and maximum voltage is as follows:
(A) constant charging current 1 A determines the maximum battery cell discharge current
of 2 A (1) and maximum voltage over the SCES of 10 V (2); (B) capacitor’s peak power loss
of 0.36 W giving an average power loss of 0.16 W; (C) peak (10 W) and average (4.57 W)
power from the converter operating in boost mode; (D) peak (8829.89 J) and average energy
(6250.70 J) transferred from the battery cell.

The same model is used to investigate the SCES charging process from the regenerative
brake from the two-switch forward unidirectional converter (DC-DC 1, Figure 2). The
results are depicted in Figure 13E-H as follows: (E) constant charging current 100 A (1),
charging voltage (2), and capacitor’s tank voltage (3) change between 6 V and 10 V; (F)
capacitor’s peak power loss of 36.06 W giving an average power loss of 7.77 W; (J) peak
(1009.65 W) and average (217.61 W) power from the converter; (H) peak (8919.73 J) and
average energy (8185.88 J) delivered from the charging converter.
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Figure 13. SCES charge from a battery cell (A-D) and regenerative braking (E-H) with initial voltage.
(A) Constant current (1 Red) and voltage (2 Black) from a battery cell (Sub-system 7, Figure 1);
(B) SCs power loss (Red); (C) power from Sub-system 7 (Green); (D) accumulated energy (Red);
(E) constant current (1 Red) and voltage (2 Black) from regenerative braking (Sub-system 6, Figure 1),

SCs voltage (3 Blue); (F) SCs power loss (Red); (J) power from Sub-system 6 (Green); (H) accumulated
energy (Red).

The battery cell charging process, compensating for a voltage difference of 0.5 V during
the battery pack operation, is depicted in Figure 14 as follows: (A) constant battery cell
current (1) of 2 A, converters voltage (2), battery cell change from 2.5 V to 3 V; (B) converter
primary side power (1) and converter secondary side power (2), giving an average amount
of 2.76 W; (C) peak (6751.65 ]) and average energy (6206.44 ]) accumulated from the battery
cell. The average battery cell loss during equalisation is 0.1 W or 3.6%.
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Figure 14. A battery cell charging for voltage equalisation. (A) Constant charging current of 2 A
(1 Red), converter voltage (2 Black), battery cell voltage equalisation from 2.5 V to 3 V (3 Blue);

(B) power on the primary converter side (1 Red) and secondary side (2 Green). (C) Energy accumu-
lated in the battery cell (Red).
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The overall system’s power loss depends on the converter’s loss, capacitor’s and
battery cell’s loss, depicted with models and simulations, and the switch’s conductive
loss. As a relatively high number of switches is required (Equations (1) and (2)), the
number of active switches at each mode of operation and the conductive loss must be
determined. As Table 5 shows, the SCES charge from the two-switch converter requires
two unidirectional switches, the battery cell equalisation of eight bi-directional switches,
the battery cell equalisation with energy distribution between two cells requires twelve
bi-directional switches, and the battery cell discharge requires eight bi-directional switches.
Considering all switches are connected in series, and only the conductive loss applies, the
MOSEET transistors could be selected for a relatively low voltage but high current, giving
a low drain-to-source resistance. Therefore, for Qal and Qa2, a transistor SiJA22DP is
used with an ON resistance Ron = 0.0005 Q). For all other switches, a pair of transistors
IPD50P04P4-13 is used, each having an ON resistance of Ron = 0.009 Q). According to the
maximum expected currents in the designed system, the total power loss in the switches
can be assumed as acceptable, taking into account that they are covered by the power
coming from the regenerative braking.

Table 5. Power loss in the switches connected, according to Figure 2, during different modes
of operation.

ON Switches ON Switches ON Switches . Switches
Mode of . . . . Total Conductive .
o 6 Secondary Side Primary Side Secondary Side Loss (W) Estimated
peration DC-DC1 DC-DC2 DC-DC2 088 Efficiency
Estimated maximum DC 100 A/10V 1A/10V 2A/5V _ )
current/voltage/power 1000 W 10W 10w
SCES charging .
(regenerative breaking) Qal, Qa2 ) ) 10 99%
Battery cell equalisation - Qa3, Qa4 8:1321Q£;1’1Q511'32’ 0.468 95.3%
Battery cell
L Qbl, Qb2,Qs1.1,  Qbl, Qb4, QsN.3,
equalisation—energy - 0.54 94.6%
distribution Qs1.2,Q1.1,Q1.2  QsN.4, ON.1, QN.2
Battery cell discharge - Qa3, Qa4 8:1321ng ’1Q811'32’ 0.468 95.3%

5. Experimental Setup

To verify the suggested system for battery cell equalisation based on SCES, a simple
model has been prototyped and tested. The model consists of the designed DC-DC
converters in Part 2, and the designed SCES with 100 F SCs. Five SCs are connected in
series in string and seven strings in parallel, giving a total storage capacitance of 175 F. The
battery pack has been presented with a fraction of a real automotive battery, consisting of
four Li-ion battery strings in parallel with seven cells each. With this, the installed resources
were enough to emulate all operation modes in actual conditions.

The experimental results depict the system’s primary functions, presented with the
experimentally recorded oscillograms in Figures 15-18 as follows.

Figure 15 shows the SCES charging current and voltage from the DC-DC 1 converter
(Figure 2). Probe 1 shows the current with the initial value of 100 A, and probe 2 shows
the SCES voltage charge between 0 V and 10 V. The experiment supports the CV operation
of charge. The experiment supports the simulations shown in Figure 5. The current is
limited according to the converter parameters. The process continues for 12 s, simulating
a charge from the regenerative brake of an electric vehicle. As shown, the peak current
could be supported by the designed DC-DC converter, but the installed resource will not
be fully used. Hence, the charging time exceeds the expected regenerative brake time,
compromising the system’s efficiency.



World Electr. Veh. ]. 2023, 14, 185 22 of 28

: ‘ ; : v : : ;

O -8.88s ©18.8V | : | | '
O 4.88s  ©0.88V
£12.8s  A18.8V

dusdt -833nU/s

© 100a )".

|

Figure 15. SC tank charging with constant voltage. Probe 1—current (Red), probe 2—voltage over
the SC tank (Blue).
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Figure 16. SC charge with CC. Probes 1 (Red) and 2 (Blue), voltage and current, respectively.

Figure 16 shows the SCES charging with CC operation. The experiment supports
the simulation results shown in Figure 6. The constant current is fixed at 100 A, which
continues for 4.6 s. For this time, the voltage rises from 0 to the maximum of 10 V, after
which the system operates with CV. The installed converter’s maximum power is better
used, and the charging time complies with the expected regenerative brake time.

Both experiments support the validity of the designed two-switch converter (point 3.1,
Figure 9) for SCES charge from the regenerative brake.
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Figure 17. Converter DC-DC 2 (Figure 2) buck mode of operation. Probe 1—current (Blue), probe
2—dprain-to-source over the transistor voltage (Red), and probe 3—PWM (Green).

T T T T T T T

Figure 18. The output of the buck-boost converter. Probe 1—voltage (Red) and probe 2—current
(Blue) to the battery cell under charge for equalisation. Probe 3 (Green) and probe 4 (Red)—PWM
and Q1 drain-source voltage, respectively.

Figure 17 shows the DC-DC 2 converter (Figure 2) in the buck mode of operation
during a battery cell equalisation. Probe 1 is the current over the inductor L1, probe 2 is the
voltage over the MOSFET Q1 (Figure 10), and probe 3 is the PWM signal to the Q1 gate.
The voltage peaks over the transistor’s drain-to-source are acceptable but could be limited
with snubber capacitors. The calculated inductor of 150 uH is selected with a saturation
current of 2 A, i.e., double the nominal current. This inductor could be further increased in
order for the current ripples to be reduced.
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Figure 18 shows the output DC-DC 2 voltage (probe 1) and current (probe 2) to the
battery cell during the charging process. Probes 3 and 4 are the controlled PWM impulses
to both Q1 and Q2 transistors at a switching frequency of 100 kHz.

Both experiments show the validity of the designed buck-boost converter in point 3.2,
Figure 10.

Figure 19 shows the SC discharge process (time T1) and SC charge process (time T2)
due to battery equalisation. This experiment depicts the energy transferred to a battery cell
for T1 = 50 s when the same is undercharged and the energy transferred from the battery to
the SC tank for T2 = 10 s when the battery cell is overcharged. Probe 1 depicts the SCs tank
voltage between the maximum 10 V and minimum 6 V, and probe 2 the current through
the converter DC-DC 2 with a peak value of 1 A.

1 (10V)

N ﬁﬁ — L Y () A

T1

Figure 19. Battery cell equalisation with SC discharge (T1) and charge (T2) periods. Probe 1 SC
voltage (Red), and probe 2 SC current (Blue).

The final experiment depicts the functionality of the entire system. The obtained
results comply with and complete the results obtained in [34,36,37].

The conducted experimental verification confirms the working capacity of the de-
signed system, the possibility of completing all modes of operation, the stable operation of
the designed converters and SCES, and the lack of oscillations and thermal losses in the
converters and bi-directional switches.

6. Conclusions

In this paper, a battery cell equalisation system for automotive applications based on
SCES has been analysed, designed, prototyped, and experimentally tested. The suggested
system, presented in Figures 1 and 2, shows stable work, equalising the battery cells
SoC with the ability to allocate each cell from the battery pack in order for the charge or
discharge processes to be completed with only one DC-DC converter (DC-DC 2, Figure 2).
For this purpose, bi-directional switches were implemented, operating with acceptable
power loss (Table 5). A buck-boost topology with 1 A 12 V/5 V parameters was used for
the battery cells’ equalisation.

The system benefits from an additional SC tank used as ES to accumulate energy
from the regenerative brake. For this design, the SC tank consists of a total capacitance
of 175 F, a maximum voltage of 10 V, and an accumulated energy of 8750 J. The installed
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resource is enough for battery cell equalisation, according to the suggested topology in
Figures 1 and 2.

The charging process is supported by a unidirectional DC-DC converter (DC-DC 1,
Figure 2), converting the regenerative brake energy to the SC tank charge. It has been re-
vealed that the converter’s main parameters of 100 A nominal current, 300-500 V input volt-
age, and low 12 V output vulgate can be recommended for various automotive applications.

For the future development, design, and integration of the suggested system in auto-
motive applications, the following recommendations could be systemised:

o  The design of the SCES could be supported with models based on the presented
apparatus (Table 2), which gives a reasonable estimation of the transient processes
of SCs charge/discharge and power loss (Figures 5-8). Also, the models can be
used to depict the battery cell equalisation process and power transfer, as shown in
Figures 11-14. The obtained results comply with the results published in [10,24].

e  The charging of the SCES could be based on CC operation as presented in Figures 6-8.
Charging the SCs with CV in this application should be avoided. The result complies
with and completes the results in [29,30].

e To minimise the power loss in the bi-directional switches, the transistors could be
oversized on current, which minimises the DC,, resistance. Regarding targeted
resistance, the range of Roy = 1 mQ — 500 pQ) can be recommended.

e A buck-boost transformer-less converter (Figure 10) is a good choice for the battery
cell equalisation converter as it has a simple structure and offers high power density.
To accommodate this converter easily, the SCES could be selected with a nominal
voltage of 2-3 times the charge voltage of the battery cells. For the SCES charge, the
two-switch forward converter (Figure 9) is a good choice, as can be concluded from its
experimental verification. The results comply with and complete the results published
in [49-55].

e  The two-switch converter topology is a good choice for the SCES charge from the
regenerative brake, operating stably in the entire input voltage range. The results
comply with and complete the results published in [59-61].
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