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Abstract: With the rapid growth of electric vehicles (EVs) in recent years, the research on their energy storage systems (ESSs) has also shown
great popularity. A traditional ESS normally has a fixed configuration and uses a single type of energy storage unit. However, this
traditional design has some limitations, such as low flexibility and high requirements to unit consistency. To solve these problems,
a new hybrid energy storage system is proposed in this paper. The proposed ESS hybridises multiple lithium-ion battery modules
and one supercapacitor module. By controlling the states of switches inside the ESS topology, module level reconfiguration can be
achieved. Further, a DC/DC converter is also included in the ESS topology, which is connected to the supercapacitor module and can
be used to ensure correct ESS output voltage. Reconfiguration and active balancing algorithms are also given based on the proposed
ESS topology. Situations with and without bypassing the lithium-ion battery modules are both discussed in the algorithms. The
proposed hybrid ESS is finally verified with simulations. The system model is built in the Simulink/MATLAB environment. Simulation
results show that the lithium-ion modules with a lower state of charge values have higher priorities to be connected in parallel.
Reconfiguration actions are able to balance all lithium-ion battery modules within one Worldwide Harmonised Light-Duty Vehicle Test
Cycle (WLTC) simulation cycle while maintaining ESS output voltage within a correct range. Furthermore, the proposed hybrid ESS
control algorithms remain valid when one lithium-ion battery module is manually bypassed during simulation.
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1. Introduction

In recent years, electric vehicles (EVs) have gradually begun to dominate the vehicle market owing to their fewer
impacts on the environment, more mature technologies, and continually reducing costs. Energy storage systems
(ESSs), as key components in EVs, decide the driving distance, peak acceleration, and many other performance
aspects of the vehicles. Lithium-ion batteries are the most common ESSs in EVs. They have many obvious
advantages, such as high energy-densities and low self-discharging rates. However, capacity attenuation is a big
problem for lithium-ion batteries, which will become even worse after hundreds of cycles. On the other hand,
supercapacitors, as another extremely popular ESSs, also attract the attention of many researchers. In contrast
with lithium-ion batteries, supercapacitors have much higher power densities owing to their greater charging/
discharging currents. Further, the capacity reduction speed is much lower, making them have much longer service
lives. However, in comparison with lithium-ion batteries, the energy densities of supercapacitors are smaller and
their driving ranges of EVs are also less. Since lithium-ion batteries and supercapacitors show diverse advantages
and disadvantages, the idea of mixing the two types of ESSs has been proposed in some previous studies. Following
this method, the transient high-power requirements of EVs are stratified with supercapacitors, which is especially
valuable during high-acceleration and hard-braking conditions. Meanwhile, lithium-ion batteries can also provide
enough energy and maintain long driving distances. Additional electrical circuits are normally needed to build hybrid
supercapacitor lithium-ion battery systems. When designing these electrical circuits, many ESS functions can also
be developed together: for instance, reconfiguration and active balancing.
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Both lithium-ion batteries and supercapacitors are made up of units called modules, which further consist of
even smaller units known as cells. Modules and cells are connected in parallel and series to provide the required
voltage and current outputs. In a fixed-configuration ESS, the connection configured between these modules and
cells cannot be changed during its complete service life. Conversely, a reconfigurable ESS enables different ways
of connection. This reconfigurability shows many advantages. First, the total terminal voltage of one ESS can be
controlled to different levels and provides power to on-board equipment having different input voltage requirements.
Second, if only one or a few units in one ESS have failed, they may be bypassed in a reconfigurable design.
This obviates the need for completely scrapping the ESS and can improve the ESS reliability. Third, it is possible
to put units with different state of health (SOH) conditions into one ESS, which gives more possibilities for cell
recycling. Based on the degree of reconfiguration, there are two levels: cell level and module level. The cell-
level reconfiguration ensures individual control of every single cell, which makes it have more flexibility. But at
the same time, cell-level reconfiguration requires each cell to be provided a reconfigurable circuit, which would
necessitate incurring expenditure on bigger sizes, more costs, and more losses. The module-level reconfiguration
only makes the module connections adjustable, while the cell connections inside any one module always remain
unchanged. Although the module level reconfiguration has lower flexibility, its control algorithms are much simpler
and its reliability is also higher.

The maximum capacities of cells/modules in one ESS are not always exactly the same, which is caused by
many reasons, such as manufacturing errors, different degradation speeds, uneven thermal environment, etc.
When series-connected units are charged/discharged by the same current, some units will be full/empty earlier than
others. If nothing is done to these units, they will be over-charged/over-discharged. This may cause fast-aging, over-
heating, or even more serious safety issues. To deal with this problem, the balancing function is conducted by the
battery management systems (BMS). Balancing can be categorised into passive balancing and active balancing.
The passive balancing uses resistors to dissipate the excessive energy of some units. It is the simplest way of
balancing, but also makes the ESS efficiency lower and may bring some thermal problems due to the Joule heat
of resistors. On the contrary, active balancing does not need to waste all the exceeding energy and can transfer it
among units via some energy storage components. The efficiency of the active balancing is much higher, but it also
needs additional circuits and more complex control algorithms.

Based on the above discussion, hybridisation, reconfiguration, and active balancing can all be used to improve
ESS performance in different aspects. And a method to integrate the electrical circuits of these three functions
would be of great value. Thus, a novel hybrid energy storage system topology is proposed in this paper. The
proposed topology connects multiple lithium-ion battery modules and one supercapacitor module together. By
changing the states of three switches between every two modules, the EES series/parallel connections can be
actively controlled. Further, this system also allows for the failed lithium-ion battery modules to be easily bypassed,
thus greatly extending the system lifetime. Additionally, active balancing among lithium-ion battery modules is
also achieved using controllable switches. The rest of this paper is arranged as follows: Section 2 introduces the
proposed topology and its control methods to realise different connections. Section 3 gives the reconfiguration and
active balancing algorithms. Scaled-down Simulink models and simulation results are discussed in section 4, and
finally, the conclusions are presented in section 5.

2. Proposed Hybrid Energy Storage System Topology

2.1. Proposed topology components

The proposed hybrid energy storage system topology is shown in Figure 1. Using this topology allows us to
achieve module-level hybridisation and reconfiguration. There are totally » lithium-ion battery modules and one
supercapacitor module connected together. Between every two neighbouring lithium-ion modules (e.g., M; and
M,,,), there are three switches (g, ;, a; 5, and g, 3).

One DC/DC converter is connected to the supercapacitor module, and they work together to provide an
adjustable output voltage. All lithium-ion battery modules together constitute one part, while the DC/DC converter
and supercapacitor module constitute the other part. These two parts are also connected by three switches (b, b,,
and b3). Cell connections in modules are always fixed in this topology. And the balancing among cells in any single
module can be achieved in a passive way.
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Fig. 1. Proposed hybrid energy storage system topology.
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Fig. 2. All lithium-ion battery modules are divided into three parts.

The on-state of a switch is represented by 1, while the off-state of a switch is represented by 0. The information
pertaining to all switch states can be summarised in a single matrix:

SwitchMatrix=| ... )
Ap21 Ap22 Ay23
Ap-11 Ap-12 p-13

by by b

2.2. Proposed topology control

First, the connection control of lithium-ion battery modules is introduced. In order to simplify the control rules of all
switches, all lithium-ion battery modules are divided into three parts. As illustrated in Figure 2, the first part starts
from the module one and ends before the first battery module, which is not bypassed (named as: M ). The third
part starts after the last connected-in battery module (named as: #/,) and ends with the last battery module. Lastly,
the second part is in the middle.

It should be mentioned that it is not necessary to have one/some modules bypassed at the beginning or at the
end. The above illustration is just a general case. Also, the rules to control switches in the first and third parts vary,
and these rules are listed in Table 1.

The remaining battery modules are divided into multiple sections. Each section contains one or several battery
modules. Battery modules in any given section are either connected in parallel (these parallel-connected modules
are referred to as a parallel section) or collectively bypassed (these bypassed modules are referred to as a bypass
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Table 1. Control rules of switches in the first and third parts.

Modules in the first part a,=1;a;,=0a;=0; (=12,..,p-1)
Modules in the third part 4,;=06,=0a,=1(=¢,g+1..,n-1)

Table 2. Control rules of switches in the second part.

Module M; is in a parallel section Module M,,; continues parallel connection a1 =1a;,=0 a,5=1
Module M,,, starts a new parallel section a,=0ia,=1a;=0
Module M,,, starts a new bypass section a4, =0ia,,=0a;=1
Module M;,, continues bypass connection a;,=05a,,=0,a;=1

Module M; is in a bypass section )
Module M,,, starts a new parallel section a,;=0a,=1a;=0

Table 3. Control rules of switches before the supercapacitor module.

Supercapacitor module M. is connected in parallel with lithium-ion battery modules b=1,b,=0; by=1
Supercapacitor module M. is connected in series with lithium-ion battery modules b =0,b,=1b;=0
Supercapacitor module M, is bypassed b =0,b,=0by=1

section). All sections are in series connection. The rules of controlling switches in the second part are shown in
Table 2.

The proposed topology still has some limitations in realising all modes of connections. For example, it is not
possible to have two non-adjacent battery modules in a parallel connection. Also, one battery module cannot be
parallelly connected to two ends of multiple battery modules that are already in series connection. These modes will
be possible if more switches are added, but it will also make the system more complex and result in increased costs.

The supercapacitor module and the DC/DC converter are combined, and then connected to the circuit. Similarly,
the supercapacitor module and all lithium-ion battery modules can be in either series or parallel connection. Further,
it is also possible to directly bypass the supercapacitor module. The rules of controlling the three switches before
the supercapacitor module are described in Table 3.

3. Reconfiguration and Active Balancing Algorithms

The reconfiguration algorithms introduced in this section aim to achieve fast active balancing. Two cases are
considered here. One is without bypassing any lithium-ion battery module, and the other is with bypassing only one
lithium-ion battery module. The possibility of having two or more battery modules fail earlier than the other battery
modules is very low. When this happens, the ESS normally needs to be maintained. So, the case of having more
than one battery module bypassed is not considered in the following algorithms.

3.1. Active balancing without bypassing module

In an electric powertrain system, the ESS provides power to the inverter, which drives the electric machine, giving
output torque. The inverter and electric machine require the EES output voltage to be maintained within a certain
range. An average voltage can be calculated from this range. This is the required voltage (V,,,,.), which should
be provided by the ESS. Terminal voltage values of all lithium-ion battery modules are measured, whose average
is calculated as V,,,4,;.- When no battery module is bypassed, the number of required battery module sections (m)
can be determined according to the following equation:

m- < Vrequire <(m+1)- Vmodule (2

module
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Afterwards, all battery modules need to be sliced into m sections. An example is given below when there are six
battery modules. All possible options for a given section number are listed. The battery modules in the same section
have the same background colour.

6 modules, 6 sections: 1 option
[Module 1 [ Module 2 [ Module 3 [IModule 2] Module 5 | Module 6 |

6 modules, 5 sections: 5 options

odule 1 odule 2 [e) odule 6
odule odule 2 0 odule 6
odule 1 odule 2 0 odule 6
odule 1 odule 2 0 odule 6
odule odule 2 0 odule 6
6 modules, 4 sections: 10 options

odule 1 odule 2 [e)

odule odule 2 0 odule

odule 1 odule 2 0 odule | Module 5 |

odule 1 odule 2 0 odule

odule odule 2 0 odule | Module 5 |

odule 1 odule 2 0 odule | Module 5 |

odule odule 2 0 [e)

odule 1 0 2 0 0

odule 1 odule 2 0 odule

odule odule 2 0 odule

6 modules, 3 sections: 10 options

odule 1 odule 2 [e) 0 4 0 5 odule 6
odule odule 2 0 [ 0 5 odule 6
odule 1 odule 2 0 odule 4 0 5] odule 6
odule 1 odule 2 odule odule 4 odule odule 6
odule odule 2 ou{_e odule 4 0 odule 6
odule 1 odule 2 odule odule 4 0 odule 6
odule odule 2 0 odule 4 odule odule 6
odule 1 ouI_eZ 0 odule 4 0u+95 odule 6
odule 1 odule 2 0 odule 4 odule 5 odule 6
odule odule 2 0 odule 4 odule 5 odule 6
6 modules, 2 sections: 5 options

odule 1 odule 2 odule odule 4 odule 5 odule 6
odule odule 2 0 odule 4 odule 5 odule 6
odule 1 0 2 0 odule 4 odule 5 odule 6
odule 1 odule 2 0 o&lgt odule 5 odule 6
odule odule 2 0 0 4 odule 5 odule 6

6 modules, 1 section: 1 option
[Module T T Module2 T Module3 [ Module4d [ Module5 T Module6 ]

When battery module number in the ESS is increased to and the section number is m, all possible solutions
can be found according to the following algorithms:

Algorithms: Find all options for a given battery module number and a section number

Inputs: n: module number, m: section number
Output: S.: set of all possible options
Global: s.. one possible option

for i, :1:1:(m—n+1).
s()=iy;
foriz=1:1:((m—i1)—(n—1)+1)
s(2)= 1iy;
foriy =1:1:((m =i, ;) = (n—2) +1)
s(3)= iy

forim=l:1:((m—i1—i2 ...... —imfl)—(n—m+l)+1)
s(m) =i ;

e
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ifseS
S:[S;s];
end

end

end
end

end

After all possible options are found for a given section number (m), the next step is to select the best option
that can achieve the fastest active balancing. The state of charge (SOC) and estimated capacity information of all
battery modules can be obtained from the BMS. The average SOC value of all battery modules is calculated as SOC,
which is used to create a 1 X m vector, as shown below:

S0C, =(s0C, Soc, SOC...., SOC) o

For each possible option (e.g., option i), the average SOC value of each section can be calculated. Another 1xm
vector is created, as shown below:

SOCi, be = (SOCbe,secl7 SOCbe,secZ? SOCbe,sec3""’ SOCbe,secm) (4)

Similarly, two more vectors can additionally be created based on the average capacity values and battery
module numbers of all the sections:

Q = (Qsecl’ Qsec2’ Qsec3" B Qsecm) (5)

N; =(N,

i secl> N'ecZ’ Nsec3""’ Nsecm) (6)

N

The discharging current in the ESS main circuit (Z;) can also be obtained from the BMS. After the ESS is
discharged for a certain period f, the average SOC value of battery modules in the section J is calculated as
indicated below:

144
N (7

secj 1V secj

SOC,

af ,secj = SOCbe,Secj -

Similarly, using the vector indicated below, it becomes possible to compute the average SOC values of all
sections after a certain period of discharging:

SOC; 4 = (SOqu,ml, SOCys sec2s SOCys sec3s---» SOC, ’mm) ®)
Finally, the best option can be selected based on the following criteria:

min (|SOC0 ~50C,

) &)
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In this proposed active balancing method, the supercapacitor model is always in series connection with the
other lithium-ion battery modules. However, the voltage conversion ratio of the DC/DC converter is adjustable.
After the best option of lithium-ion battery module connection is selected, the next step is to select the correct
voltage conversion ratio. As discussed earlier, to enable the effective operation of the inverter and electric machine,
the output voltage of the ESS needs to be maintained within a certain range. The upper and lower voltage limits
of the ESS are defined as V};,, and V,,,, respectively. The terminal voltage of the section J,named 7, Vseci» CaN also

be calculated from the battery module voltages. The output voltage of the DC/DC converter (V) €an thus be
calculated according to the following equation:

m m
Vlow - zVsecj < Vconverter < Vhigh - zVseLj : (10)
Jj=1 J=1

The boost/buck voltage conversion ratio of the DC/DC converter can finally be calculated according to the
following equation:

V.

R __ " converter
converter — %
Ne

(1D

where Vg is the terminal voltage of the supercapacitor module. To achieve continuous active balancing, the
above process shall be repeated for every certain period of #. The suitable section number, best option of battery
connection, and suitable DC/DC converter voltage conversion ratio shall also be updated.

3.2. Active balancing with bypassing one module
There are two different situations when one lithium-ion battery module is bypassed. The first situation is when the
bypassed battery module is either in the beginning or at the end. The problem of dividing n battery modules into m
sections can be transformed into one of dividing n — 1 battery modules into m sections. Under this situation, the same
algorithms as before can be used to find all possible battery connection options. One example is given below, when
there are six battery modules and the first one is bypassed.

6 modules, 5 sections, the first module is bypassed 1 option
[(Mogdte=— [ Mod

6 modules, 4 sections, the first module is bypassed: 4 options

ette—] odule 2 odule [
et odule 2 0 [ odule
Fette— odule 2 0 odule odule 5
ferte=—] odule 2 0 odule odule 5
6 modules, 3 sections, the first module is bypassed: 6 options
Fetfe=] odule 2 odule odule odule 5 odule 6
et odule 2 0 odule odule 5 odule 6
teite— odule 2 0 odule odule 5 odule 6
ette— odule 2 0 odule odule 5 odule 6
tette— odule 2 0 odule odule 5 odule 6
fette— odule 2 odule odule odule 5 odule 6
6 modules, 2 sections, the first module is bypassed: 4 options
ette—] odule 2 odule odule odule 5 odule 6
et odule 2 0 odule odule 5 odule 6
teite— odule 2 0 0 odule 5 odule 6
ette—] odule 2 0 [ odule 5 odule 6

The second situation is when the bypassed battery module is in the middle. The number of battery modules
before and after the bypassed one are defined as 7 and r,, respectively. The problem of dividing » modules into m
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sections can be transformed into one of dividing 5 modules into w; sections and dividing », modules into w, sections.
1, 1y, w, and w, shall meet the following restrictions:

n+trn=n-1
W+ w, =m
nZw

2w,

One example is given below, when there are six battery modules and the third one is bypassed.

6 modules, 5 sections, the third module failed: 1 option

6 modules, 4 sections, the third module failed: 3 options

odule 1 odule 2 0

odule odule 2 [e)

odule 1 0 odule 4 odule

6 modules, 3 sections, the third module failed: 3 options

odule 1 odule 2 odule ule 5 ule 6
odule odule 2 odule odule 5 odule 6
odule 1 odule 2 odule ule 5 ule 6

6 modules, 2 sections, the third module failed: 1 option
S | Modate3— |

odu \vioaule

The algorithms introduced in section 3.1 are integrated as a function and named ‘selection’. The following
algorithms are used to find all possible options when there is a bypassed module in the middle.

Algorithms: Find all options when a middle module is bypassed

Inputs: n: module number, m: section number
1: module number before the bypassed module
1,; module number after the bypassed module
Output: S: set of all possible options
Globail: s: one possible option

fori=1:1:g
I <m—i|| m_i<o
stop;
end
S, = selection(rl, i);
S, = selection(rz, m-— i);
for j=1:1:size(S],l)
for k=1:1:size(S,,1)
s= I:S1 (j,:), S, (k,:)]

S=[8, s]
end
end
end

4. Simulink Modelling and Simulation Results

4.1. Simulink modelling

Modelling and simulation have been done to verify the proposed hybrid ESS topology and control algorithms.
A scaled-down hybrid ESS is built in the Simulink environment, which consists of eight lithium-ion cells,
one supercapacitor cell, and one DC/DC converter. Some parameters of the built ESS module are listed in
Table 4.
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Table 4. Hybrid ESS model parameters.

Hybrid ESS Model Parameters Variable Value Unit

Lithium-ion cell capacity C, 24 Ah

Lithium-ion cell nominal voltage Vi nom 3.7 \

Lithium-ion cell lower voltage limit Viiiow 25 \

Lithium-ion cell upper voltage limit Vi high 4.2 \

Lithium-ion cell number ny; 8 -

Supercapacitor cell capacity Cse 3,000 F

Supercapacitor cell lower voltage limit Vsciow 0.5 \

Supercapacitor cell upper voltage limit Vs high 2.8 \

ESS lower voltage limit Vs tow 29 V

ESS upper voltage limit Vs high 33 \
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Fig. 3. Scaled-down WLTC required ESS power. ESS, energy storage system; WLTC, Worldwide Harmonised Light-Duty Vehicle Test Cycle.

In selecting the DC/DC converter, it is necessary to consider the cell and ESS parameters. The input voltage
range of the DC/DC converter shall be the same as the supercapacitor cell output voltage range: [Vsc,low» Vsc high ]

The output voltage range of the DC/DC converter can be calculated with the output voltage ranges of one lithium-
ion cell and the complete ESS: [VESS,high =1 Vi high> VESSJUW—V},»JDWJ. The maximum input and output currents of
the DC/DC converter shall be smaller than the maximum supercapacitor cell discharging current and the maximum
lithium-ion cell discharging current, respectively.

The hybrid ESS model is assumed to be used in medium-size electric vehicles (e.g., Tesla Model S), and
‘Worldwide Harmonised Light-Duty Vehicle Test Cycle (WLTC) is selected to be the simulation driving cycle. The
reference vehicle parameters and driving cycle data are used to calculate the required power to the hybrid ESS (the
detailed calculation process is not covered in this paper). Based on the capacity difference between the reference
vehicle ESS and the modelled hybrid ESS, the calculated power is also scaled down, and plotted in Figure 3. The
positive values mean that the ESS needs to provide the power to drive the vehicle, while the negative values mean
that the vehicle is braked and regenerated power is sent back to the ESS.

Each lithium-ion cell is modelled with a two-resistor-capacitor (two-RC) equivalent circuit, as shown in Figure 4.
R, represents the Ohmic resistance of the current collectors, electrolyte, separator, etc. The first RC couple
(R—C)) represents the charge transfer process happening inside the electrode active material. The second RC
couple (R,—C,) represents the lithium-ion diffusion process happening inside and outside the active material
particles. Only irreversible heat (Joule heat) is considered inside the lithium-ion cell model. A simplified cooling
system is modelled, which consists of coolant heat convection and heat conduction. The simulated cell temperature
and SOC are used to determine the values of R, R, C, R,, and C, using several look-up tables. The parameters of
the lithium-ion cell equivalent circuit are continuously and actively adjusted during the simulation. Coulomb counting
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Fig. 5. Complete model of the hybrid ESS. ESS, energy storage systems.

is the SOC estimation method used in the lithium-ion cell model. The signals of SOC, open circuit voltage (OCV),
and temperature are continuously sent to the BMS of the hybrid ESS.

The complete hybrid ESS model is shown in Figure 5. The lithium-ion cell equivalent circuit model is integrated
into one block, and there are totally eight lithium-ion cell blocks. The supercapacitor cell and DC/DC converter are
modelled directly using units from the Simulink package provided by MATLAB/Simulink, and they are put together
into one block. Three switches between two battery modules are integrated into one block. There are totally eight
three-switch blocks connecting eight lithium-ion cells and one supercapacitor cell together, according to the layout
shown in Figure 1. Finally, the switch control signals and the DC/DC converter voltage conversion ratio signal are
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sent from BMS. The BMS is modelled as a MATLAB function, which is not included in Figure 5. The reconfiguration
and active balancing algorithms introduced in section 3 are all coded in the BMS function.

4.2. Simulation results

Two cases have been simulated with the hybrid ESS model and the WLTC driving cycle. The first case has no
lithium-ion cell bypassed. SOC curves of the eight lithium-ion cells are plotted in Figure 6, which presents the active
balancing performance. In Figure 7, charging/discharging currents of lithium-ion cells 1, 3, and 5 are plotted with red,
blue, and green curves, respectively. In order to observe the active balancing performance, the initial SOC values of
the eight lithium-ion cells are set differently. Lithium-ion cell 1 has the smallest initial SOC, followed by cells 2, 6, 7,
and 5. The other three lithium-ion cells are all fully charged at the beginning. As mentioned earlier, the first step of the
active balancing algorithms is to decide how many series-connected sections are needed. This calculation is based
on the required ESS voltage and the average voltage of all lithium-ion cells. In the first case simulation, this number
is 7V. This means two lithium-ion cells needed to be parallelly connected, and they are together in series connection
with the other six lithium-ion cells as well as the supercapacitor cell. By selecting two different parallelly connected
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Fig. 6. State of charge balancing curves of eight lithium-ion cells (with no bypassed cell).
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Fig. 7. Current curves of lithium-ion cells 1, 3, and 5 (with no bypassed cell).
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Fig. 8. Hybrid ESS terminal voltage (with no bypassed cell). ESS, energy storage system.

lithium-ion cells, the SOC of the eight lithium-ion cells can be balanced. Due to the limitation of the proposed
topology, only neighbouring lithium-ion cells can be connected in parallel. From Figure 6, it can be observed that,
in the beginning, the SOC of lithium-ion cells 1 and 2 are the two smallest values. As a result, they are connected
in parallel according to the active balancing algorithms, and their SOC decreasing speeds are also smaller than
those of the other six lithium-ion cells in the beginning. The same result can be observed in Figure 7. During the first
870 s, the current of lithium-ion cell 1 is only half of those of cells 3 and 5. This is also due to the parallel connection
of lithium-ion cells 1 and 2, resulting in their consuming only half as much energy compared to the other six cells.

After the point of 870 s, the SOC value sum of lithium-ion cells 6 and 7 becomes smaller than those for the
other neighbouring cell couples. So, the reconfiguration is conducted at this moment, and the parallel connection
is changed to lithium-ion cells 6 and 7. In Figure 7, it can be observed that during the 20 s after the occurrence
of the first reconfiguration, currents of lithium-ion cells 1, 3, and 5 were all the same. This is because these three
cells were all connected in series at that moment. Afterwards, reconfiguration actions keep happening. Parallel-
connected cell couples are also continuously changing among cells 1 and 2, 5 and 6, and 6 and 7. The complete
balancing of eight lithium-ion cells is achieved at 1,645 s, when parallel connection occurs evenly among them. It
should be mentioned that the best configuration is calculated once per interval (a duration of 5 s is used here). This
means that one configuration is kept for at least 5 s. This can avoid excessive calculation load on BMS, as well as
excessive switching losses.

The terminal voltage of the complete hybrid ESS is plotted in Figure 8. It can be observed that the ESS terminal
voltage is always kept between 29 V (blue dash line) and 33 V (red dash line). They are the ESS lower and upper
voltage limits, respectively. As mentioned earlier, the optimal voltage conversion ratio of the DC/DC converter is updated
at every calculation interval. This ensures that the hybrid ESS terminal voltage will always be within the correct range.

The second case is to have one lithium-ion cell bypassed during the driving cycle simulation. The lithium-ion cell
SOC curves and current curves of the second case are shown in Figures 9 and 10, respectively. Compared to the
first case, the balancing process of the first 1,000 s is kept unchanged due to the same initial settings. At the point
of 1,000 s, lithium-ion cell 5 is manually bypassed. From Figure 9, it can be observed that the SOC value of lithium-
ion cell 5 is kept unchanged after it is bypassed. At the same time, as can be seen in Figure 10, the lithium-ion
cell 5 current also decreases to 0V. After one lithium-ion cell is bypassed, the proposed reconfiguration algorithms
continue to calculate the optimal connection. As can be observed from Figure 10, the seven other lithium-ion cells
continue to be balanced after the point of 1,000 s. Similar to the first case, two lithium-ion cell couples (cells 1 and 2
and cells 6 and 7) are alternatively connected in parallel. Finally, at the point of 1,725 s, all seven in-use lithium-ion
cells are balanced.

The hybrid ESS terminal voltage of the second case simulation, together with the ESS lower and upper voltage
limits, is shown in Figure 11. Compared to the first case, the voltage touching the lower limit comes earlier. This is
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Fig. 9. State of charge balancing curves of eight lithium-ion cells (with the lithium-ion cell 5 bypassed).
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Fig. 10. Current curves of lithium-ion cells 1, 3, and 5 (with lithium-ion cell 5 bypassed).
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because fewer lithium-ion cells need to provide the same required power, making the hybrid ESS terminal voltage
decrease faster. However, the hybrid ESS terminal voltage is still maintained above the lower limit by correctly
controlling the voltage conversion ratio of the DC/DC converter.

5. Conclusions

In this paper, a new topology of a hybrid ESS is proposed, which consists of multiple lithium-ion battery modules,
one supercapacitor module, one DC/DC converter, and some switches. The proposed topology has highly flexible
module-level reconfiguration. By controlling switch states, parallel, series, and bypass connections can all be
achieved. Detailed algorithms to find out all possible configurations and to conduct fast active balancing are given.
Situations with and without the lithium-ion battery modules being bypassed are both discussed. Further, by correctly
controlling the voltage conversion ratio of the DC/DC converter, the terminal voltage of the complete hybrid ESS can
be maintained. The proposed topology and algorithms are finally verified with Simulink modelling and simulation.
A scaled-down hybrid ESS model is built, which utilises a two-RC equivalent circuit to model the lithium-ion cells,
and the Simscape package to model the supercapacitor cell. Two cases are simulated. The first case has no cell
bypassed, while the second case has the lithium-ion cell 5 bypassed. Since this proposed hybrid ESS is mainly
designed for vehicle applications, the required power is calculated from the WLTC driving cycle in both cases.
Simulation results show that lithium-ion cells with lower SOC values have higher priorities to be connected in
parallel, which makes them have smaller discharging currents and consume less energy compared with other
lithium-ion cells. A fully balanced state can be finally achieved within one driving cycle. The proposed algorithms
are effective when one lithium-cell is bypassed in the middle of the driving cycle simulation. Further, during the
reconfiguration active balancing processes in both simulated cases, the terminal voltage of the hybrid ESS is
successfully controlled within the correct range.

However, there are still some limitations characterising the proposed hybrid ESS topology and active balancing
algorithms. First, insulated-gate bipolar transistor (IGBT) or metal oxide semiconductor field effect transistor
(MOSFET) devices can be selected as switches in the proposed ESS topology. When the ESS is operated under
a certain configuration, conduction losses may exist with switches that are in the on-state. When reconfiguration
actions happen, switching losses may exist with switches whose states are changed. Although the switches are
not operated at high frequencies according to the proposed active balancing algorithms, the sum of conduction
and switching losses can still reduce the ESS efficiency to some extent. Second, after the ESS has been used for
a long time, the ageing of the switches can affect ESS performance. For example, the gate oxide breakdown that
continuously happens inside the MOSFET can cause its conduction resistance to increase. As a result, the ESS
efficiency can be further reduced. If there is no proper maintenance or monitoring system, the ageing of switches
may lead to their failure. This is more serious in the ESS since modules/cells may be short-circuited or even catch
fire if the switches fail. Third, active balancing during the discharging process is discussed in this paper, while the
charging process is not analysed. Theoretically, the proposed active balancing algorithms are also applicable during
the charging process. Lithium-ion battery modules with a higher SOC tend to be in parallel connection, reducing
the charging currents passing through them. However, the charging speed is another important factor. Therefore,
the balance between the charging efficiency and charging speed should be considered while designing optimal
charging strategies. Based on the above discussion, some future work can be suggested. For example, losses
caused by switches need to be considered in the active balancing algorithms. The period for which a certain ESS
configuration needs to be maintained can be optimised to reduce the sum of conduction and switching losses.
Additionally, switch failures can be avoided by designing some switch ageing monitors. Furthermore, besides the
discharging process, the proposed active balancing algorithms can be further developed to also achieve a fast and
highly efficient charging process.
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