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Active Cell Balancing Algorithms in Lithium-ion Battery
BOWEN JIANG

Department of Electrical Engineering

Chalmers University of Technology

Summary

Lithium-ion batteries have been widely used in new energy vehicles (NEV) as large energy
storage systems (EES). Balancing among series-connected cells is necessary to avoid over-
charging or over-discharging as well as improve the amount of usable energy. Dilerent from
passive balancing, active balancing redistributes charges among cells or control cell output
powers, further improving battery e [ciehcies. This thesis paper starts with the modeling
of full-electric powertrain systems. Simulation results show that the range of the reference
vehicle is extended when using active balancing in the battery system, comparing to passive
balancing or no balancing. Afterward, a cell model is built based on 2-RC equivalent circuit
theories, and a complete battery model is built by connecting cell models and taking consid-
ering of driving cycle requested power. A comprehensive review of existing passive balancing
and active balancing methods is then carried out, and a summary comparing di Lerknt bal-
ancing strategies is also given. One passive balancing method and three active balancing
methods are selected out for modeling and simulation. Results show that switched resistor
balancing has the easiest control algorithms but has the most energy losses. Single capacitor
balancing only uses one capacitor but has longer balancing time. Multi inductor balancing
has a bigger balancing current and faster balancing speed. Buck boost converter balancing
has more flexible control algorithms, but more electrical components are needed.

A new active balancing topology and its control algorithms are finally proposed in this thesis
paper. One supercapacitor is used in the balancing circuit which replaces the highest state of
charge (SOC) cell and is charged during the vehicle regeneration process. The supercapaci-
tor also transfers energy to the lowest SOC cell after it is fully charged. This new balancing
strategy can not only improve balancing e [ciehcy due to fewer times of energy conversion
but also reduce balancing time compared to the single capacitor balancing.

Keywords: Active Balancing, Lithium-ion Battery, Full-electric Powertrain, Battery Man-
agement System
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1 Introduction

In order to meet requirements of high-e ciency and low-emission for future transportation, plug-in hybrid
electric vehicles (PHEV) and battery electric vehicles (BEV) are considered to be the most viable choices,
inside which energy storage systems (ESS) play key roles [1]. Compared to lead-acid batteries and NIMH
batteries, lithium-ion batteries have many advantages, such as high energy densities, long cycle lives, low
self-discharge rates, no memory e ect, etc., which makes them more and more popular in recent decades,
especially in automotive applications [2]. The nominal voltage of one single lithium-ion cell is around four
volts, which is not possible to drive any PHEV or BEV powertrains. To solve this problem, hundreds or even
thousands of cells are connected in series or parallel to construct battery modules and packs, so as to meet
voltage and power requirements, as well as make vehicles have long enough driving ranges [3]. However, this
series connection brings a tricky issue which is the cell-to-cell state of charge (SOC) unbalancing (shown in
Figure 1.1), although the same type of cells are used in one battery. This unbalance phenomenon is mainly
caused by two reasons. Firstly, cell manufacturing errors cause cell impedance values, open circle voltages
(OCV), self-discharge rates, and aging rates to be di erent [4]. Secondly, uneven thermal management inside
batteries makes cells be operated under di erent environments, which also has an in uence on cell SOC [5].
As a result, cells with high SOC are fully charged before the others, and cells with low SOC tend to be
fully discharged faster, which may make some cells over-charged or over-discharged under some situations
and cause various abnormal phenomenons, such as fast-aging, Li-plating, electrode structure disordering,
even short-circuits and res [6][7]. For the above reasons, battery management systems (BMS) with external
balancing circuits are always necessary for batteries.

Figure 1.1: Unbalance of cell SOC

1.1 Problem Background

Battery balancing can be divided into two big categories: active balancing and passive balancing based on
whether exceeded energy dissipation is in the form of heat [8]. Existing battery balancing methods have been
categorized in Figure 1.2 based on literature reviews. Passive balancing is implemented by parallel connecting
shunt resistors to high SOC cells, which is the most common balancing method used nowadays due to its
low costs, small size, and easy control algorithms. However, the biggest disadvantages of passive balancing
are low e ciency and additional burden to battery thermal management systems [9][8]. In contrast, active
balancing is possible to redistribute charges among cells, improving powertrain system overall e ciency.
Because of di erent utilized components, active balancing can be divided into three main groups: capacitor
based, inductor based, and converter based [10][11]. But active balancing needs at least two times of energy
conversion to transfer energy from high SOC cells to low SOC cells via energy storage components, which still
brings much energy losses. However, if there is no balancing process in battery systems, both charging and
discharging processes will be limited by one or several cells, reducing amounts of usable energy and vehicle
ranges. Therefore, it is valuable to do some research on di erent passive and active balancing strategies and
e ects of battery balancing in vehicle powertrain systems.



1.2 Thesis Purpose

The objective of this thesis work is to study and compare di erent existing passive and active battery bal-
ancing typologies and their control algorithms, propose a new active balancing strategy, as well as integrate
battery systems and powertrain systems together and improve overall performance in a real vehicle appli-
cation. Powertrain models, passive balancing battery models, and active balancing battery models will be
built with Simulink. A new active balancing strategy will be proposed which uses regeneration power to
charge a supercapacitor, improving balancing speed and balancing e ciency of a reference vehicle. The im-
provement of the reference vehicle powertrain system due to passive or active balancing will also be studied
and compared while taking consideration of driving cycle requirements.

1.3 Limitations

This thesis work is mainly focusing on battery and full-electric powertrain overall performance, so detailed
characteristics of electric machines, motor inverters, and gear-boxes will not be studied. A simple vehicle
model will be used by only considering longitudinal vehicle dynamics. Instead of electrochemical models,
equivalent circuit models will be used for lithium-ion cell modeling, so cell aging process will not be simulated
or studied. A simple heat convection model will be used for battery cooling system modeling, which assumes
each cell is a thermal node and has heat transfer with constant temperature coolant.

Figure 1.2: Tree diagram of battery balancing methods



2 Powertrain Modeling

Inside a full-electric powertrain, a battery system provides traction power to an electric motor, which can gen-
erate traction force to overcome vehicle air-drag force, rolling-resistance force, gradient force, and acceleration
force. The Battery system shall be designed accordingly to meet vehicle energy and power requirements.

2.1 Longitudinal Vehicle Dynamics

As can be seen in Figure 2.1, a vehicle longitudinal free body diagram (FBD) is givenk,c is traction force
given by the powertrain system. Fq is rolling resistance force on tires. Faero is air-drag force. Fgrag is
gradient force due to gravity.

Figure 2.1: Longitudinal vehicle free body diagram

If vehicle speed Wyenicle ) direction is de ned to be the positive direction, vehicle acceleration @V ehicle =dt)
and requested vehicle powerPRy4c ) can be calculated in 2.1 and 2.2 [12]. Air-drag force is calculated from the
air density ( ), vehicle frontal area (A ), air-drag coe cient ( cg), and vehicle relative speed to surrounding
air (Vrelative ), Which is shown in 2.3 [13]. Rolling resistance force is de ned as longitudinal force losses on
vehicle body compared to the longitudinal force which would have been transferred with ideal wheels, and
is calculated from the rolling resistance factor €¢;) and vehicle mass (n). When the vehicle is driven on a
slope it will also experience gradient force because of the gravity, which is related to the vehicle mass)
and road angle ( ) as calculated in 2.5 [12].

dVyeni
m% = Firac (Fareo + Fron + Fgrad) (2.1)
Prac = Ftrac Venicle (2.2)
1 2
Faero = > A  CgVrelative (2.3)
Fron = mgc (2.4)
Fgras = mgsin( ) (2.5)



Tesla Model 3 is one typical middle-size BEV. The standard-range version is selected as the reference
vehicle for this thesis work. The reference vehicle parameters are according to [14] and some reasonable
assumptions, which are listed in Table 2.1.

Table 2.1: Parameters of the reference vehicle

Reference vehicle parameters Values \

Mass 1611 kg
Frontal area 2:34 ¢
Air-drag coe cient 0.24
Rolling resistance coe cient | 0.01
Wheel type 235/45 R18
Maximum motor power 211 kW
Battery capacity 50 kWh
Battery nominal voltage 350V
Maximum speed 209 km=h
Acceleration 0-100 km/h 56s

Full electric range 429 km

"Worldwide Harmonized Light-duty Vehicle Test Cycles (WLTC)" is used as the driving cycle in this
thesis work, which consists of four stages: low speed, medium speed, high speed, and extra high speed [15].
Acceleration, braking, stopping, and other vehicle operation modes are included and shown in Figure 2.2.

Figure 2.2: WLTC driving circle

2.2 Battery Con guration Design

24Ah lithium-ion pouch cells are used in this thesis work, whose experimental data are from the industry
supervisor company. Some parameters of the cell are listed in Table 2.2. Cell energy capacity, which is
about 90 Wh, can be calculated by integrating its OCV data. Since the battery of the reference vehicle has
a capacity of 50 kwWh and a nominal voltage of350V, the total cell number (Ne; ) and series-connected cell
number (Ngeries ) are calculated in Equation 2.6 and Equation 2.7 to meet these requirements.

50 kWh

Nce|| = W 556 (26)
350V

Nseries = 37V 95 (2.7
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Table 2.2: Parameters of the 24Ah lithium-ion pouch cell

| Cell parameters | Description or values |
Cell nominal capacity 24 Ah
Cell nominal voltage 37V
Cell operating voltage range | 25V-4:2V
Cathode material LMO
Anode material Graphite

As calculated above, at least ninety- ve cells need to be connected in series to meet the battery nominal
voltage requirement. But it is very hard to have a battery module with ninety- ve series-connected cells
inside. Firstly, the module size will be too big and could bring some packing problems. Secondly, much
more balancing components will be used with an increasing number of series-connected cells in one module,
which will also reduce balancing speed and balancing e ciency as well as make balancing algorithms more
complex. For the above reasons, eight cells are connected in series to build a battery module, and twelve
battery modules are connected in series to build a battery pack. To meet the requirements of battery capacity
and power, six battery packs are connected in parallel to get a complete battery (Figure 2.3).

Figure 2.3: Proposed battery con guration

If the cell maximum discharging rate is 4C, the maximum power Pmaximum ) Of the above battery
con guration is calculated in Equation 2.8, which also meets the reference vehicle requirement.

Praximum = (3:7V  96) (24Ah 4C) 6=205kW (2.8)



2.3 Full-electric Powertrain Modeling

QSS toolbox is a simulation tool for the design and optimization of powertrain systems, which is developed in
the Simulink environment by Swiss Federal Institute of Technology in Zurich (ETH Zurich) [16][17]. Because
of its high exibility and extremely short calculation time, this toolbox is used for full-electric powertrain
modeling in this thesis work.

As can be seen in Figure 2.4, a full-electric powertrain model is built. Di erent powertrain components
are represented by di erent QSS toolbox blocks. Vehicle acceleration is calculated in the driving circle block,
which together with vehicle speed works as inputs to the vehicle block. Inside the vehicle block, longitudinal
vehicle dynamics explained in 2.1 are used for calculating vehicle traction force. In the wheel block, vehicle
speed, acceleration, and traction force are transformed into rolling speed, rolling acceleration, and torque
on wheels by using wheel parameters. In the gear-box block, a constant gear transmission e ciency is used.
Since speed and torque ranges of electric motors are much larger compared to internal combustion engines,
only one pair of gears is used in the gear-box block. Electric motor operating points are determined in the
electric machine block by using speed and torque information from the gear-box block. As explained before,
there is a total of seventy-two battery modules in a complete battery. But unbalance among the modules is
ignored in this thesis work, and the battery is scaled down to have only one module (eight cells). Powertrain
requested power is given out from the electric machine block after considering electric motor e ciency, which
is also scaled down and sent to eight cell blocks.

Figure 2.4: Full-electric powertrain, without balancing and with passive balancing

When there is no balancing, the full-electric powertrain model is shown in Figure 2.4. Since there is no
balancing process, all cells always have the same charging power and the charging process will be stopped
when the SOC of one cell reaches 1, which means not all cells can be fully charged. Therefore, SOC of eight
cells are di erent at the beginning of the discharging process. What's more, because of manufacturing errors
and various aging states, di erent cells also have di erent capacities. Initial SOC values and capacities are
set in the eight cell blocks.

When there is passive balancing, the full-electric powertrain model is the same as shown in Figure 2.4.
The only di erence is the setting of initial SOC values. Because of the passive balancing, the battery charging
process will not be stopped until SOC of all cells reach their upper limits. For this reason, initial SOC values
of all cells are set to 1 before the discharging process starts.



Figure 2.5: Full-electric powertrain, with active balancing

When there is active balancing, the full-electric powertrain model is shown in Figure 2.5. There is a
balancing control block, where active balancing algorithms are included (Figure 2.6). Firstly, all cells can be
fully charged because of controlled charging power to each cell. Initial SOC values of all cells are set to 1.
Di erent from the passive balancing, SOC values of all cells are kept being monitored during the discharging
process. If the di erence between the maximum SOC and minimum SOC is bigger than a threshold value,
the active balancing will be activated. The cells with higher SOC will be discharged faster. And less power
is drawn from the lower SOC cells. The active balancing process will be stopped when the SOC di erence is
smaller than that threshold value. By using active balancing, all cells are fully discharged at the same time.

Figure 2.6: Full-electric powertrain with active balancing, balancing control block

In conclusion, batteries without balancing can't be fully charged and fully discharged, which have the
smallest amounts of usable energy. Batteries with active balancing can be fully charged and discharged,
which can utilize all usable energy. Battery with passive balancing can be fully charged but can't be fully
discharged, whose usable energy amounts are between the other two designs.



3 Battery Modeling

A battery model is introduced in this section. As explained, the balancing process is applied in one battery
module (among eight cells) in this thesis work. Therefore, the battery model is also scaled down and has
only one battery module, balancing electrical circuits, and balancing algorithms. This battery model works
as a platform and di erent passive and active balancing methods will be integrated with it in subsection 4.2
and subsection 5.4 for balancing performance studies.

3.1 Battery Cell Modeling

One Lithium-ion cell is mainly composed of positive and negative electrodes, electrolyte, one separator, and
two current collectors. Movement of electrons and lithium-ions makes the transformation of electric energy
and chemical energy possible [18]. There are three types of lithium-ion cell models: electrochemical models,
empirical models, and equivalent circuit models [19]. Electrochemical models are very powerful to describe
cell internal chemical reactions and the aging process by using di erential equations. But calculation costs
are quite high in electrochemical models. Empirical models describe characteristics of cells by multiple
formulas, but they are normally less accurate. Equivalent circuit models use electrical circuits to simulate
cell performance. The simplest one is to use one constant voltage source series connected with an internal
resistor, but this model is less e ective to analyze any cell dynamic performance. For this reason, 2-RC
or 3-RC equivalent circuit models are introduced in some paper, which are very useful in SOC or SOH
estimation and widely used in advanced BMS [20].

Figure 3.1: 2-RC equivalent circuit cell model

The 2-RC equivalent circuit model is used for lithium-ion cell modeling here, which is shown in Figure 3.1.
Customized Simscape blocks are used to construct the equivalent circuit. The OCV Simscape block represents
the open circuit voltage whose value changes with cell SOC and temperature, and cell SOC is also calculated
in this block by using the method of Coulomb integration. The RO Simscape block represents the internal
resistance of electrodes, electrolytes, separators, and current collectors. The RO value changes with cell
SOC, temperature, and current passing through it, so a 3D lookup map is utilized and a current sensor is
connected in the circuit as well. The R1 and C1 Simscape blocks are the rst RC couple, which represents



the charge transfer process happening in negative and positive electrodes. The R2 and C2 Simscape blocks
are the second RC couple and represent the lithium-ion di usion process happening inside and outside active
electrode material. The values of R1, C1, R2, C2 also change with cell SOC and temperature [18][21].

In order to get the cell temperature, cell internal heat needs to be calculated. According to [5], cell
internal heat consists of irreversible heat and reversible heat. The irreversible heat is also called Joule heat,
which is caused by currents passing through cell internal resistance. The reversible heat is caused by chemical
reactions in both electrodes. In this thesis work, only irreversible heat is considered, and the heat of RO, R1,
and R2 are calculated in their own Simscape blocks. The sum of three parts of irreversible heat works as an
input to a cell thermal mass, which also has continuous heat convection with coolant. The temperature of
the cell thermal mass is sensed and sent back to other Simscape blocks.

3.2 Battery Module Modeling

The cell equivalent circuit model is integrated into one block. Eight cell blocks are connected in series to
get one battery module model (Figure 3.2). Nine electrical ports are used to connect an external load and
balancing circuits. Each cell block sends out its SOC, and states of all cells create a bus signal which will be
used in balancing algorithms. The thermal mass inside each cell block has in ow heat because of cell internal
resistance and out ow heat because of heat convection with coolant. The coolant temperature is simpli ed
to be same as the before cell temperature and the rst cell is cooled by ambient temperature coolant.

Figure 3.2: Module model



3.3 Complete Battery Modeling

As can be seen in Figure 3.3, the complete battery model consists of four blocks: balancing algorithm block,
battery module block, balancing circuit block, and load block. The battery module block is introduced in
subsection 3.2 already. The balancing circuit block has balancing electrical components that are connected
to the battery module block. The balancing algorithm block has balancing algorithms inside and it also sends
out control signals to the balancing circuit block. The load block simulates battery requested power and is
connected to positive and negative points of the battery module block. When di erent balancing methods
are modeled, the balancing algorithm block and balancing circuit block need to be changed accordingly.

Figure 3.3: Battery model

Figure 3.4 shows one balancing algorithm block. SOC information of all cells is sent to this block, whose
values are rstly checked. If any cell has a SOC smaller than 0.01, the simulation will be stopped to avoid
any over-discharging. The state- ow is used for coding balancing algorithms.

Figure 3.4: Balancing algorithm block
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Requested battery power of the WLTC driving cycle can be calculated from vehicle parameters and
longitudinal vehicle dynamics explained in subsection 2.1. This power is also scaled down to one battery
module amount, which is shown in Figure 3.5. The maximum traction power is about600W and the
maximum regeneration power is about300 W.

Figure 3.5: Requested module power (WLTC)

A power source Simscape block is used in the load block of the battery model (Figure 3.6). The table
of requested power and time has been saved in the power source block. A voltage sensor is used to read
the battery terminal voltage. By controlling source currents provided by the power source block, battery
charging or discharging power is also controlled.

Figure 3.6: Load block
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4 Passive Balancing

Passive balancing dissipates the exceeded energy of high SOC cells by parallel connecting shunt resistors.
Passive balancing has advantages of low costs, low complexity, and easy control algorithms. But since
unbalanced cell energy is totally wasted in the form of heat, cell cycle e ciency is reduced and there are also
thermal problems if balancing currents are too high [22].

4.1 Passive Balancing Review

There are two types of passive balancing:xed resistor balancing and switched resistor balancing The biggest
di erence between these two methods is whether the parallel resistors can be connected and disconnected
by controlling switches.

4.1.1 Fixed Resistor Balancing

In the xed resistor balancing (Figure 4.1), each cell has a continuous current passing through its parallel-
connected shunt resistor [23]. This method is possible to balance energy levels of cells without any controlling
actions because the bypass currents are proportional to cell terminal voltages. However, the bypass currents
always exist and bring continuous waste power. Also, the balancing speed of this method is not fast enough.
Over-changing and over-discharging easily happen, which is not acceptable in Lithium-ion batteries. Only
Lead-acid batteries and Nickel-based batteries are still using this method [24].

Figure 4.1: Fixed resistor balancing

4.1.2 Switched Resistor Balancing

The switched resistor balancing (Figure 4.2) has an additional switch connected to each shunt resistor.
During the charging process, when one cell is rstly fully charged the switch parallel connected to that
cell will be turned on and a balancing current will pass through the connected shunt resistor. That cell is
protected from over-charging, while other cells can be further charged. Only when all cells are fully charged,
the charging process will be stopped. During the discharging process, when one cell is fully discharged the
battery will stop to provide output power. Switches parallel connected to other cells will be turned on,
making exceeded energy dissipated in shunt resistors. Until all cells are fully discharged, the discharging
process will be stopped. What's more, cells can also be balanced when there is no charging or discharging
current if SOC di erence among all cells is found to be larger than a limit value [25][26].

12



Figure 4.2: Switched resistor balancing

4.2 Passive Balancing Modeling

The complete battery model with the switched resistor balancingis created (Figure 4.3). The passive
balancing function is activated during the charging process. So the battery model has a charging block
where CC-CV (Constant Current-Constant Voltage) charging process is used.

Figure 4.3: Switched resistor balancing, battery model

The balancing algorithm block is shown in Figure 4.4. The state- ow is not used here due to an easy
control method. At the beginning of the charging process, a constant current 24 A) is used to charge the
battery in a high speed. This fast charging process will be stopped when one cell has its SOC reach 1, and
the passive balancing process will be started. The switch connected to the fully charged cell is turned on,
series connecting a shunt resistor to it. There will be a dissipating current (around0:65 A) in the shunt
resistor wasting energy in the fully charged cell. At the same time, the charging current is reduced from
24 A to 0:2A. As a result, the fully charged cell is discharged by aroundd:45 A current, and the other cells
are charged by0:2 A current. What's more, a relay block is used in controlling each switch. After the fully
charged cell is discharged to the SOC of 0.98, the switch of that cell will be turned o and the cell will be
charged again to the SOC of 1 by0:2 A current. This energy dissipation action can be applied to one or
several cells simultaneously, making their SOC uctuate between 0.98 and 1. And the passive balancing
process will be nished when all cells are charged with their SOC bigger than 0.98.

13



Figure 4.4: Switched resistor balancing, balancing algorithm

The balancing circuit block is shown in Figure 4.5. Each switch is connected to one resistor which can
be controlled by bus signals from the balancing algorithm block. The resistor value is set as 6 \8/to ensure
the balancing current is about 0:65 A. If the balancing current is too small the balancing speed will be very
slow. If the resistor value is reduced and the balancing current is too big, much heat will be accumulated
which may bring thermal problems.

Figure 4.5: Switched resistor balancing, balancing circuit
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5 Active Balancing

In order to avoid much energy losses in passive balancing, many active balancing methods have been devel-
oped. The main idea of active balancing is to use energy storage components, such as capacitors, inductors,
or transformers, to store charges from high SOC cells and transfer them to low SOC cells. Active balancing
has the advantage of utilizing battery energy to a much bigger extent, but it always needs more complex
con gurations and control algorithms [27][28].

5.1 Capacitor Based Active Balancing Review

Capacitor based active balancing uses capacitors as energy storage components, which are normally parallel
connected to cells [11]. Switched-capacitor balancingwas the rst one being developed, which has fewer
capacitors and easy control algorithms, but its balancing time is quite long especially when more cells are
in series connection [29]. In order to improve balancing speed, some structures are added to theitched-
capacitor balancing which aims at providing more paths to transfer charges between cells at any position,
such as double-tiered structure, chain structure, parallel structure, delta structure, mesh structure, etc. In
order to realize modularization design, modularized switched-capacitor balancingand modularized double-
tiered switched-capacitor balancinghave also been developed, which use additional capacitors to balance
adjacent cell groups. Single capacitor balancingcan balance the highest SOC and the lowest SOC cells
directly, while more complex control algorithms are needed.

5.1.1 Switched-Capacitor Balancing

Switched-capacitor balancingis shown in Figure 5.1. When the balancing process is activated, the same
PWM signals are given to all switches and all switches are turned up and down with the same frequency
[29]. Each capacitor is connected to two adjacent cells repeatedly, which makes energy from the higher
voltage cell transferred to the lower voltage cell. Theswitched-capacitor balancinghas a very easy control
method which even does not need the cell SOC information. However, the balancing time is quite long which
is mainly caused by two reasons. Firstly, when the balancing process is almost nished, the voltage di erence
between two adjacent cells is very small. This small voltage di erence is very hard to charge capacitors and
transfer charges. Secondly, within one balancing cycle, energy can only be delivered between two adjacent
cells. If energy needs to be transferred between two faraway cells, many balancing cycles will be needed [30].

Figure 5.1: Switched-capacitor balancing
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5.1.2 Double-Tiered Switched-Capacitor Balancing

Double-tiered switched-capacitor balancincghas two layers of capacitors [31]. As shown in Figure 5.2, C1, C2,
and C3 are the rst layer of capacitors, while C4 and C5 are the second layer of capacitors. The same PWM
signals are given to all switches as well. If there is a SOC di erence between cell 1 and cell 3, energy can
be transferred via C4 directly instead of via C1 and C2. By utilizing these charge-transfer shortcuts, not
only can the balancing speed be improved, but also the balancing e ciency can be higher due to fewer times
of energy conversion are needed. The disadvantage is more capacitors will be used, which will increase the
balancing circuit costs and battery size [30].

Figure 5.2: Double-tiered switched-capacitor balancing

5.1.3 Chain Structure Switched-Capacitor Balancing

In the switched-capacitor balancing if the rst cell and last cell need to be balanced, charges have to pass
through every capacitor sequentially. To make this process fasterchain structure switched-capacitor balanc-
ing has an additional capacitor which connects cells at two ends directly (Figure 5.3). When the balancing is
needed, SPDT1-SPDT4 are rstly turned up, SC1 and SC2 are turned on, and SC3 and SC4 are turned o .
Secondly, SPDT1-SPDT4 are turned down, SC1 and SC2 are turned o, and SC3 and SC4 are turned on.
Cell 1 and Cell 4 are directly balanced with capacitor CO. Adjacent cells are also balanced by C1, C2, and
C3. The longest distance between two balanced cells is reduced to half. However, this balancing topology
still can not balance two cells at any positions, which means the balancing speed and balancing e ciency
will be reduced with the increasing number of series-connected cells [32].

5.1.4 Parallel Structure Switched-Capacitor Balancing

Parallel structure switched-capacitor balancingmakes it possible to directly balance two cells at any positions.
As shown in Figure 5.4, there is one capacitor connected between cell 1 and any other cells. The balancing
operation is the same as theswitched-capacitor balancing By using this balancing circuit, any two cells
can be connected via one or two capacitors. The balancing speed is thus improved. However, only cell 1
can be balanced with other cells with only one capacitor. Other cell couples have to be balanced with two
series-connected capacitors, which will make equivalent resistance higher and bring more energy losses [33].
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Figure 5.3: Chain structure switched-capacitor balancing

Figure 5.4: Parallel structure switched-capacitor balancing

5.1.5 Series-Parallel Structure Switched-Capacitor Balancing

Series-parallel structure switched-capacitor balancings able to use the average voltage of all cells to charge
or discharge cells (Figure 5.5). During the balancing process, Sai and Sbhi are rstly turned on, while Sci
and Sdi are turned o (i representing cell numbers). Each cell is parallel connected to one capacitor until
they have the same voltage. Secondly, Sai and Shi are turned o, while Sci and Sdi are turned on. All
capacitors are in parallel connection, which makes them be balanced with each other until they share the
same voltage. If some cells have lower voltages, the cells will be charged by capacitors when capacitors are
parallel connected to these cells again. On the contrary, higher voltage cells will charge the capacitors. This
balancing method is not limited by cell positions, but more switches are needed [34].
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Figure 5.5: Series-parallel structure switched-capacitor balancing

5.1.6 Delta Structure Switched-Capacitor Balancing

Delta structure switched-capacitor balancinggives another way to directly balance two cells at any positions
by connecting every cell couple with one capacitor, which is shown in Figure 5.6. This balancing method
has a high balancing speed and balancing e ciency. But required capacitors number i€:5(N? N), where

N represents the number of series-connected cells. The capacitor number will increase very fast if more cells
are connected in series, bringing high costs. What's more, more layers of capacitors are used in the balancing
circuit, which also makes battery size bigger [35].

Figure 5.6: Delta structure switched-capacitor balancing

18



5.1.7 Mesh Structure Switched-Capacitor Balancing

Mesh structure switched-capacitor balancings shown in Figure 5.7. During the balancing process, the same
PWM signals are given to all switches as well, making them turned up and down concurrently. There are

paths for adjacent cells and non-adjacent cells to be balanced. Half of the paths have only one capacitor
connected between two cells, while the other half of the paths have two capacitors. The total capacitors

used in the balancing circuit is 2N, where N is the number of the series-connected cells. Actually, the mesh
structure is a trade-o between the parallel structure and the delta structure. Because it has less energy

losses than the parallel structure, at the same time it uses fewer capacitors than the delta structure. But

this balancing method still has a rather complex balancing circuit as well as a big battery size [36].

Figure 5.7: Mesh structure switched-capacitor balancing

5.1.8 Chain Structure Double-Tiered Switched-Capacitor Balancing

Chain structure double-tiered switched-capacitor balancingFigure 5.8) is a combination of the chain structure
and double-tiered structure and also has characteristics of both. For this reason, the balancing speed and
balancing e ciency are also better than both of them. The balancing operation is the same as the normal
chain structure balancing. Since there are two structures used in this balancing method, the costs and
battery size are both larger as well [37].

5.1.9 Modularized Switched-Capacitor Balancing

Modularized switched-capacitor balancingis another possible solution to improve balancing performance, as
shown in Figure 5.9. During the balancing process, SPDT1-SPDT4 are rstly turned up, Sal and Sa2 are
turned o, Sb1 and Sb2 are turned on. Secondly, SPDT1-SPDT4 are turned down, Sal and Sa2 are turned
on, Sbl and Sb2 are turned o. The balancing process of thewitched-capacitor balancingis realized. Also,
cell 1 and cell 2 are together as cell group 1, which can be balanced with cell group 2 (consisting of cell 3
and cell 4) through the capacitor CO. The balancing speed and balancing e ciency are thus improved by
this modularization structure. What's more, this structure is helpful with battery modularization design,
especially a large number of cells need to be connected in series [38][39].
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Figure 5.8: Chain structure double-tiered switched-capacitor balancing

Figure 5.9: Modularized switched-capacitor balancing

5.1.10 Modularized Double-Tiered Switched-Capacitor Balancing

Modularized double-tiered switched-capacitor balancings an application of the modularization design into
the double-tiered switched-capacitor balancing As shown in Figure 5.10, C1, C2, C3 are the rst layer of
capacitors, and C4, C5 are the second layer of capacitors. CO is the capacitor used to balance cell group 1 (cell
1 and cell 2) and cell group 2 (cell 3 and cell 4). The balancing operations are the same with thmodularized
switched-capacitor balancing but the balancing speed and e ciency are further improved because of more
capacitors and more balancing paths [39].
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Figure 5.10: Modularized double-tiered switched-capacitor balancing

5.1.11 Single Switched-Capacitor Balancing

Single switched-capacitor balancingFigure 5.11) has the advantage of more exible control algorithms. SOC
of each cell is calculated and monitored. If the maximum SOC di erence among all cells is bigger than a
threshold, the balancing process will be activated. The highest and lowest SOC cells are selected out, and
turn-on signals are sent to two corresponding switches in order to connect these two cells and the capacitor
together. Afterward, SPDT1 and SPDT2 are turned up and down with a certain frequency. Energy from
the highest SOC cell is transferred to the lowest SOC cell directly. The balancing process is nished when
all cells have a SOC di erence smaller than the threshold. The balancing speed of this method will be very
fast if only two cells have a big SOC di erence no matter which positions these two cells are in. But its
balancing time will be much longer if there is a SOC variation among all cells since only two cells can be
balanced during one balancing cycle [40].

Figure 5.11: Single switched-capacitor balancing
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5.2 Inductor Based Active Balancing Review

When current is passing through an inductor, energy is stored in the inductor in the form of magnetic elds.
Inductors thus can be used to store and balance energy among cells. Based on di erent numbers of inductors
and switches used in balancing circuits, there aranulti inductor balancing, chain structure multi inductor
balancing multi tiered inductor balancing, and single inductor balancing [24][28].

5.2.1 Multi Inductor Balancing

Multi inductor balancing (Figure 5.12) can balance many couples of cells synchronously. When the balancing
is required between cell 1 and cell 2 with cell 1 having a higher SOC, M1 is rstly turned on while M2 is
turned o, and the current starts to charge the inductor L1. After the current of L1 reaches the upper limit,
M1 is turned o while M2 is turned on, and the L1 works as an energy source to charge cell 2. Similarly, the
L2 and L3 are used to balance cell 2 and cell 3, as well as cell 3 and cell 4. The problem with this method
is that only adjacent cells are possible to be balanced directly. When there is a big SOC di erence between
the rst and last position cells, charges shall be transferred via every cell and every inductor, which brings
long balancing time and high energy losses due to many times of energy conversion [41].

Figure 5.12: Multi inductor balancing

5.2.2 Chain Structure Multi Inductor Balancing

Chain structure multi inductor balancing has an additional capacitor, which is shown in Figure 5.13. The
capacitor CO is used to improve the balancing speed, which can directly connect the rst and last position
cells. During the balancing process, on-o operations of MOSFETSs are as normal to transfer energy between
adjacent cells via inductors. At the same time, SC1, SC2 are rstly turned on, and SC3, SC4 are turned
0. The CO is charged by cell 4. Secondly, S1, S2 are turned o, and S3, S4 are turned on, which transfers
energy stored in the CO to cell 1 if cell 1 has a lower voltage (lower SOC). The biggest length between two
balanced cells is reduced to half compared to thenulti inductor balancing. But the balancing circuit size
and battery costs are increased [42].
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Figure 5.13: Chain structure multi inductor balancing

5.2.3 Multi Tiered Inductor Balancing

Multi tiered inductor balancing (Figure 5.14) provides more paths to transfer charges between cells at di erent
positions. During the balancing process, M1-M7 are rstly turned on while M8-M16 are turned o. The
inductors L1-L7 are charged by cell 1, cell 3, cell 5, and cell 7. Afterward, M1-M7 are turned o and M8-M16
are kept o. Energy in L1-L4 is delivered to cell 2, cell 4, cell 6, cell 8 via diodes D8-D11. Energy in L5 and
L6 is delivered to cell 3 and cell 4, cell 7 and cell 8 via diodes D12 and D13. Energy in L7 is delivered to
cell 5, cell 6, cell 7, and cell 8 via diode D14. There are seven paths that can transfer charges, making the
balancing speed faster. But the inductor number will be too many if more cells are connected in series [43].

Figure 5.14: Multi tiered inductor balancing
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5.2.4 Single Inductor Balancing

Single inductor balancingutilizes one inductor to transfer exceeded energy by controlling di erent MOSFETSs.
Based on energy transfer directions, there are two types. This rst one is shown in Figure 5.15, which is
similar to the single switched-capacitor balancing Energy can be transferred from the highest SOC cell
directly to the lowest SOC cell. For example, when cell 1 and cell 2 are the highest and lowest SOC
cells respectively, M1 and Mla are rstly turned on, and the current passing through the inductor L keeps
increasing to its upper limit. Afterward, M1 is turned o and M2b is turned on, which makes the inductor
discharge itself and transfer its energy to cell 2. The second type is shown in Figure 5.16, which uses the
complete battery to charge the lowest SOC cell. Cell 6 is assumed to be the lowest SOC cell. M7a and M6b
are kept on during the balancing process. The inductor L is charged by the complete battery (cell 1-cell
6) when Mla and M7b are turned on. Afterward, when Mla and M7b are turned o, the energy stored in
the inductor will be transferred to cell 6, and cell 6 is charged and balanced. Diodes series connected to
MOSFETSs in the balancing circuits are used to avoid any possible short-circuits. Both of these two types
can select cells and balance them, but the control algorithms are more complex. The balancing speed is
medium due to only one or two cells can be balanced during one balancing cycle [44][45].

Figure 5.15: Single inductor balancing (cell to cell)

Figure 5.16: Single inductor balancing (battery to cell)
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5.3 Converter Based Active Balancing Review

The last active balancing category is converter based active balancing, which includelsoost converter bal-
ancing, single converter balancing Cuk converter balancing Quasi resonant converter balancing yback
converter balancing etc. Converter based active balancing has a really high exibility of controlling the
balancing process, but it is normally more complex and expensive [11][27].

5.3.1 Boost Converter Balancing

As shown in Figure 5.17, each cell is connected to one boost converter. One cell and one boost converter work
as an individual cell equalization unit to provide a certain amount of output power. Since all equalization
units are connected in series, all converters have the same output current. But output voltages of the
converters are di erent, which are determined by cell voltages and converter voltage conversion ratios. As a
result, the output power of each cell is also di erent. By controlling the voltage conversion ratios of di erent
converters, SOC of cells can also be controlled [46].

The converter voltage conversion ratios are determined based on SOC of all cells. PWM signals are given
to MOSFETSs in boost converters. By adjusting the duty ratios of the PWM signals, the voltage conversion
ratios can also be adjusted. If the maximum SOC di erence of all cells is smaller than a threshold value,
all MOSFETSs are set to o status when no balancing is needed. If this SOC di erence is bigger than the
threshold value, the balancing process is activated. MOSFETs connected to higher SOC cells will be given
higher duty ratio PWM signals, in order to make these cells provide more power. In contrast, cells will lower
SOC have smaller duty ratios and smaller output power. When all cells are balanced, the battery will be
changed from the balancing mode to the normal mode again when all MOSFETs are turned o again.

It should be mentioned there is an additional switch (S1-S4) connected in every boost converter. They
are used for the fault cell bypass function. If one cell is found failed, whose bypass switch will be turned o,
and charging or discharging current will not pass that cell anymore. The other converters can be adjusted to
have bigger voltage conversion ratios to meet the complete battery output voltage requirement. By utilizing
this function, it can be avoided to scrap the complete battery when only one or few cells are damaged. The
life-time of the battery is thus signi cantly improved [46].

Figure 5.17: Boost converter balancing
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5.3.2 Buck Boost Converter Balancing

Buck boost converter balancing(Figure 5.18) has a similar structure to the boost converter balancing One
buck boost converter is connected to one cell, working as an individual cell equalization block. Voltage
conversion ratios of the buck boost converters and cell output power can be controlled by duty ratios of
MOSFET PWM signals as well. Dierent with the boost converter balancingthe voltage conversion ratios
can be both bigger than 1 and smaller than 1, making control algorithms more exible [47][48].

Figure 5.18: Buck boost converter balancing

5.3.3 Single Converter Balancing

Single converter balancingis shown in Figure 5.19, which consists of one DC/DC converter and 4N switches
(N representing the number of series-connected cells). When balancing is needed, the highest and lowest
SOC cells are rstly selected out. The corresponding switches are turned on to connect the highest SOC cell
to the source side of the DC/DC converter, while the lowest SOC cell is connected to the DC/DC converter
sink side. The DC/DC converter is then operated to transfer energy between these two cells. The e ciency
of this balancing method is determined by the DC/DC converter. Energy can be transferred between two
cells with the biggest SOC di erence directly. However, the balancing time will be long when there is a SOC
variation among all cells, since only two cells can be balanced during one period of time [49][50].

5.3.4 Cuk Converter Balancing

Cuk converter balancinghas some similar characteristics asulti inductor balancing. As shown in Figure 5.20,
one cuk converter is connected between any two adjacent cells. If cell 1 has a higher SOC than cell 2, M1 is
turned on and o to transfer energy from cell 1 to cell 2. By operating under discontinuous capacitor voltage
mode (DCVM), MOSFETs can be turned o while the voltage on it is OV, signi cantly reducing switching
losses and improving balancing e ciency. But if N cells are connected in series, (N-1) cuk converters will be
needed, which is a big cost. What's more, the balancing between none adjacent cells is also slow and needs
many times of energy conversion [51][52].
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Figure 5.19: Single converter balancing

Figure 5.20: Cuk converter balancing

5.3.5 Quasi Resonant Converter Balancing

Quasi resonant converter balancingis shown in Figure 5.21, which has a quasi resonant converter connected
between every two adjacent cells. During the balancing process, MOSFETs are controlled by PWM signals
to be turned on and o to transfer energy between adjacent cells. In every quasi resonant converter, Lgi and
Cqi work as a resonant tank which can makes MOSFET switching current become 0A. Switching losses and
EMI emissions are thus signi cantly reduced, and balancing e ciency is improved. However, energy transfer
between non-adjacent cells is slow and less e cient. One quasi resonant is needed between every two cells,
which brings more costs and some packing problems [53][54].
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Figure 5.21: Quasi resonant converter balancing

5.3.6 Single Flyback Converter Balancing

Single yback converter balancing (Figure 5.22) uses one transformer to balance cells. High SOC cells are
selected out and used to charge the complete battery via the transformer. For example, when cell 1 has more
energy than the other cells, PWM signals will be given to S1 and S2. Firstly, the S1 and S2 are turned on and
the current in the transformer increases till its upper limit, which means energy is transferred from cell 1 to
the transformer. At this moment, there is no yback current because of the diode DO. Secondly, the S1 and
S2 are turned o and the energy stored in the transformer ybacks to charge the complete battery. Thus,
SOC of all the cells are balanced. Other diodes are used to protect cells from any possible short-circuits.
Only one yback converter is used in the balancing circuit, so the costs are relatively low. Balancing is
realized between the complete battery and one cell, making its balancing speed faster than the adjacent-cell
balancing methods introduced before[55].

Figure 5.22: Single yback converter balancing
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5.3.7 Multi Flyback Converter Balancing

Multi yback converter balancing has one yback converter connected to each cell. As shown in Figure 5.23,
the output sides of the yback converters are connected to cells, while input sides are coupled together and
connected across the complete battery. The rst cell is assumed to be the lowest SOC cell here. Firstly, SO
and S1 are turned on, and S2, S3, S4 are all kept 0. The complete battery starts to charge the transformer
until its primary side winding current reaches its maximum value. There is no current in the secondary
winding side because of the diode D1. Secondly, SO is turned o, S1 is kept on, and S2, S3, S4 are all
kept o . Energy stored in the transformer ybacks to cell 1. By this way, balancing between the complete
battery and the lowest SOC cell is possible. The balancing performance of this method is similar to the
single yback converter balancing But it has more electrical components and higher costs, althoughmulti
yback converter balancing is easier for modular balancing block design [56][57].

Figure 5.23: Multi yback converter balancing

5.3.8 Multi Winding Flyback Converter Balancing

Two con gurations of multi winding yback converter balancing were found in literature reviews. The rst
one is shown in Figure 5.24. The primary winding is connected to the complete battery, while each cell is
connected to one secondary winding. There are two balancing modes: bottom balancing and top balancing.
In the bottom balancing, the complete battery rstly charges the transformer, before the transformer delivers
its energy to the lowest SOC cell. In the top balancing, on the contrary, the highest SOC cell rstly charges
the transformer, and energy in the transformer then ybacks to the complete battery [58].

The second con guration is shown in Figure 5.25, which has a much easier control algorithm. By turning
on SO, the complete battery rstly charges the transformer until the current in the primary winding reaches
its upper limit. The SO is then turned o, and energy stored in the transformer is transferred to all cells.
Since all secondary windings have the same turns, if one cell has a lower SOC (lower voltage), the charging
current to that cell will be bigger. Similarly, charging currents to high SOC cells are smaller. All cells are
balanced by these di erent currents. However, balancing performance is limited by the di erent leakage
inductance of secondary windings. For both con gurations, it is hard to have many secondary windings
coupled with a common core, and a large magnetic device has bigger leakage inductance and more energy
losses. The packing of themulti winding yback converter is also a problem due to the big core size [59].
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Figure 5.24: Multi winding yback converter balancing (type 1)

Figure 5.25: Multi winding yback converter balancing (type 2)
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5.4 Active Balancing Modeling
5.4.1 Single Switched-Capacitor Balancing Modeling

As explained in the subsubsection 5.1.11, thaingle switched-capacitor balancinguses only one capacitor to
balance all cells, which has the advantages of small size and low costs. However, if only the highest and
the lowest SOC cells are selected and balanced with the capacitor, the balancing speed will be very slow.
This is because the small voltage di erence between these two cells, which makes balancing current passing
through the capacitor also at a quite low level. To solve this problem, the balancing process can be carried
out between the battery module and the lowest SOC cell [60]. The battery model described in subsection 3.3
is adjusted by changing the balancing circuit block and the balancing algorithm block, which are shown in
Figure 5.26 and Figure 5.27 respectively.

As can be seen in Figure 5.26, there are twelve switches and one capacitor in the balancing circuit. S1-S9
are used to control which cell shall be parallel connected to the capacitor. Positive sides and negative sides
of all cells are coupled separately and connected to two terminals of S10 and S11. These two switches are
also connected to the positive and negative sides of the capacitor. By turning up and down of the S10 and
S11, it can be ensured that the capacitor delivers energy from the battery module to one selected cell. The
switch S12 is used to avoid short circuits when the capacitor is under charging.

Figure 5.26: Single switched-capacitor balancing, balancing circuit block

Balancing algorithms in the state- ow are shown in Figure 5.27. SOC of all cells are kept being monitored.
If the maximum SOC di erence is bigger than 0.1%, the balancing process will be activated. During every
balancing cycle (5s), there are two steps which are capacitor charging (2.5s) and capacitor discharging (2.5s).
During the capacitor charging, S1 and S9 are turned on, S10 is turned up, and S11 is turned down. The
complete module is connected to the capacitor and charge it with the module voltage. S12 is turned o
to avoid module short-circuit during the capacitor charging process. During the capacitor discharging, the
lowest SOC cell is rstly selected out and two switches next to it are turned on. When the cell position is
an odd number, S10 and S11 are both turned up. On the contrary, S10 and S11 are turned down if the cell
position is an even number. S12 is turned on during the capacitor discharging process. This operation is to
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make sure the positive side of the capacitor is connected to the positive side of the selected cell and the cell
is charged by the capacitor. After every time of capacitor charging and discharging, SOC of all cells will be
checked again to determine the cell to be balanced during the next balancing cycle. If the SOC di erence of
all cells is found to be smaller than 0.1%, the balancing process will be stopped.

Figure 5.27: Single switched-capacitor balancing, balancing algorithms

5.4.2 Multi Inductor Balancing Modeling

The multi inductor balancing has an inductor connected between every two adjacent cells. Compared to
capacitor based active balancing methods, it has bigger balancing currents which can signi cantly improve
the balancing speed. Since only eight cells are seriously connected in one battery module, it is su cient to
balance only two adjacent cells in one balancing cycle. If more couples of cells are balanced together, control
algorithms will be much more complex and bring less improvement.

The balancing circuit block is shown in Figure 5.28. Seven inductors (L1-L7) are energy storage compo-
nents. Every two switches are placed up and down of each inductor, which are used to connect the inductor
with the upper or lower cell. One bus signal is sent from the balancing algorithm block and controls oper-
ations of fourteen switches (S1-S14). Each inductor is series connected with a current sensor, and sensed
currents form a bus signal which is given back to balancing algorithm block to realize a closed-loop control.

The state- ow of the multi inductor balancing is shown in Figure 5.29. The balancing process is activated
when the maximum SOC di erence is bigger than 0.1%. The function "ControlSwitch" is used to calculate
the SOC di erence between every couple of adjacent cells and select out the biggest one, which can determine
which cell couple is to be balanced. During every balancing cycle (consisting of two steps), two switches are
controlled to be turned on and o while other switches are all kept o . In the rst step, the switch connected
to the higher SOC cell is turned on while the other is turned o . The cell with more energy starts to charge
the inductor. Since the inductor current value is sent from the balancing circuit block, the inductor charging
process stops when the current reaches its upper limit (30A). In the second step, two switches both change
states, and the inductor starts to charge the lower SOC cell until the inductor current is sensed to reach OA.
In the next balancing cycle, the cell couple to be balanced is determined by the updated SOC distribution.
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Figure 5.28: Multi inductor balancing, balancing circuit block

Figure 5.29: Multi inductor balancing, balancing algorithms
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The balancing algorithms introduced above are able to control balancing currents uctuate between 30A
and OA, which can not only avoid overcurrent in inductors but also avoid energy in low SOC cells being
transferred back to inductors. In order to realize this function, two additional values need to be calculated in
the function "SwitchControl". The rst value "POS" determines which inductor is under using for balancing,
so that the correct current sensor is used. The second value "FLAG" determines the upper or lower cell
has a greater SOC-level. Since each inductor is used to bi-directionally balance two cells and the balancing
current can be in two di erent directions. The value "FLAG" is used to decide the sign of the current limit.

5.4.3 Buck Boost Converter Balancing Modeling

In the buck boost converter balancingeach cell together with one buck boost converter works as an individual
cell equalization block to provide output power. The balancing circuit block is shown in Figure 5.30. Eight
PWM signals are used to control the operations of eight MOSFETs, which are sent from the balancing
algorithm block. By controlling the duty ratios of the PWM signals, voltage conversion ratios of the buck
boost converters can be controlled. Since unbalanced charges are not delivered among cells in this balancing
method, the balancing process can only be activated during the charging or discharging process.

Figure 5.30: Buck boost converter balancing, balancing circuit block
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The frequency of the PWM signals is 20Hz, and this high frequency makes the simulation speed very
slow. In order to have a better observation of balancing performance, the nominal capacity of cells is reduced
to 24mA in the battery model of buck boost converter balancingState- ow in the balancing algorithm block
is shown in Figure 5.31, which balances eight cells during the discharging process. If SOC di erence among
all cells is bigger than 0.1%, the balancing process will be activated. During every balancing cycle (0.05ms),
there are four periods (0.01ms, 0.012ms, 0.0155ms, 0.0125ms). In the function 'ControlSwitch', the highest
and lowest SOC cells are found. MOSFET of the lowest SOC cell is only turned on during the rst period,
while MOSFET of the highest SOC cell is turned on during the rst three periods. MOSFETSs of other cells
are turned on during the rst two periods. By controlling in this way, duty ratios of the highest, middle, and
lowest SOC cells are calculated in Equation 5.1, Equation 5.2, and Equation 5.3. And the sum of eight duty
ratios are approximately equal to 8, which is to ensure the total module output voltage has small di erence
compared to the one without balancing.

DT 0:01ms

DRrighest = 7 BYT = 0:05ms 00Ims 2 ®.1)
DT 0:022 ms

DR miadle = (I D)T 005ms 0022ms 078 (5-2)
DT 0:0375ms

DR middle = (5.3)

@ D)T - 0:05ms 0:0375ms:

In the state- ow, it can also be found that after fty times of balancing cycles (2.5ms period), the
balancing process will be interrupted in order to check the updated cell SOC distribution. By running the
function 'ControlSwitch' again, the cells to be faster or slower discharged are updated, which will be applied
during the next 2.5ms period.

Figure 5.31: Buck boost converter balancing, balancing algorithms

35



6 New Proposed Active Balancing

Most active balancing methods have the balancing strategy to store energy from higher SOC cells into some
energy-storage components and then deliver the energy to lower SOC cells. But this brings losses due to
many times of energy conversion. Regeneration is one basic function of PHEVs or BEVs which utilizes
generators and converts braking energy into electrical energy. By integrating the regeneration process and
balancing process together, the regeneration power can be used to charge energy-storage components in
balancing circuits directly, reducing energy conversion times and improving balancing e ciency.

6.1 Balancing Circuit

The balancing circuit (Figure 6.1) is created based on thesingle capacitor balancingby adding one switch
next to each cell. Due to a large amount of recovered energy, the normal capacitor is replaced by one
supercapacitor to avoid higher switching losses. During the regeneration process, the supercapacitor can
replace the highest SOC cell and be charged together with other cells. For example, cell 1 is assumed to
have the most energy. When a vehicle is decelerating and there is charging current, S10 is turned o while
S11-S17 are turned on, disconnecting cell 1 from the battery series. At the same time, S1-S2 are turned on,
S3-S9 are turned o, SPDT1 is turned up, and SPDT2 is turned down, connecting the supercapacitor with
other cells. When the battery is providing traction power, all cells are connected in series again by turning

0 S1-S9 and turning on S10-S17. It should be mentioned that SPDT1 and SPDT2 should not be put in the
same position. Otherwise, the supercapacitor will have a short-circuit and be fast discharged.

Figure 6.1: New proposed active balancing, balancing circuit

The charged supercapacitor can also be used to charge the lowest SOC cell. For example, cell 2 has the
least energy. S2-S3 are turned on, S1 and S4-S9 are turned o, SPDT1 is turned down, and SPDT2 is turned
up, which makes the supercapacitor parallel connected to cell 2 and charge it. At the same time, S10-S17
are all turned on, and all cells provide or receive power.
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6.2 Balancing Algorithms

During the balancing process, the voltage of the supercapacitor is controlled not to exceed its upper and
lower limits. The upper voltage limit is determined by the characteristics of the supercapacitor to avoid
it being over-charged. The lower voltage limit is determined by the maximum value of the cell open circle
voltage (OCV), ensuring the supercapacitor is capable to charge cells under any SOC.

The ow-chart of balancing algorithms is shown in Figure 6.2. There is a balancing ag in the ow-chart
which tells whether the supercapacitor is fully charged and ready to deliver energy to other cells. After the
battery is powered on, the supercapacitor voltage is rst checked. If the voltage is smaller than its upper
limit, the balancing ag is set to 0 (not ready), otherwise the balancing ag is set to 1 (ready).

Requested power of the powertrain system is checked when the balancing ag is 0. Positive power
means the battery needs to provide traction power and all cells are connected in series to drive the vehicle.
Negative power means braking energy is under recovering. SOC levels of all cells are compared and the
highest one is found out. The supercapacitor is then connected in cell series and replace the selected one.
The balancing ag will be changed to 1 when the supercapacitor voltage reaches its upper limit.

When the balancing ag is 1, the supercapacitor will not be further charged and all cells are connected
in series. If the maximum SOC di erence among all cells is smaller than a threshold, the supercapacitor
will not charge any cell. Otherwise, balancing is needed. The selected lowest SOC cell is then parallel
connected to and charged by the supercapacitor. When the voltage of the supercapacitor reaches its lower
limit, the balancing ag is set to 0 again, before starting the next round of the supercapacitor charging
and discharging process.

Figure 6.2: New proposed active balancing, ow-chart
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6.3 Balancing time calculation

During the complete balancing process, the supercapacitor is repeatedly charged and discharged. The amount
of charges Qcycle) OWs into it during one driving cycle is calculated in Equation 6.1.

z t
cycle P t
52
0 Us + i=1 Ucelli

Qcycle =

dt (6.1)

wheretgye is the time of one driving cycle; Py is regeneration power;Us is supercapacitor terminal voltage;
n is number of series-connected celld)q, is cell terminal voltage at the i™ position after sorting all cells
according to their SOC levels.

The supercapacitor and cell terminal voltage change with their energy levels. When doing the calculation,
Us can be simpli ed to be the average of supercapacitor upper voltage limit Us:max ) and lower voltage limit
(Us:min ), @and Uge can be simpli ed to be the cell nominal voltage.

The amount of charges Qo) when the supercapacitor is charged fromUsmin t0 Us.max iS calculated in
Equation 6.2.

Qo = Cs(Us;max Us;min ) (6.2)

where Cs is the supercapacitor capacitance.

The time (t1) to fully charge the supercapacitor is calculated in Equation 6.3 when repeating driving
cycles are used.

1= teyal Qo
= leycle 5——
Y Qcycle

When the supercapacitor charges one cell, charging current will decrease froin; to ls,, which are
calculated in Equation 6.4 and Equation 6.5.

t (6.3)

US'max UceII
lgg = —F———1 6.4
ot s+ Icell 1 ( )
Us-min UceII
lgp= —— 1L 6.5
s s+ I'cell 1 ( )

wherers is ESR of the supercapacitor;Ucei, and ree, are terminal voltage and internal resistance of the
lowest-SOC cell.

The time (t,) to discharge the supercapacitor toUsmin is calculated in Equation 6.6, where a linear
current change is assumed.

tr = & (66)

Is1+ Is2
Before balancing process, the total amount of unbalanced charge€. ) is calculated in Equation 6.7.

X
Qtotal = (Qmax Qi) (6.7)
i=1
where Qmax IS the maximum amount of charges stored in one cell before balancing); is the amount of
charges stored in any cell before balancing.
After the supercapacitor is charged and discharged one time2Q, amount of charges will be balanced.
The total time ( ti ) to balance all cells are calculated in Equation 6.8.

Qtotal
t =(ty+ ty) —— 6.8
total ( 1 2) 2Q0 ( )

Based on the above calculation, the balancing time can be adjusted by selecting di erent supercapacitor

capacitances, upper voltage limits, and lower voltage limits. But these parameters are also limited by
supercapacitor self-characteristics and cell voltage.
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7 Results and Analysis

7.1 Powertrain Simulation Results

Powertrain models in subsection 2.3 are simulated to check how the reference vehicle driving range can be
extended by using battery balancing technologies. Repeating WLTC driving cycles are used for simulation
and the battery is discharged until one or several cells reach their lower limit (SOC equals to 0). When there
is no balancing, cell initial SOC values are di erent. When there is passive or active balancing, cell initial
SOC values are the same and equal to 1. Cell capacity variation always exists no matter there is balancing
or not. Settings of eight cell blocks are according to Figure 7.1.

Figure 7.1: Powertrain simulation, parameter settings

When there is no balancing, simulation results are shown in Figure 7.2. All cells start to be discharged
with di erent initial SOC values but the same discharging power. The SOC of cell 1 rstly reaches 0. At
the same time, the discharging process of the battery is stopped even though there is still some energy left
in other cells. It should be mentioned that the cell with the lowest initial SOC is not necessarily the one
rstly fully discharged since there is still capacity variation among cells which also a ects the discharging
speed. The vehicle range is calculated by integrating the vehicle speed and equals 2854 km.

Figure 7.2: Powertrain simulation results, without balancing
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