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Abstract

Battery cells are an emerging technology for storage in electrical vehicle, industrial and
residential applications has become more popular. To meet the high voltage and power,
battery cells are connected in series and parallel. Series connected battery cells share the
same charge/discharge current. Therefore, in the case of characteristic mismatch between
battery cells, a battery cell may be over-charged or overly-discharged. These conditions
are two reasons that decrease the life-time and affect the performance of battery cells. All
of these challenges can be tackled using battery voltage balancer circuits. These circuits
can improve the performance, life-time of battery cells and reduce the maintenance and

replacement cost of the battery cells.

Three battery voltage balancer circuits along with their control methods are described.
The proposed methods are modular topologies where every two battery cells are connected
to a single balancer circuit bridge/module. These bridges/modules are connected through
inter-bridge/module windings. These circuits are based on various types of Buck-Boost
and SEPIC converters and are modular, easy to implement, low-cost and, have low
number of components. The first and second methods offer ZCS in turn ON. Moreover,
the proposed methods are shown to be faster than the existing methods. The faster
equalization speed is due to the ability of these circuits to exchange charge between all

battery cells at the same time in each switching cycle.

The proposed distributed controllers require each bridge to monitor its own battery
cell voltages and also those of the adjacent bridges. This reduces the number of feedback
sensors. Detailed analysis is presented that quantifies the flow of charge between a
number of series connected battery cells. Comprehensive design procedures based on
circuit analysis are presented for all proposed circuits which guarantee a fixed switching
frequency and zero current switching. Also, the proposed controllers limit the current in
the system without using any current sensors. Analytical, simulation and experimental

results are presented to verify the effectiveness of the proposed methods.
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CHAPTER

Introduction

The integration of energy storage technologies are important to improve the
potential for flexible energy demand and to ensure that excess renewable energy can
be stored for use at a later time. Energy storage technologies such as pumped hydro,
compressed air energy storage, various types of batteries, flywheels, electrochemical
capacitors, etc., are used in various applications: energy management, backup
power, load leveling, frequency regulation, voltage support, and grid stabilization.
Electrochemical batteries and flywheels are positioned around lower power and
shorter discharge times, ranging from a few seconds to hours, and these technologies
can generally be built without specific geographical features at the site. There are
several different electrochemical battery technologies that are currently available
for commercial applications. These technologies have been successfully deployed
in both distributed and centralized applications in various power densities. The
electrochemical rechargeable battery cells such as Lithium-ion are commonly used

as energy storage units in EVs [4-6].
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1.1 Battery Cells Types and Classifications

A brief review on the different kind of battery cells is provided to be able
to choose the best battery cells for an specific application. A large portion of
the electrochemical battery cells market size is taken by Electric Vehicle (EV)
applications. Evs are vehicles that their driving force is electric instead of gasoline.
They are usually driven by electric motors which are feed by battery cells in the
car. Battery cells provide high specific energy, high power density, flat discharge
profile, low resistance, negligible memory effect and good wide range of temperature
performance. However, there are a lot of researchers focused on further improvement
of battery cell performance and reduction of manufacturing cost. The battery cell
technologies have various application based on their parameters such as energy
density, cycle-life and efficiency. The important parameters are: Specific Energy,
or gravimetric energy density, which is battery cell capacity in weight (Wh/kg);
Energy Density, or volumetric energy density, reflects energy in liters (Wh/l);
Specific Power which is amount of power in weight (W /kg); Efficiency of the
batteries; Cycle life reflects the number of complete charging and discharging until
the initial capacity decreases to its 60 — 80%. For example, 1000 times cycle life,
does not mean that the battery cell should be replaced after using it 1000 times.
This means that for a 1000Ah battery cell, the initial capacity drops to 800 —600AA
after 1000 cycles of charging and discharging. The cycle life of battery cells can
be increased by several-fold if they charge when their Depth-of-Discharge (DOD)
is 80%. In other words, it is better to charge the battery cells when they are not
discharge fully. A comprehensive comparison between several types of battery cells

are provided in Table. 1.1 [7].

Ni — Cd battery is useful in applications requiring high discharge current due to

low internal resistance. It can provide high discharge current with no damage or
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TABLE 1.1: Comparing different types of battery cells.
Sppce Specific | Energy Power Cycle-life
% Energy | Density | Density n (@ %80 Merits Demerits
(Wh/kg) | (Wh/L) | (W/ke) DOD)
Lo.w internal High cost
' 60- resistance, no cadmium
Ni—Cd 40-50 80-100 150-350 2000-3000 degradation for ..
90 deep tO?(lClt?y,
charge /discharge recycling issues
Low internal
50- resistance, large High cost, high
Ni— MH 50-70 100-140 | 150-300 80 500-3000 temperature self-discharge,
ranges, safety, long memory effect
service life
Relatively
High efficiency expensive, High
Na — S 100 150 120 80 2500-4500 ) temperature
Long cycle life
effect, safety
problem
High specific
energy; technically Difficult in
feasible; the rate of design;
reaction can be necessary of
Zn — air 230 269 105 60 300-600 controlled by Zinc anode
varying the flow of replacement;
air; better life short circuit
cycle; low problem
materials cost
Less corrosive,
intrinsically safer, Low specific
good tolerance to
overcharge and power, need of
APE 86 149 150 80 2500-3000 | undercharge than thermal
Na/NiCly N . management,
a/S, high cycle .
life, lowest cost self-discharge
than any other problem
battery cells
High energy
density and
specific energy,
slim type; high
voltage operation;
high aspect-ratio
Li- form factor; no High cost, low
155 200-250 315 70 > 1200 memory effect; conductivity and
polymer .
tolerant to power density
overcharged state
without explosion;
high energy
efficiency; low self
discharge; long life
cycle
High energy
density and High cost, life
specific energy, shorten by deep
high voltage discharges,
70- operation; no affected by
Li — ion 120-140 | 240-280 | 200-300 85 1500-4500 memory effect; temperature,
lighter and smaller; fragile,
high energy protection for
efficiency; low self overcharge and
discharge; long life undercharge
cycle
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loss of capacity. Ni — C'd cells are used in portable electronics and toys to replace
primary cells. However lower terminal voltage and smaller capacity may reduce

performance of these kind of battery cells compared to primary cells.

Niv — M H battery cells are mostly used in high current drain applications such
as digital cameras where they show better performance compared to the battery
cells which cannot be recharged. The main advantage of this kind of battery cells
is low internal resistance therefore, they can provide almost constant voltage until
they are almost completely discharged. However, they can be replaced in the
devices where designed to operate with Alkaline battery cells since the charge
indicator overstate the remaining charge in the system as the voltage drop is very
small. Although, the applications of N7 based battery cells are limited due to
environmental concerns and high cost. Among rechargeable battery technologies,
Ni— C'd rapidly lost market share to Ni— M H and Li —ion batteries. In Ni—Cd
and Ni — M H battery cells, battery balancing is not necessary while they are
charging regularly since the can dissipate the excessive charge without creating
much heat in battery cells. However, if fast charging techniques are used, a battery

management system or a ventilation system is necessary to keep them safe.

Sodium-sulfur (Na — ) and Sodium-metal Chloride (Na/NiCly, Na/FeCly and
Na/Ni— FeCly) battery cells have a good and feasible position in vehicular and
energy storage applications. Due to the high operating temperature and corrosive
nature of the sodium polysulfides, they need to be protected and isolated. The
protection and isolation and the fact that these cells are more economical with
increasing the size of them, make their applications limited to stationary energy
storage. Although Na — S battery cell has the problems of Na corrosion, high
internal resistance, and high temperature; it needs maintenance for the molten
electrodes; it is economy and secure. Although Na — S battery cell has the

problems of Na corrosion, high internal resistance, and high temperature; it needs
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maintenance for the molten electrodes; it is economy and secure.

The Sodium-metal chloride battery cells commonly known as ZEBRA battery
cells are viable for high temperature EV applications due to high energy density,
corrosion free, tolerance to over-discharge and over-charge conditions. These cells
are often used in digital cameras and other high-drain devices, where over the
duration of single-charge use they outperform non-rechargeable batteries. The
ZEBRA battery cells are reliable and also economic in terms of design cost compared
to Ni — Cd, Zn-halogen and Na — S battery cells; nevertheless, they suffer for low
specific power, high self-discharge and difficult thermal management. One of the
advantages of these battery cell is that these battery cells can tolerate over charge
and over discharge. This is due to the fact that the overcharge reaction requires a
higher voltage than the normal charge reaction. Consequently, any further charge
current would be stopped when the increased open circuit voltage equalizes the
charger voltage. Moreover, in over-discharging, the reactions keeps current flow at

a lower voltage.

The lithium battery cell technologies are promisingly advancing for EVs and
accessories since lithium battery cells have high specific power, specific energy,
energy density, small package in size and low weight. Nevertheless, lithium battery
cells are costly; and they need the protection and charge management systems
for enhancing the performance and cell life. Lithium battery cells can be used in
low and high temperature operations but their performance is better in normal
temperature application. Lithium-ion and Lithium-polymer battery cells are very
attractive as EV energy storage systems as they can operate in ambient temperature
of —20 to 60°C. The lithium-polymer battery cells are very lucrative due to their
high specific energy, high specific power, ruggedness, reliability and variety in
shapes; however, they have low power density and poor electricity flow rate than

those of lithium-ion battery cells. The Lithium-ion battery cells are specifically
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promising and growing battery cell technology for EV applications because of
the highest energy density and the highest power density among all battery cells.
Moreover, they do not have memory effect, rather negligible self-discharge, long
life-cycle discharge cycles, smaller size, and high energy efficiency. The challenges of
using Lithium-ion include the durability that is affected by the internal temperature
and deep discharge and the need for overcharge and over-discharge protections
with battery cell charge equalization controller. Moreover, the relation between
SOC and Voltage in Li — ion battery cells is linear. Therefore, it is possible to use

voltage of battery cells to estimate its SOC, see Fig. 1.1.
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FIGURE 1.1: SOC vs. Voltage characteristic of Li — ion NCR18650GA (Titan’s
Endurance Packs) [1]

High Voltage/Power Applications of Battery Cells

Battery cells play an important role in the performance of EVs and also the
future development and reliability of EVs. The performance and sustainability
of a battery cell are highly influenced by the battery cell charge. The terminal
voltage of a single battery cell is usually low, for example, 2V in Lead-acid battery
cells, 3.6V in Lithium-ion battery cells, and 3.3V in Lithium Iron Phosphate
(LiFePO,) battery cells [7, 8]. In many applications, it is necessary to generate
high voltages or feed high power loads with the battery cells. Due to some technical

difficulties, voltages and capacity of battery cells are limited. Therefore, to meet
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high voltage and power requirements, battery cells are connected in series and
parallel. Since series connected battery cells are charged and discharged with the
same current, cell voltage imbalance inevitably occurs. This is due to the mismatch
cell properties, such as capacitance, internal impedance, and self-discharge rate. In
addition to such nonuniform electrical properties, the temperature gradient in a
module/battery cell that accelerates the nonuniform self-discharging of cells can
also result in cell voltage imbalance. Series connected battery cells are charged
and discharged with the same current, Therefore, characteristics mismatch leads to
non-uniform State of charge in the battery cells in a string. The latter in extreme
case scenarios leads to over-charged and over-discharged in some battery cells.
Since overcharging and over-discharging the cells causes irreversible deterioration,
each individual cell voltage should be maintained within a specified safety voltage
range. However, as long as the cells are charged (discharged) in series, the charging
(discharging) process should be limited by the cell with the highest (lowest) voltage
so that no cell is overcharged (over-discharged). With such limitations, the cells
cannot be fully charged (discharged), and hence, series connected cells exhibit
poor energy utilization. Therefore, cell voltage imbalances should be minimized
to prolong the life of the cells and maximize their available energies [9-11]. A
lot of researches have been working on the Battery cell balancing systems for the
rechargeable battery cell to enhance the life-cycle, efficiency and safety [12-14].
Battery cell balancing systems protect storage cell from damaging and to enhance

cell performance and life-cycle as well [14, 15].

1.2 Battery Cell Balancing Systems

Battery cell charge or voltage balancing system can be categorized into three
major groups, see Fig. 1.2. These three groups are discussed and their advantages

and disadvantages are addressed briefly.
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FIGURE 1.2: Battery equalization techniques categorization.

1.2.1 Sorting Method

The main idea of this off-line method is to find the battery cells with the similar
characteristics and use them to form a string. In this way, all the battery cells
which are used to from the string are similar and will be charged and discharged
with the same rate. Two different processes, capacity and resistance sorting, are
used to find the similar battery cells. Although the characteristics of similar battery
cells may vary differently during usage. Therefore, this method can be used to

complement a balancing system [16-18].

1.2.2 Dissipative Methods

The idea behind dissipative equalization or Cell Bypass Method (CBM), is to
connect a shunt dissipative component to dissipate or drain excessive charge from
the higher charged battery cells. The passive equalization methods consist of two
groups: no control, or controlled group. In the first group, no control or active

component is used such as overcharge method and the shunting resistor method. In



Chapter 1. Introduction 9

the overcharge method [19-23], when cells are fully charged, the excessive energy is
converted into heat. It is only effective on a small number of cells since repeating
this action for many times eventually degrades the performance and life of the
battery cells. These methods are useful for Lead-acid and Nickel-based battery
cells as Li-ion battery cells should not be overcharged. The shunting resistor
method [24, 25] uses a resistor in parallel with each battery cell and the current
is always partially or totally bypassed from the cells to limit the cells voltages.
The problem with this method is that the resistor is always in the charging and
discharging path and causes loss and heat in the circuit. This technique can be
used for Li-ion battery cells and they are simple and inexpensive. However, these
methods dissipate the excessive charge in the battery cells in order to balance the

charge of battery cells. Therefore, the efficiency of this technique is low.

In active methods, an active components such as a transistor is used. This group
can be categorized into shunt resistor [26-28] and shunt transistor method [29].
Controlled shunt resistor methods have better performance compared to the no
controlled shunt resistor but they still cause loss and heat in the circuit and their
efficiency is not good. The second group, shunt transistor, bypasses the charging
current from the battery cell which has the higher charge. This method is has
better efficiency compared to shunt resistor since they do not lead to heat and loss
in the circuit. However, adding a transistor in the charging path causes loss in the

circuit and also, they are not useful in discharging process.

1.2.3 Non-dissipative Methods

In non-dissipative methods, the excessive charge of battery cells with higher
charge is transferred to battery cells with lower charge using capacitors, inductors,
transformers or DC/DC converters. Charge transfer is used to categorize methods

in this group. Charge can be transferred between cells and/or the string. The
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possible direction of charge flow are shown in Fig. 1.3(a)-(d). Therefore, these

methods can be categorized into four main groups:

L
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FIGURE 1.3: Charge transfer methods (a) Cell to Cell methods (b) Cell to
String methods (c) String to Cell methods (d) Cell to String to Cell methods.

SRS

a) Cell to Cell Transfer Methods:

The idea of these methods is to transfer charge only between the neighbors
battery cells or the highest and lowest charge battery cell in a cycle, see Fig. 1.3(a).

These methods can be categorized into three groups:

Capacitor-based Cell to Cell Transfer Methods: In these methods a ca-
pacitor is the mediator component between higher charged cells and lower charge
cell. In other words, higher voltage cells transfer charge to the capacitors and in
the stored charge in the capacitors is transferred to the lower charged cells. This

group is categorized as follows:

« Switched Cap: a capacitor is placed across every two adjacent battery cells
and the current path is controlled by the complementary switches. The equalization
procedure is as follows: the switches toggles the battery cell which is connected
in parallel to the capacitor. First, it is connected to the battery cell with higher

charge to store charge and then it will be connected to the lower charge battery
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cell. Since these two states constantly switching, the charge exchange between any
two adjacent cells is achieved, see Fig. 1.4(a), [30, 31]. This topology is improved
in [32-34], see Fig. 1.4(b), to decrease the cost of the system, achieve ZVS and
decrease the stress on the switches. It is proposed that this method can be used in
high power applications. Although the down side is that it decreases the speed of
equalization since charge transfer occurs between only two cells in a cycle. The
main advantages of this method include high neighbor to neighbor charge transfer
efficiency, low complexity and the possibility of low and high power applications
but the disadvantage are low far away charge transfer efficiency and low speed of

equalization.

e Double-tiered Switched Cap: The problem with the previous method is
that when the battery cells with highest and lowest charge are far away, the speed
of equalization is low. To overcome this problem, another solution is presented in
35, 36], see Fig. 1.4(c). In this method the string is divided into two sections with
the equal number of battery cells. For example in Fig. 1.4(c) , By and By in one
group and Bz and By, in another group , and the switched capacitor equalization
method is performed in these two section. Finally these two sections are treated as
two battery cells and switched cap. method is performed on these two section, Sy
and Sy are used two connect a capacitor across these two groups. The same thing
can be repeated to have strings with lower number of battery cells. The advantage
over the Switched Capacitor is the lower equalization time and its disadvantages

are higher cost and low power density.

Inductor-based Cell to Cell Transfer Methods: In this method, an inductor
is used as the mediator to store the charge of the higher charged cells and transfer

it to lower charged cells. This group is categorized as follows:
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« Bidirectional Buck-Boost Converter: The simplest topology to transfer
charge between two neighbor battery cells uses Bidirectional Buck-Boost converter
[37-40], see Fig. 1.4(d). For example, assume Vg, > Vpo in Fig. 1.4(d), the
switch of the battery cell with the higher voltage, 51, is turned ON and B; charges

the inductor, when S is turned OFF, S, is turned ON and the stored charge in



Chapter 1. Introduction 13

the inductor is transferred to Bs. This strategy applies to all the switches. This
topology is easy to implement and cheap. However, due to the hard switching, the
voltage stress on the switches are high and if the higher and lower charged cells
are far away, the speed of equalization is low. This is due to the fact that charge is

exchanged between neighbor cells.

¢ Quasi-resonant Converter: The problem with the previous method is hard
switching and stress on the battery cells, therefore, [41, 42] uses a Quasi-resonant
converter instead of the boost converter, see Fig. 1.4(e). using Quasi-resonant
converter, ZVS can be achieved at the cost of increasing components count. The
charge transfer and control procedure is similar to the previous approach. This
method is proposed for high power applications but still exchanges charge only

between neighbor cells therefore, the speed of equalization is low.

e Ciik Converter: Another solution to overcome hard switching in Bidirec-
tional Buck-Boost converters is presented in [43, 44], by using Cik converter, see
Fig. 1.4(f). The charge transfer procedure is similar to the Bidirectional Buck-Boost
converter and ZVS can be achieved at the cost of increasing components count.
The main advantage is ZVS but the disadvantage is the complexity of the system.

Also, the advantage over the previous method is that, all inductors are similar.

+ Modified Ciik Converter: The advantage of this method over Ciik converter
is that the currents of the battery cells is ripple free. To prevent the ripple in
battery cells current, it is possible to couple the inductors as it is proposed in
[45, 46], see Fig. 1.4(g). The advantage of this method include ZVS and ripple
free currents and the disadvantage is that, the charge is exchanged only between

neighbor cells therefore, the speed of equalization is low.
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e Flying Inductor: This method focuses on decreasing the cost of the system
by decreasing the number of inductors in Bidirectional Buck-Boost converters
[47, 48], see Fig. 1.4(h). The principal of operation of this method is similar to
the Switched Cap. method: the switch of the battery cell with the highest voltage
is turned ON and charge is stored in the inductor. When the switch is turned
OFF switch of the battery cell with the lowest voltage is turned ON and the stored
charge is transferred to the lowest voltage battery cell. This method is simple but

it needs a central controller.

Converter-based Cell to Cell Transfer Methods: This group uses a con-
verter as the mediator to exchange charge between battery cells. The focus of this
method is on ZCS, reducing power loss and, ripple free current of the battery cells.
For example, the proposed method in [49, 50] is a combination of Quasi-resonant
Converter and Flying Inductor topology. A Quasi-resonant Converter is connected
to the battery cells through two separate switch modules, see Fig. 1.4(i). The
battery cell with the highest voltage and the battery cell with the lowest voltage are
chosen and they will be connected to the converter through those switch modules.
The DC/DC converter absorbs charge of the higher charged cells and transfers it
to lower charge cell. For example in Fig. 1.4(i), the DC/DC converter is chosen
as Quasi-resonant converter since the ZVS and ZCS can be guaranteed and the
stress on the switches and switching loss are minimized. Due to ZVS and ZCS,

this method is proposed for high power applications but its control is complex.

In Cell to Cell methods, charge is only exchanged between two battery cells or
neighbor cells in a cycle. Therefore, the speed of equalization is low specially when
the highest and lowest charged cells are far away in the string of battery cells. In
addition, in the methods which exchange charge between neighbor cells, charge

has to go through all the battery cells and equalizer modules to go from the first
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battery cells to the last battery cell in the string of battery cells. This results in
higher losses and decrease of the efficiency. The outstanding advantages of this
system are the modular design, the extremely low voltage stress, and its simple

control.
b) Cell to String Transfer Methods

To improve the speed of equalization of previous method, this category is in-
troduced. The principal of operation of this method is as follows: Charge goes
from the highest charge battery cell to the string of battery cells, see Fig. 1.3(b).
Therefore, the charge transportation is fast. These techniques can be categorized

into:

Transformer-based Cell to String Transfer Methods: This group uses a
transformer as the mediator to exchange charge between the battery cells and the
string of battery cells. In other words, the excessive charge of the highest voltage
battery cells is transferred to the string of battery cells through a transformer.

This group is categorized as follows:

o Multiple Transformers: This method uses several transformers to connect
battery cells to the string of battery cells. A transformer is used for each battery
cell, see Fig. 1.5(a), [51]. By using the switches, the higher charged battery cell
is connected to the transformer and the excessive charge is transferred to all the
battery cells. The major parts of this circuit are transformers, these transformers
must be designed based on the number of battery cells in the string and their
nominal voltage. This method is recommended for high power applications due
to soft switching but the disadvantages are cost, low power density and, control

complexity.
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o Switched Transformer: To decrease the cost of the system in the previous
method, a single transformer is connected to the all the battery cells through a
network of switches as it is shown in Fig. 1.5(b), [52, 53]. The principal of operation
is similar as previous method: the switches of the highest charged cells are turned
on to transfer excessive charge to the transformer and when switches are turned
off, the stored charge goes to the string of battery cells. The transformer should be
designed based on the nominal voltage and number of battery cells in the string.
It is recommended that this method can be utilized in high power applications,

but it is expensive, power density is low, and the control circuit is complex.

e Multi-secondary Transformer: To decrease the number of cores in the first
method, another method is proposed in [54-56]. In this method a multi-winding
transformer is used to connect to all the battery cells to the string of battery cells.
Therefore, only one magnetic core is used in this method. Also, compared to the
second method, the number of switches is reduced and the control is simpler. The
main disadvantage of this method is size of the transformer when the number of

battery cells is high.

Converter-based Cell to String Transfer Methods: In this group, a con-
verter is the mediator between a battery cell and the string of battery cells. The
charge transfer procedure is the similar to the transformer-based method, the
only difference is that the transformer of the previous method is replaced with a

converter. This group is categorized as follows:

e Interleaved Converter: The principal of operation of the interleaved con-
verter is based on Flyback converter, see Fig. 1.5(d), [57, 58]. The switches in legs

are controlled by complimentary schemes. The good point about this converter is
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converter.

that the design of the switching scheme should be done off-line and there would be
no need for any complicated control system. The control of this method is simple
and the topology is based on natural cell balancing but the main disadvantage of

this method is direct dependency of the inductor size to maximum current and

switching frequency.

« Boost DC/DC Converter: In this method, the excessive energy is stored
in parallel inductor and then transfers the energy to other cells by controlling the
MOSFET switch, Fig. 1.5(e), [59]. This method is an improved version of Cell to

Cell Boost converter. The speed of equalization is improved since the excessive
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charge of highest charged battery cell transfers to all the battery cells instead of
the neighbor cells. The advantage is that the control is simple but the method is

not good for high power applications since power density is low.

+ Modified Boost DC/DC Converter: The problem with the previous
technique is hard switching and switching loss of the converter. To overcome
this issue, another method is proposed in [60, 61], Fig. 1.5(f). The idea is to
use resonant theorem to make the current zero before turning the switches off.
Moreover, the energy can be retrieved by the parallel path with a capacitor, as
shown in Fig. 1.5(f), to distribute the energy efficiently with a short equitation
time. The advantage is ZVS and disadvantage is the low power density of the

circuit in high voltage applications.

This solution would be the best choice in cases when a battery cell is charged
more than the other battery cells although, in the cases when a battery cell is
charged less than the other battery cells these methods show very poor performance.
The reason is that if one battery cell is charged less than the others, all the other
battery cells should transfer their extra charge to the battery pack and therefore,

it takes lots of time for the battery cells charge to be equalized.
c) String to Cell Transfer Methods

In contrast to the previous methods, in these methods, the charge is transferred
from the string to the least charged cell in the battery cell string, see Fig. 1.3(c).
Therefore, the problem of the previous method can be solved. There is only one

category in this method which is transformer based method.

Transformer-based String to Cell Transfer Methods: This group similar

to the Transformer based Cell to String methods, uses a transformer as the mediator
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to exchange charge between the string of battery cells and lowest charged battery

cell. This group is categorized as follows:

o Multiple Transformer: a 2-winding transformer is connected to each battery
cell and the secondary side of the transformers are connected together, see Fig.
1.6(a), [62]. When the switch is ON, the least charged cells absorbs the charge
from the battery cell string. Similar to the similar methods, the transformer should
be designed based on the number of battery cells and their voltage level. The
design can be manipulated to be able to cover a large number of battery cells,
however, power density is low and the cost is expensive. Moreover, this method

has magnetizing losses due to the use of multiple transformers.

e Multi-secondary Transformer: To decrease the number of cores in the
system, this method is proposed in [63], see Fig. 1.6(b). This method is similar to
the previous method, the only difference is that reduces the number of cores to
the cost of having a large core with multiple secondary windings. This method is
not good for high power application due to low power density of the multi-winding

transformer.

o Switched Transformer: To decrease the number of windings compared to
the previous method, The Switched Transformer is introduced in [64], see Fig.
1.6(c). The cost of the system may increase due to the switch module which is
needed to connect the transformer to all the battery cells. This method is effective
for low number of battery cells but it is expensive, power density is low and control

is complex.

String to Cell methods can solve the problem of Cell to String methods in the
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FIGURE 1.6: String to Cell Transfer basic topologies (a) Multiple Transformers
(b) Multi-secondary Transformer (c¢) Switched Windings Transformer (d) Voltage
Multiplier.

cases when one battery cell is charged less than the other. The speed of equalization
in those cases are improved compared to the previous method. However, if a battery
cell is charged more than the other this method would not be a good choice and it

would be better to choose Cell to String method.
d) Cell to String to Cell Transfer Methods

Based on the previous sections, the weakness of Cell to String methods is strength
of String to Cell methods and vice versa. Therefore, another method is presented
to combine the strength of Cell to String and String to Cell methods and provide
the best performance in all conditions. Cell to String to Cell methods allow the
Cell to String equalization in case a battery cell has a higher voltage than the
others in the battery string, and the String to Cell equalization in case a cell has
a lower voltage than the others, see Fig. 1.3(d). Therefore, the weakness of the
previous methods can be solved while their advantages are kept. These methods

fall into 2 major groups.

Transformer-based Cell to String to Cell Transfer Methods: In this
group, a transformer is the mediator component between highest charge and lowest

charged battery cells. Therefore, the transformer absorbs charge from higher
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charged cell and transfer it to the lower charged cells. This group is categorized as

follows:

e Multiple Transformer Ramp Converter: Ramp Converter is the im-
proved version of multi-windings transformer. It is composed of a multi-winding
transformer as shown in Fig. 1.7(a) where two adjacent battery cells as a pair are
connected to a secondary winding of the transformer [65]. The operation of the
Ramp converter is in a way that the odd numbered cells are considered to supply
the current for capacitor charging in the first half cycle and in the second half of
the cycle the even numbered cells are allowed to be recharged by capacitor or vice
versa depending on the direction of current in the primary side of the transformer.
This is a more cost-effective solution due to the lower number of windings, although,

the design is quite complex.

« Multi-secondary Transformer: Another method is presented in [66] which
is less complex than the ramp converter and has fewer diodes, see Fig. 1.7(b). It is
also possible to achieve the ZVS and decrease the voltage stress on the switches
using this method. This method is recommended for high power applications but
still this method is not good for high number of battery cells due to the huge size

of the transformer.

Converter-based Cell to String to Cell Transfer Methods: In this group,
converters distribute charge between all the battery cells. To be more clear, the
converters absorb charge from the higher charged battery cells and then transfer it

the lower charged battery cells. This group is categorized as follows:

e Voltage Multiplier Converter: This topology uses only one switch and
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FIGURE 1.7: Cell to String to Cell Transfer basic topologies (a) Multiple
Transformers (b) Multi-windings Transformer (c) Voltage Multiplier (d) DC/DC
Converter based.

multi-stacked buck-boost converters, see Fig. 1.7(c), [67]. Since this method
operate with a single switch, the circuit is cheap and control is simple. In addition,
feedback control is not required when operating in discontinuous conduction mode.
This would be good for low power application since the switch should tolerate a
high voltage. However, as the number of battery cells increases the voltage and
current rating of the inductors, capacitors and the switch should be increased which

is not desirable.

« DC/DC converter: This is the most popular solution for battery charge
balancing. Two DC/DC converters are connected back to back for each battery
cell and they are controlled based on the battery cell charge, [68], see Fig. 1.7(d).
The battery cells exchange charge with the common DC link based on their charge,
i.e, lower charged cells absorb charge and higher charged cells transfer charge. This
method has a high efficiency and speed of equalization but it is expensive and

power density is low.

Cell to String to Cell methods are the best method in terms of speed of equaliz-

ation and efficiency. Their cost and power density can be compromised by their
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modularity and efficiency. Therefore, the main focus is to minimize the cost and
power density of the converters and transformers which are using in these methods.
Many methods are introduced to improve the power density and cost of the circuit.
One of the promising solutions is presented in [2] although, this method sacrifices

the speed of equalization.

1.2.4 Comparison

The aforementioned methods can be compared to highlight their advantages and
disadvantages. The features which are studied are modularity, ability to transfer
charge between non-neighbor cells, number of batteries supported due to the limited
number of controller input, amount of exchanged charge between different cells in
one cycle, number of switches, diodes and, sensors, controller and its complexity.

Some of the introduced methods are compared in Table. 1.2.

TABLE 1.2: Comparing different methods for a system with 2n battery cells.

Method Cap. & Inductor-based Trans. based | Conv.-based
Feature [30] | [43] | [67] | [65] [59] [57] [64] [68] 2]
Modularity y* y n* n y y y y y
Non-neighbor Cell
Charge Transfer " " Y S s s s Y Y
Supports Unlimited
Number of y y n n y y n y y
Batteries
Simultaneous
Charge Transfer
Between All Cell in " n Y Y " n " Y Y
a Cycle
Number of Switches | 4n 2n 1 2n 2n 4dn 8n + 1 16n 2n
Number of Diodes 0 0 2n 2n 2n 0 2 0 2n
Number of Sensors 0 2n 0 0 2n 2n 2n 2n n
Central /Distrib-
uted Dist | Dist | Dist | Cent | Cent | Cent Cent Dist Dist
Controller
Complexity S** S S C** C C C C S

* y for Yes and n for No
*%* S for Simple and C for Complex
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1.3 Control Variables

The controller decision making is based on input signals. The are several control
variables introduced in literature as controller variables of battery cell equalizers.
Advantages and disadvantages of these variables are listed in Table. 1.3. The first
three control variables have a defective relation to the cell energies and effects like
the variances of internal resistances and total charge capacities are not considered;
these effects increase over time. For example, two 3.8V battery cells and SOCs of
50% differ in their cell energies, when they have different energy capacity. On the
other hand, control variables with model-based estimation suffer from estimation,

measurements and model errors [69].

TABLE 1.3: Comparing different control variable for battery balancing systems.

Control

Variable Advantages Disadvantages

>error by internal
>no state estimation/complex | resistance variance

Cell Voltage calculation'required >errqr by t(?tal charge
>no error influence by capacity variance
state estimation >no balancing in

flat OCV area
>error by internal
resistance variance
>influence of state
Open-circuit >compensation of internal estimation error

Voltage resistance variance >error by total
charge capacity variance
>no balancing in

flat OCV area

. . >error by internal
>compensation of internal . VI
. . resistance variance
resistance variance

-
State of >balancing in flat OCV area influence of state

Charge > consideration of estimation error
. >error by total charge
temperature influence . .
capacity variance

>compensation of

internal resistance variance >multivle error influences
Charge >balancing in flat OCV area P . .

5 . . e.g. SOC estimation,

capacity >consideration of

. measurements
temperature influence

>balanced cell energies
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1.4 Motivation

The review of the existing battery charge equalization methods reveals that the
best strategies, from the speed of equalization and efficiency point of view, are Cell
to String to Cell methods. However, based on Table. 1.2, it can be concluded that
there are features, which can be improved to achieve better performance. There are
important feature such as scalability, power density, cost, controller complexity and,
controller system which can be improved to achieve better performance. Scalability
or modularity are important features since they provide the possibility of using
the batteries in a large number of applications and voltage ranges. High number
of components increases the cost of the system which is not desirable. A central
controller, due to its limited number of inputs and extensive wiring limits the
number of battery cells that can be supported. Therefore, the main goal of the
topologies examined is to keep the advantages of the Cell to String to Cell methods

and to strengthen the weaknesses of the previously published methods.

1.5 Objectives & Outline

The main objective of this research was to design and implement a compact,
modular and efficient battery voltage balancing systems along with their controllers.
To accomplish this goal, three topologies and their control systems are proposed.
The analysis of the circuits and comprehensive design procedure for each one of

them is presented. Concisely, the research objectives are as follows:

e The circuits and controllers are scalable and modular. This means that the
controller should be distributed and its inputs should be local data. The local
data can only come from its neighbor bridges/modules that the bridge/module has

connection with.
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e The number of switches and diodes are minimized to decrease the cost and
complexity of the system. Lower number of switches not only decreases cost of

switches but also decreases hidden cost of gate driver systems.

o The number of sensors are minimized to decrease the cost. This would decrease
the component cost as well as hidden cost of signal isolation, conditioning and/or

digitization circuitry.

e The circuits are able to transfer charge between all battery cells in every
switching cycle, and the charge goes from the higher voltage battery cells to lower
voltage battery cells. Since battery cells are magnetically or electrically coupled,
it is possible to exchange charge between battery cells even when they are not

neighbor.

e The system is compatible for different kind of battery cells with different
voltage levels. Therefore, a comprehensive and flexible design procedure is required

to design circuits with different power ranges.

e These modules do not operate or consume power unless voltage of a battery
cells drifts. Then, all the modules start operating to equalize voltage of battery
cells. In some cases, it is important to know how much time it takes to equalize
the voltage of battery cells when voltage of one of them drifts. So, the calculation

and estimation of the equalization time is one of the objective of this reach.

o To avoid centralized or master/slave controller, distributed controllers are
proposed. The first converter that detects the unbalanced voltage, generates the
synchronization signal and sends it to all the controllers. Therefore, there is no

master-slave controller which could make a problem in case of the master controller
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failure.

e The circuits should operate with a fixed switching frequency and to decrease

the losses in the circuits Zero Current switching (ZCS) operation is guaranteed.

1.6 Proposed Circuits

Three battery voltage equalization methods are described and schematics of
the proposed methods along with their controllers are shown in Fig. 1.8. The
proposed methods are modular, low-cost, low component count and small compared
to the methods in this category. A comparison between the proposed methods and

methods in this category is presented in comparison chapter.

From a topology perspective, each bridge/module is connected between two
neighboring battery cells of the string in a way that neither of modules share a
battery cell. Also, the basic topology in the first and second methods is asymmetrical
bridges and in the third method is a Sepic module. Neighboring modules are
connected using transformer coupled inductor shown in Fig. 1.8. Three types of
bridge/modules connections are used to connect the inter-bridge/module windings:

“Cascaded”, “Series” and “Parallel” Connection, see Fig. 1.8.

In the first method, see Fig. 1.8(a), asymmetrical bridges are connected as Daisy
chain, that is the reason this method is called “Transformer Coupled Cascaded-
Connected Asymmetrical Bridges” (TCCAB) or in the short form “Cascaded
method”. The inter-bridge windings of each asymmetrical bridge is connected to
its neighbor and the first and last bridge windings are also connected together,
therefore, coupled inductors make a chain connection in which all windings are
connected together through each other. In the second method, “Transformer

Coupled Series Connected Asymmetrical Bridges” (TCSAB) or in the short form
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“Series method”, Fig. 1.8(b), asymmetrical bridges are connected in series using
their inter-bridge winding. Finally, in the third method, “Transformer Coupled
Parallel Connected Sepic Module” (TCPSP), or in the short form “Parallel method”
Fig. 1.8(c), Sepic modules are connected in parallel using inter-module windings.
The inter-module windings share a bus and connected in parallel. Consequently,
these methods are scalable and can be extended to cover more battery cells by
connecting more modules to the string of battery cells. Each bridge/module has a
distributed controller and that uses local data to generate switching pattern of the
bridge/module. These method do not require a central controller. The distributed
controller approach has many advantages over a central controller. For example,
there is no limit on the number of battery cells which can be supported. The
central controller can support limited number of battery cells due to their limited
number of inputs. Moreover, the use of local data makes the wiring and controller

implementation simpler.
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FIGURE 1.8: Schematics of the proposed methods (a) First method (Cascaded)
(b) Second method (series) (¢) Third method (Parallel).

The controller feedbacks in the proposed circuits use only the voltage of battery
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cells. To compare the voltage feedback and SOC estimation advantages and
disadvantages refer to Table. 1.3. To make it more clear, when the voltages of
battery cells are equal, it does not mean their SOCs are necessarily equal. Although
the SOC estimation has advantages over voltage measurements, SOC estimation
requires more complicated control and calculations and it needs a higher number
of feedback signals; current and voltage of each battery cell. The SOC estimation
procedure is complex and there may be some state estimation errors. Moreover,
the SOC estimation method should be completely modified when the battery cell
types are changed while this is not necessary in the voltage balancing methods.
On the other hand, the voltage feedback is simple, not expensive and there is no
estimation error. Moreover, in the proposed methods, controllers use the total
voltage of battery cells in a bridge/modules as their inputs. Therefore, only one
voltage sensor per two battery cells are used which makes the system cost lower.
Furthermore, due to the fact that Li — ion battery cells have a linear SOC vs.
voltage characteristic, see Fig. 1.1, voltage of battery cells can be used as control

variable in systems with Li — ton battery cells.

Three battery voltage balancing topologies and control systems in this research

are described briefly as follows:

In Transformer Coupled Cascaded-Connected Asymmetrical Bridge, Cascaded
method, [70-72], a modular two-switch flyback battery cell voltage balancing circuit
is presented. This method falls into Cell to String to Cell which shows a better
performance among all the methods. The topology is modular with a low switch
count per battery cell, see Fig. 1.8(a). Charge transfer to and from battery cell
pairs in adjacent bridge cells is decided locally within each bridge by monitoring
the DC voltages of the battery cells connected to adjacent bridges. Therefore, the
system requires only one voltage sensor per battery cell pair. This “Distributed"

controller is based on local data without requiring a central controller. Cascaded



Chapter 1. Introduction 30

method operates in Discontinues Conduction Mode (DCM), therefore, it can
maintain a fixed switching frequency and guarantees ZCS. Faster voltage balancing
is achieved at a high efficiency using no current sensors and fewer voltage sensors
when compared to conventional methods. The distributed controller improves
upon previously published controllers using similar topology [2]. The controller
has a much faster battery cell charge equalization than was obtained in [2]. The
control is demonstrated to transfer charge between neighboring bridge cells in one
switching cycle, but can also transfer charge between all bridges. The converter
is analyzed and a design methodology is proposed. A prototype is built based
on the designed values and experimental results are presented. simulations and

experimental results are presented to validate the analysis and design procedure.

Transformer Coupled Series-Connected Asymmetrical Bridges, Series method,
similar to Cascaded method, is a modular and can be categorized into Cell to
String to Cell group that has their advantages such as transferring charge between
all the cells in a cycle, see Fig. 1.8(b). This method does not need a central
controller, all the controllers input are local data, and there is no limitation on
the number of battery cells similar to Cascaded method. Moreover, this method
requires only one per a battery cell and one voltage sensor per two battery cells
similar to cascaded method. Also, this method guarantees the fixed switching
frequency and ZCS. Although, in this method, the number of connections and
coupled inductor windings is lower compared to Cascaded method, ergo and the
total cost of the system will be decreased. This decrease in the cost of the system
is achieved by scarifying the voltage stress on the components. In addition, circuit
analysis and the design procedure are simpler than Cascaded method. In this
approach, it is possible to predict currents and voltage waveforms. Also, there
is an option to set the equalization time as one of the design constraints which

cannot easily achieved in Cascaded method. Analysis of the circuit is presented
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to be used to present design procedure, based on which, a prototype circuit is
built. To validate the method, experimental results are compared with analytical

calculations and simulations.

Transformer Coupled Parallel-Connected Sepic Module, Parallel method, is
modular similar to Cascaded and Series methods but has fewer number of switches.
This method similar to Cascaded and Series methods is able to transfer charge
between all battery cells in a cycle, therefore, it is categorized into Cell to String
to Cell methods. This circuit maintains a fixed switching frequency but it cannot
guarantees ZCS. Moreover, the controller limits the current in the circuit without
using any feedback control signals. Therefore, Parallel method is a modular, low-
cost and fast method. Every two battery cells are connected to a module and
modules are connected through transformers secondary windings. The connection
causes all modules to have the similar effect on each other and make the operation
and analysis more predictable. The distributed controller is easy to implement
and requires only one voltage sensor per two battery cells. A comprehensive
analysis and design procedure are presented, and a prototype circuit is designed
and implemented. To validate the method, experimental results are compared with

analytical calculations and simulations.
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Transformer Coupled Cascaded Connec-

ted Asymmetrical Bridge

The proposed distributed control method improves upon previously published
controllers using similar topology [2], . The controller has a much faster battery cell
charge equalization than was obtained in [2]. The control method is demonstrated
to transfer charge between neighboring bridge cells in one switching cycle while,
can also transfer charge between all bridges. Also, the circuit offers ZCS in turn
ON which decrease the loss in the circuit. The structure and operation of the
modular bridge cell is examined to derive a new simplified system circuit model that
containing a series of 2n connected battery cells with n bridge cells. This simplified
model uses per-unit design parameters to provide a detailed charge flow analysis,
select appropriate circuit inductance and to place limits placed on the controller
switching periods. A maximum battery cell voltage deviation is assumed in the
design procedures together with the following design guidelines: (a) a maximum

component peak current; (b) a maximum switching frequency where all circuit

32
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currents reach zero at the end of each switching cycle; (c¢) the controller maximizes

the charge transfer rate. Finally, it is compared to previously published work.

2.1 Structure and Operation

A single Bridge Cell, or in the shorter form bridge or BC', consists of asymmetric
half-bridge, two series connected battery cells, and a toroidal transformer with
4 windings, see Fig. 2.1(a): wy, wy, wy and wy. The magnetizing inductance
associated with the transformer windings w; and ws places a limit on the peak
current that is common to both windings during the switch on time. Conversely,
Ly, controls the difference between the winding currents which can also produce
large peak winding currents: Ly is necessary due to the very low leakage inductance
of the transformer windings (typical < 0.1%.). The transformer windings wy, and
wyr are used to couple one bridge with its neighboring bridges, making the topology
modular: see Fig. 2.1(b) for a multi bridge system. The topology needs an even
number of battery cells, although it is possible to use the system with an odd
number of battery cells. There are two options to use the system with an odd
number of battery cells: 1) It is possible to add a capacitor in series with the string
of battery cells and treat that capacitor as a battery cell in the string. 2) It is
possible to use the circuit shown in Fig. 2.2. The only difference between these
two solutions is that the analysis would be a bit different. Since the analysis would
be different, the analysis and design procedure are presented for the first option.

The analysis and design procedure can be modified to use the second option.

2.1.1 Equivalent Circuit

An equivalent circuit is introduced to make it easier to analyze the circuit and

calculate current of battery cells and windings. To achieve the equivalent circuit
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FIGURE 2.1: Schematic of the proposed circuit (a) a bridge (b) multi bridge

connection.
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FIGURE 2.2: A solution to use Cascaded method with an odd number of battery
cells.

of the system, first an equivalent circuit of a bridge should be presented. The
resulting equivalent circuit of the coupled inductors in bridges is shown in Fig. 2.4
To prove this, assume all the windings are similar, number of turn is N and ¢,

and ¢y; are core and leakage flux in the circuit, see Fig. 2.3(a). These flux can be

calculated as follows:
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FIGURE 2.3: Coupled inductor (a) real model (b) equivalent model.

N@wl + iw? + iw?) + Z.wét)

o, =
li — Rli
N2 . .wi N2 .wi
Awi = N(®. + P;) = Lz i N (2.2)

Rc 7Q’l [

Therefore, voltage of each winding is as follows:

iy iy
2 4 wi o Whws
A dAwi Nd(q)c + @) NZ2 e dt dt (2.3)
Y odt dt B Re. Rui '
The above equation can be simplified as:
d [ iy
wi — Lmz_< .wi> Lz — 24
’ gi\ 2 i) + Ly (2.4)

Since all the coupled inductor are identical, it is assumed that L,, and L; for all
of them are equal. Therefore, it can be concluded that the equivalent circuit of

Fig. 2.4(a) is shown in Fig. 2.4(b).

Now, the switching action should be studied to achieve the equivalent model in
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FIGURE 2.4: Windings connection of three Bridge Cells (a) real model (b)
equivalent model.

different switching states. The effect of switching actions in the equivalent circuit
is shown in Fig. 2.5. There is a connection between windings of a coupled inductor
in the centre tap of the battery cells which is removed in the equivalent circuit.

That connection is removed since there is no current through that connection.
To show the switching action and equivalent circuit better see Fig. 2.6.

It is assumed that L; << Ly and L; << L,,, therefore, it is possible to neglect L,
when it is connected in series with L;. Thus, voltage of all windings in a coupled
inductor would be equal. For example, voltage of windings in the coupled inductor

in bridge 1 can be calculated as follows:

d . . . .
Vg = Vuy = Vg = Uy = Lm%(““ i, + lwy + ng) (2.5)
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© (d)

FIGURE 2.5: Schematic of the circuit (a) when switches are ON (b) equivalent
circuit when switches are ON (c¢) when diodes are ON (d) equivalent circuit
when diodes are ON

Therefore, the final equivalent circuit for a BC can be drawn as it is shown in

Fig. 2.7.

The general equivalent circuit for a BC' in Fig. 2.7(b), can be extended to a

[1Po}]

system containing “n” BC's and “2n” battery cells, as shown in Fig. 2.8.

The main goal is to calculate the current in the windings of the system. To be
able to calculate the winding currents it is necessary to calculate the voltages, V,,,
in Fig. 2.8. All the coupled inductors are assumed to be identical and the circuit
is symmetrical therefore, matrix representation of KCL on Fig. 2.8, is shown in

Eq. (2.6).
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FIGURE 2.6: Schematic of the circuit (a) with switches and diodes (b) when
switches are ON (c) equivalent circuit when switches are ON (d) when diodes
are ON (e) equivalent circuit when diodes are ON
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FIGURE 2.7: BC equivalent circuit of 1 bridge: (a) general equivalent circuit (b)
voltage waveform of E; and Ea (Ly,,: magnetizing inductance for two windings,
L;: leakage inductance for two windings, Ly added series inductance)
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2L,
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FIGURE 2.8: The equivalent circuit of a system with “n” bridges and “2n”
battery cells.

where:

L, L, 1

s: — 2.7

Assume all voltage sources are open circuit except for Ey, using Eq. (2.6) and Fig.
2.9(a), vy,. By calculating i,, based on v,, and Ej, the formula for calculating F,

as a function of i,,, can be calculated as follows:
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-1 -1 _ -
Y, — 0 0 — E
Y 2L, L—l
1 1 [ ] d
— Y, 0 ...0. — Y
oL, ? 2L, 0
-1 Vs
0 — Y, ... 0 0
oL, ° Vs 0
_1 X -
0 0 — Y 0 Vw
oL, 2 ’ 0
(2.8)
1 1 | Uw(2n71) ]
— 0 0 ... — Y. 0
L 2Ll 2Ll 2 | - -
1 11
V, — — 4 — 4 —
[ P
where 1 1
YV, — — 4+ —
2 I + 7
_ - T -1 11!
E Y, — 0 0 ... —
] | T 21,
Vuy ’ __1 Y. 0 0 __1
0 o, ° o 2L,
Vws 1
0 — Y, ... 0 0
Vus 10 2L,
N -1 (2.9)
Vy 0 0 — Y, ... 0
o 0 2L,
| /Uw(2n71) ]
-1 -1
0 - I, %
- - | 2Ll ¥ 0 ’ 2Ll 2

The similar procedure can be done to calculate the effect of Ea,) on iy, , see Fig.

2.9(b). Note that L; is negligible when it is connected in series with L;. Thus,
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FIGURE 2.9: Effect of a voltage source on windings voltage (a) when only Fj is
connected (b) when only Fs, is connected.

voltage of windings in a module are equal, for example v,,, = v,,. Finally, the

following equation can be achieved:
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se se Lmu (]) mu (j) Lmu (]) El Lwl
Lse Lse Lmu(]) Lmu(]) L2 2n E2 Lw?2
Lmu (]) Lmu (]) Lse Lse Lmu (]) % . i
Liulj) Lualj)  Le  Le Luna(j) dat
L Lmu (]) Lmu (]) Lmu (]) Lmu (]) o Lse ] L E(Zn) ] i iw(?n) ]

_>
[apg] X [Vwp] = d_[iw,p] 1 <p,qg<2n
(2.10)
where:
I Ly _ Ly

Y1) ) =YL, + Ly

I, (2.11)
, Y-1(45,1 Ly xY~ (4,1
Lmu(]) = L L( ) = ;_1 ( )
! Y1, 1) + Ly

L;; can be defined as self-inductance; L;; can be defined as mutual inductance
between winding i and j; V,, and i,, are voltage and current of the i winding.
Matrix “a” is the inverse of “L” matrix. Since all inductors are identical, self-
inductance of all windings are equal and mutual inductance between inductors are

equal, Lij = L]z

Using the above equation, the voltage of nodes in Fig. 2.8 can be calculated and
consequently, the windings current can be calculated which will be used in the

design section.

As it can be concluded, the analysis of the following circuit is a bit complicated

since bridges are connected together through windings are of other bridges. The
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FIGURE 2.10: Connection of two Bridge Cells to 4 battery cells: (a) circuit and
transformer connections;

(b)

analysis of the TCS and TCP circuit are more straightforward since bridges are

connected directly together.
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2.1.2 Principal of Operation and Control: 2-Switch Fly-
back

The main goal is to distribute charge between battery cells based on their voltage.
In other words, if voltage of a battery cell is greater than the voltage of its neighbor,
the battery cells transfers charge or if its voltage is lower than its neighbor, the
battery cell absorbs charge. Therefore, the idea is to identify the higher voltage

battery cells locally and transfer charge from them to the lower voltage cells.

The controller which is responsible to distribute charge is a distributed controller
since it has several advantages over a central controller. For example, the number
of battery cells which can be supported by a central controller is limited due to
the limited number of controller inputs. While, in a distributed controller, the
number of battery cells is not limited by number of controller inputs. Furthermore,
distributed controller keeps the system modular. The distributed controller chooses
the switching pattern of each bridge by monitoring the dc battery cell voltages
in adjacent bridges, see Fig. 2.10(c)-(d). The dc voltage V; of BC; (sum of its 2

battery cell voltages) is compared to the average of the adjacent bridge voltages and

(Via +Vi+ Vi)
3

pattern “P1”. If BC; does not have the largest, it chooses the switching pattern

its own:

. If V; is the largest voltage, BC; chooses the switching

“P27, see Fig. 2.10(e)-(f) for “P1” and “P2".

Assume, the battery cells voltage are as follow Vg; > Vgy > Vs > V4. Therefore,
BC1 has the higher voltage (V7 > V4) and chooses the switching pattern P1, and

BC5 has a lower voltage and chooses P2, see Fig. 2.10.

In the first state, see Fig. 2.11, the switches in BC, are turned. Since Vg > Vg,
iw1 increases more rapidly and reaches a higher value (I; > I), therefore, more

energy is stored in wy, see Fig. 2.10. This can be proved easily using the equivalent
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FIGURE 2.11: The proposed circuit in the first state (a) circuit with switches
and diodes (b) the equivalent model.

circuit in Fig. 2.11(b). Slopes of i,, and i,, can be calculated as follows:

1 1 1 -1 Vg, + Vb,
L, Ly L L; Vi, Ly
L; L, L 3
Vi Vi L¢L,,(L;+ L,,
vy = BB tEnllat L) (2.13)
Ly LiL;i+2L¢Ly, + LiLy, + Ly,
Since Vg, > Vp, It can be concluded that [; > Is:
Vi, — Vi Vi, — Vi iy, iy,
1 > =2 L= > 2 2.14
Ly Ly dt dt ( )

iy, diy,
21X1’1>&XI‘1:>]1>[2 (215)

dt d

Finally, peak of currents can be calculated as follows:
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( Ve — VBl + V32 y LfLm(Ll + Lm)
; b Ly LyLy+2LiLyy + il + Ln®
1= 1
Ly
v Vet Ve LyLn(Li + L) (2.16)
b Ly LyLi+2Ls Ly, + LiLy, + Ly
( Ly

In the second state, see Fig. 2.12, switches in BC are turned off, thus diodes in
BC] turn on. Therefore, the winding which has the higher current, wy, is connected
to lower voltage battery cell, By. Consequently, charge goes from higher voltage
cell to lower voltage cell, this procedure is called intra-bridge charge transfer, see

Fig. 2.13. This can be proved using Fig. 2.12(b) and these equations:

2L,

V1] Y
~ Vwi 2L, Vw3

VBZ 7 YYYY

w1 12 lys | Y]
A - - ~C =

VB3_ ‘M Pt Q j q q Q\
Ny _ Vs

Vba Vg Vi Vs

(a) (b)

FIGURE 2.12: The proposed circuit in the second state (a) circuit with switches
and diodes (b) the equivalent model.

111 ~1 ~Vp, — Vs,
Ln Ly L Ly Yoy Ly
-1 11 1| = | Vi + Vg, (2.17)



Chapter 2. Transformer Coupled Cascaded Connected Asymmetrical Bridge — 47

Vi, =ty _ Vo, — iy _ diuy
L, Ly dt ~ di

(2.18)

div,  din,
T
xg > o in Fig. 2.10(e). Therefore, using Fig. 2.10(e) the exchanged charge of

Since I; > I, and

, it can be concluded that, ,,, reaches zero first,

battery celll and 2 can be calculated as follows:

I x 21 — Iy % 12/1
-[2 X «Tl 2 II X IQ = QBI > QB2 (219)
2

@, =1 — Q2=
@p, = Q3 — Q4=

This means that B; transfers more charge than Bs.

Also, the switches in BC5 are turned on in the second state. Therefore, some
of the stored energy in the magnetic core of w; and wy is transferred to magnetic
core of wsy and wy. This procedure is called inter-bridge charge transfer, see Fig.
2.13. This charge exchange can be seen more clear in Fig. 2.13, where different

polarity of By and B, cause L,,, to discharge faster consequently, less charge goes

back to B; and Bs.

2L,

Y'Y Y\

~
g
~

—
1 Lm
L1,

VB 1 V33

> Inter-bridge
Intra-bridge charge transfer

charge transfer

Viy

FIGURE 2.13: Intra and inter-bridge charge transfer.



Chapter 2. Transformer Coupled Cascaded Connected Asymmetrical Bridge — 48

In the third state all switches are off and the stored charge in L,,, is transferred
to Bz and B4. Again, in this state, the battery cell with lower voltage absorbs

more charge, intra-bridge charge transfer.

Finally, in state 4, all switches and diodes are off until the next state starts. This
switching state is added to guarantee the ZCS in turn ON and fixed switching
frequency operation. Therefore, it is necessary to make sure that this state always

exists.

In Fig. 2.10(e)-(f), the areas under the current waveforms represent the exchange
charge. Examination of gy, igo for example, represent exchanged charge of battery
cells in BC. For example, the exchanged charge of battery cell 2 in Fig. 2.10(e)-(f)

equals to:

TS. t1. t2' I xt I X (tg — ¢
QBzz/ @BQ(t)dt:/ @wQ(t)dt—/ i, (B)dt = 22 5 L (22 ) = @3-
0 0 t1
(2.20)

Comparing Qp1 = Q1 — Q2 and @ p, in Fig. 2.10(e)-(f) it can be concluded that
Qp1 > po, thus, battery cell 1 transfers more charges compared to battery cell 2.

Similarly, it can be seen that battery cell 3 and battery cell 4 absorb charge.

2.2 Design Procedure

The main goal is to present a solution to choose components of the circuit and
setting of the controller. In other words, a design procedure is presented which
gets some inputs and the outputs would be design parameters. Input parameters,
which are called system constraints, are number of bridges (n, equals to 2n battery

cells), maximum and minimum voltage of battery cells (V4. and V,,;;,) maximum
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allowable current (I,,,,) and, fixed switching switching frequency (f;). The design
parameters are duty cycles of the P1 and P2 (t; and ¢5), inductance of the inductors,

L,, and Ly, and components rating.

n = Design _,_» L.,
Vx| Rules |
: L —— Lf
H len —> & ;
L Lnax Ny
i [Analysisi> t,
fy - s
System Design
Contraints Parameters

FIGURE 2.14: Design plan.

Therefore, circuit analysis is presented for a system containing a series of 2n
connected battery cells with n bridge cells. The analysis uses the equivalent circuit,
see Fig. 2.8, to calculate the inductors current waveforms and switching period as
functions of the design parameters where the currents and voltages are maximum,;
worst cases. The predefined system constraints and designed rules are then used to
calculate the design parameters. Given that the system is designed for a maximum
allowable battery cell voltage deviation, this analysis also assumes the following
design rules: (a) the controller is maximizing the charge transfer rate, (b) prevent
charge back-flow. These two rules are applied by studying the effect of inductance

variation.

2.2.1 Justification for Worst Case Design Scenarios

Circuit constraints i.e., [, and f,, are calculated as functions of the design
parameters, L,,, Ly, t; and t. By applying the circuit constraints and design

rules on the resultant functions, all design parameters can be calculated. In the
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beginning, the worst case scenarios are clarified then, the worst case scenarios are

analyzed and I,,,4., Vinee and, fs are calculated as functions of design parameters.

The analysis are done for the worst case scenarios since no current sensor is used
in the circuit, hence, it is necessary to make sure that the currents of inductors and
switches never beat their maximum limit and the circuit operates in DCM mode.
Worst case scenarios for the currents and switching period occur when currents
reach their maximum and, the switching period is the longest. To make sure all
the system constraints are met in all the conditions, two extreme-case scenarios

are considered:

Case 1: Battery cell 1 has the highest possible voltage and the others have the

lowest possible voltage.

Case 2: Battery cell 1 has the lowest possible voltage and the others have the

highest possible voltage.

Case 1 and 2 are the extreme cases for currents and switching period. To clarify
the extreme case scenarios, assume Fig. 2.8, maximum current occurs when (a)
case 1: only battery cell 1 has the highest voltage and, bridge 1 switches are on
and all the other bridges are off. In this case, all the magnetizing inductance are
cascaded the equivalent inductance would be very small. Also, the fact that all
other bridges are on in state 2 and their current should reach zero before end of the
cycle makes a worst case scenario for switching period too. (b) case 2: all battery
cells have the highest voltage except battery cell 1 which has the lowest voltage.
In this case, switches of all bridges are on except switches of bridge 1. Since in the
second state the voltage polarity of bridges are different it can make a high current
in bridge 1. Therefore, it is necessary to analyze these two cases and make sure all

the system constraints are met in these two cases.
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2.2.2 Worst Case Scenarios Analysis

The maximum current and, switching period in worst case scenarios should be

calculated based on the design parameters. Then, based on the predefined system

constraints and design rules all design parameters can be found. The analysis of

case 1 is as follows:

I

I,

I

Sz~ State3
State 4 i i__. 11:21
| : I'W.?) 1‘W4
\‘ i i i I_Wf) Iwé
Y i [ 1_W7; I'WS
A\ T
M\ T s Iyiz
X \ Ve dy13, Lyid
L\ )
X1 Xz x3 Ts
Time

F1GURE 2.15: Current waveforms of a 7 bridges system under casel.

Case Scenario 1: This case results in bridge 1 choosing switching pattern P1

and rest choose P2, see Fig. 2.10, 2.15. During the first switching state, the

switches BC; are turned on and 4,; and 7,5 increase. Since battery cell 1 has

the highest voltage, i,,1 reaches a higher value, Iy, compared to 7,92, I5. I; can be

calculated as follows:

2n

I = [+Viax@11 + Vinin@12 + Vinin Z ay;] X t1, t1 =14 (2.21)

Jj=3

Vinin and V4, - the minimum and maximum voltage of battery cells, ¢ is the

duration of the first state and, a = L.

The voltage variation considered around the nominal is +0.5V for a 4V battery

cell. Therefore, it is not possible that the Diodes D,y and Dy conduct since
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the voltage drop of diodes and the drop on the series added inductance would
be more than 1V. Therefore, the allowable battery voltage swing of 4 + 0.5V
means that the MOSFET body diodes never get forward biased so as to conduct.
The system inductance also contributes to prevent the diodes from conduction

significant current.

The next state should be long enough to make the currents of the inductors in
the first bridge reach zero. Therefore, the duration of the second state, t5, can be

calculated as follow:

—I
tg = ! o , Lo = tl + tQ (222)
—Vinin@11 — Vinax@12 + Vinin D @2;
=3

During the second state, the currents in bridges 2 to 7 ramp positively with the
currents in bridges 2 and 7 reaching a higher value as they are situation closer
to the bridge 1 in the circuit. Therefore, the maximum current in this state in

winding 3 is:

2n

IS = [_Vmina31 - Vmaxa32 + Vmin Z a3j] X t2 (223)

j=3
The third state should be long enough to make sure all currents reach zero.

Therefore, duration of this state can be calculated based on the time that takes for

1,3 to reach zero.

_[3

t3 = on , Xz = tl + tg + tg (224)

—a3,1Vmin - a3,2vmin — Vinin Z a3, ;
Jj=3

To satisfy the design constraints which are f, and I,,,,:
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Ts = Ts,desired Ts,desired =t + 12+ 13
= (2.25)

]max = Ima:c,desired Imax,desired = [1

After some equation simplifications, the system design constraints can be defined

as:

Ts,desired =1t + ( ) 13 [ 11 ] 1

_VminA X [_QVminall - (Vmin + VmaX)CLlQ + VminA]

2n

A= E ay; —
—

! Imaa:,desired - A‘/all + ‘/YminA’4 X 11

(2.26)

The unknown variables in Equation 2.26 are t; and matrix “a” elements, these
can be calculated using the magnetizing inductance of the coupled inductor and
the added series inductance. It is assumed that the leakage inductance is = 1%
of magnetizing inductance since the coupled inductors used normally have very
low leakage inductance. As there are two equations and three unknown variables,
t1, Ly, and Ly, the series added inductance is assumed to be sized relative to the

magnetizing inductance.

The design constraints for [,,,,, and fs are discussed in equations. 2.25 and 2.26.
The third constraint, maximizing the charge transfer, is satisfied by setting the
duration of switching state 2 so that the first bridge currents reach zero at the end
of the state. As a result, the transferred charge by other bridges and the absorbed
charge by the first bridge are minimized. Since the first bridge has the highest
voltage and it should be transferring charge as much as possible, the duration of
state 1 is long enough so that the currents of first bridge reaches the maximum
allowable current. This means that for state 1, the charge transfers of bridge

1 is maximized. During state 2, the other bridges are transferring charge while
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bridge 1 absorbs charge. The duration of state 2 is therefore minimized to limit

the absorbed charge by bridge 1.

Case Scenario 1: Battery cell 1 has the lowest voltage, while the other battery
cells have the highest voltage. Consequently, BC chose the P, switching pattern
while the rest choose P, see Fig. 2.16. The maximum bridge current in switching

state 1 is:

2n

I3 = [a31Vinin + a32Vinax + Vinas Z as;| X t, x1 =1 (2.27)

=3

State 1 i State 2 | State 3

i 1,W5) I,W6
i_ 1.W7) I.WS

i w9, wio
— Iwiis Iwi2
i w13, 1wig

FIGURE 2.16: current waveforms of a 7 bridges system under case2.

Similar to the previous case, switching state 2 should be long enough to make
sure all the currents in bridges 2 to 7 reach zero. Therefore, the lowest ramping
rate of the currents should be considered, associated with the middle bridges as
they tare least affected by bridge 1. If there are odd number of bridges, the middle
bridge would be the (n —1)/2 4+ 1" and (n — 1)/2 + 2" bridges and if the number
is even, the middle bridge is the (n — 1)/2 + 1** bridge: bridge 4 in a 7 bridge

system. The duration of the second state is:
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—1I
t2 = 1 , Lo = tl + t2 (228)

2n
CLrn,l‘/vrrlin + am,QVmax - Vmax Z am,j
Jj=3

where the “m” subscript refers to the middle bridge. The maximum current

occurs in the second inductor of the first bridge since Vg1 < Vpgs.

2n

I = [+Viin@21 + Vinax@22 — Vinax Z ai;| X to (2.29)

=3
To calculate the duration of state 3, the ramping rate of 7,,; should be used as it
has the highest current at the end of switching state 2. The third state duration
should be long enough to make sure that 7,,; returns to zero at the end of this

state:

I

t3 = o , Tz = tl + tz + t3 (230)

_Vmina21 - Vmaxa22 - Vmin Z a?j
Jj=3

Similar to the previous case, to get the optimum design:

Ts = Ts,desi’/‘ed Ts,desired =t1+t+1
= e (2.31)

Imax = Imax7desired Ima:c,desired = [1

After simplification:

[all(_AV + Vmin + 3Vmax) - (Vmin + Vmax>A] X [—2&13AV + VmaxA] X tl

T, =1
1t [—AV(LM - VminA] X [al,m(vmin + 3Vmax) - VmaxA]
2

n
Imaz,desired - +Vmina21 + Vmaxa22 - Vmax Z CLlj X t2
Jj=3

(2.32)
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Similar to case 1, the unknown variables in 2.32 are ¢; and matrix “a” elements.
With the similar assumption, L; = 0.01 x L,, and L; equal to the amount picked
in the previous case, t; and L,, for the second case can be found. After calculating
all the unknown variables for the both cases, the smallest ¢;, smallest t, and the
biggest magnetizing inductance are the best design. For example, if ¢; in case
2 is bigger than t; in case 1, the smaller #; should be chosen to make sure the
current does not exceed the maximum allowable value. Similarly, the magnetizing
inductance is set so that current does not exceed the maximum allowable value,

therefore, the bigger magnetizing inductance should be chosen.

2.2.3 Design Rules

The design rules are as follows: (a) Maximize the charge transfer and (b) prevent
charge back-flow. To apply these two rules, The effects of the leakage inductance

variation on the transferred charge and charge back-flow phenomenon are described.

Charge Transfer

Using the best design, the transferred charge in each cycle can be calculated

based on the per-unit values as below:

1 T T,
Qpjpu = / i (t)dt = / i)
0 0

Qbase Ibase X Tbases

Ts 1
Sapilt dt
/ ZB]< ) X :/ Z'Bj,pu(tpu) X dtpu
0 0

Ibase Tbases

(2.33)

where Vigse and Ipgse and Tp.s. are the main base values, Quase = Ipase X Thase
and Lpgse = Viase X Thase/Ipase- For example, transferred charge by battery cell 1

in a cycle in Fig. 2.16 is:
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1 Ts . 1 z2 xh .
QBl,pu - Qb /(; ZBj(t)dt = Qb / Twl (t)dt — / ng(t)dt
ase ase z1 2

1 (11 X (23 — 1) _12><(x'2—x2))

B [base X Tbase 2 2

(2.34)

_ Il,pu X (xQ,pu - xl,pu) . IQ,PU X (xIQ,pu - x2,pu)

2 2

— [1,pu X (t27pu) _ 12113“ X (té,pu)
2 2

= Qtransfer’red = Ql + QQ

The charge transferred by battery cell 1 as a function of added inductance Ly
in case 1 is illustrated in Fig. 2.17 when the leakage is 1% and 5% for a 7-bridge
system with Ipuse = 1.5A, Vigse = 4.5V, fspase = 100kHz, L,, = 10pH. The graph
is normalized based on the transferred charge when there is no added inductance
and leakage is 1%. As it can be observed from Fig. 2.17, when the value of Ly
is low, the difference between transferred charge between using L; at 1% and 5%,
becomes significant but as the value of L increases, AQ) is negligible, in other words,
the effect of the leakage uncertainties becomes negligible as Ly dominates. The
difference between charge transfer is significant, which leads to longer equalization
time and more losses as the converter should operate for a longer time. As it is
shown, when the series added inductance is bigger than 0.4 x L,,, AQ is negligible.
Therefore, the effect of uncertainty in the leakage inductance can be mitigated by
choosing the series added inductance larger than 0.4 x L,,. Moreover, L; should
not be chosen too high since it will slow down the transfer rate. Thus a reasonable

value is around 0.4 X L,, to 0.6 x L,, which should be used in the design procedure.
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FIGURE 2.17: The effect of series inductance on the transferred charge of a 7
bridges system AV=5 % .

Charge Back-flow

When the added inductance increases from 0 to 0.5 x L,, the transferred charge
increases, see Fig. 2.17. This is the effect of charge back-flow. Charge back flow is
a phenomenon in the third state that transfers charge from lower voltage bridges
to higher voltage bridges. Although the lower series inductance is more preferable
since the lower series inductance leads to lower current transfer region, shorter
state 2, consequently less charge goes back to higher voltage bridges and more
charge goes to lower voltage bridges, it may cause charge back flow, see Fig. 2.18.
The shaded area in Fig. 2.18, is the amount of charge which transfers back to the

higher voltage bridge.

Current transfer Current transfer
i — region
_ region ,'3 Iw1
s 1 eceme |
€ ) w2 _
: R <
5 I = 1
o I o
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| o
0 0
0 t Ts

Time
(a)

FIGURE 2.18: The 2-switch flyback for a two-bridge system: (a) low leakage (b)
high leakage.
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The model of a two-bridge system in the third state is shown in Fig. 2.19, where

Vi1 + Vo > Vis + Viy. The voltage of inductor 1 and 2 in the first bridge are:

Vw3 + Vw4
Vw = Vw = - L
! 7 Lys+ Ly xS
Vs = Vipa + Rr X s + Vioon (2.35)

Vw4 = VBS + Rﬁ X Z‘w4 + VDon

To check whether this phenomenon happens or not check the below constraints.

Vw2 > V1 + Vo
if{ or (2.36)

Vw1 > Ve + Vb

The diode in bridge 1 turns ON, consequently, the current flows to charge the
battery cells in bridge 1 and decrease the transferred charge to bridge 2. This
problem can be prevented by increasing the series inductance, leakage or series
added inductance. It is better to increase the series added inductance since
increasing the leakage inductance decreases the coupling factor between bridges.
For example, in a system with V., = 4.5V and [,,,,, = 1.5A, the series inductance,

which is enough to prevent this phenomenon, can be calculated based on:

VBa+ Vbz + 2 X Vpen + (R7 X in) + (R(j X iw4)
L3z + L3y

min(VBl, VBQ) + Vboon > X L3 =

min(Vp1, Vga2) + Voon - L3,
VB4 + VB3 + 2 x VDon + (R7 X imax) + (R6 X imax) L33 + L34

=

45+0.7 5.2 La

= >
94+2x0.74+ (Ry x 1.5) + (Rg x 1.5) 104+ 1.5(Rs + R7) = L3z + Las
(2.37)
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FIGURE 2.19: The equivalent circuit of a two bridge systems when diodes of
the lower voltage bridge are ON.

Design Example

The design procedure for a 7 bridge system assumes: V., = 4.5V, AV = 15%,
Lnar = 1.5Aand f, = 100kH z is as follows:

1. Choosing L; between 0.4 x L,, and 0.6 X L,.

2. Solve Eqs. (2.26) and (2.32) to obtain values for L,, and ¢;: all variables can be
calculated for both scenarios.

3. Choose the minimum ¢; and maximum L,, from step 2.

4. Calculate ¢ based on ¢; and L,,: t» can be calculated based on the current
constraint in case 2 (Iy = Lz desired)-

5. For the calculated values for ¢y, L,, and t5, check whether the desired switching
frequency fs can be used in both scenarios, if not decrease t; or increase L,, and
go to step 3.

6. For the chosen values for tq, L,,, to and fs, that the added inductance is great

enough to prevent charge flow back or not, see Eq. (2.37). If not change the value
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of added inductance and go back to 2.
7. For the chosen parameters, check if the system is subject to swing or not: if yes

decrease t; and go back to step 3.

By going through these steps, t; = 38%, to = 15%, L,,, = 10puH, Ly = 4.5uH for

this case study.

2.3 Comparison

The transferred charge of the conventional method can be compared to the
transferred charge of the proposed method which is calculated before. While
keeping the switching frequency and the maximum current similar in both methods,
transferred charge by battery cell 1 in each cycle is compared for the conventional
method and the proposed method, in the case when battery cell 1 has the highest
voltage. To this aim, the transferred charge versus the series added inductance
for bridges are illustrated in Fig. 2.20 for different voltage deviations in both
methods. Here, Vigse = Vinae = 4.5V, Ihuse = Lnazdesirea = 1.5A and figse =
fsdesired = 100kH z are assumed. Under these base values, Quuse = Tpase X Thase
and Lpgse = Viase X Thase/Ipase- From the graph and equations, it can be seen
that AV and the series added inductance does not affect transferred charge in
the conventional method while, as AV increases, the transferred charge would be
higher in the proposed method. As a result, in the proposed method, at first when
the voltage difference between bridges is high, the charge transfer is faster which is

advantageous.

Since equations are derived in the ideal conditions, the simulations are done with
ideal and non-ideal components to compare the transferred charge in the both
condition. Assuming non-ideal components, the inter-bridge charge transfer occurs

at a very low rate as it is shown in Fig. 2.21(b) also, compare Fig. 2.23(a) and Fig.
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FIGURE 2.20: Analytical prediction of transferred charge vs. series added
inductance under different voltage difference for both control method in ideal
condition.

2.23(b). Charge transfer in [2] is closely linked device voltage drops and the low
battery cell voltage of 4V whereas, the proposed method drastically increase the
charge transfer rate as it is illustrated in Fig. 2.21 and Fig. 2.22. The equalization
time is much shorter than the conventional method, with a higher power conversion
efficiency. The dc voltage drop in all the bridge cells is high Fig. 2.21(b) since
a ImF' capacitor was used in the simulations to replace an actual battery cell.
Simulations using larger capacitors or actual battery cell models would not produce
such a large drop in the dc voltages. Here, the simulations were done with small

capacitances to reach the equilibrium point faster.

2.4 Simulation and Experimental Results

An experimental prototype was designed to verify the performance of the proposed
controller. The system components were selected as per the design section procedure.
The switching patterns for four MOSFET (20V, 54) modules were obtained using
a TT F28335 Digital Signal Processor (DSP) at a switching frequency of 100k H z,

see Fig. 2.24. As the effect of different battery cell voltage unbalances is the main
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FIGURE 2.23: The current wave form of the proposed control method (a) without
parasitic components (b) with parasitic components.

subject of investigations, 4 battery cells were implemented in the experimental
system using three low ESR 5F super capacitors in parallel from SCM Series
Supercapacitor. This allowed specific dc voltage unbalances to be obtained much
faster than priming several battery cells at specific voltages. The 4 winding
transformer in each bridge was implemented using an HP2- 0216L manufactured
by Coil Craft company (L = 10.64H ). These transformers have six windings with
windings 1 and 2 in BC' as shown in Fig. 2.10(a)-(b). The coupled inductors that
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are used in this chapter are from Coilcraft company and they are very compact,
12.9 x 16.3mm. As a result, the prototype experimental circuit is also compact,
Fig. 2.24. The circuit size, 60 x 118mm, can comfortably fit on 4 battery cells.
Also, it is possible for this circuit design to handle higher power and current. The
main design changes would be the size of the coupled inductors, while the other
components like switches and diodes would not be subject to significant changes in

size.

2.4.1 Experimental with Designed Parameters

To verify the design procedure and parameters, which are calculated in the
design section, the prototype is built with the calculated parameters. The toroidal
transformers have a low leakage inductance and a series added inductance was
implemented by inserting two 4.5uH inductors into the centre-tap of the dc supply
in each BC, see Fig. 2.24 and Fig. 2.10(a).

The experimental results of BC' windings currents in Fig. 2.25 are close to
simulations results and they match the design requirements. As it is shown in Fig.
2.25(a), the maximum current is less than 1.5A; switching state 2 is long enough
to make sure the current of the bridge returns to zero; currents flow during the

entire switching cycle.

2.4.2 Leakage inductance effect

The effect of adding or having no added series added inductance, Ly can be
observed in Fig. 2.25. As the toroidal transformer has a low leakage inductance
(about 1%), the low leakage situation can be tested. The duration of the state
1 period is unchanged, on-time of the BC switches, but the duration of state 2

period, the on time of switches in the second bridge, is much smaller when Ly
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is removed. The shorter the period for state 2, less charge is returned to the dc
supply of BC; during this state: less charge is also removed from the dc supply
of BCy and more charge is transferred to BCy from BCY. Therefore, the average
current transferring charge from BC to BC, is better than the case of a large
effective series inductance as seen in Fig. 2.25.
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FIGURE 2.24: The proto- © (@)

f the circuit.
type of the clrcut FIGURE 2.25: Experimental results - (a) Ly

added (b) Ly removed; simulated results (c)
Ly added (d) Ly removed.

2.4.3 Performance Comparison

To study the speed of voltage equalization, two bridge cells were used where
a battery cell was approximated using four 15F capacitors (three 5F capacitors
connected in parallel) to replace four battery cells in a 2 bridge cell system. The
voltage of the first bridge was set to 5V and the voltage second bridge was set to
2.5V, For both control methods, the performance of the system is shown in Fig.
2.26. As it can be seen, the equalization time in the proposed method is faster
than the previous method in [2]. The equalization time in the proposed method is

about 100 seconds while in the conventional method significant voltage differences
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remained at 100 seconds. Note that for the previous method, the voltages of both
bridges are discharging over the period shown. For the proposed method, the
lower bridge voltage is maintaining its voltage, and rising slightly, while the higher
voltage bridge is discharging rapidly. This means that the higher voltage bridge
is transferring charge to the lower voltage bridge. Therefore, the rate of charge
transfer is much higher than the previous method. As it is shown there is a huge
drop in the voltages of capacitors in Fig. 2.26, that is due to the fact that the
capacity of the capacitors are small. These capacitors are replaced with 20Ah
battery cells (EIG ePLB C020, see Fig. 2.27) and the results are shown in Fig. 2.28.
When real battery cells are replaced with the capacitors there is no drop in the
battery cell voltage. Also, when the battery cells voltage are equal the controller

stops switching to prevent loss in the circuit.

R m%—_____,
N\ N ‘ N N ‘

\ Start PWM \

N\ Start PWM

\AV:l.zsv Equalization point

500575 @ / 6 Apr 2 500 575 @ / 6 Apr 2017
100k points 3.5V Jlos:11: 08 100k points 3.5V Jloa:s2:as

FIGURE 2.26: The performance of the system with four 15F capacitors under
the (a) presented method in [2] (b) proposed method.

2.5 Conclusion

Analysis, design of a new control strategy for a battery cell voltage balancing
circuit are presented. The modular circuit and its control strategy is relatively
easy to implement but also, is much faster than the conventional control methods.

The proposed distributed controller is also cost-effective since it just uses the
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F1cure 2.27: EIG ePLB C020 Battery cells
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FIGURE 2.28: The performance of the system with four 20Ah battery cells.

local data, voltage of the bridge and its upper and lower bridges. Moreover, the
number of voltage sensor is one for each pair of battery cells, which is half when
compared to the other similar methods. Furthermore, this method offers ZCS in
turn ON which reduces the turn ON loss of the switches. An equivalent circuit is
introduced to simplify the calculations and make the system easier to analyze. The
principle of operation of the circuit topology and controller are explained based on
the main circuit and also the equivalent circuit. A design procedure is presented
which provides the flexibility for using the system at different voltage and current
requirements and finally, the design is optimized to get the best performance out
of the system. The effect of the leakage inductance on the charge transfer rate
and charge flow back are described and solution are provided to avoid them. A

design example is provided and simulations and experimental results are provided
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to validate the design procedure. Also, a prototype, which uses the best design
parameters that are calculated before, is made to get the experimental validation.
It is shown that the new approach provides a much faster charge transfer in each

cycle and more efficient power conversion when compared to a previous method.



CHAPTER

Transformer Coupled Series Connected Asym-

metrical Bridge

A new rapid charge equalization circuit topology and control system is presented
for battery voltage balancing. The presented method, similar to Cascaded method,
is modular, scalable with a distributed control approach that uses parallel charge
transfer technique. The method transfers charge from higher voltage cells to the
lower voltage cells in each switching cycle. The transferred charge and the absorbed
charge have a direct relationship to their voltages, highest voltage cells transfer
more while the lowest voltage cells absorb more. Also, the proposed method uses a
distributed control technique as opposed to a centralized controller. The topology
is a plug and play and reduces the complexity of cell monitoring circuits. Moreover,
the power circuit uses 1 switch and 1 diode per battery cell and one voltage sensor
is used for a pair of battery cells. This method offers ZCS in turn ON to decrease
turn On loss of the switches. All these features are similar to Cascaded method but

there are several differences between Cascaded and Series method as follows: The

69
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number of connections to neighbor bridges is lower. This makes the wiring easier
and decrease cost of the system. Furthermore, in the series method all bridges
share the same current in their tertiary windings. Therefore, the effect of bridges
on each other would be similar. This makes analysis, current waveforms prediction
easier. Moreover, equalization time prediction possible in this method. The system
circuit analysis, analytical analysis, and resultant design procedures are presented
and relatively easier to implement compared to Cascaded method. Also, it is shown
how the equalization time is used as one of the design constraints which is not

possible in Cascaded method.

3.1 Structure and Operation

Structure and connections of a bridge modules are presented in Fig. 3.1. A
single battery voltage Balancing Module (BM) or simply a bridge consists of an
asymmetric half-bridge, two series connected battery cells, a toroidal transformer
and two inductors L;. The transformer has three windings: w;; and wy; are used
to connect the centre tap of two battery cells to the asymmetrical bridge and, w3 ;
is used to connect the BM to its neighboring BMs. To decrease the number of
connections compared to Cascaded method, BM are connected in series, see Fig.
3.2(a)-(b). As it is shown in Fig. 3.2(a), in Cascaded method, each bridge has
four connections to its neighbor bridges while in the proposed method, Fig. 3.2(b),
the number of connections are only two. Therefore, wiring in the system is less
and cost of the system is less. To refer to these methods easier, Cascaded method
is called “Cascaded method”. The reason is that the windings connections are
cascaded, see Fig. 3.2(a). In the proposed method, see Fig. 3.2(b), the connection

is in series and will be referred to as “Series method”.

Since this topology needs an even number of battery cells, in the cases where
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FIGURE 3.1: schematic of one module of the proposed method.
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FIGURE 3.2: schematic of the (a) Cascaded (b) Series approaches.

there are odd number of battery cells it is possible to add a capacitor to the string

of battery cells to effectively produce an even number for the battery cells. The

converter connected to the capacitor will operate normally and will treat this cap

as a very low capacity battery cell, which does not interfere with the rest of the

circuit operation. The other option is to use the circuit in Fig. 3.3. Similar to

Cascaded method, the analysis is presented for the first option.
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FIGURE 3.3: A solution to use Series method with an odd number of battery
cells.

3.1.1 Equivalent Circuit

To make the circuit system analysis more straightforward, an equivalent circuit

is presented. The equivalent circuit is used to calculate currents in the circuits

then, the exchanged charged of battery cells are calculated using the calculated

currents. This circuit is achieved by simplifying the presented circuit in Fig. 3.4(a).

First step is to derive the simplified model of the coupled inductors. The coupled

inductors in Fig. 3.4(a) are separated from the circuit to derive their equivalent

model, see Fig. 3.4(b). Since all the windings are similar, the equivalent circuit

of the coupled inductors in Fig. 3.4(b) is presented in Fig. 3.4(c). Since all the

winding are the similar, it can be assumed L; and L,, are leakage and mutual

inductance of windings respectively by using Eqgs. (2.1), (2.2), (2.3), (2.4), the

following equations can be achieved.

The equations for coupled inductors are as follows:

diw3,1 )
dt

diw1,1>
dt

( diy, diy
Virn = (L + L1) Zdtl’l + Lm( Zd;1 +
diy, diy
\ V21 = (L + L1) ZdtZI + Lm( Zd?l +
o diw3,1 diw2,1
[ Vion = (Lt LT+ L (T 4

diw1,1>
dt
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FIGURE 3.4: Schematic of (a) Two BMs connections (b) Coupled inductor
connections (c¢) Equivalent circuit of coupled inductors.

Again, the connection of centre tap of battery cells is removed since there is no
current through it. Therefore, it can be concluded that the equivalent circuit of

Fig. 3.4(b) is shown in Fig. 3.4(c).

The next step to redraw the circuit when switches are ON and when diodes are
ON. The circuit when switches are On is shown in Fig. 3.5(b) and the equivalent
circuit when switches are ON is shown in Fig. 3.5(c). Also, the circuit when diodes

are On is shown in Fig. 3.5(d) and its equivalent circuit is shown in Fig. 3.5(e).

To achieve the final equivalent circuit, BM; in Fig. 3.4(a) is redrawn in Fig.
3.6(a). The transformer and power converter can be represented using the achieved
equivalent models as it is shown in Fig. 3.8(b). The combined action of the power
converter and batteries voltages can be modeled with the voltages sources E; ; and
E, 1, typical waveforms for F;; and Ey; in BM; are shown in Fig. 3.6(c). The
action of 2n battery cells can be modeled by connecting the equivalent circuits

together, see Fig. 3.6(a). A simplified version circuit of Fig. 3.6(a) is shown in Fig.
LoLy

————— and th
o+ L, an e

3.6(b), where the equivalent impedance of each bridge is L., =
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FIGURE 3.5: Schematic of the circuit (a) with switches and diodes (b) when
switches are ON (c) equivalent circuit when switches are ON (d) when diodes
are ON (e) equivalent circuit when diodes are ON

(Ev;+ Ea;) Ly,
2L, + Ly

equivalent voltage source of bridge “i” would be E,,; =

Switches Diodes All are  Switches

iwo L are ON are ON OFF  are ON
VB]’d: L SILJE& D[U Y Y
[
iwo | L - p Vari Vi1
X o—» Tyl,1 Vw3./
+ [
5
Vn:?,l ~ . VBZ ] _ VBZ, - Vd VBZ 1
¥ o—— o ' Viss (oL
[
- L D% S|
Vol L T V, :diode
2 —BLIETd | yoltage drop
(@) ®) ©

FIGURE 3.6: Equivalent circuit of a BM: (a) detailed representation, (b) general

equivalent circuit (c) voltage waveform of E;; and Ea; (Lp,: magnetizing

inductance for two windings, L;: leakage inductance for two windings, L; added
series inductance).
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FIGURE 3.7: “n” bridge module topology model (a) equivalent circuit (b)
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simplified circuit where L.q =

The analysis of this circuit is easier than Cascaded method since the tertiary
winding current is the same for all bridges. This means that the bridges have the
same on each other and this effect is independent from the location of the bridges,
compare Figs. 2.8 and 3.7 which are shown in Fig. 3.9. The current of the windings
is easier to calculate in series method since all the bridges are connected in series.
Also, all the bridges have the same effect on each other since the tertiary current
which is the same in Series method. While in Cascaded method, this effect relates
to the location of the bridges and their distance from each other. The reason
behind this is that the bridges are connected together through windings of other

bridges.

The idea is to use the equivalent circuit to calculate currents in each state. Then,

the exchange charge of battery cells can be calculated using the calculated currents.
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FIGURE 3.9: Multi bridge equivalent circuit (a) Series method (b) Cascaded
method.

3.1.2 Charge Transfer Mechanism

The proposed circuit is designed to extract charge out of higher charged battery
cells and inject it to lower charged battery cells. The proposed circuit distributes
charge among all battery cells based on their voltages. The charge transfer procedure
can be divided into two categories: (a) Intra-BM (between battery cells within the
a BM), (b) inter-BM (between battery cells located in different BMs). These two

are explained in the following sections.

3.1.2.1 Intra-BM

Similar to Cascaded method, it can be guaranteed that if both switches in a
bridge are turned ON or OFF at the same time, charge will be transferred from
higher charged to lower charged battery cell in a bridge. It is proved that when
switches are ON, the inductor windings connected to the higher charged battery

cell has a higher current, when switches are turned OFF and diodes are ON, the
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connection of battery cells and inductors will be toggled and the inductor with
the higher current will be connected to lower charged battery cell, see Fig. 3.6(a).
Therefore, higher charged cells pass charge to lower charged battery cells. To
compare the exchanged charge of battery cells in a bridge, Assume BM; in Fig.
3.8(a) where V11 < Vpoy and V; is the lowest. In state 1, both switches of BM;
are ON and other bridges switches are OFF. The slopes of #,,1 1 and 4,21 can be

calculated based on Fig. 3.7(b) as follows:

diwl 1
Vg1 =1L —+ Vi . .
B1,1 =t 1,1 Vir1=Vuwz iyl 1 _ dia.1 (32)
diw21 VB1,1<VB2,1 dt dt ’
VB2 = Ly dt7 + V2,1

where, V,,; ; is the voltage of winding ¢ in bridge j. This voltage is the effect of other
bridges on bridge j. Also, due to the fact that leakage inductance is negligible,
voltage of the couple inductor windings in a bridge are equal. The slopes of the

current in the second state is higher as the voltage of V31 decreases.

E,
(= DBy _ k; ok
n— 1)Ly, + L, ea.l n

Vw3,1 ‘statel = (

diwl,l

diwl 1
: statel > dt ‘state2

dt

Eq.(3.2)
= Vw31 |stat62

din,l

dt

statel 5, |state2
dt

Based on Eq. (3.2) and (3.3), it can be claimed that I, > ;. Similarly, it can
be proved that I, goes back to zero faster than 4,9, i.e., toppa > tors1. The

exchanged charge of battery cells in bridge 1 can be compared as follows:
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Q11 =~ Liton — Iotofso
= @p1,1 < B2 (3.4)

Q21 = Ioton, — Litoppn

If ) is negative, the battery cell absorbs charge and if it is positive, it transfers
charge. This means that Bs; absorbs more charge than B; ;. Thus, by using such
a pattern, charge goes from the higher voltage battery cell to lower voltage battery

cell in a bridge.

3.1.2.2 Inter-BM

By applying the switching pattern shown in Fig. 3.8(c)-(d) charge is transferred
form higher charged to lower charged bridges. The proposed switching pattern
increases the stored charge in the inductors in the lower voltage bridges and
increases the duration of the third switching state where the lower voltage battery
cells are absorbing charge. These two operating features lead to an increase in the
charge transferred to lower voltage bridges. The chosen switching pattern sequence
is defined as follows: First, the lower voltage bridge switches are turned ON, second,
all switches are turned ON to maximize the stored energy in the inductors, third,
the lower charged bridges are turned OFF to absorb the stored inductor energy,
forth, all the switches are turned OFF and currents go back to zero until the next
cycle starts, see Fig. 3.8(c)-(d). In the first and second states energy is stored in
the inductors while in the second state more energy is stored in the inductors as
the slope of the currents are higher in the second state, This can be proved using
Eq. (3.3). Assume that bridge 1 has the lowest voltage, in the second state the
lowest possible voltage on bridge 1 coupled inductor occurs therefore, the slope of
the currents in bridge 1 is maximized and more energy is stored in the windings
of bridge 1. In the third state, battery cells in bridge 1 absorb charge until their

currents reach zero. So, as the duration of this interval increases, the absorbed
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charge will be increased, see Fig. 3.4. The slope of the currents are minimized by
turning all switches in all bridges ON. This is due to the fact that the second term

in the equation of current slopes of bridge 1 in Eq. (3.5) is maximized.

n n
> Ee S E
q,k . eq,k .
V.. —E k=1 Eq.(32) diyi; 1 > = g i=1,2
w,i,j — Heqi T - eq,1 — - Mg

n dt Lf

In Fig. 3.8(c)-(d), the amount of absorbed and transferred charge of B, ; are
shown by Qg jr) and, Qg j(s), respectively. It can be seen that the amount of
transferred charge in the second state is maximized while the amount of absorbed
charge for the lower bridge in the third state is maximized. Finally, to make all
the currents reach zero at the end of a cycle, all the switches are turned OFF,
see state 4 Fig. 3.8(c)-(d). When all the switches are OFF, the rest of the stored
energy will be distributed between all the battery cells based on their voltages,
inter and intra-BM charge transfer. Finally, in state 5, all switches and diodes
are OFF and currents are zero. This state is necessary to guarantee ZCS in turn
ON and operation under fixed switching frequency. To calculate the amount of
exchanged charge for battery cell, Qg pi; it is possible to check the area under
ipi,j, which represent exchanged charge of battery cell ¢ in BM;. For example, the

exchanged charge of battery cell 2 in Figs. 3.8 (¢)-(d) equals to:

QEz,B21 = @215 — @B2,1Rr (3.6)

where, Q2,15 is transferred charge and (2 1r is the absorbed charge. If Q g, i ;
is positive, it means that the battery cell transferred charge and if the value is

negative, it means that the battery cell absorbed charge. For example in the studied
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case where Vpi1 < Vpa1 < Vpan < Vpi,, by applying the discussed switching
pattern, By ; and By are absorbing charge while By, and By, are transferring
charge. Furthermore, B; ; absorbs more charge than By ; since it has lower voltage
and, By, transfers more charge than B, ,, since it has higher voltage, see Figs. 3.8
(c)-(d). Therefore, by using the chosen switching pattern Inter-BM charge transfer
occurs that transfer charge from higher charged battery cells to the lower charged
battery cells. Therefore, charge transfers between all the battery cells based on

their voltages no matter they are in a bridge or not.

3.1.3 Distributed Control System

Based on the previous explanations the strategy of the controller should be as
follows: to transfer charge within a bridge, both switches should be turned ON
or OFF simultaneously. Also, to transfer charge between bridges, a sequence of
three switching states is used: First, switches of all bridges are turned ON. Second,
switches of the lower voltage bridges are turned OFF while the other switches
are kept ON. Third, all switches are turned OFF. The objective is to design a
distributed controller with the aforementioned switching strategy where switching
decisions for each bridge are made in that bridge based on the available local data.
To synchronize all the controllers, it is assumed that a common synchronization
signal, the red signal in 3.8(b), is generated and sent to all modules. The controller
of each BM; monitors the total DC voltage of BM;, Vi ; + V5, which is referred
to as V;, and compares it with the local average of the three neighboring bridge
voltages: (Vi1 +V;+Vit1)/3 = Vaygi. If V; is lower than V,,, ;, the controller sends
the common sync. pattern, the red signal in Fig. 3.8(b), to both switches of the
BM;. 1f V; is greater than V,,,;, the controller delays the common sync pattern
and sends it to both switches of BM;, the delayed switching pattern is the green

signal in Fig. 3.8(b). Thus, a switching cycle can be divided into 5 states, State
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1: the bridges with lower voltage turn ON at the beginning of the switching cycle
while the bridges with higher voltage are OFF, State 2: all switches are ON, State
3: Switches of the lower voltage bridge are turned OFF while the other switches
are ON, State 4 and 5: all switches are OFF. State 1 is added, to the three steps
discussed before, to increase the current in the lower voltage bridges at the end
of first state and, to increases the current at the end of second state. This will
increase the duration of the third and fourth states where the battery cells in lower
voltage bridges are absorbing charge, hence, more charge will be absorbed by lower
voltage bridges. The controller does not change these patterns during the balancing
procedure so, they should be designed to make sure the circuit constraints such as
currents of inductors are always within an allowable range. Since there is no central
controller, the first controller which detects the unbalanced voltages, generates the
red and green signals and sends a synchronization signal to all the other controllers.
Therefore, there is no central controller or specific master controller in the system

and the system.

3.2 Design Procedure for Choosing Circuit Para-

meters

The main objective of this section is to find the proper rating for switches, diodes,
inductors along with the duty cycle and A¢ which are used in the controller, see
Fig. 3.8. These parameters, which will be referred to as design parameters, are
calculated based on the system design constraints. The system constraints are
maximum allowable current and voltage of the components, switching frequency
and maximum equalization time. All the calculations are presented in general,
for a system containing a series of “2n” series connected battery cells, “n”-bridge

system. The analysis uses a simplified system equivalent model, see Fig. 3.7(b), to
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calculate the switch and inductor current and voltage waveforms as functions of the
design parameters where the currents and voltages are maximum; worst cases. The
predefined system constraints are then used to calculate a range for all the design

parameters. The best solution is the one which offers the lowest equalization time.

3.2.1 Justification for Worst Case Design Scenarios

Circuit constraints, such as 42, Viner and, fs, are calculated as functions of the
design parameters, “L,,, L;, dutycycle, A¢”. By applying the circuit constraints on
the resultant functions, a range of possible design parameters can be determined. In
the beginning, the worst case scenarios are justified then, analysis of the worst case
scenarios are presented and I,,,q., Vinee and, f, are calculated. Several assumptions
are made to make the analysis easier without loss of generality. It is assumed that
(a) the battery cell voltages have a maximum and a minimum; (b) the transformer
leakage inductance is assumed negligible due to the compactness and size of the
magnetic cores used. The design parameters to be determined are: the winding
magnetizing inductance and the effective series inductance L,,, Ly, respectively,
Duty cycle and phase shift used in the synchronization patterns. The system

constraints can be defined as follows:

(I) The maximum peak current of inductors and switches should not exceed,

Imax,desired .

(IT) Switching frequency should be fixed at f; gesired-
(III) All currents should reach zero at the end of each cycle.

(IV) The maximum allowable voltage on windings and switches are V,,,qz winding,desired;

Vmax,switch,desireda respectlvely.

(V) The maximum equalization time should be about T¢quatization-
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There is no current sensor in this topology, therefore, to make sure that the
currents of inductors and switches never exceed their maximum limit and all the
currents reach zero at the end of a cycle, L,,, Ly , Duty cycle and phase shift used
in the system sync. patterns should be calculated for the worst case scenarios.
Worst case scenarios for the currents, voltages and switching period occur when
currents and voltage reach their maximum and, the switching period is the longest.
Also, the worst case scenario for the equalization time is the situation where it
takes longest time for battery cells to reach equalization point. Three extreme case

scenarios exist:
Case 1: Battery cell 1 has lower voltage than V., and the others have V...
Case 2: Battery cell 1 has V,,,, and the others have lower voltage.
Case 3: Battery cell 1 has V,,,, and the others have V,,;,.

Case 1 and 2 are the extreme cases for currents, voltage and switching period
while the third case is the extreme case for the equalization time. To justify the
extreme case scenarios, assume Fig. 3.7(a)-(b), maximum voltage occurs when all
battery cells are at their maximum and all switches are ON except switches and
diodes of one bridge. This is due to the fact that all equivalent voltages sources are
in series. Similarly, the maximum current occurs at the end of the states where all
the switches are ON. This maximum current should be studied for both cases. This
is due to the fact that for example if diodes in the first state of case 2 are ON the
maximum current occurs in the second state of case 2. To be more specific, if this
condition is met, the diodes in the second state of case 2 are ON and maximum

current occurs at the end of this state.

Lm Z Eeq,i ?
> Viii+ Vbon | j=1,2 (3.7)
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The longest switching period occurs in case 1 where all switches except bridge 1
switches are turned ON in the second state. In case 1, all switches except bridge
1 switches are turned ON in state 1 while, in case 2 all bridges except bridge 1
switches are turned ON in the second state. In both cases currents go up when
switches are ON and go down when switches are OFF, therefore, as the switches
turn ON later, currents go back to zero later. Thus, the worst case scenario for the
switching cycle occurs in case 1 where switches are turned ON in the second state.
Also, the worst case scenarios for the equalization time occurs when one battery
cell voltage is at the maximum and the other cells are at their minimum, case 3. In
this case, the currents are minimized, therefore, the transferred charge is minimized
and, the equalization time is maximized. Therefore, maximum switching period
and voltage occur in case 1 and case 2 should be studied along with case 1 for
the maximum current. Also, the maximum equalization time occurs in case 3. By
calculating the maximum current, voltage, switching period and, equalization time,

the best values for design parameters can be found.

3.2.2 Worst Case Scenarios Analysis

As it is explained, the maximum current, voltage and, switching period in worst
case scenarios should be calculated based on the design parameters. Then, based
on the predefined system constraints, a range for each design parameters can be

found. The analysis of case 1 is as follows:

Case 1: In this case, all the battery cells at V,,,. except battery cell 1 which
has lower voltage. Therefore, bridge 1 the common sync. pattern, the red pattern
in Fig. 3.8(b), and rest of the controllers of bridges choose the phase delayed signal,

the green pattern in Fig. 3.8(b).

In state 1, the controller of bridge 1 chooses the blue pattern and, bridge 2
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FiGURE 3.10: Typical waveforms for a 2-bridge system in case 1.

chooses the red pattern in Fig. 3.10. The duration of each state is shown on Fig.
3.10. In the first state, BM; switches are turned ON and ., ; and 7,2, increase.
It is considered that battery cell 1 has the lower or equal voltage compared to
the other battery cells which have the highest voltage, ;... To study the worst
condition for the maximum current, voltage and, longest switching period to go
back to zero, the voltage of battery cell 1 is considered equal to V},,,. The duration
of the first state is also considered as “a”, see Fig. 3.10. The slop of i, in the first
state, diuo/dt, and the value of i, at the end of this state, I;, can be calculated

as it is shown below, see Fig. 3.10.

diy, E, iy,
w0 _ q,1 — I, = w0
dt Leyg+ (n—1)L,, +nly dt

X « (3.8)

where E., and L., are shown in Fig. 3.7. Therefore, the currents slopes of ¢, 1
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and 7,2, and their values at the end of this state, see Fig. 3.10, can be calculated

as below.

diyo

i 1 _Eeq,1 + Leq? + Vgii |
diwl 1
=[5 = ’
5 I X (v

Generally, the current of wy and wz, j at the end of state m can be calculated

based on these formula:

Z Equc
k=1
= X Aty + I 3.10
Loy 1l X + 1 forwg ( )
Z Eeqvk
—Eeqj + Leq k=l - EZ]
) Le L ’
I, = Nlieg T NLi X Aty + Loy for w; (3.11)

L+ Ly
where E,,;, F;; and, L., during state m can be calculated as shown in Figs.
3.6(b)-(c), 3.7(a)-(b), At,, is the duration of state m and, I,,,_; is the current at the
beginning of state m. This procedure can be done until state 3 where the maximum
voltage on the windings occurs. The maximum voltage should be tolerated by the

lower voltage bridge inductors and it is can be calculated as below:

n
—Loegn + Z Eeq,i
=2

Vi ,j Ee j Le =
diwi,j B B.j © + 4 nLeq + nLl

dt L+ Ly (3.12)

diwl,l

dt

= Vii,s3) = Veia + (Li + Ly) x

In state 4, the switches of all bridges are OFF, therefore, the diodes in all bridges



Chapter 3. Transformer Coupled Series Connected Asymmetrical Bridge 88

are ON. As it is shown in Fig. 3.10, state 4 is divided into three intervals. In the
first interval currents of first bridge go back to zero. Therefore, duration of this

interval is:

-1
0, = n—s (3.13)
Z Eeq,k
k=1

nLeq + nLl

In the second interval, if the imposed voltage on the inductors of the lower voltage
bridge is high enough, diodes of the switches in the lower voltage bridge are turned
ON and will stay ON till the currents of all other bridges go back to zero. So, if
the following equation holds true, diodes are ON and the duration of the second

interval is:

n

Lm Z Eeq,i
Vwi == =2 >V i1+ 2V) on
,1 (TL _ 1)L€q + Lm Bi,1 D, L,
(3.14)
_[2((71, — 1)L€q + Lm) I )’ L
:>52: n :>63: 11(nn eq_'_ m)
Eeq,i Z Eeq,k
=2 =1

When currents in all bridges except bridge 1 go back to zero, the next interval
starts and last until the currents of first bridge go back to zero. The duration of
the third interval can be calculated as shown above. If Eq. (3.14) holds false, the
second interval lasts until currents of all bridges go back to zero and the duration
of the third interval is zero. Finally, in state 5, all currents are zero until the next
switching cycle starts. To maximize the switching frequency, the unused state in
the switching cycle, state 5, can be eliminated in both case by setting v = 0. This

elimination is valid when it is guaranteed that the currents go back to zero at
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the end of state 4. This is considered in the worst case scenarios analysis so, it is
safe to eliminate state 5. This state is defined in case of uncertainty of the value
of the magnetizing and added inductance which will be explained thoroughly in
sensitivity analysis section. To conclude this case, the maximum current in this
case is Iy, Ig or Iy, the maximum period is 2ae + 3 + 61 + 2 + 63 + v = T and the

maximum voltage on the inductor is V1 1(s3).

Case 2: As it is discussed in case 1, it is enough only to check the maximum
current in the second case scenario. The maximum current which occurs in the
second state can be calculated as functions of the design parameters. The formulas
for calculating the currents are similar to the previous case, see Eq. (3.10) and
(3.11). The only important point in this case is that, in state 1, if Eq. (3.14) holds

true, diodes are ON and current will flow in the first bridge.

State 1 2 3 4 5 1

OFF

\

0 t ty t3 ta ts tg Ts

FicURrE 3.11: Typical waveforms for a 2-bridge system in case 2 when diodes of
BM; are ON in the first state.
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Using Eq. (3.10) and (3.11), the maximum currents in this case, I} or I} see
Fig. 3.11, can be calculated as functions of design parameters. Therefore, all the
constraints, which are discussed at the beginning of the section: I,,,4z, Vinae and,
fsmin, are calculated as functions of design parameters. There are 3 equations,
Inazs Vinaz and, fsmin, and 4 unknown, L,,, Ly, o and 8. Thus, by applying the
constraints on the obtained formulas, all the design parameters can be calculated as
a function of L;. Then, by calculating the equalization time for all the solution in
case 3, the best solution which offers the lowest equalization time can be achieved.

Next step is to calculate the equalization time.

3.2.3 Analytical Prediction of Voltage Equalization Time

The best solution among all the calculated solutions, is the one which offers the
lowest equalization time in the worst case scenario for equalization time, case 3.
Also, the equalization time should be always smaller than the predefined value
in the system constraints. If the minimum calculated equalization time in case 3
is less than the predefined value, the design is good but if it is bigger than the
predefined value, the constraints should be modified. The worst case scenario for
equalization time occurs in case 3, where all the battery cell voltages are at the
minimum except one of them which is at its maximum voltage. This leads to
lower current in bridges, due to the nature of series voltage source connection,

consequently, the rate of charge transfer decreases.

To predict the equalization time, current waveforms of the battery cells should be
calculated, then the transferred charge of each battery cell can be calculated. By
using the following equation, the new voltage of the battery cell at the beginning

of the next cycle can be calculated.
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QEm,Bi,j,cyclel
A‘/'Bi,j = T = VBi,j,cycleQ = VBi,j,cyclel + A‘/Bi,j,cyclel (315)

where QQgz,Bijeyeer 1s the exchanged charge in the first cycle, C' is the capacity of
the battery cell, AVp; j cycier, VBijeycter and, Vi jcyeie2 are the voltage variation,
voltage at the beginning of the first cycle, voltage at the beginning of the second
cycle of battery cell 7 in BM;. This procedure is repeated cycle by cycle until the
battery cells reach equal voltage. For instance, the exchanged charge of battery
cell 1 in bridge 2 in case 1, Qp1 2 can be calculated as follows, see Figs. 3.8 (¢)-(d)
and Eq. (3.6):

_ Bls  a(ls+1y) 61(lg+Tp) 211
Qrzp12 = by + 5 — 5 -

(3.16)

Thus, to calculate the exchange charge of B;; in the first cycle, Ig, Iy, I10, 01
and, dy for the first cycle should be calculated. Using the calculated value and
Eq. (3.16), the exchanged charge in the first cycle can be calculated. Based on the
exchanged charge, the battery cells voltage at the end of this cycle can be calculated
and these calculations should repeated for next cycle. However, it is assumed that
the voltage of battery cells do not change during a cycle, this assumption is valid
when the capacity of battery cells are large. The effect of this simplification is bold
when the battery cells are substituted by low capacity capacitor as it is studied in

experimental section.

3.2.4 Design Procedure

To conclude the design procedure, an step to step procedure is presented. The

first step is to calculate the currents and voltages waveforms to calculate switching



Chapter 3. Transformer Coupled Series Connected Asymmetrical Bridge 92

period duration and, maximum voltage and currents in the worst case scenarios as

functions of L,,, Ly, o and 3, which are design parameters, as follows:

Ts(Lma Lf70475)

:a+ﬁ+0&+5+7<T5,designed

— a+p
Inax(Lm, Ly, 0, B) Duty — cycle = 375 x 100
=
= max(ly, Is, Iy, I's,1'7) < Lyas designed Phase — shift = —% s x 360

Vmax(Lm7 Lf; «, 6)

| = Vi (s3) < Vinax,winding,designed

(3.17)
It is assumed that the maximum and minimum voltages of battery cells are known
and that the leakage inductance of the transformer/coupled inductor are negligible
and can be neglected. Furthermore, the maximum switching frequency is defined
and ~y is set to zero. v is an unused time in the switching cycle, therefore, it can be

(1)}

set to zero to achieve the maximum switching frequency. There are 4 unknowns: “«

Y

“B”, “Ly,”, “Ls” while there are only 3 independent equations. Therefore, assum-

[13

: : : 2 44 by ¢ 7
mg the fOHOWlIlg are given, mazx,winding,desired Tequalization,desired ) ‘Imaac,desired ;
“fs.desirea’, all the design parameters can be calculated based on L;. Then, by
calculating the equalization time, the best solution can be achieved. The system

design steps are summarized in the flowchart of Fig. 3.12:

3.2.5 Design Example

A controller for a 4-bridge system which contains four 5F' capacitors has the
following design constraints: “Vi,ae winding < 3V, “Inae < 2A7, “fs > 100kH 27,

Tequatization < 100sec. An experimental test system is implemented using two BMs



Chapter 3. Transformer Coupled Series Connected Asymmetrical Bridge 93

Solve Eq. (30) and find a, |4
B, Lm as a function of L¢

Select Soultion with Ly,
L¢>0

v

Calculate exchanged
charge as a function of L¢

A

Choose the value for L¢

which offers the highest Increase Igx, Vinax and
exchanged charge decrease foux

b

A
Calculate other
parameters based on the
chosen Lein step 1

[Choose the next
option for L¢

Are all the
constraints are

Is setteling
time in the
range?

FIGURE 3.12: Design Flowchart.

with four 5F capacitors used in each module with a maximum voltage of 4.5V and
a nominal voltage of 4V. By solving Eq. (3.17), “Duty cycle”, “Phase — shift”

and “L,,” can be found as functions of L as follows:

a(Ly)=2.8188 x 1076 —9.7 x 107% x Ly
(3.18)

B(Ly) =0.2251 x Ly — 8.3684 x 1077

0< Ly <20pnH
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Based on these functions, the diagrams of Fig. 3.13(b)-(d) can be drawn. Then,
by calculating the equalization time for all the solutions, the diagram in Fig. 3.13(a)
can be drawn. To minimize the equalization time L; can be found form Fig. 3.13(a).

The minimum equalization time is achieved when Ly is around 8uH, see Fig. 3.13
(a).

These functions are drawn in the diagrams of Fig. 3.13. To minimize the
equalization time L; can be found form Fig. 3.13 (a). Using Fig. 3.13(b)-(d) and
based on the chosen L the rest of the control variables can be found. Thus, the
best design to minimize the equalization time while all the constraints are met is:

Duty cycle = 37%, phase-shift = 100°, L,, = 5.7uH and L; = 8uH.

250 T
5200 L=8uH = 40 /
2 150 B : > 30
Zz Min point £
2 100 l P A 20
E
£ 50 10 : 1

0 . , 0 10 20
0 10 20 L—sull Ls (nH)
Le (uH =3uH=
A A (b)
EEeee——)> ~
n l' 101
as) =100

= 8
= 7 99
— 4 / g 98

0 " , A 97 2 ']
0 10 20 0 t 10 20
g Le(uH) & Le(uH)
L=8uH L=8uH
(c) (d)

FIGURE 3.13: design guideline for a 2-bridge system.

The system with designed parameters and ideal component i.e., no voltage drop
and no parasitic resistance, is simulated in Fig. 3.14 and the simulation results are
compared to the analytical calculations. The predicted waveform along with the

simulated waveforms are presented in Fig. 3.14 where the battery cells are replaced
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FIGURE 3.14: Simulation and theory comparison for the designed system
with 1mF capacitors (a) Simulated and analytical waveforms (b) simulated
equalization time.

with 1mF capacitors. The analytical and simulated waveforms are similar which
validates the analytical calculation. Thus, the analytical calculations can be used
to predict the current and voltage waveforms well as to predict the equalization
time. In contrast to and Cascaded method, in this method it is possible to predict
the equalization time. The reason behind this is that the tertiary windings of the
coupled inductor share the same current, therefore, the effect of bridges on each
other is the same and is independent of location of the bridges. The predicted
equalization time is around 4.2ms which is accurate compared with the simulation
results in Fig. 3.14. It is worth mentioning that the small percentage of error is
due to the simplification in the equalization procedure, where the voltage of the
battery cells are updated at the end of each cycle while in the reality, the voltage
of battery cells change during a switching cycle. The simplification adopted would
only lad to inaccurate results only if the capacity of battery cells are small, i.e., or
conversely AQ/C is big. However the capacity of the battery cells are significantly

large as to make the effects of this simplification insignificant.
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3.3 Sensitivity Analysis

The effect of parameters variation on the performance of the system is studied
and results are shown in Fig. 3.15. All of the discussed analysis and calculation
are based on the fact that all inductors and components which are used in the
bridges are similar however, in the reality, this assumption is not accurate. The
parameters which are subject to change are L,, and Ly and, their variation effect on
the circuit constraints such as, maximum voltage, frequency and, equalization time
is studied. To make it general, this study has been done in per-unit calculation;
the base values are defined as follows: Iy = 2A, Vige = BV, L, = 5.7TuH,
Ly =8uH, duty = 37%, and T¢qpase, the equalization time with the aforementioned
parameters, is 7lsec. The parameters which are subject to change are L,, and
Ly, the variation range considered for each one is £%25pu and their variation
effect on 1,45, Frequency and T¢, are studied. The effect of these two variables
on the frequency is negligible and the effect of L,, on I,,,, is minimal, see Fig.
3.15. The variation effect of L,, on T, would not cause any large derivation from
the predicted values. The effect of Ly on T,, and, I,,,, are more considerable
and should be considered in the worst case calculations. Since there is no current
sensors in this circuit, by considering a safety margin for the chosen components,

the variation effect of L,, and L; on the system performance can be managed.

3.4 Experimental Results

The presented analysis and design procedure are validated by comparing the
results of an experimental prototype to the results of the simulations and analytical
calculations and results are shown in Figs. 3.16 and 3.19. Also, the results of
the proposed method are compared to the results of cascaded circuit and results

are shown in Table. 3.4. The prototype is implemented based on the designed
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FIGURE 3.15: Sensitivity analysis of the designed system.

parameters which are calculated in design example section, see Fig. 3.17. The
analysis is modified and, the voltage drop of diodes are added while the parasitic
resistance of the component are neglected since the chosen component have very low
resistance. The predicted currents waveforms closely match to the experimental
results, see Fig. 3.16 (c), (d). The calculated equalization time is 71.2610sec
which is about 7% less than the experimental results due to the effect of parasitic
resistance of components. As a result of analysis, if there is no diode voltage drop
the equalization time is faster. As it is shown there is a huge drop in the voltages of
capacitors in Fig. 3.16(e), that is due to the fact that the capacity of the capacitors
are small. These capacitors are replaced with 20Ah battery cells (EIG ePLB C020,
see Fig. 3.18) and the results are shown in Fig. 3.19. When real battery cells are
replaced with the capacitors there is no drastic drop in the battery cell voltage of

cells and when the battery cells voltage are equal the controller stops switching to
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prevent loss in the circuit.
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FIGURE 3.16: Performance comparison of (a) Series method and (b) Cascaded

method for a 2-bridge system with 5F capacitors and similar constraints (c)

predicted waveform by theory (d) experimental results of current waveforms (e)
equalization time of 2 BMs with two 5F' capacitors as battery cells.

3.5 Comparison

a comprehensive comparison between the proposed method and the previously
published paper is presented. First, a comparison between the proposed method

and popular cell to cell, string to cell, cell to string and cell to string to cell methods
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FIGURE 3.19: Performance of the system with four 20Ah cells.

is presented in Table. 3.1. In this table, methods are compared from different

aspects such as modularity, charge transfer features and number of components in
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TABLE 3.1: Comparing different methods for a system with 2n battery cells.

Method Cell to Cell Cell to | String to Cell to String to Cell
String Cell
Cascaded PRO-
Feature [73] [41] [74] [43] [75] [68] Method POSED
Modularity v v v X X v v v
Non-neighbor
Batteries X v v v v v v v
Charge Transfer
Parallel Charge v x v x x v % v
transfer
Supports
Unlimited
Number of v X X X X v v v
Battery cells
Charge Transfer
Between all X X v X X v v v
Cells in a Cycle
Number of 4n | 2 | 4n 2 8n 16n 2n 2n
Switches / mn o o = - — —— =
Diodes n n 1 2 16n 2n 2n
Number of o | 2 | 2n M M 4n n n
Sensors
Central /Distrib-
uted Dist. | Cent. | Cent. Cent. Cent. Dist. Dist. Dist.
Controller
Euialzsues Slow | Slow | Fast Slow Slow Fast Fast Fast
Speed
Cost Low | High | High Low High High Low Low
Neighbor Cells
Charge Transfer | High | High | Avg Avg Avg Avg Avg Avg
Efficiency
Far Away Cells
Charge transfer | Low | Low Avg Avg Avg High High High
Efficiency

the circuit.

From Table. 3.1 it can be concluded that the Cell to String to Cell methods are
the best methods to use. But if the efficiency of the circuits are compared, Cell
to Cell methods show the best performance. For example, the efficiency of the
proposed circuit is measured experimentally and results are shown and compared
to the similar method in Table. 3.2. Two efficiencies are calculated: sequential and

far-away cells (intra and inter-bridge in this method) charge transfer. In sequential
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charge transfer, charge exchanges between two neighbor cells while in far-away
charge transfer, charge exchanges between non-neighbor cells in a cycle. There
are methods which have higher sequential charge transfer efficiencies compared
to the proposed method but by investigating those method it can be concluded
that either those methods use cell to cell charge transfer method or they are so
expensive. For example, in [76], battery cells are only able to transfer charge to
their neighbor cells therefore, the charge transfer efficiency of these converters
would drastically drop when battery cell with higher and lower charge are far away.
Also, there are methods with high efficiency which can transfer charge between
non-neighbor cells with high efficiency, such as [77], but they can exchange charge
only between two cells in a cycle, which decreases the speed of equalization when
variety of cell voltages are high in the string of battery cells. In addition to that,
methods using a central controller can only support a limited number of cells while
in the method with distributed control, such as the proposed method, this problem
is solved. In addition to that, parallel charge transfer is the ability of the circuit
to exchange charge between all battery cells in a cycle. These features increase
the speed of equalization of the system and when it combines with high efficiency
of far-away charge transfer, it can increase the speed and efficiency of the system.
The proposed method, has high efficiency for far-away cell charge transfer and also,
supports parallel charge transfer, therefore, compared to the similar method, shows
superior speed of equalization and efficiency. Also, it is possible to substitute the
diodes in the circuit by switches to improve the efficiency of the circuit but at the
cost of increase the size and cost of the circuit. In that case, the most prominent
loss factors are the turn off loss of the switches and conduction loss of the inductors

and switches which are not comparable to the diode conduction loss.

Therefore, it is better to use methods which have the feature of parallel charge

transfer and ability to charge transfer between all cells in a cycle while the efficiency
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TABLE 3.2: Comparing efficiency, control method and, charge transfer features.

Method
Efficiency [78] [62] [76] [79] [77] | Proposed
Sequential Charge | o/o0 | o6 | 090 | %90 | %93 %70
Transfer

Far-away Cell %55 | %56 | Low | %90 | %93 %65
Charge Transfer

Controller Cent. | Cent. | Dist. | Cent. | Cent. Dist.

Parallel Charge v % v/ X X v/
Transfer

of them are good.

Another aspect which should be taken into account is cost of the system. Cost
comparison between the proposed method, Cascaded method, [74] which is a high
performance method and, [41] which is among the cheapest methods are presented
in Table. 3.3. The feedback cost stated in Table. 3.3, is the cost of isolating or
conditioning the feedback signal when a central controller is used. For example in
cases that the number of battery cells are high, assume n battery cells, there is a
long distance between the battery cells and the controller. To prevent EMI/RFT all
the feedback signals should be isolated or digitized. This process adds some cost to
the circuit which is a hidden cost. On the other hand, the controller should have
n inputs to be able to process all the input signal, therefore, number of battery
cells is limited by the number of controller inputs. In the contrast, the proposed
distributed controller needs only three feedback signals which are local. Therefore,
there is no such a cost for the proposed controller. Also, there are methods which
are not expensive but the they are not fast, like cell to cell methods [41], on the
other hand, there are methods which are fast but the cost of the system is high, like
[74]. The method described in [2] has a very low rate of charge transfer resulting
in a low speed of equalization compared to the proposed method. Cascaded
method has also, improved the speed of equalization compared to [2] while using
fewer transformer windings and connections. However, the coupled inductors used

in Cascaded method have 4 windings and each bridge has 4 connections to its
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neighbor bridges while the coupled inductors used in the proposed method has only
3 windings and then, there are only 2 connections to neighboring bridges. Also,
the cost of the Series method is lower than cascaded method. Moreover, the design
procedure is more straightforward in the proposed method and the equalization
time prediction, can be done with a good accuracy. Simpler analysis and prediction
of equalization time can be achieved since the tertiary windings current is the same
in all bridges therefore, effect of each bridge on other bridges is not related to the
location of the bridge. In cascaded method, each bridge has the maximum effect
on the neighbor bridges since they are cascaded. Consequently, the analysis of this

method would be much easier than method in Cascaded method.

The performance of the cascaded method, is compared to the proposed method.
In the Cascaded method, voltages of battery cells converge faster when the voltage
difference is high, beginning of the equalization process. this is due to the nature
of cascaded connection of the windings. However, when the voltage difference
between battery cells decreases, the rate of charge transfer decreases. On the other
hand, the inductances used in the series method are larger than the cascaded
method since the applied voltage on them are greater. Therefore, in high voltage
applications where the voltage are greater, size of the inductors in cascaded method

is smaller consequently, size of the circuit is smaller.
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TABLE 3.3: Comparison of basic costs for a system which covers 4 battery cells
as of February 2019 [3].

Method | Proposed | Cascaded [41] [74]
Component method Method
Inductors (1.54) $0.6 $0.6 $0.9 $0.6
Coupl‘gf_ ;j?“cmrs $5.54 $11.08 ; $2.8
MOSFET (54, 20V) $3.68 $3.68 $5.52 $7.36
Diode (34, 20V) $2.88 $2.88 $4.32 $11.52
Cap. (16V, 47uF) - _ $0.54 $0.72
Voltage Sensor $2.68 $2.68 $5.36+ $5.36+
(Opamp + 4Res) $feedback | $feedback
Total Cost $15.38 $20.92 $16.64+ $28.36+
$feedback | $feedback
TABLE 3.4: Comparing two methods.
Method Cascaded | Series
Feature
Equalization Time Prediction X v
Equalization Time Tcascaded = 1 Series
Number of Connection to Neighbor Bridges 4 2
Inductors value Small Large
Number of windings in Each Bridge 4 3
Analysis Complexity Complex | Simple

3.6 Conclusion

A modular battery voltage balancing method is proposed, using lower number
of components compared with other existing techniques. This method similar to
the Cascaded method is modular, uses distributed controller, exchange charge
between all battery cells in a cycle and offers ZCS in turn ON but the size of
inductors in series method in larger compared to Cascaded method. Although, this
method would be faster than cascaded method but at the cost of larger inductor. A
distributed control system is presented which operates based on only local feedbacks
data with half of the voltage sensors. An equivalent circuit is presented to simplify
the analysis of the circuit for all the possible conditions and states. The presented

analysis provides a means for developing a design procedure. A case study is
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provided using the resultant design procedure which is also flexible enough to be
used for different battery voltage cells. One of the most significant advantages
of the proposed charge balancing technique is that the equalization time can be
considered as one of the design parameters. A design example is presented and, the
designed circuit is built as a prototype. The simulations and analytical results are
validated using the results of the experimental setup. The results confirm that the
proposed method is faster than cascaded method. The design procedure presented
is relatively straightforward and accurate while the results can be closely predicted

using analytical calculations.



CHAPTER

Transformer Coupled Parallel Connected

Sepic Module

A charge balancing circuit is proposed which is based on parallel connection of
transformer coupled Sepic modules. This topology, similar to Cascaded and Series
connections, is modular and able to exchange charge between all cells in a cycle.
The charge exchange between all cells makes the system fast. In each module,
charge goes from higher charged cell to lower charged cell and a switching pattern
is used to transfer charge between modules, from battery cells with higher the
total charge to modules with lower charge. The proposed topology is modular and
scalable therefore, a distributed controller is designed to make the system modular.
Distributed control technique unlike a centralized controller provides features such
as plug and play, reduced complexity and low cost of cell monitoring circuits. All
the aforementioned features are common between Parallel method and cascaded
and Series method but there are some differences. The difference between this

method and Cascaded and Series methods is that in this method, fewer active

106
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components is used, its efficiency is higher and has higher speed of equalization but
it does not offer ZCS in turn ON. The power converter uses 1 switch, 2 diodes and,
1 voltage sensor a pair of battery cells. This topology, however, has a higher voltage
stress on the switches compared to Cascaded and Series methods. Analysis and an
straightforward design procedures are presented. A prototype of the circuit is built

and experimental results are used to validate calculations and design procedure.

4.1 Circuit Topology

The proposed circuit is named based on the basic circuit and the transformer
windings connection. The basic topology is Single-Ended Primary-Inductor Con-
verter (SEPIC) and the secondary windings of the transformers are connected
in parallel therefore the method is called “Sepic-based Parallel”. The way trans-
formers are connected enables modules to transfer identical amount of charge
to other modules regardless of their location, unlike Cascaded method where a
bridge transfers more charge to its neighbor bridges. The Sepic topology which
is a unidirectional converter consists of a boost converter followed by an inverted
buck-boost converter, see Fig. 4.1. The advantage of this converter compared to

the buck-boost converter is that this converter output is non-inverting.

—_-— =—C; _|E S L,

FI1GURE 4.1: Sepic Converter.
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It is possible to stack this converter to support more battery cells, see Fig. 4.2.
As it shown in Fig. 4.2, in circuit 1 the connection of the switch and inductor
is removed. To create a path for inductors currents, another connection from C,,
to (s is added. In Fig. 4.2, a red cross is on the removed connection and the
added connection is shown by a green arrow. The resultant circuit still operates
as a Sepic converter. The resultant circuit is connected to a conventional Sepic
converter shown as circuit 2 as it is shown by an orange arrow. The area which is
shown by blue dashed square is similar in both converters, therefore, only one of
them is kept. The final circuit is shown in the right hand side of Fig. 4.2 which
will be referred to as a module. In this module, it is possible to transfer charge

from higher charged battery cell to lower charged battery cell.

“
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FIGURE 4.2: Connection of two Sepic converter.

The developed module in Fig. 4.2 covers only two battery cells. The idea is

to make some changes to be able to connect modules together. It is possible to
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FIGURE 4.3: One module of the proposed converter.

stack more converters to cover more battery cells as it is proposed in [67], Fig.
1.7(c). The problem with this strategy is that as the number of stacked converter
increases, the rating of the components should increase. This leads to a larger and

more expensive circuit.

The proposed solution here is to substitute Ly, with a coupled inductor as it is
shown in Fig. 4.3. Finally, modules can be connected together using the coupled
inductor as it is shown in Fig. 4.4. In Fig. 4.4(b), it is shown that secondary
windings of coupled inductors are connected to a shared bus in the way that all

coupled inductors are in parallel.

The inductor which is chosen to be replaced with a coupled inductor is L, since
the current of this inductor is always unidirectional. If the direction of the current
is bidirectional, a condition may happen that the direction of the current in the
coupled inductors are different. This leads to demagnetizing the coupled inductor
and decrease the stored charge. In other words, it may charge the higher charged

cell and discharge the lower charge cell.

Also, only two battery cells exist in a module. The reason behind this is that, it is
intended to exchange charge between all battery cells in a cycle. This is explained

in detail in single module principal of operation.
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FIGURE 4.4: Two module of the proposed converter.

The circuit in [67], Fig. 1.7(c), can transfer charge from string of series connected
battery cells to only one battery cell in a cycle. Therefore, the speed of equalization
of [67] is lower than the proposed method which is able to transfer charge between
all battery cells in a cycle. Also, the size of the inductors and switches in the
proposed circuit would be smaller than the method in [67]. The proposed method
improves the performance of the method in [67] and makes it possible to add more
battery cells without any changes in the rating of the components, and maintaining
the exchange charge between all battery cells in a cycle. These features are achieved
by connecting module in Fig. 4.1 as it is shown in Fig. 4.4. The proposed method
has 1 switch per 2 battery cells which is fewer than Cascaded an Series methods.
In addition, in Cascaded method, bridges transfer more charge to their neighbor
bridges while the exchanged charge in the proposed method does not depend on the
location of the bridge. Furthermore, the proposed method improves the speed of

equalization of the method in [67], Fig. 1.7(c), by proposing a solution to exchange
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charge between all battery cells in a cycle. Therefore, the proposed method is faster

and more cost-effective compared to methods in Cascaded and Series methods.

4.2 Principal of Operation

The main objective of a charge balancing circuit is to equalize charge between all
battery cells. In the next sections, it is shown that by applying a specific switching
pattern, charge is transferred from higher voltage cells to lower voltage cells. Since
the charge transfer procedure is complicated, first the basic operation of a single
module is presented and then, the operation of a multi module system is presented

in general.

4.2.1 Single Module Operation

To make the charge transfer procedure more clear, the basic operation of a single
module of the proposed circuit in the case that Vp, > Vp, is shown in Fig. 4.5
and waveforms are shown in Fig. 4.6. Note that, it is assumed that the voltage of

capacitors and current of inductors are constant during a switching cycle.

FIGURE 4.5: Basic operation of the proposed circuit in the case Vg, > Vg, (a)
When the switch is ON (b) When the diode is ON (c¢) When the switch and
diodes are OFF.
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As it is shown in Fig. 4.5(a), when the switch is ON, currents of the inductors,
L;, go through the capacitors C; and the switch. Battery cells charge inductors
and discharging capacitors in this state, see Fig. 4.6. In the next state, Fig. 4.5(b),
when the switch is turned OFF, Fig. 4.5(b), the diode which is connected to the
lower voltage battery cell turns ON and charges the lower voltage battery cells, see
Fig. 4.6. At the moment when the switch is turned OFF, voltage of the inductors

increase to turn ON the diodes.

Since it is assumed that voltage of capacitors are constant during a switching
cycle, diodes cannot turn ON at the same time. The reason behind that is shown

in Fig. 4.7. The average voltage of inductors during a switching cycle is zero.

Therefore, voltage of capacitors are as follows:

‘/(:1 - VBl
(4.1)

Ve, = VB, + Va,

When both diodes are ON, voltage of the point “A” and “B” in Fig. 4.7 should

be the equal. While by calculating voltage of these two point in Fig. 4.7:

Va=Ve, + Vg, + Vg, =2Vp, + V5,
= V4=V => VB1 = VB2 (42)

Vg = V02 + V32 = VB1 + 2V32

Therefore, both diodes can only conduct simultaneously when the voltage of
battery cells are equal. In unequal conditions, the diode which is connected to the

lower voltage battery cell turns ON.

In the next state, Fig. 4.5(c), the current of the diode reaches zero and the diode

turns OFF (DCM operation mode), Fig. 4.6. In this state, the applied voltage
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FIGURE 4.6: Current waveforms of a single module system.

on the inductors are zero, hence all currents are constant until the next switching

cycle.

Only two battery cells is placed in each module to be able to exchange charge



Chapter 4. Transformer Coupled Parallel Connected Sepic Module 114

C
le A |] B]
YR da -
m L[%
—
p— CS BZ

G
B |

+ 1. T
Sé ng

FIGURE 4.7: The schematic of a module when both diodes are ON.

between all battery cells in a cycle. To explain the reason behind this, Assume that
there are three or more battery cells in a module. Based on discussed principal of
operation of a module, in each cycle, charge goes from battery cells in the module
to the lowest charged cell. Therefore, one of the objective of the circuit which is
to exchange charge between all battery cells in a cycle would not be satisfied. By
placing two battery cells in module, it can be said that charge goes from higher

charged cell to lower charged cell in module.

4.2.2 Multi Module Operation

Referring to figure 4.4, assume Vg, > Vg, > Vg, > Vp,, consequently, the module
voltages V| > V5. Using the proposed control patterns the idea is to prove that
Ip, < Ip,, Ip, < Ip, and Ip, + Ip, < Ip, + Ip, for all conditions. In other words,
charge is transferred from a higher voltage cell to a lower voltage cell in a module
and at the same time, charge is transferred from higher voltage modules to lower
voltage modules. Therefore, charge transfer procedure is divided into two categories:
(a) Charge transfer between battery cells within a module or Intra-module, (b)
Charge transfer between battery cells which are located in separate module or

inter-module, see Fig. 4.8.
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FI1GURE 4.8: Charge exchange paths.

To elucidate the charge exchange procedure, assume the green gate command in
Fig. 4.9 is applied to the switch of the first module and the red gate command
in Fig. 4.9 is applied to the switch of the second module. When S, is ON, the
charge is stored in Ly, L; and, Lo. During the next switching state, Sy is turned
ON while S is turned OFF and it will be proved that, inductors in module 2 are
charged while inductors in module 1 are discharged. Some of the stored charge in
the inductors of module 1 will be transferred to the lower battery cell in module
1 and the rest of that will be transferred to module 2. Finally, in the last state,
when all switches are OFF, the stored charge in the inductors of module 2 will
be transferred to the lower battery cell in module 2. The details of switching
waveforms are shown in Fig. 4.9. Also, to achieve fixed switching frequency, the
converter operates in DCM mode, this means that the current of diode reaches

zero before the end of a switching cycle.

To show that the charge will be transferred from higher charged cell to lower
charged cell, the exchange charge of battery cells in the circuit should be calculated.

The transferred charge to B; is:
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Ts
Qabsorbed,Bi :/ ZBl(t)dt (43)
0

The average current of a battery cell in a switching cycle is:

Ip, =11, — I

s

:>IBi:IDi_[Ls (44)
Ig, =1Ip, +Ip, — I,

where Ip,, Ip, and, I, are the average current of B;, D; and, L, respectively.
Moreover, Ip, = I, where I, is the average current of L;. To calculate I, and
I;,, these currents in all states should be calculated. There are 5 states which are
shown in Fig. 4.9. The switching cycle for each module is divided to T, when the
switch is ON, T;, when the switch is OFF and diode is conducting, and T3 where
the diode current goes to zero. As it is mentioned before, to achieve fixed switching
frequency, in the last state all currents are DC, see T in Fig. 4.9. To separate
switching states for the higher and lower voltage module, subscript “H” and “L”
are used for the higher voltage (module 1) and lower voltage module (module 2),
Tom.,

T, Ts,
— 7 — _1 — J TSNP & g
7> Doy = 75, and Dg, = 4+, where “j7 is “H

respectively. Also, assume D; =
or “L”. During Tj, before T,,,, starts, the transformer voltage of the lower voltage
module is zero, therefore, the current of L,, and, L;; would be constant and will be
referred to as [ Leg, and, [ Liy respectively, where “7”7 can be “H” or “L”. Therefore,
Iy, and I, are:

s
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( ; ; Dy Todir,, DiTdip,,
YT o MRTY7 o
(Day — D1)*Tudiy,, (Dp+ Doy, = Doy )*Tedir,,
N 2di - 2di
@3 Q@4
) I
D:T,.Vy D2 T.(Vp, +Vp,) b
I, =—HsTH  Zants TB T DI Gy = 1,2
LT 2L, 3 fori=1,
DTV, D2 Tu(Vi + Vi) e,
_ MrtsVL  Hagts\VB; Di) @l ] s
\ I, = oL, 51, 5 +LL£ fori=3,4

(4.5)

where |q; is used to refer to state ¢ in Fig. 4.9.

To calculate I, and I;,, the slope of the current in different switching state
should be calculated. To calculate the slope of the currents, the effect of modules on
each other should be studied. Since all the secondary windings of the transformers
are connected to the a same bus, the effect of a module on the other ones does
not depend on the location of the modules. Assume [ and m are leakage and
magnetizing inductance of a coupled inductor. Since all the windings are similar,

it can be concluded that [ and m for all of them are equal.

Therefore, the equation for n modules can be written as in Eq. (4.6).
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VLS1 iLSI )
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e I R e 1) +m)
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VLM Z'LS"
M M ... M R
- - nXxXn
a0 b b b |
iL, Vi,
o b a ... b b . R+(n—1)M
d | L o oo Vi, 2(n — 1)M? + nMR + L2
= - = =+ -+ X where
b b ... a b " 2(n—1)M?2+nMR + R?
iL,, VL.,
b b ... b oa |

(4.6)

The slope of the current of a transformer in Fig. 4.4 can be calculated based on
the applied voltage on the primary windings of the transformers in each switching

state.

Another unknown expression in Eq. 4.5 are [ Lay and [ Liy» the current of inductors
and coupled inductors when the diodes and switches are OFF. To calculate 1 Lay
and Iy, , the following equation is valid from the end of 7, to the beginning of

8

T,

I =1, -1
LSﬁH Lig L25

(4.7)

ILSBL = _ILsﬂ _IL4B

If all battery cells have equal voltage, all diodes will turn ON at the same time
otherwise, in transients, only the diode which is connected to the battery cell

would turn ON. In transients, only the diodes which are connected to lower voltage
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FIGURE 4.9: Current waveforms of a 2 module system.

battery cell would turn ON, Dy and D,. Thus, Ip, and Ip, are always zero and

this results in I, = 0 and Iy, = 0. To calculate I, and Iy, Lo, and [ La, should

be calculated:
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FIGURE 4.10: Transformer connection.

D%T.V, Ip,
IL2B :]C2_I;TH+ (IL.9H+IL1> + 2H
2 @2,3 @4
D3T,V, I,
IL4B :]C4— ;L4 -+ (ILSL+IL3L> -+ 2L
@3,4 a1

Since the average current of a capacitor during a switching cycle is zero:

D2 TSVH Ls
I, ===, +<hm+h) Ty
@2,3 @4
DTV, I,
Iy ===+ <f +IL3L>‘ -
@3,4 Q1

(4.8)

(4.9)

Another unknown in Eq. (4.5) is D,. To calculate that, average voltage and

volt-sec of the inductors are used. The average voltage of an inductor in a switching

cycle is zero, therefore the average voltage of capacitors (V.) can be calculated as:
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‘/01 = VB1
‘/02 - VBl + VBQ
g (4.10)

Moreover, the voltage-sec of inductors in a switching cycle must be zero, hence:

(DL + Doy — Doy )V,
DyVi + 5 Q4 _ D.,, (Vs, + Vp,)
<
DyVi,,
\ DpVa + T@l = Da,, (VB; + Vb,)

Based on Egs. (4.10) and (4.11):

4
Du(Vi,,)
DL‘/Z 4 Q1
D,, = 2
L Vi, + Vb,
(DL + Day)Vi,,,
DH‘/l + 5 @4
Da, =
VLSH
Vs, + Vp, + &
\ 2

(4.11)

(4.12)

Since Ip, = I, and assuming that L; = Ly = L and Dy = Dy, by writing KCL

for the capacitors the following equations can be achieved.
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D: T.Vy D? T,Vs, + Vp,)
[ = I ey ag”$ J— op S 2 2 [
Do Lo 2L, 5L, + 1L,
@23 (4.13)
o D2 T.V, D2 T,Vp, +Vp,) LI
Dy — 4Ly — 2L4 2L4 LSL
@3,4
These equations can be simplified as:
D? T,(Vs, — Vp,)
]- — I — ag~— S 1 2 ]—
- " 2L i @2,3
’ 4.14
In =] — DiLTS(VB3 T VD4) 4T ( )
Dy =1, = 5L Ls,
@3,4
Using Egs. (4.5) and (4.7):
' D¥Tdi, | DTV
I, =—% +——
H 2dt L
al
(4.15)
2 .
L - DiTdiy,, N D2T,Vp,
L 2dt L
\ Q@2
Based on Eqs. (4.4), (4.14), (4.15), it can be concluded that:
Ip, = —1Iy,,
Ip, =1Ip, — 11,
Iy, =1, =0 2004, ) (4.16)
Ip, = —1Ir,,
Ip, = I, — 1.,

Since Iy, is always positive, see Fig. 4.5 and Eq. 4.15, by using Eq. (4.14) it can

be concluded that:
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[L2 >0
I, >0 Ip, < Ig,
Eq. (4.16) (4.17)
IL51>O [B3<IB4
\ ]Lsg >0

In other words, using the switching pattern shown in Fig. 4.9, in a module
charge goes from a higher voltage battery cell to a lower voltage battery cell, i.e.,

intra-module charge transfer. Also:

IL2 > IL4 [Bl < [Bs

:>[Bl+IBQ<[Bs+[B4 (418)
IBQ <[B4

Eq. (4.16
(4.16)

[L51 > ILS2

These mean, charge goes from higher voltage module to lower voltage module i.e,

inter-module charge transfer.

4.3 Control strategy

The main objective of the controller is to keep the fixed switching frequency by
operating in DCM mode. Furthermore, to transfer charge from higher charged to
lower charged cells, the switching scheme should be as follows: In the first state,
the switch of all higher voltage modules should be turned ON. In the second state,
when the switches of higher voltage modules are turned off, the switch of the
lower voltage modules should be turned ON. Finally, all switches should be turned

OFF. Moreover,the controller should be a distributed controller where switching
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decisions for each module are made in that module based on the available local data.
The controller uses local data prevent using a central controller and its costs. To
synchronize all the controllers, it is assumed that a common synchronization signal,
the green signal in 4.9, is generated and sent to all modules by the first controller
which detects the local unbalanced voltages. Therefore, there is no central controller
or specific master controller in the system and the system would be plug and play.
The controller of each module monitors the total DC voltage of the battery cells
of its module along with the total DC voltage of its neighbor battery cells, see
Fig. 4.11. For example, in Fig. 4.4, controller of second module, monitors V;, V5,
and, V3. The voltage of the module, in this example V5, will be compared with the

W. If V5 is greater

local average of the three neighboring module voltages:
than W, the controller sends the common sync. pattern, the green signal in
Fig. 4.9, to the switch of second module. If V5 is lower than (Vi + V5 + V3)/3, the

controller delays the common sync pattern and sends it to the switch of the second

module, the delayed switching pattern is the red signal in Fig. 4.9.
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FIGURE 4.11: Proposed Controller.
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4.4 Design

To make the design of the converter more straightforward, a step to step procedure
is presented. The analysis which are used to justify intra and inter-module charge
exchange can be used to select the components and set the controller settings. The
design inputs are: V., and V., of battery cells, number of battery cells (2n),
switching frequency (fs = %S), maximum ripple current (Al,q.), and maximum
allowable current (I,q.). The design outputs are: capacity of capacitors (C),
inductance of the inductors (m, [, L;), Duty cycles range Dy and Dy, and rating
of the components. For simplicity it is assumed that Dy, = Dy = D. The design

step are as follows:

1) Duty-cycle: The circuit should operate in DCM mode, to maintain a fixed
switching frequency. To achieve this goal, D + D, < 1. Using Eq. (4.12) a range
for D can be calculated. Then by choosing a D within that range, these inequalities

should hold true.

(D < Ve, + Vo,
D(VL,, )|a1
Do, <1-D Ve, + V0, +V2) + ——5
M IS PN TR
D, <1-D D< By Dy 9
VL., la
\ (Vi + Vi + Vo, + —5—)

2) Inductors: To calculate inductances, the maximum allowable current and
maximum peak-to-peak should be used. Using Eq. (4.5) and the fact that Al
and Al are maximum when switch of the module they located in is ON, m, [ an
L; can be calculated as it is shown in Eq. (4.20). This can be proved using Eq.
(4.5), the slope of the currents is positive when switch of the module they located

in is ON. Note that L; are equal.
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(g, = DT Al = H,L
Ly, — 2dt < szm J = 1,
a1
D%T,V,
Al =28 AT j=1,2 (4.20)
J 2LJ Imax
D%T,V,
Al == o Ap j=34
L J 2L] Jmax

Also, the maximum current of the inductors can be approximately calculated

using Eqs. (4.15) and (4.20):

( Aly, _
I :[Ls + 2] < Lsj  an ]:H,L
. I,
ILj—ILj—i- 5 <Iijn..r j=1,2
A AL

\ [Lj = [Lj + 2 < [ijaa: j = 37 4

(4.21)

3) Capacitors: V is assumed to be a constant during a switching cycle. To

maintain the constant value of Vi for an entire switching period, C', L, and L, must

be chosen such that the resonant frequency f, is much lower than the switching

frequency fs. f, can be approximately calculated from the impedance during 7j.

The circuit during T} is shown in Fig. 4.12, the resonant may happen between

the coupled inductor, capacitor and inductor which are connected in series. The

equivalent impedance of the coupled inductor is M as it is calculated in Eq. (4.6).

The angular resonant frequency can be calculated as follows:

1
(Ci)*(M + L)

Wy = 27Tf7“ =

Therefore, the capacitance of C' is:

(4.22)
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FIGURE 4.12: Currents direction in the circuit during Tp.

1
(27 f)?(M + Li)

C; = (4.23)

Moreover, the voltage of C; is assumed to be constant during a switching cycle.

Therefore, Cy should be large enough to validate this assumption:

C, > 3C; (4.24)

4.5 Experimental Results

An experimental prototype was designed and built to verify the topology, design
procedure, and the performance of the proposed circuit along with its controller.
The system components were selected based on the design section procedure. The
system design parameters inputs are as follows: There are four 20Ah battery cells
(EIG ePLB €020, see Fig. 4.13) which are used as the string of battery cells. The
maximum and minimum voltage of battery cells are: 3.5V < Vg, < 4.5V. The
maximum ripple of the inductor currents are A, < 0.2A4, Al;, < 0.6A. The
maximum current of the inductors is I, .. < 1A. The switching patterns for four
MOSFET (20V, 5A) modules were obtained using a TT F28335 DSP at a switching

frequency of 100kHz. The output design parameters are as follows: using Eq.
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(4.19) results in D = 0.2 , using Eq. (4.20) and Eq. (4.21) result in m = 100uH,
| =1puH and L; = 33uH, using Egs. (4.23) and (4.24) result in C; = 30pF and
Cs = 150puF. The prototype of the circuit is shown in Fig. 4.14. The experimental
current waveforms of the system are shown in Fig. 4.15 and these waveforms
validate the simulation, calculations and design procedure. The performance of

the system with 20Ah battery cells is shown in Fig. 4.16.

FIGURE 4.14: A module of the proposed circuit.
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The experimental waveforms of the inductors and transformers current validate

the calculations and design procedure, see Figs. 4.15.

<=

T ime Div=4,usi
Ci urrent Div=1 00mA

FIGURE 4.15: Experimental coupled Inductor current waveforms of the prototype
circuit.
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FIGURE 4.16: Experimental performance of the prototype circuit with 20Ah
battery cells.

4.6 Comparison

The proposed method is compared to similar methods comprehensively from

different aspects. Table 4.1 demonstrates various features and the number of

components.



Chapter 4. Transformer Coupled Parallel Connected Sepic Module 130

TABLE 4.1: Comparing different methods for a system with 2n battery cells.

Method
Cascaded/Ser- Proposed
g | T | s | [ e )| yored
Feature
Scalability v X v X v v v
Charge transfer x v v x v v v
to far away cells
Synchronous
Charge transfer 7 X 4 X 4 4 4
No limitation on
Number of v X v X v X v
Battery cells
Number of
Switches / 4n/0 1/2n | 16n/16n | n/2n 2n/2n 4dn/8n n/2n
Diodes
Number of 2n 0 4an 2n n 2n n
Sensors
Control . . .
Cent. - Dist. Cent. Dist. Cent. Dist.
Strategy
Equalization Slow | Average Fast Slow Fast Fast Fast
Speed
Cost Low Low High High Low High Low

TABLE 4.2: Comparing efficiency, control method and, charge transfer features.

Method

Efficiency [78] [62] [76] [79] [77) | Proposed Method
Neighbor Charge | ¢/ p | o156 | o700 | %00 | %03 %85

Transfer
non-neighbor Cell | o/ o1 o6 | 100 | 900 | %93 %83
Charge Transfer

Controller Cent. | Cent. | Dist. | Cent. | Cent. Dist.

Synchronous

Charge Transfer v X v X X v

From Table. 4.1 it can be concluded that Cascaded and Series methods are
similar to Parallel method from features point of view. Since cascaded and series
methods are the only method which has similar features such low cost, modularity,
fast speed of equalization, charge exchange between all battery cells in a cycle and
distributed controller. Therefore, a comparison between the proposed method and
Cascaded and series is necessary. From the number of switches prospective, the
proposed method is better since it uses one switch per two battery cells. From

Number of passive component point of view, the proposed method requires 3 low
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voltage capacitors while cascaded and series methods do not need any capacitors.
So, the proposed method has 3 capacitors more and 1 switch fewer than cascaded
and series methods. Since cost of capacitors are low and size of them is small
compared to a switch and it gate driver system, the proposed method is better
from number of components point of view. Finally, the performance of the circuits
should be compared. Comparing the cascaded and series equivalent circuits, Figs.
2.8, 3.7,with the equivalent circuit in Fig. 4.10, it can be concluded that when
the charge is transferred between two non-neighbor module/bridges, number of
magnetic devices which should process the charge is higher in Cascaded method.
To clarify this, assume that the charge is exchanged between “module p” and

“module q” in Fig. 4.17.
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FIGURE 4.17: Charge transfer path comparison (a) Parallel method (b) Cascaded
method (c) Series method.

The passive components that has to process power is higher in Cascaded method,

as it is shown in Fig. 4.17. The number of magnetic devices which are on the
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transferred charge path, depends on the location of two bridges in cascaded method,
see Fig. 4.17. This number is always constant in Parallel and series method and
equals to 2. Therefore, parallel and series method has lower losses compared to
cascaded method due to the lower number of magnetic devices which process the
power. Thus, assuming the identical constraints such as maximum inductor current,

the equalization time of the parallel and series method will be lower.

Another comparable approach is [67]. In the method of [67], if the number
of battery cell increases, components rating increase too, while in the proposed
method there is no need to increase the rating of the components. Moreover, in
[67], the charge exchange occurs between the string of battery cells and the lowest
voltage battery cells but in the proposed method, all the battery cells exchange
charge. This is due to the fact that there are only two battery cells in each module,
and the battery cell which has the lower voltage in each module absorbs charge,
intra-module charge transfer, and at the same time charge is transferred to lower

voltage module as inter-module charge transfer.

Efficiency of the converters is another important feature to be considered. Effi-
ciency of the inter-module and efficiency of the intra-module charge transfer should
be measured. Two efficiencies are mentioned in Table. 4.2, the neighbor charge
transfer efficiency is a measure of loss in transferring charge between neighboring
modules. The non-neighbor charge transfer efficiency measures the loss of the
conversion in transferring charge between module which are not close to each
other. There are methods such as [79] which have high neighbor charge transfer
efficiency but the non-neighbor charge transfer efficiency is low. The reason lies
in the principal of operation of these converter. These converter transfer charge
neighbor by neighbor therefore, if the module are not close the charge will be
converted several times before reaching the lower voltage module which causes

excessive losses in the circuit. Moreover, methods such as [80] transfer charge
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TABLE 4.3: Comparison of basic costs for a system which covers 4 battery cells
as of February 2019 [3].

Method | Proposed | Cascaded [41] [74]
Component method method
Coupled Inductors
(1.54) $2.8 $11.08 - $2.8
MOSFET (54, 20V) $1.84 $3.68 $5.52 $7.36
Diode (34, 20V) $2.88 $2.88 $4.32 $11.52
Cap. (16V, 47uF) $0.36 - $0.54 $0.72
Inductor $0.6 $0.6 $7.2 $0.6
Voltage Sensor (an $5.36+ $5.36+
Op-amp with 4 $2.68 $2.68 feedback | feedback
resistors) cost cost
$16.64+ $28.36+
Total Cost $11.16 $20.92 feedback | feedback
cost cost

between non-neighbor modules directly but they can only exchange charge between
two cells or the string of battery cells and one cell. The disadvantage of these
methods is that the speed of equalization is low since they cannot exchange charge
between all battery cells in one cycle. Furthermore, a cost comparison is done in
Table. 4.3. Three methods are chosen to be compared to the proposed method:
Cascaded method which is the closest one from features point of view, [41] which
shows very good performance and has the advantage of ZCS and, [74] which is
a comprehensive and high performance method. As it is shown in Table. 4.3,
identical components are used to compare cost of the different methods. Also, since
one of the advantages on the proposed is that it needs fewer voltage sensors, cost
of voltage sensors is also added in Table. 4.3. The simplest voltage sensor which
composed of an op-amp and 4 resistors is assumed as the voltage sensor which is

used in the circuits.

Feedback cost in Table. 4.3 is one of hidden costs in the system. For example, if
there are 100 battery cells and the controller is central, the voltage feedback signals
should be isolated or even digitized to be transferred from battery cells to the

controller. This is due to the fact that the feedback signals are subject to EMI/RFT
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when they are transferred in a long distance. In this case, either a complicated
and expensive controller should be used to process all the 100 feedback signals or
the number of battery cells will be limited by the controller inputs. In contrast,
using the proposed distributed controller approach, there are only 3 local feedback
signals with no hidden cost associated with isolation, digitization or conditioning
signals. Moreover, many of the low cost methods such as [74] cannot transfer
charge between all cells in one cycle resulting in a lower speed of equalization. In
summary, methods which are able to exchange charge between all battery cells,
also called Synchronous charge transfer, would be the best choice because they

have lower number of component and overall cost.

4.7 Conclusion

A new simple and low component count battery voltage balancing circuit is
proposed. The proposed modular circuit provides Synchronous charge transfer at
a high efficiency and is based on variants of Sepic converter topology and magnetic
coupling. The input inductor of Sepic Converter is replaced by a transformer
and the secondary windings of the transformers are connected to a shared link.
Therefore, all the modules and battery cells can exchange charge. A distributed
control system is presented that operates based on only local feedbacks data with
half of the voltage sensors compared to the similar methods. The analysis of the
circuit is presented to be used for developing a design procedure. The simulations
and analytical results are validated using an experimental prototype. The results
confirm that the proposed method is faster than previously published techniques.
The design procedure presented is relatively straightforward and accurate while

the results can be closely predicted using analytical calculations.



CHAPTER

Comparison

All the proposed method can be categorized into Cell to String to Cell methods.
Methods in this category are able to exchange charge between all battery cells in
a cycle. Each one of them uses different strategy to exchange charge which has
their own advantage. Therefore, the proposed methods should be compared to the
methods in this category. The advantages of the proposed methods over the other

Cell to String to Cell methods are as follows:

o All the proposed converters are modular. Compared to the other method in
this category which are not modular, proposed methods are modular and
do not have any limitation on the number of battery cells. For example,
the method in [66] uses a multi-windings transformer, which the number of
windings increases as the number of battery cells increases. Therefore, this

method is not modular.

135



Chapter 5. Comparison 136

» Controllers of the proposed methods are distributed and uses local data to
control the circuit. This prevents the limitation of the centralized controller
and keeps the system modular. For example, the method in [66] needs a
central controller. A central controller have a limited number of inputs, so,
the number of supported battery cells is limited. Moreover, all the feedback
signals should be sent to the central controller and this makes the wiring

hard.

o Number of sensors is very low in the proposed methods. Only 1 voltage
sensors per two battery cells is used and there is no current sensors. The
current is limited using the design procedure. For example, method in [68]

uses 4 sensors per two battery cells which increase the cost of the circuit.

o The used coupled inductors are low voltage, therefore, size of the coupled
inductors and the circuits would be small. For example method in [65] uses

high voltage transformers which makes the system bulky and expensive.

o Number of switches and diodes are low compared to the other methods in this
category. Only one/two switch(es) and two diodes per two battery cells are
used. This decrease the cost of the system compared to the other methods in
this category. For example, method in [68], uses 16 switches per two battery

cells which makes the system large and expensive.

Also, the proposed methods should be compared to be able to choose the best
method for an specific application. Therefore, a comprehensive comparison between
the proposed methods is presented. The proposed methods are compared from
different aspects such as cost, number of components, efficiency and component

rating.
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TABLE 5.1: Comparing component count of proposed methods for a system
contains 2n battery cells.

Method Cascaded | Series | Parallel
Component
Coupled Inductor n n n
Inductor 2n 2n 2n
Switch 2n 2n n
Diode 2n 2n 2n
Capacitor - - 3n
Connection to neighbor bridges/modules 4 2 2

5.1 Number of Active Components

Circuit diagrams of the proposed circuits are shown in Fig. 5.1. From the

number of components perspective, parallel method is the best method, see Table.
5.1. Parallel method has 1 switch fewer than the other ones, but it needs 3 more
capacitors per 2 battery cells compared to the other methods. The reason that
Parallel method is chosen as the best method from the component count perspective
is that the extra gate driver system adds more components and costs to the circuit

compared to the 3 extra capacitors.

5.2 Wiring

To be able to exchange charge between all battery cells, all converters are
connected to their neighbor bridges/modules or a common bus. In cascaded
method, converters are connected together through the tertiary and quaternary
windings. Therefore, each bridge has 4 connections to its neighbor bridge. In series
method, bridges are connected together through their tertiary windings. Thus,
each bridge has two connections to its neighbor. In parallel method, modules
are connected to each other through their tertiary windings which is connected

to a same bus. Hence, each module has two connections to the common bus.
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FIGURE 5.1: Circuit diagram of the proposed methods (a) Cascaded method(b)
Series method (c) Parallel method.

Consequently, from the wiring point of view, parallel and series method would be

better choices since they have fewer connections and less wiring.

5.3 Reliability

Reliability of these circuits form number of active components and number of

connections can be studied.

5.3.1 Number of Active Components

Number of active components is important since more active components increase
the risk of failure and decrease the reliability. When an active component fails,
two case scenarios may happens for the active component: 1) open circuit 2) short
circuit. If the active component becomes open circuit, other bridges can continue
to operate without a problem. This is due to the fact the bridges/modules are

connected through the tertiary and quaternary windings of coupled inductors. But
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if the active component becomes short circuit, the circuit cannot operate anymore.
This is due the fact that a constant DC source (a battery cell) is connected to an

inductor.

To conclude this, fewer number of switches leads to higher reliability of the
circuit. Consequently, parallel method has higher reliability compared to cascaded

and series methods since it has 1 switch fewer per two battery cells.

It can be deduced that, in total, reliability of parallel method is higher than the
other methods due to fewer number of switches and fewer number of connections
compared to other methods. In the second place is series method which has fewer

connections to its neighbor bridges compared to the cascaded method.

5.3.2 Number of Connections

From number of connection angle, the fewer connections leads to higher reliability.
Cascaded method has 4 connection to its neighbor bridges while the other methods
has only 2 connections. The shared bus in series method should be considered in
the reliability studies. The shared bus in series method should be protected since
if that wire is disconnected, circuits cannot operate. Considering that battery cells
are in a protected container, it can be assumed that the shared bus is protected.

Therefore, the risk of shared bus disconnection is low, see Fig. 5.2.

5.3.3 Switch Failure

In case of switch failure, switch break down, the bridge would not operate
properly. Therefore, battery cells voltage in the bridge would not be equalized.
However, other bridges can follow the equalization process since the upper and

lower bridges of the defective bridge have connections to other bridges. The daisy
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FIGURE 5.2: Circuit connection of the proposed methods (a) Cascaded method(b)
Series method (c) Parallel method.

chain connection of bridges are made to make sure if a bridge fails, the other

bridges can continue equalization process, see Fig. 5.2.

5.3.4 Coupled Inductor Failure

If a coupled inductor fails, in the Cascaded and Parallel methods the bridge
which contains the defective coupled inductor would not operate but the other
bridges can follow equalization process. However, in the Series method, since all
bridges are in series, if a coupled inductor fails, all bridges would be affected and

may not operate properly, see Fig. 5.2.

To conclude this, the parallel method has the highest reliability. In the second
place is the Cascaded method which has lower reliability compared to the Parallel
method. Finally, Series method has the lowest reliability compared to the Parallel

and Cascaded methods.
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5.4 Cost of Circuits

From the cost angle, parallel method is the best method as it has fewer switches
and uses coupled inductor with only two windings as opposed to the cascaded and
series methods that use coupled inductors with three or four windings. Moreover,
Parallel method uses only 1 switch and 1 gate driver system while the other methods
use two switches and two gate driver systems. This makes Cascaded and series
method more expensive than parallel method. The converters cost comparison
is summarized in Table .5.2. The table shows that cascaded method is the most

expensive then the Series and the least expensive is the Parallel method.

TABLE 5.2: Comparison of basic costs of the proposed methods for a system
which covers 4 battery cells as of February 2019 [3].

Method | Parallel Cascaded Series
Component method method Method
Coupled Inductors
(L5A) $2.8 $11.08 $5.54
MOSFET (54, 20V) $1.84 $3.68 $3.68
Diode (34, 20V) $2.88 $2.88 $2.88
Cap. (16V, 4TuF) $0.36 - -
Inductor $0.6 $0.6 $0.6
Voltage Sensor (an
Op-amp with 4 $2.68 $2.68 $2.68
resistors)
y Total Cost | $11.16 [ $2092 | $15.38 |

5.5 Voltage Stress of Components

Comparing the voltage stress of the components in the proposed methods shows
that the cascaded and series methods apply lower stress on components, see to
Fig. 5.1. In parallel method, the maximum voltage on the switch in a module
occurs when battery cells are at their maximum voltage and D; is ON, see Fig.

5.1(c). The applied voltage on the switch in this condition is 3Vu: + Vion. In
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cascaded and series methods the maximum voltage on the switches in a bridge
occurs when the diode is ON and this voltage is V,,00 + Vion, see Fig. 1.3(a)-(b).
Therefore, the maximum voltage which should be tolerated by a switch in cascaded
and series methods are lower as shown in Table. 5.3. Cascaded and Series method
are the best method from the switches voltage stress point of view. To compare
series and cascaded methods, the maximum voltage on their coupled inductors
should be compared. To calculate the maximum voltage on the coupled inductor
of cascaded method, Eq. (2.8) and the equivalent circuit of Fig. 5.3, repeated here

for convenience, can be used.

TABLE 5.3: Maximum voltage on a switch in the proposed methods.

Method
Component
Maximum Voltage

on the switch

Cascaded Series Parallel

Vmaz + Vdon Vma:z: + Vdon 3Vma:r + Vdon

2L, 2L, VYw(2n-3) 2L, Yw(2n-1)

FIGURE 5.3: The equivalent circuit of a system with “n” bridges and “2n”
battery cells.

Therefore, the maximum voltage on a coupled inductor of a bridge can be

calculated as follows:
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In series method, the maximum voltage on a coupled inductor of a bridge can be

calculated using the equivalent circuit which is presented before, see Fig. 5.4:
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FIGURE 5.4: “n” bridge module topology model (a) equivalent circuit (b)
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To have a better idea about the voltage stress on the coupled inductor, assume

that there are 100 bridges (200 battery cells), the maximum voltage on the coupled
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inductors is calculated for a range of operating points. The range of operation
is defined as 0 < AV}, < 0.1pu. The diagram of the maximum voltage on the

coupled inductors based on the voltage difference is drawn in Fig. 5.5:
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FIGURE 5.5: The maximum applied voltage on a coupled inductors in cascaded
and series methods.

As it is shown in Fig. 5.5, the applied voltage on the inductors of Cascaded
method is almost constant. This can be verified by checking the equivalent circuit
of cascaded method in Fig. 5.3. V; are around the average voltage of E; to E,.
Therefore, the voltage stress does not change significantly when more battery cells
are added to the circuit. On the other hand, in series method, all bridges are in
series, therefore, as the number of battery cells increases the applied voltage on

the inductors increases.

5.6 Zero Current Switching

By checking the current waveforms of the switches, it can be concluded that

Cascaded and Series method has advantage of ZCS in turning On. Therefore, the
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stress on the switches in these two methods would be less than the stress on the

switch in Parallel method.

5.7 Size of Circuit

Inspecting the designed examples of the proposed methods show that for identical
design constraints such as maximum current and switching frequency, the required
inductance in Parallel method is larger compared to the cascaded and series
methods. Therefore, from the inductance value prospective, the cascaded and series
methods are the best. Table. 5.4 shows the inductance value which are used in the

proposed methods.

TABLE 5.4: Comparison of basic costs of the proposed methods for a system
which covers 4 battery cells as of February 2019.

Method Cascaded | Series | Parallel

Component
Coupled Inductor 10pH SuH | 100uH
Inductors (Ly, L;) 4.5uH 8uH | 22uH

Using the values in Table. 5.4, it can be concluded that parallel method uses
the largest inductors. Since the design constraints are identical, the size of the
inductors in parallel method is larger. To compare the size of the inductor in
cascaded and Series methods, size of their coupled inductors should be compared.
From the results in the voltage stress section, it can be concluded that the voltage
rating of the coupled inductors in series methods is higher. Also, in the design

procedure of a coupled inductor, the following equation is used [81]:

V = K(NA)(f,B) (5.3)
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where k is a constant, IV is number of turns, A is cross section and, B is magnetic
field. To keep the core loss fix, (fsB) should be constant [81], therefore, when
voltage increases, the number of turns or cross section area increase. This increase
in the number of turn or cross section area of inductors leads to larger size of
coupled inductors. Therefore, due to the higher voltage, the size of the coupled

inductors in series method will be larger.

Therefore, from the physical size standpoint, the best method is cascaded methods
and the series method is in the second place and finally Parallel method is in the
third place. It is worth mentioning that the prototype circuits which are built and
tested may be bigger than the size they can be built. For example, Parallel circuit
is shown and size of that is compared to a coin. The parallel circuit is the biggest

circuit, this means that the other circuits can be built with smaller size.

5.8 Magnetic Design Complexity

Comparing the magnetic design complexity of the proposed methods proves that
the cascaded and series methods have the most complicated magnetic structure.
The reason is that cascaded and parallel methods use coupled inductors with
more than two windings which makes the magnetic design more complicated as
opposed to parallel method with only two windings, see Fig. 5.6. Moreover, when
the inductance of the coupled inductor increases, the design would become more

challenging.

5.9 Efficiency of Converters

From efficiency of a single module perspective, parallel method is the best because
there is no circulating current. In Series and Cascaded methods, charge is taken

out from higher and lower voltage cells to be stored in the inductors. Then the
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(a) (b) (c)

FIGURE 5.6: The coupled inductor used in (a) Cascaded method (b) Series
method (c) Parallel method.

stored charge is distributed between battery cells in a way that the higher charged
cell absorbs less charge and the lower charged cell absorbs more charge. However,
in parallel method, the charge is taken out of all battery cells and is transferred
only to the lower charged cells. Less circulation current in parallel method leads
to less loss in the circuit. One of the main source of losses in the circuit is the
diode conduction losses. In parallel method, only one diode in a module conducts
in a cycle while in Series and Cascaded methods both diodes conduct in a cycle.
Therefore, Parallel method has the lowest loss and highest efficiency. It is possible
to substitute the diodes in the Cascaded and Series method to improve the efficiency
of the circuit but the cost and size of the circuit increase. In that case, the turn
off loss and conduction loss of the switches and inductors would be the prominent
factor in the circuit loss. These two factors are not comparable to conduction loss
of the diodes in the circuits. Therefore, by this substitution efficiency of the circuit
increases. However, this improve in the efficiency of the circuit comes at the cost

of increase in the size and cost of the circuit.

Neighbor to neighbor efficiency of cascaded method is similar to series method
but efficiency of non-neighbor charge transfer in Cascaded method depends on

the location of the bridges because the number of magnetic devices which process
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TABLE 5.5: Comparing efficiency, control method and, charge transfer features.

Method Cascaded | Series | Parallel
Component
Neighbor Charge %70 %70 %85
Transfer

Non-neighbor Cell

Charge Transfer < %65 %665 %83

power varies when location of the bridges varies, see Fig. 4.17. Therefore, the

overall performance of series method is better than cascaded method.

In summary, Parallel method shows the best efficiency among all proposed
methods. Since the non-neighbor charge transfer efficiency of the Series method
is higher than Cascaded method, the second place goes to Series method and

cascaded method is in the third place.

5.10 Equalization time

Speed of equalization in parallel method is faster than the proposed methods
because of the higher efficiency of Parallel method and the fact that there is
no circulating current in the system. Circulating current decrease the speed of
equalization since it decreases the net exchanged charge in the system. The
equalization time of the proposed methods are shown in Figs. 5.7, 5.8 and 5.9
when identical constraints are used to design the circuits. As it is predicted, the
speed of equalization of the parallel method is faster than the other two method.
Speed of equalization of series method is faster than cascaded method due to the

higher efficiency and lower number of magnetic devices which process the power.

5.11 Conclusion

To summarize all comparisons, results are gathered in Table. 5.6. The proposed

methods are ranked in each subject to make it easier to be compared. As an
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FIGURE 5.7: The performance of the system under cascaded method.
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FIGURE 5.8: The performance of the system under series method.
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FIGURE 5.9: The performance of the system under parallel method.

example, for the identical design constraints, parallel method has the largest
inductor size. Therefore, if size of the circuit is important, cascaded method can be
used. In different condition, if the performance of the system is a more important
parameter, parallel method should be used. In other case, if the size of the circuit
and performance of the system are both important, series method should be used.
Since in the design of the circuits there are multiple constraints on size, performance
and cost of the circuit, the best method should be chosen based on the weight of

constraints in an optimization process. In this process, Table. 5.6 can be used
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to choose the best method. As an example, in electric racing car, the Cascaded
method would be a better choice. The reason behind that is the size of the circuit.
In racing car it is important to keep everything small and light, therefore, the
Cascaded method is a better choice. As another application, in an electric vehicle
where efficiency and cost of the system are the most important factors, the Parallel
method is the best choice. In high voltage applications, such as energy storage unit
where ZCS, Voltage stress of components and efficiency are the most important

factors, the Series method would be the better choice.

TABLE 5.6: Comparison of the proposed methods.

. Method Cascaded | Series | Parallel
Subject
Number of Switch/Diode 2n/2n 2n/2n n/2n
Wiring & Connections 4 2 2
reliability Average Low High
Cost High Average Low
Voltage Stress Low Average High
7ZCS Yes Yes No
Size Small Average | Large
Magnetic Design Complexity | Complex | Complex | Simple
Efficiency Low Average High
Equalization Time Slow Average Fast




CHAPTER

Conclusion & Future Work

The lithium-ion battery cells are the best choice for the EVs, energy storage and
similar applications. One of the challenges in using this kind of battery cells is
that lithium-ion battery cells” performance is greatly affected by over-charging and
over-discharging. Therefore, to increase the cells’ lifetime and to obtain the best
performance out of a string of connected battery cells, using battery balancing
systems is necessary. The main objective of this study is to propose battery voltage
balancing circuits with the following features: modularity; high efficiency; low
component count; charge exchange among all cells in a cycle; and, a distributed

controller.

6.1 Conclusion and Contribution

Three circuits, along with their controller, are proposed for balancing the voltage
of a series connected battery cells. These circuits are analyzed to develop compre-

hensive design procedures. The output of these design procedures are used to build

151
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prototype circuits. The prototype circuits are tested and the experimental results

are used to validate the design procedures and analysis. The main contributions

and conclusions of this thesis are summarized below:

(i)

(i)

(iii)

The proposed circuits are modular. Hence, they can be extended to cover
more battery cells without any changes in the circuits. In these methods there
are some inter-bridge/module windings that are responsible for connecting
the bridges/modules together. To add more battery cells to the system, it is
sufficient to connect the inter bridge/module windings of the converters to the
inter bridge/module winding of neighbouring bridges/modules. Consequently,
no other modification is needed to add more battery cells to the system. Due

to this characteristic the circuit can be referred to as: “Plug and Play”.

The proposed controllers are modular and use local data: voltage of the neigh-
bouring bridges/modules and voltage of the bridge/module itself. Therefore,
the arrangement can be called “distributed controllers”. Moreover, the first
controller detects the unbalanced voltages and will generate the synchroniza-
tion signal and send it to all of the bridges. Thus, there is no master/slave
controller in the circuit to cause a problem in case of failure of a controller.
As a result the system is more reliable. Furthermore, a distributed controller
has an important advantage over a central controller. The problem with
central controller is that it has limited number of inputs and consequently it
can support only a limited number of battery cells. However, in the proposed
method there is no limitation to the number of battery cells that can be

utilized.

In the proposed methods, the component count is as low as 2 switches/1
switch, 2 diodes, 1 coupled inductor and 1 voltage sensor per 2 battery cells.

Not only the size of the system is small, but also the cost of the system is low.
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(vii)

The low number of sensors decreases the cost of the auxiliary circuits as well.
The cost of the auxiliary circuitry is one of the hidden cost in the system.
Auxiliary circuitry, is comprised of the conditioning, isolating or digitizing
circuits. These circuits are used to connect the output of the sensors to the

controller.

A comprehensive design procedure for each method is presented. The design
procedure is flexible and can be used to design the circuit and its controller
for different battery cells, voltage or power levels. The inputs of the design
procedures are number, maximum and minimum voltage of the battery cells,
and the maximum and minimum allowable voltage and current in the circuit.

The output would be the rating of the components and controller settings.

The proposed controller does not need any current sensors. The current is
limited in the circuit through the design procedure and by studying the worst

case scenarios.

The proposed circuits transfer charge among all the battery cells during a
cycle. The charge is distributed among all the battery cells based on their
voltages. Therefore, these methods have lower equalization time than the
methods which transfer charge between two cells, neighbour cells or a cell

and the string in a cycle.

In the second method, it is possible to calculate the equalization time. This
is due to the topology and configuration of the second proposed method. In
the second method, bridges are connected in series. Therefore, the current
that goes to the bridges is identical. In comparison, in the first method, the
bridges are parallel and the currents that go to the bridges are not identical.
This advantage is used in the design procedure in the second method to

predict and minimize the equalization time.
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6.2

Future Work

There are a number of directions that this research could proceed in. Three of

the most promising are outlined below.

(i)

(iii)

It is possible to add current sensors to the circuit and use the SOC instead
of the battery cellsa voltage as the controller inputs. This makes the system
more expensive but in a situation where the voltage and SOC variation are

not commensurate, the SOC would be a better choice as a controller input.

Photovoltaic (PV) modules are generally connected in a series in order to
produce the high voltage. In cases where a very small section of the PV
module is shaded, the generated power of the whole PV module decreases
dramatically. The concept of balancing the charge of a series of connected
battery cells can be used to solve the power generation drop in a partly
shaded PV system. Therefore, all the proposed circuits can be used as a

Generation Control Unit (GCU) in PV systems.

The possibility of using this converter as a micro-converter for a PV system
to set the maximum power point while performing the role of a generation
control unit should be studied. In that case, not only would the output power
of each panel be maximized but also the cost of the system would decrease.
This is due to the fact the maximum power point tracker converter can be

eliminated.
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