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Chapter 1

Introduction

1.1 Background

The use of battery technology is soaring in various applications such as electronics,

space power, electric and hybrid electric vehicles. Indeed, the battery is regarded as

one of the most important components for energy storage in autonomous electric sys-

tems [3–5]. Since a single cell can only offer limited capacity, multiple battery cells

are often connected in series and/or in parallel to meet voltage and current require-

ments. However, due to manufacturing precision, operating condition variability and

other internal and external reasons [6–9], individual cells in a real battery stack typ-

ically exhibit variations in performance, for example, amounts of charge held. As a

result, charge imbalance among the cells in a battery string becomes a very common

issue. Maintaining the charge balance is of critical importance to the performance and

life of a battery system [10, 11]. Indeed, the capacity of the battery string will decrease

quickly under charge imbalance, which may lead to lower efficiency or even failure of

the entire system [8]. Fig 1.1 in paper [12] gives us a 4-cell battery system for exam-
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ple. In the Fig 1.1, the horizontal axis is time and vertical axis is cell SOC (state of

charge, which is defined as the ratio of current charge and charge capacity). Fig 1.1(a)

shows the charging process without cell charge equalization. As the time goes on, the

four cells’ SOCs are increasing and only b4 can be fully charged. However, due to

the imbalance of initial cell SOC, the other three cells are still under-charged. In Fig

1.1(b), only equalization is presented without charging or discharging. In Fig 1.1(c),

when both charging and equalization run simultaneously, the SOCs of all the cells are

equalized at the same time as that in Fig 1.1(b), also, as time goes on, all cells can be

fully charged.

Fig. 1.1: Illustration of a 4-cell battery system with x1(0),x2(0),x3(0),x4(0) =

0.5,0.7,0.3,0.8. (a) Charging process without equalization. (b) Equalization

process without charging and discharging. (c) Simultaneous charging and

equalization processes. [12]

To maintain the charge balance in a battery system, special circuit modules are

usually designed and connected with the cells. These modules are typically referred
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to as equalizers. Technologies used in the hardware realization of battery equalizers

include dissipative resistance shunt [13], bidirectional dc-dc converters [14,15], switch

capacitors [16–18], multi winding transformers [19] and two-step buck boost convert-

ers [20]. To illustrate the typical analysis performen of equalizer, the circuit diagram

studied in paper [1] is given in Fig 1.2. Obviously, the equalizer has a symmetrical

structure, therefore, without loss of generality, we assume the SOC of Cell 1 is larger

than that of Cell 2. The circuit is driven by PWM(Pulse Width Modulation) signal

which controls MOSFET(metal oxide semiconductor field-effect transistor) Q1 to be

on and off.

Fig. 1.2: Circuit design and analysis of individual cell equalization [1]

The equalization method can be categorized as passive and active balancing
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[21–27]. In passive equalization, excess charge from higher charged cells are released

through resistive elements until all cells reach the same state. On the other hand, in

active equalization, charges from higher charged cells are transfered to lower charged

cells using energy storage components such as capacitors and inductors [28]. More-

over, for active equalization, appropriate equalization algorithms are also required to

maximize efficiency of battery equalization system. The equalization algorithms can

be divided into two categories [29, 30]: voltage-based and SOC-based equalization al-

gorithms. Voltage-based equalization algorithms are widely used in real-time systems

because of direct measure of cell voltage [31]. SOC-based equalization algorithms typ-

ically require accurate knowledge about the remaining capacity in each cell and are

more suitable for Li-ion batteries, where a small voltage variation may results in large

capacity inconsistency [32,33]. For Li-ion battery, the steady-state open circuit voltage,

state of charge (SOC), and state of discharge (SOD), all have one-to-one correspond-

ing relationship are mentioned in [34] as shown in Fig 1.3, Therefore, a Li-ion battery

management system can improve the balancing circuit to maintain that the voltage dif-

ference between cells does not exceed a certain value, so does control the difference of

SOC and SOD within a certain range. That is, balancing problem for an Li-ion battery

can be equivalent to a voltage balancing.

Up to today, significant research and development efforts have been spent on the

electrical hardware design of battery equalization systems and numerous valuable re-

sults have been reported [24,35–39].Among these studies, heuristics-based control and
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Fig. 1.3: Discharging curves of ten Li-ion cells using a discharging current of 4A [2]

fuzzy logic-based control are discussed in [40], the paper introduce an intelligent bat-

tery equalization scheme based on fuzzy logic control is presented to adaptively control

the equalizing process of series-connected lithium-ion batteries. The proposed battery

equalization scheme is a bidirectional dc-dc converter with energy transferring capac-

itor that can be used to design the bidirectional nondissipative equalizer for a battery

balancing system. Paper [1] is based on the analysis of bi-directional Cµ̂k converter,

the paper proposed a fuzzy controller to adaptively tune the equalizing current. The

inputs of fuzzy controller are selected as the difference in state of charge, the average

of state of charge and the total internal resistance. The overall performance of the pro-

posed equalizer is evaluated by multi-indexes such as equalizing speed, efficiency and

cell protection. In [41], model predictive control is applied. It should be noted that both



6

papers only discuss systems with no more than 4 cells, which is far from practical.

Although significant research have been spent on the electrical hardware design

part, meanwhile, limited studies have been carried out to investigate the systems’ per-

formances from the system level and a number of questions remain open. For example,

given the initial SOC of each battery cell and all the system parameters, how long does

it take to complete equalization, charging, and/or discharging? How to predict the SOC

of each individual cell at any time instant during the equalization process (with or with-

out charging or discharging)? How to control the process to reduce the equalization

time? Seeing the gap in this area, a system-theoretic approach is adopted to study the

behavior of battery equalization systems in [12, 42]. Specifically, paper [42] proposes

to a system-level model to describe the charge equalization behavior. Then, analyt-

ical algorithms are derived to calculate the equalization time (i.e. the time needed

to complete the entire equalization process) for three different types of equalization

structures: series-based, layer-based and module-based. The study is extended in [12],

which focuses on series-based equalization systems considering energy loss, and exter-

nal charging/discharging. Moreover, paper [12] also derives algorithms to calculate the

SOCs during equalization process. In this paper, we further extend the work of [12] to

layer- and module-based equalization systems.
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1.2 Organization of Thesis

The remainder of this thesis is organized as follows: Chapter 2 give us the discussion

of problem formulations we focus on and introduces the assumption for three struc-

tures. Chapter 3 introduces the mathematical model of layer-based battery equalization

systems and develops formulas to calculate the time required to complete equalization

under given initial cell SOCs, and a computationally efficient algorithm to approxi-

mate the cell SOCs during the equalization process. Similar analyses for module-based

equalization systems are carried out in chapter 4. A comparative statistical study of the

three equalization structures is carried out in chapter 5. Finally, chapter 6 presents the

conclusions and future work.

1.3 Publications

Chen Zhou, Liang Zhang, ”Modeling and Computationally Efficient Algorithms for

Analysis of Battery Equalization Systems”, accepted by World Congress on Intelligent

Control and Automation Conference, Guilin, China, 2016.



Chapter 2

Problem Formulation

2.1 Structure model

In paper [42], three equalization structures are discussed shown in Figure 2.1. In the

figure, bi represent battery cells, ej represent equalizers. It is assumed that each equal-

izer is responsible to balance the two individual cells or two groups of battery cells

that are connected with it. For example, in the series-based equalization structure,

ei balances bi and bi+1 by transferring charge from the cell with higher SOC side to

the cell with lower SOC side. In the layer-based equalization structure, for instance,

eB/2+1 balance total charge of b1-b2 and b3-b4, transfer charge from higher SOC side

evenly to the lower SOC side. In the module-based equalization structure, we have

two kinds of equalizers, cell-level equalizers and module-level equalizers. For exam-

ple, e1, e2, . . . , eN−1, eN+1 . . . are cell-level equalizers; eN , e2N , . . . , eB−N are module-

level equalizers. Cell-level equalizers balance two adjacent cells; module-level equal-

izers balance total SOC between two adjacent modules.

8
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Fig. 2.1: Series-, layer- and module-based equalization system

2.2 Modeling Assumptions

2.2.1 Series-based equalization structure

Consider a battery charge equalization system shown in Figure 2.1(a) defined by the

following assumptions.

i The battery system consists of B cells, b1, b2 . . . bB, connected in series, and the
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equalization system consists of B− 1 equalizers, e1, e2, . . . eB−1, connected with

every two adjacent cells.

ii All cells have the same capacity. The equalizers have the same working cycle τ .

The time axis is slotted with slot duration τ .

iii Each equalizer ei is characterized by its equalization rate, re,i units of SOC per

time slot, and energy loss rate le,i ∈ (0, 1), i = 1, . . . , B − 1. For simplicity,

assume all the equalizers have identical and constant parameters re,i = re, le,i =

le.

iv At the beginning of each time slot, if cell bi have higher SOC than cell bi+1,

then during this time slot, equalizer ei takes re units of SOC away from bi with

constant rate and sends (1−le)re units of SOC to bi+1 also with constant rate. The

remaining lere units of SOC is consumed by the system as energy loss. Similarly,

if cell bi has lower SOC than cell bi+1, then equalizer ei takes re units of SOC

away from bi+1 and sends (1− le)re units of SOC to bi with the rest lere units of

SOC consumed as energy loss. If bi and bi+1 have equal SOC, then during the

time slot no charge transfer takes place between them.

2.2.2 Layer-based equalization structure

Consider a layer-based battery equalization structure shown in Figure 2.1(b) based on

the following assumptions:
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i The system consists of B battery cells, b1, b2, . . . , bB connected in series, and

B − 1 equalizers, e1, . . . , eB−1.

ii Each battery has the same capacity.

iii The equalizers have identical and synchronized working cycle of duration τ and

identical charge loss rate le. In addition, each equalizer ei is characterized by its

equalization rate, ri units of SOC per time unit, i = 1, . . . , B − 1.

iv The equalizers are arranged in L = log2B layers. In layer h, there are B/2h

equalizers. For simplicity, we assume that the equalizers in the same layer have

identical equalization rate, denoted as rh for layer h, h = 1, . . . , L.

v Typically, for the cells which can be influenced by equalizer ei, we call the cells

on the left side of equalizer the left-hand side of it; the cells on the right side of

equalizer the right-hand side of it. For instance, the left-side of equalizer e1 is b1,

the right-side of equalizer e1 is b2. Also, the left-side of equalizer eB/(2+1) is b1

and b2, the right-side of equalizer eB/(2+1) is b3 and b4.

vi Each equalizer manages the charge balance between the two substrings of cells

connected to its left- and right-hand sides. At layer h, such a substring consists

of 2h−1 battery cells. If the total SOC of the cell substring on one side of an

equalizer is higher than that on the other side at the beginning of a working cycle,

the equalizer removes rhτ/2h−1 units of SOC from each cell in the substring and

transfers rhτ(1− le)/2h−1 units of SOC to each cell in the substring on the other
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side uniformly during this working cycle. Clearly, the total amount of SOC lost

during a working cycle τ is rhτ le. If the substrings on both sides of an equalizer

have the same total SOC, no transfer takes place through this equalizer.

2.2.3 Module-based equalization structure

Consider a layer-based battery equalization structure shown in Figure 2.1(c) based on

the following assumptions:

i The entire battery series is divided into M modules, each having N cells. Appar-

ently, B = M ×N .

ii In such a system, two types of equalizers are present: module-level equalizers

and cell-level equalizers.

iii The working cycle for all equalizers are identical (equal to τ ) and synchronized.

iv Typically, we call the cells within the left side of equalizer which it can affect the

left-hand side of the equalizer; the cells within the right side of equalizer which it

can affect the right-hand side of the equalizer. For instance, the left-side of equal-

izer e1 is b1, the right-side of equalizer e1 is b2. Also, the left-side of equalizer eN

is b1, b2, . . . , bN , the right-side of equalizer eN is bN+1, bN+2, . . . , b2N .

v A module-level equalizer manages the charge balance between two adjacent mod-

ules. Specifically, if the total SOC of the cells in a module is higher than that of a
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neighboring module at the beginning of a working cycle, the associated module-

level equalizer between the two modules removes rm/N units of SOC from each

cell in the module and transfers rm(1 − lm)/N units of SOC to each cell in that

neighboring module uniformly during this working cycle. If the two adjacent

modules have the same total SOC, no transfer takes place through their associ-

ated module-level equalizer. A cell-level equalizer manages the charge balance

between two adjacent cells within the same module with equalization rate rc and

charge loss rate lc.

2.3 Problem Formulation

In the thesis, we mainly study about three questions for layer-based and module-based

battery equalization system. These three problem have already been solved for series-

based battery equalization system in paper [12], which we will give a brief discussion

in next part.

2.3.1 Mathematical modeling

The first problem is to build mathematical model based on the assumptions above. Let

tn = nτ, n = 0, 1, 2, . . . , and denote the n-th time slot as [tn−1, tn), n > 0. The SOC

for each cell at time tn+1 can be expressed based on the SOC for each cell at time tn
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using the formulas:

X(tn+1) = fseries(X(tn), re, le) (2.1)

X(tn+1) = flayer(X(tn), rh, le) (2.2)

X(tn+1) = fmodule(X(tn), rc, rm, le) (2.3)

Here, X(tn) = [x1(tn), x2(tn), . . . , xB(tn)], where xi(tn) represents SOC of bi

at n-th time slot. Formulas (2.1), (2.2) and (2.3) are the mathematical modeling for

series-, layer- and module-based battery equalization system respectively. According

to assumptions, SOCs at tn time slot depend on prior state. For series-based battery

equalization system, in addition to SOC for each cell at time tn, the SOC for each cell

at time tn+1 is also based on equalization rate re(rh for layer-based battery equalization

system; rc and rm for module-based battery equalization system) and energy loss rate le.

In these cases, all three systems have been derived when le = 0 in the paper [42]; when

le 6= 0, only series-based battery equalization system has been discussed in paper [12].

In the thesis, We mainly focus on the derivation of the equations flayer and fmodule.

2.3.2 SOCs approximation problem

While formulas (2.1), (2.2) and (2.3) can calculate X(tn+1) based on X(tn), it is inef-

ficient since we need to calculate from X(t0) in order to get X(tn+1). Also, we need to

do calculation for each τ , based on assumptions, τ is short and the calculation will be

so many times during a second. The desirable of the calculation of X(tn) directly from

X(0) similar of mathematical modeling, also possible to calculate X(tn) from X(0)
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and system parameter, that is:

X(tn) = gseries(X(0), re, le) (2.4)

X(tn) = glayer(X(0), rh, le) (2.5)

X(tn) = gmodule(X(0), rc, rm, le) (2.6)

Formulas (2.4), (2.5) and (2.6) are the approximations of SOCs for series-, layer-

and module-based battery equalization system respectively. For series-based battery

equalization system, in addition to initial SOC state of each cell, the SOC for each cell

at time tn+1 is also based on equalization rate re (rh for layer-based battery equalization

system; rc and rm for module-based battery equalization system) and energy loss rate

le.

The approximation of SOCs of series-based battery equalization system has been

derived from paper [12], so in the thesis we mainly focus on layer- and module-based

battery equalization systems. In the thesis, we will derive the the equation of glayer and

gmodule.

2.3.3 Equalization time calculation problem

In addition to the calculation of SOCs, it is also important to calculate system perfor-

mance in efficient way. Te is defined as the time instant when the SOCs of all cells are

equal assuming that there is no external charging or discharging. Again, Te should be
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function of X(0) and system parameters, which can be expressed as:

Te = hseries(X(0), re, le) (2.7)

Te = hlayer(X(0), rh, le) (2.8)

Te = hmodule(X(0), rc, rm, le) (2.9)

Formulas (2.7), (2.8) and (2.9) are the calculation of equalization time for series-

, layer- and module-based battery equalization system respectively. For series-based

battery equalization system, the problem is to derive the formula to calculate the equal-

ization time directly from initial SOC state of each cell X(0), equalization rate re(rh for

layer-based battery equalization system; rc and rm for module-based battery equaliza-

tion system) and energy loss rate le. In these cases, all have been derived when le = 0

in the paper [42]; when le 6= 0, only series-based battery equalization system has been

discussed in paper [12]. In the thesis, we will focus on the the equation of hlayer and

hmodule.

2.4 Review of prior result

Paper [42] studies three types of battery equalization system structures: series-based,

layer-based and module-based. It also derive mathematical modules that describe the

system-level behavior of the battery equalization process under these equalization struc-

tures. Then, based on the mathematical models, analytical methods are develop to eval-

uate the performance of the equalization process. In addition, statistical analysis is
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carried out to compare the performance of the three equalization structures. However,

research in paper [42] does not take energy loss during the equalization process into

account.

Paper [12] mainly discusses series-based equalization system. It proposes mathe-

matical model for series-connected battery equalization systems, develops an analytical

algorithm to approximate the SOC of battery cells at any time instant during the equal-

ization process, and derives the formulas to calculate the time needed to finish equal-

ization process. The discussion in the thesis is based on the study of the approximation

of SOC and calculation of equalization time for series-based battery equalization sys-

tem, here we give a briefly discussion of the approximation of SOC and calculation of

equalization time for series-based battery equalization system.

2.4.1 Algorithm for approximation of SOC during equalization process for

series-based battery equalization system

i Identify all initially active MBGs (MBG is any battery group with the time

instant when all cells of BG(g, i) merge together for the first time is smaller than

the time instant when BG(g, i) (represent as cell bi, bi+1, . . . , bi+g−1) merges

with any neighboring neighboring cell for the first time): For all i ∈ {1, . . . , B−

1}, if xi(0) = xi+1(0), then bi and bi+1 belong to the same initial active MBG;

otherwise, bi and bi+1 belong to different initial active MBGs.

ii Calculation the SOC charge rate, k(g,i), for each MBG that is currently active.
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This leads to a linear function of t for each active MBG:

y(g,i)(t) = x̄g,i(0) +
k(g,i)

g
t (2.10)

iii Identify the next merging point: For every pair of neighboring MBGs that are

currently active, calculate the intersection of the linear functions tg,i(t)’s obtained

in Step 2. Specifically, for active neighboring MBGs, BG(g1, i1) andBG(g2, i2),

their intersection time can be obtained by equation yg1,i1(t) and yg2,i2(t) as fol-

lows:

x̄g1,i1(0) +
k(g1,i1)

g1

t = x̄g2,i2(0) +
k(g2,i2)

g2

t (2.11)

then,

t = g1g2

x̄(g1,i1)(0)− x̄(g2,i2)(0)

g1k(g2,i2) − g2k(g1,i1)

(2.12)

Among all intersection time, let t(s)m denote the smallest one, which results from

merging battery groups BG(g
(s)
1 , i

(s)
1 ) and BG(g

(s)
2 , i

(s)
2 ). Without loss of gener-

ality, assume i(s)1 < i
(s)
2 .

iv Update the active MBGs: After t = t
(s)
m , MBGsBG(g

(s)
1 , i

(s)
1 ) andBG(g

(s)
2 , i

(s)
2 )

identified in step 3 are both deactivated, while their combination, BG(g
(s)
1 +

g
(s)
2 , i

(s)
1 ) become an active MBG. Other active MBGs remain active after t = t

(s)
m .

v For t > t
(s)
m , if there is only one MBG being active, let S = s and stop the

algorithm; otherwise, let s = s+ 1 and return to step 2.

After the algorithm is terminated, we will obtain the locations of all merging points,
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all merging battery groups, and their active periods. Assume cell bj belongs to ac-

tive merging battery group BG(g, i) at time t. Then, the SOC of bj at time t can be

approximated as :

x̂j(t) = x̄(g,i)(0) +
k(g,i)

g
t, i ≤ j ≤ i+ g − 1 (2.13)

2.4.2 Calculation of equalization time for series-based battery equalization

system

In the approximated equalization process generated above, the approximated equaliza-

tion time T̂e can be directly calculated by:

T̂e = max
g∈{1,...,B−1}

tideal(g, 1) (2.14)

where

tideal(g, i) =


(x̄(g,i)(0)−x̄(B,1)(0))τ

−(( 1
g
− 1
B

)le−
ρ(g,i)
g

)re
, if x̄(g,i)(0) > x̄(B,1)(0)

(x̄(g,i)(0)−x̄(B,1)(0))τ

−(( 1
g
− 1
B

)le+
ρ(g,i)(1−le)

g
)re
, if x̄(g,i)(0) < x̄(B,1)(0)

(2.15)

g ∈ {1, . . . , B − 1}, i ∈ {1, . . . , B − g + 1} .

The results described in Section 2.4.1 and 2.4.2 will be used in the thesis to ap-

proximate SOCs and calculate equalization time for module-based battery equalization

system respectively.



Chapter 3

Layer-Based Equalization Structure

3.1 Mathematical model

Based on the assumptions we presented in the previous chapter, an 8-cell layer-based

battery equalization system is shown in Figure 3.1. This system has L = 3 layers and

Fig. 3.1: Layer-based battery equalization system with B = 8

each equalizer manages two substrings. For instance, equalizer e3 manages substring

b5-b6 (left of e3) and substring b7-b8 (right of e3), while e1 manages b1-b2-b3-b4 and b5-

b6-b7-b8. On the other hand, each cell is affected by the operation of L = 3 equalizers

− one from each layer. For instance, cell b4 is affected by e1, e2, and e5. Moreover,

20
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since each equalizer treats each cell in a substring evenly, the equalization operation of

one equalizer is independent of all others in the system.

In a B-cell layer-based battery equalization system, the i-th battery is affected by

equalizers [ i+B−1
21

], [ i+B−1
22

],. . . , [ i+B−1
2L

]. For the j-th equalizer in layer h, let S+
h,j and

S−h,j represent the sets of battery cells that are on the left-hand side and the right-hand

side of this equalizer, respectively. According to the model assumptions, we have

S+
h,j = {(j − 1)2h + 1, (j − 1)2h + 2, . . . , (j − 1)2h + 2h−1},

S−h,j = {(2j − 1)2h + 1, (2j − 1)2h + 2, . . . , (2j − 1)2h + 2h−1}.

Let ∆h,j(tn) denotes the total SOC difference between these two substrings. Then,

∆h,j(tn) =
∑

m∈S−
h,j

xm(tn)−
∑

m∈S+
h,j

xm(tn). (3.1)

To determine the charge transfer between these two substrings through this equalizer,

introduce

sgn(v, le) =



−1, v < 0,

0, v = 0,

1− le, v > 0.

(3.2)

Thus, sgn(∆h,j(tn), le) represents the proportion of charges transferred to/from each

substring. Next, to determine whether battery i belongs to any of these two substrings,
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the indicator function can be used:

IA(x) =


1, x ∈ A,

0, otherwise.

(3.3)

Clearly, if IS+
h,j

(i) = IS−
h,j

(i) = 0, the equalizer have no influence to battery i; if

IS+
h,j

(i) = 1, IS−
h,j

(i) = 0, the battery i is on the left-hand side of the equalizer; if

IS+
h,j

(i) = 0, IS−
h,j

(i) = 1, the battery i is on the right-hand side of the equalizer. The

charge transfer scenarios for each of these three cases are described below:

i When i /∈ S+
h,j and i /∈ S−h,j , in this case, the j-th equalizer in the h-th layer does

not contribute to bi and no charge transfer occurs in bi due to this equalizer.

ii When i ∈ S+
h,j , there are three possibilities in this case:

(a) When ∆h,j(tn) > 0, the total charge of the substring on the right-hand

side of j-th equalizer in layer h is larger than that on the left-hand side.

Under this situation, the cells within S+
h,j receive a total of (1 − le)rh units

of charge during this time slot, which is evenly distributed to each one, i.e.,

(1−le)rh
2h−1 per cell. On the other hand, the cells within S−h,j lose a total of rh

units of charge during this time slot, which is also evenly distributed to each

one, i.e., rh
2h−1 for each cell.

(b) When ∆h,j(tn) < 0, the total charge of the substring on the left-hand side

of j-th equalizer in layer h is larger than that on the right-hand side. Under

this situation, the cells within S−h,j receive a total of (1−le)rh units of charge
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during this time slot, which is evenly distributed to each one, i.e., (1−le)rh
2h−1

per cell. On the other hand, the cells within S+
h,j lose a total of rh units of

charge during this time slot, which is also evenly distributed to each one,

i.e., rh
2h−1 for each cell.

(c) When ∆h,j(tn) = 0, the total charge of the substring on the left-hand side

of j-th equalizer in layer h is as same as that on the right-hand side.Under

this situation, no charge transferred.

iii When i ∈ S−h,j , there are three possibilities in this case which are similar to part

(b).

To distinguish these three cases, for case 1, IS+
h,j

(i) = IS−
h,j

(i) = 0; for case 2,

IS+
h,j

(i)− IS−
h,j

(i) = 1; for case 3, IS+
h,j

(i)− IS−
h,j

(i) = −1.

Let tn = nτ , n = 0, 1, 2, . . . , and let xi(t) ∈ [0, 1], i = 1, . . . , B, denote the SOC

of cell bi at time t ≥ 0. Then, based on the discussion above, the evolution of the cell

SOCs’ are given by

xi(t) = xi(tn) + ki(tn)(t− tn), t ∈ (tn, tn+1], n = 0, 1, . . ., (3.4)

where ki(tn) is the total charge transfer rate at cell bi from all equalizers during time

(tn, tn+1]:

ki(tn) =
L∑
h=1

B/2h∑
j=1

(sgn(∆h,j(tn), le) · [IS+
h,j

(i)−IS−
h,j

(i)] · rh
2h−1

), i = 1, . . . , B. (3.5)
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3.2 Equalization time

3.2.1 Calculation formula

In each time unit, the equalizer remove rh units of charge from the higher SOC side

and transfer rh(1 − le) units of charges to the lower SOC side. Since the equalizers in

the layer-based structure work independently of each other, the time needed for ei to

balance the charge of its two associated substrings is

teq(i) =
|∆h(i),j(i)(0)|

(rh + (1− le)rh)
, (3.6)

where

h(i) = L− blog2 ic , j(i) = i− 2L−h(i) + 1. (3.7)

In the equation, |∆h(i),j(i)(0)| is absolute difference between two sides of equalizer.

Note that, in each time slot, the equalizer remove rh units of charge from the higher

SOC side and transfer rh(1− le) units of charges to the lower SOC side.

Then, the time for all cells in the system to achieve equalization, denoted as

T̂ layere , can be calculated by

T̂ layere = max
i∈{1,...,B−1}

teq(i). (3.8)

3.2.2 Validation by simulation

In order to justify the accuracy of equation (3.8), a MATLAB program is created to

“simulate” the system behavior based on the mathematical model defined by the as-
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sumptions above, i.e., by iteratively calculating the values of xi(tn) based on equa-

tion (3.4). To carry out the numerical experiments, we run the program on systems

with the number of cells ranging from B ∈ {4, 8, 16, 32}, the equalization rate from

rh ∈ {10−4, 10−5, 10−6} and le = 0.1. For each combination of B and rh, 5000 sam-

ples are tested with initial SOCs randomly and independently generated from uniform

distribution U(0, 1). For each sample, we evaluate its true equalization time T layere from

simulation and compare it with T̂ layere calculated based on equations (3.6)-(3.8). The

accuracy is evaluated using the percentage error between the two values:

εe =
|T layere − T̂ layere |

T layere

· 100%. (3.9)

The results are summarized in Table 3.1. As we can see, the average error ε̄e is very

small for all cases studied, which implies that the calculated equalization time is close

to the true value. Therefore, we claim that equations (3.6)-(3.8) can be used to calculate

the equalization time for layer-based battery equalization systems.

3.3 Approximation of cell SOCs during equalization

3.3.1 Calculation formula

While the cell SOCs of the battery equalization system considered in this chapter can be

calculated based on equation (3.4), the computational time may be overly long for small

rh due to iterative calculation of xi(tn) for every single n = 0, 1, 2, . . . . To overcome

this problem, note that each cell is affected by exactly L equalizers − one from each
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Table 3.1: Average approximation error of equalization time under layer-based struc-

ture

re 10−4 10−5 10−6

ε̄e(4) 0.0126% 0.0014% 0.0002%

ε̄e(8) 0.0569% 0.0058% 0.0006%

ε̄e(16) 0.1106% 0.0128% 0.0014%

ε̄e(32) 0.2989% 0.0307% 0.0033%

layer, and that each equalizer transfers charge into or out of a cell with constant rate

before equalization is reached. Moreover, the total operating time of each equalizer

can be calculated using (3.6). During the equalization process, each equalizer have

two state: either still equalizing charge between the cells or finish equalization process.

Since in the layer-based structure, each equalizer works independently, it is possible to

calculate the equalization time for each equalizer. Then we can determine whether each

equalizer is still operating at given time t:

i If t ≥ teq(i), which means the equalizer i has stop working at time t. In

this case, I{u|u≥teq(ih)}(t) = 1 and I{u|u<teq(ih)}(t) = 0. Let ih denotes the

index of the equalizer in layer h which have affect on battery i. By the time

eih stop working, considering the energy loss during the process, eih contribute
∆h,j(ih)

·[I
S+
h,j

(i)−I
S−
h,j

(i)]−rhleteq(i)

2
to each side, apparently, the contribution of eih

is larger than 0 for the lower SOC side and smaller than 0 for the higher SOC
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side. For the time after teq(t), when ei stop working, the total energy loss is

rhle(t − teq(i)) taken by the two sides evenly, that is rhle(t−teq(i))
2

for each side.

Combining the time before and after the equalizer’s equalization time, we can

obtain that the total contribution of eih is
∆h,j(ih)

·[I
S+
h,j

(i)−I
S−
h,j

(i)]−rhlet

2
. Since the

equalizer removes or transfers charge evenly from one side to the other, we can

obtain that eih contributes
∆h,j(ih)

·[I
S+
h,j

(i)−I
S−
h,j

(i)]−rhlet

2h
to each cell.

ii If t < teq(i), which means the equalizer i has not stopped working at time t. In

this case, I{u|u≥teq(ih)}(t) = 0 and I{u|u<teq(ih)}(t) = 1. eih removes rht units of

SOCs evenly from the higher SOC side and transfers rht(1 − le) units of SOCs

evenly to the lower SOC side. That is, for the equalizer in layer h, each cell in the

higher SOC side removes rht
2h−1 , each cell in the lower SOC side receive rht(1−le)

2h−1 .

We can get the approximation SOC of bi at time t by combining the two cases

discussed above:

x̂i(t) = xi(0) +
L∑
h=1

I{u|u≥teq(ih)}(t) ·
∆h,j(ih) · [IS+

h,j
(i)− IS−

h,j
(i)]− rhlet

2h

+
L∑
h=1

I{u|u<teq(ih)}(t) · sgn(∆h,j(ih)(0), le) · t · rh ·
[IS+

h,j
(i)− IS−

h,j
(i)]

2h−1
,

(3.10)

where ih is the index of the equalizer in layer h that affects battery bi given by

ih =

⌊
i+B − 1

2h

⌋
, (3.11)

and j(·) is defined in (3.7). In equation (3.10), xi(0) is the initial SOC of battery i, ih

represents the index of equalizer in layer h which can influence bi.
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3.3.2 Validation by simulation

In order to test the accuracy of equation (3.10), the same simulation program and the

same data set generated above are used. For each sample, we first simulate the system

by iteratively calculating the values for all xi(tn)’s until all cells are equalized. Then,

the approximated SOCs x̂i(tn) are calculated based on equation (3.10). The accuracy

of the method is evaluated based on:

εSOC =

∑B
i=1

∑bTe/τc
n=0

|x̂i(tn)−xi(tn)|
xi(tn)

B(bTe/τc+ 1)
· 100% (3.12)

The results are summarized in Table 3.2. As one can see, the average error ε̄SOC(B) is

again very small. What’s more, as equalization rate for equalizer reduce by 10 times,

ε̄SOC(B) also reduce by 10 times. Therefore, we claim that equation (3.10) can be used

to approximate the cell SOCs for the battery system during the equalization process.

Table 3.2: Average approximation error of cell SOCs under layer-based structure

re 10−4 10−5 10−6

ε̄SOC(4) 0.0399% 0.0040% 0.0004%

ε̄SOC(8) 0.0442% 0.0044% 0.0004%

ε̄SOC(16) 0.0510% 0.0051% 0.0005%

ε̄SOC(32) 0.0518% 0.0052% 0.0005%

As an illustration, consider a layer-based battery equalization system with pa-

rameters B = 8, rh = 10−4, le = 0.1. The initial SOCs of the cells are x1(0) = 0.1104,
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x2(0) = 0.3968, x3(0) = 0.2242, x4(0) = 0.8432, x5(0) = 0.3531, x6(0) = 0.8110,

x7(0) = 0.5319, x8(0) = 0.4294. From Figure 3.1, we can see that e4 balance charge

between b1 and b2, e5 balance charge between b3 and b4, e6 balance charge between

b5 and b6, e7 balance charge between b7 and b8, e2 balance charge between the sum of

b1b2 and b3b4, e3 balance charge between the sum of b5b6 and b7b8, e1 balance charge

between the sum of b1b2b3b4 and b5b6b7b8. The evolution of cell SOCs obtained by both

simulation and equation (3.10) is shown in Figure 3.2. During the equalization process,

all equalizers work simultaneously and independently from each other. The simulation

results and the calculated SOCs overlap with each other perfectly. On the other hand,

it takes the simulation programs 23.12 seconds on a MacBook Pro with Core i5 CPU

and 8GB RAM to generate the complete evolution, while the calculation method only

takes 0.90 seconds.

Among all equalizers, the charge that needs to be transferred through e7 is the

smallest one , e3 has the second smallest amount of charge to transfer and e5 has the

largest amount of charge to transfer. From Fig. 3.2, t1 is the equalization time for

e7, when the balance of SOCs between b7 and b8 is reached. t2 is the equalization

time for e3, when the balance of SOCs between the sum of b5b6 and b7b8 is reached.

Because charge imbalance between b5 and b6 still exists at time t2, equalizer e6 will

continue operating until its equalization time t3, at which the SOCs of b5b6b7b8 are still

equalized. Since the difference initial SOCs between two sides of e5 is the largest one,

the whole system achieve equalization at t3. So t3 is the equalization time for the entire
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system.
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Fig. 3.2: Simulation and calculation of the equalization process of an 8-cell layer-based

battery equalization system

3.4 System performance evaluation with external charging/discharging

In previous sections, we discuss the situation that rcharging = 0 (rcharging is charging

rate). rcharging = 0 means the system doesn’t have external charging or discharg-

ing; rcharging < 0 means the system is discharging; rcharging > 0 means the system

is charging. In this section, we discuss the system performance when equalization

and charging/discharging occur simultaneously. When charging the system, external

charge goes equally to each cell in the system, which is rcharging/B; when discharging

the system, charge goes to external load evenly from each cell in the system, which is

rcharging/B. Since the charge goes equally in or out each cell, for approximation of

cell SOCs during equalization, the same method can be directly used, only considering
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charging/discharging part additionally. Specifically, based on equation (3.10), approxi-

mation of cell SOCs for layer structure is:

x̂i,charing(tn) = x̂i(tn) +
rcharging
B

tn (3.13)

Fig. 3.3 shows the simulation results and calculation results obtained by equation

(3.13), initial SOCs of the batteries are the same as initial SOCs in Fig. 3.2. Fig.3.3(a)

shows system with charing rate rcharging = 5 · 10−4, Fig.3.3(b) shows system with

discharging rate rcharging = −5 · 10−4.

It should be noted that some x̂j(tn) calculated above may have exceeded upper

bound 1 or lower bound 0 before the system finish equalization process. This implies

that the system process is terminated because the upper limit or the lower limit of SOC

is reached before all cells are equalized. In this case, it is necessary to keep track of the

maximum and minimum cell SOCs during the battery equalization process. The upper

and lower bound can be calculated as :

max
j∈{1,...,B}

x̂j(t) = max
g∈{1,...,B}

i∈{1,...,B−g+1}
x̄(g,i)(0)≥x̄(B,1)(0)

x̄l(g,i)(t) +
rcharging

τ
t, t ≥ 0, (3.14)

min
j∈{1,...,B}

x̂j(t) = min
g∈{1,...,B}

i∈{1,...,B−g+1}
x̄(g,i)(0)≤x̄(B,1)(0)

x̄u(g,i)(t) +
rcharging

τ
t, t ≥ 0, (3.15)

where x̄l(g,i) and x̄u(g,i) are lower and upper bound of the average cell SOC of
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BG(g, i) at time t respectively, and are defined as:

x̄l(g,i)(t) = x̄(g,i)(0) +
−ρ(g,i) − (g − 1)le

gτ
ret (3.16)

x̄u(g,i)(t) = x̄(g,i)(0) +
ρ(g,i)(1− le)− (g − 1)le

gτ
ret (3.17)

where g ∈ {1, . . . , B}, i ∈ {1, . . . , B − g + 1}.
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Fig. 3.3: Simulation and calculation of the equalization process of a 8-cell battery sys-

tem in layer-based system with charging/discharging



Chapter 4

Module-Based Equalization Structure

4.1 Mathematical model

Based on the assumptions we presented in Chapter 2, a 9-cell module-based battery

equalization system is shown in Figure 4.1. This system is evenly divided into 3 mod-

ules and each module has 3 cells. In the system, there are two types of equalizers:

cell-level equalizers and module-level equalizers. For instance, equalizer e1 is cell-

level equalizer, it balance the charge between b1 and b2; equalizer e3 is module-level

equalizer, it manages substring b1-b2-b3 and b4-b5-b6. On the other hand, each cell is

affected by both cell-level equalizers and module-level equalizers. For instance, cell b1

is affected by cell-level equalizer e1 and module-level equalizer e3, while cell e5 is af-

fected by cell-level equalizers e4,e5 and module-level equalizers e3,e6. Moreover, each

module-level equalizer treats each cell in a substring evenly.

In a B-cell module-based battery equalization system, each cell is affected by

both cell-level equalizers and module-level equalizers, i.e. e1, e2, . . . , eN−1, eN+1 . . .

are cell-level equalizers, eN , e2N . . . eB−N are module-level equalizers. Let SC and SM

34
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Fig. 4.1: Module-based battery equalization system with B = 9

represent the index of cell-level equalizers and module-level equalizers respectively.

According to the model assumptions, we have:

SC = {jN + k|j = 0, . . . ,M − 1; k = 1, . . . , N − 1}, (4.1)

SM = {N, 2N. . . . , (M − 1)N}, (4.2)

For the equalizer ei, let S+
j and S−j represent the sets of battery cells that are

on the left-hand side and right-hand side of this equalizer, respectively. For cell-level

equalizer, the index of left-hand side battery of ej is j, while the index of right-hand

side battery of ej is j+1. For module-level equalizer, the index of left-hand side battery

of ej is j −N + 1, j −N + 2, . . . j, while the index of right-hand side battery of ej is

j + 1, j + 2, . . . , j +N . That is:

S+
j =


{j −N + 1, j −N + 2, . . . , j}, if j ∈ SM ,

{j}, if j ∈ SC ,

(4.3)
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S−j =


{j + 1, j + 2, . . . , j +N}, if j ∈ SM ,

{j + 1}, if j ∈ SC ,

(4.4)

Let ∆j(tn) denote the total SOC difference between these two battery groups.

Then,

∆j(tn) =
∑
m∈S−

j

xm(tn)−
∑
m∈S+

j

xm(tn), (4.5)

Here, we use sgn(∆j(tn), le) defined in equation (3.2) represents the propor-

tion of charges transferred to/from each cell(for cell-level equalizers) or substring(for

module-level equalizers). We use indicator function defined in equation (3.3) to de-

termine whether battery i belongs to the substring. Clearly, if IS+
j

= IS−
j

= 0, the

equalizer have no influence to battery i; if IS+
j

= 1,IS−
j

= 0, the battery i is on the

left-hand side of the equalizer; if IS+
j

= 0,IS−
j

= 1, the battery i is on the right-hand

side of the equalizer. The charge transfer scenarios for each of these three cases are

described below:

i When i /∈ S+
j and i /∈ S−j , in this case, the j-th equalizer does not contribute to

bi and no charge transfer occurs in bi due to this equalizer.

ii When i ∈ S+
j , there are two possibilities in this cases:

(a) When j ∈ SM , which means equalizer j is a module-level equalizer. In

this case, cell bi is in the substring of the left-hand side of module-level

equalizer ej . There are three situation in this case:
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1 When ∆j(tn) > 0, the total charge of the substring on the right-hand

side of j-th module-level equalizer is larger than that on the left-hand

side. Under this situation, the cells within S+
j receive a total of (1− le)rm

units of charge during this time slot, which is evenly distributed to each

one, i.e., (1−le)rm
N

per cell. On the other hand, the cells within S−j lose

a total of rm units of charge during this time slot, which is also evenly

distributed to each one, i.e., rm
N

for each cell.

2 When ∆j(tn) < 0, the total charge of the substring on the left-hand side

of j-th module-level equalizer is larger than that on the right-hand side.

Under this situation, the cells within S−j receive a total of (1− le)rm units

of charge during this time slot, which is evenly distributed to each one,

i.e., (1−le)rm
N

per cell. On the other hand, the cells within S+
j lose a total of

rm units of charge during this time slot, which is also evenly distributed

to each one, i.e., rm
N

for each cell.

3 When ∆j(tn) = 0, the total charge of the substring on the left-hand

side of j-th equalizer is as same as that on the right-hand side. Under this

situation, no charge transferred.

(b) When j ∈ SC , which means equalizer j is a cell-level equalizer. In this

case, cell bi is in the left-hand side of cell-level equalizer ej . There are three

situation in this case:

1 When ∆j(tn) > 0, the charge of the cell on the right-hand side of j-th
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cell-level equalizer is larger than that on the left-hand side. Under this

situation, cell bj receives (1 − le)rc units of charge during this time slot.

On the other hand, cell bj+1 loses rc units of charge during this time slot.

2 When ∆j(tn) < 0, the charge of the cell on the left-hand side of j-th

cell-level equalizer is larger than that on the right-hand side. Under this

situation, cell bj+1 receives (1− le)rc units of charge during this time slot.

On the other hand, cell bj loses rc units of charge during this time slot.

3 When ∆j(tn) = 0, the charge on the left-hand side of j-th equalizer is

as same as that on the right-hand side. Under this situation, no charge is

transferred.

iii When i ∈ S−j , the two cases are similar to part (b).

Again, let tn = nτ , n = 0, 1, 2, . . . , and let xi(t) ∈ [0, 1], i = 1, . . . , B, denote

the SOC of cell bi at time t ≥ 0. Then, the evolution of the system is given by

xi(t) = xi(tn) + ki(tn)(t− tn), t ∈ (tn, tn+1], n = 0, 1, . . ., (4.6)

where ki(tn) is the overall charge transfer rate of cell bi during time (tn, tn+1]:

ki(tn) =
B−1∑
j=1

(sgn(∆j(tn), le)·[IS+
j

(i)−IS−
j

(i)]·rcISC (j) + rmISM (j)

1 + (N − 1)ISM (j)
), i = 1, . . . , B,

(4.7)

and sgn(·, ·) and IA(·) are defined in (3.2) and (3.3), respectively.

To study such systems, an analytical algorithm is proposed in [42] for module-

based battery equalization systems with no charge loss, i.e., when lc = lm = 0. The
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algorithm notes that the cell-level equalization and module-level equalization are inde-

pendent and treats each module individually by viewing a module as an independent

series-connected subsystem. Then, the equalization time for each of these subsystems

can be calculated. Next, each module is viewed as an “aggregated cell” such that the

entire system again can be analyzed as a series-connected one. Finally, the maximum of

the equalization times of the subsystems and the aggregated system is used to approx-

imate the equalization time of the overall system. In this paper, the idea is extended to

the cases where lc and lm are greater than zero by applying the methods derived in [12]

for series-based battery equalization systems with charge loss.

4.2 Equalization time

4.2.1 Calculation algorithm

Algorithm 1:

Step 1: For each module i in the system, i = 1, . . . ,M , calculate its intra-module

equalization time, T̂ intrae,i , as

T̂ intrae,i = max
g∈{1,...,N−1}

tintrae,i (g, p), (4.8)
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where p = (i− 1)N + 1 is the index of the first battery in Module i,

tintrae,i (g, p) =



x̄(g,p)(0)−x̄(N,p)(0)

−(( 1
g
− 1
N

)lc− 1
g

)rc
,

if x̄(g,p)(0) > x̄(N,p)(0),

x̄(g,p)(0)−x̄(N,p)(0)

−(( 1
g
− 1
N

)lc+
(1−lc)
g

)rc
,

if x̄(g,p)(0) < x̄(N,p)(0),

(4.9)

and x̄(g,p)(0) is the average initial SOC of battery string bp-bp+1-. . . -bp+g−1:

x̄(g,p)(0) =
1

g

p+g−1∑
i=p

xi(0), g = 1, . . . , N. (4.10)

Step 2: View each module i as an aggregated battery cell with its aggregated SOC

defined as

Xi(t) =

p+N−1∑
j=p

xj(t). (4.11)

Step 3: Consider the series-connected equalization system with the aggregated batter-

ies constructed in Step 2. Calculate the inter-module equalization time, T̂ intere ,

based on

T̂ intere = max
g∈{1,...,M−1}

tintere (g, 1), (4.12)

where

tintere (g, 1) =



X̄(g,1)(0)−X̄(M,1)(0)

−(( 1
g
− 1
M

)lm− 1
g

)rm
,

if X̄(g,1)(0) > X̄(M,1)(0),

X̄(g,1)(0)−X̄(M,1)(0)

−(( 1
g
− 1
M

)lm+
(1−lm)

g
)rm

,

if X̄(g,1)(0) < X̄(M,1)(0),

(4.13)
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X̄(g,1)(0) =
1

g

g∑
i=1

Xi(0), g = 1, . . . ,M.

tintrae,i (g, p) =



x̄(g,p)(0)−x̄(N,p)(0)

−(( 1
g
− 1
N

)lc− 1
g

)rc
,

if x̄(g,p)(0) > x̄(N,p)(0),

x̄(g,p)(0)−x̄(N,p)(0)

−(( 1
g
− 1
N

)lc+
(1−lc)
g

)rc
,

if x̄(g,p)(0) < x̄(N,p)(0),

(4.14)

Step 4: The equalization time of the overall system can be approximated by

T̂modulee = max{T̂ intere , max
i=1,...,M

T̂ intrae,i }. (4.15)

4.2.2 Validation by simulation

In order to justify the accuracy of Algorithm 1, a MATLAB program is created to “sim-

ulate” the system behavior based on the mathematical model defined above, i.e., by

iteratively calculating the values of xi(tn) based on equation (4.6). To carry out the nu-

merical experiments, we run the program on systems with the number of cells ranging

from B ∈ {4, 8, 16, 32}. For each B, we select M ∈ {2, 4, . . . , B/2}, the equalization

rate from rc, rm ∈ {10−4, 10−5} and use lc = lm = 0.1. For each combination of

B, M , rc and rm, 5000 samples are tested with initial SOCs randomly and indepen-

dently generated from uniform distribution U(0, 1). For each sample, we evaluate its

true equalization time Tmodulee from simulation and compare it with T̂modulee calculated
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based on Algorithm 1. The accuracy is evaluated using the percentage error between

the two values:

εe =
|Tmodulee − T̂e

module
|

Tmodulee

· 100%. (4.16)

The results are summarized in Table 4.1. As we can see, the average error ε̄e is very

small for all cases, which implies that the calculated equalization time is close to the

true value. Thus, we claim that Algorithm 1 can be used to calculate the equalization

time for module-based equalization system.

Table 4.1: Average approximation error of equalization time under module-based

structure

rc = rm = 10−4 rc = rm = 10−5

B: 4, M : 2 B: 8, M : 2 B: 4, M : 2 B: 8, M : 2

0.0579% 0.7306% 0.0057% 0.0730%

B: 8, M : 4 B: 16, M : 2 B: 8, M : 4 B: 16, M : 2

0.9236% 1.4502% 0.0924% 0.1450%

B:16, M : 4 B: 16, M : 8 B: 16, M : 4 B: 16, M : 8

0.0675% 0.1298% 0.0068% 0.0130%

B: 32, M : 2 B: 32, M : 4 B: 32, M : 2 B: 32, M : 4

2.0840% 1.7102% 0.2084% 0.1710%

B: 32, M : 8 B: 32, M :16 B: 32, M : 8 B: 32, M : 16

1.8034% 1.9887% 0.1803% 0.1989%
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4.3 Approximation of cell SOCs during equalization

4.3.1 Calculation formula

Similar to Section 2, iterative calculation of xi(tn) based on equation (4.6) is very time

consuming when rc or rm is small. To alleviate this problem, note that the module-based

system considered here can be viewed as a group of series-based battery equalization

systems that have been studied in [12]. Therefore, the following algorithm is proposed:

Algorithm 2:

Step 1: Consider Module i as a virtual series-based battery equalization system con-

sisting of the N cells in the module and the cell-level equalizers. Apply Algo-

rithm 1 developed in [12] to calculate the approximated SOC of the j-th battery

in this virtual system, denoted as x̂(i)
j (t), i = 1, . . . ,M , j = 1, . . . , N .

Step 2: View each module i as an aggregated battery cell with its aggregated SOC

defined in (4.11). Consider another virtual M -cell series-based battery equal-

ization system consisting of these aggregated battery cells and the module-level

equalizers.

Step 3: Apply Algorithm 1 developed in [12] to calculate the approximated SOC of

the j-th battery cell of the virtual system constructed in Step 2, denoted as

X̂j(t), j = 1, . . . ,M .

Step 4: The SOC of the j-th battery cell in the original module-based equalization
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system can be approximated as:

x̂j(t) = x̂
(b j−1

N
c+1)

j−b j−1
N
cN

(t) +
X̂b j−1

N
c+1(t)−Xb j−1

N
c+1(0)

N
. (4.17)

4.3.2 Validation by simulation

In order to test the accuracy of Algorithm 2, the same simulation program and the same

data set generated above are used. For each sample, we first simulate the system by

iteratively calculating the values for all xi(tn)’s until all cells are equalized. Then, the

approximated SOCs x̂i(tn) are calculated based on Algorithm 2. The accuracy of the

method is evaluated based on:

εSOC =

∑B
i=1

∑bTe/τc
n=0

|x̂i(tn)−xi(tn)|
xi(tn)

B(bTe/τc+ 1)
· 100%. (4.18)

The results are summarized in the Table 4.2. As we can see, the average error ε̄SOC(B)

is again very small. Therefore, we claim that Algorithm 2 can be used to approximate

the cell SOCs for the battery system during the equalization process.

As we can see in table 4.2, ε̄SOC(B) is very small, which means the approxima-

tion of calculated cell SOCs during equalization process are close to simulation results.

What’s more, as equalization rate for equalizer reduce by 10 times, ε̄SOC(B) also re-

duce by 10 times. Therefore, we claim that algorithm 3.2 can be used to calculate

equalization time for layer-based battery equalization system.

As an illustration, consider a module-based battery equalization system with pa-

rameters B = 9, M = 3, rc = rm = 10−5, and lc = lm = 0.1. The initial SOCs
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Table 4.2: Average approximation error of cell SOCs under module-based structure

rc = rm = 10−4 rc = rm = 10−5

B: 4, M : 2 B: 8, M : 2 B: 4, M : 2 B: 8, M : 2

0.0657% 0.2706% 0.0066% 0.0271%

B: 8, M : 4 B: 16, M : 2 B: 8, M : 4 B: 16, M : 2

0.0657% 0.2203% 0.0208% 0.0219%

B:16, M : 4 B: 16, M : 8 B: 16, M : 4 B: 16, M : 8

0.1537% 0.1632% 0.0154% 0.0163%

B: 32, M : 2 B: 32, M : 4 B: 32, M : 2 B: 32, M : 4

0.5235% 0.2987% 0.0524% 0.0300%

B: 32, M : 8 B: 32, M :16 B: 32, M : 8 B: 32, M : 16

0.2019% 0.2540% 0.0202% 0.0255%



46

of the cells are x1(0) = 0.5975, x2(0) = 0.2238, x3(0) = 0.1079, x4(0) = 0.4035,

x5(0) = 0.4504, x6(0) = 0.3600, x7(0) = 0.1749, x8(0) = 0.7269, x9(0) = 0.9081.

From Figure 4.1, we can see that e4 balances charge between b1 and b2, e5 balances

charge between b3 and b4, e6 balances charge between b5 and b6, e7 balances charge be-

tween b7 and b8, e2 balances charge between the sum of b1b2 and b3b4, e3 balances

charge between the sum of b5b6 and b7b8, e1 balances charge between the sum of

b1b2b3b4 and b5b6b7b8. The evolution of cell SOCs obtained by both simulation and

Algorithm 2 is shown in Figure 4.2. Take b1 for example: its associated module, Mod-

ule 1, is equalized with Module 2 through module-level equalizer e3 balances charge

between the sum of b1b2b3 finish balancing first at time t1, so the equalization rate for

b1 change at time t1. Then, b1 merge b2 and b3 at time t2. By time t2 batteries b1 to

b6 all merge together. Finally, at time t3, module-level equalizere6 finish balancing,

equalization process finish and t3 is the equalization time for whole system. As one can

see, the simulation results and the calculated SOCs overlap with each other perfectly.

4.4 System performance evaluation with external charging/discharging

In previous sections, we discussed the situation that rcharging = 0 (rcharging is charging

rate). rcharging = 0 means the system doesn’t have external charging or discharging;

rcharging < 0 means the system is discharging; rcharging > 0 means the system is

charging. In this section, we discuss the system performance when equalization and

charging/discharging occur simultaneously. When charging the system, external charge
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Fig. 4.2: Simulation and calculation of the equalization process of a 9-cell module-

based battery equalization system

goes equally to each cell in the system, which is rcharging/B; when discharging the

system, charge goes to external load evenly from each cell in the system, which is

rcharging/B. Since charge goes equally in or out each cell, for approximation of cell

SOCs during equalization, the same method can be directly used for both layer and

module based system, only considering charging/discharging part additionally. For

module structure, based on equation (4.17), approximation of cell SOCs for module

structure is:

x̂i,charing(tn) = x̂i(tn) +
rcharging
B

tn (4.19)

Fig. 4.3 shows the simulation results and calculation results obtained by equation

(4.19), initial SOCs of the batteries are the same as initial SOCs in Fig. 4.2. Fig.4.3(a)

shows system with charing rate rcharging = 5 · 10−4, Fig.4.3(b) shows system with
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discharging rate rcharging = −5 · 10−4.

Similar to the discussion in the Section 3.4, system process may terminated be-

cause the upper limit or the lower limit of SOC is reached before all cells are equalized.

The trajectories of the maximum and minimum cell SOCs during the battery equaliza-

tion process are similar to the layer-based structure, which is shown in equations (3.14),

(3.15), (3.16) and (3.17).
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Fig. 4.3: Simulation and calculation of the equalization process of a 9-cell battery sys-

tem in module-based system with charging/discharging



Chapter 5

Comparisons

5.1 Statistical comparison

For battery equalization system, we want to minimize energy loss to save energy. The

energy loss in a battery equalization system is given by:

xloss = (B − 1)Telere (5.1)

Here, xloss is the entire energy loss from start to the end of equalization process. Clearly,

we can reduce energy loss by decreasing the equalization time.

To compare equalization time for layer-based and module-based structure gener-

ally, 10000 samples are tested with initial SOCs randomly generated on uniform distri-

bution U(0, 1). We select the number of cell B = 8, 16, 32 and 64. For the module-

based structure, we enumerate all possible M ’s from {2, 4, . . . , B/2}. In addition, we

assume that all equalizers have the same equalization rate r = 10−4 and energy loss

rate l = 0.1. Average equalization time and percentage of shortest equalization time

for different structure are shown in Table 5.1 to Table 5.8.

As one can see from the table, the layer-based structure provides the best average

50
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Table 5.1: Average equalization time in three structures (B=8)

Layer Module Module Series

N = 2 N = 4

5094 5303 5242 5785

Table 5.2: Percentage of shortest equalization time for three structures (B=8)

Layer Module Module Series

N = 2 N = 4

44.92% 22.55% 17.73% 14.81%

Table 5.3: Average equalization time in three structures (B=16)

Layer Module Module Module Series

N = 2 N = 4 N = 8

7241 8171 7615 7904 8924

Table 5.4: Percentage of shortest equalization time for three structures (B=16)

Layer Module Module Module Series

N = 2 N = 4 N = 8

49.58% 14.89% 17.25% 11.00% 7.27%
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Table 5.5: Average equalization time in three structures (B=32)

Layer Module Module Module Module Series

N = 2 N = 4 N = 8 N = 16

10286 12520 11561 11078 11744 13337

Table 5.6: Percentage of shortest equalization time for three structures (B=32)

Layer Module Module Module Module Series

N = 2 N = 4 N = 8 N = 16

53.10% 8.39% 15.03% 13.31% 6.59% 3.59%

Table 5.7: Average equalization time inthree structures (B=64)

Layer Module Module Module Module Module Series

N = 2 N = 4 N = 8 N = 16 N = 32

14478 18665 17603 16417 15962 17089 19473

Table 5.8: Percentage of shortest equalization time for three structures (B=64)

Layer Module Module Module Module Module Series

N = 2 N = 4 N = 8 N = 16 N = 32

58.26% 3.67% 8.82% 13.52% 9.99% 4.11% 1.62%
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performance among the all three structures for all B’s considered, whereas the series-

based structure appears to have the worst average performance. Specifically, the layer-

based structure can reduce the average equalization time by about 25% forB = 64 from

series-based structure. The best case module-based structure, on the other hand, can

reduce average equalization time by about 18% for B = 64. What’s more, under most

circumstance, layer-based equalization structure perform shortest equalization time. It

should be noted that, although the layer- and module-based structures can improve

the average equalization performance over the series-based structure, there are cases

in which the series-based structure outperforms these two. The frequency of cases

where the layer-, module- and series-based result in the shortest equalization time are

given in Table 5.2, 5.4, 5.6 and 5.8 for B = 8, 16, 32, 64 respectively. As we can

see, for B = 8, although the average equalization time of layer- and module-based

structures are shorter than those under the series-based structure, there are still a lot of

cases that there is no improvement using layer- and module-based structure. However,

as the number of batteries increases, the superiority of the layer- and module-based

equalization structures becomes more and more prominent. For example, when B =

64, series-based structure perform best in less than 2% of cases. Layer-based structure

perform best in around 58% cases, whereas the module-base structure in about 40%

cases. Since the number of battery cells in real applications is usually large, the layer-

based or module-based equalization structure should be considered over the traditional

series-based structure for better equalization performance.
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5.2 Illustration

Example 1: Consider an eight-battery system with initial battery SOCs as: x1(0) =

0.3964, x2(0) = 0.6388, x3(0) = 0.5947, x4(0) = 0.5093, x5(0) = 0.4835, x6(0) =

0.8368, x7(0) = 0.1921, x8(0) = 0.1509. The equalization process using layer-based

structure and module-based structure are shown in Fig. 5.1. For layer-based structure,

equalization time is 5144 time slots; for module-based structure, equalization time is

6232 time slots. In this example, initial SOCs for b7 and b8 are relatively small. For

module-based structure, only one equalizer transfer charge into this battery group which

slow down the equalization process. However, for layer-based structure, equalizers in

three layers can simultaneously work to charge b7 and b8.

Example 2: Consider an eight-battery system with initial battery SOCs as: x1(0) =

0.0009, x2(0) = 0.9132, x3(0) = 0.5288, x4(0) = 0.0317, x5(0) = 0.0227, x6(0) =

0.0641, x7(0) = 0.2329, x8(0) = 0.8997. The equalization process using layer-based

structure and module-based structure are shown in Fig. 5.2. For layer-based structure,

equalization time is 5504 time slots; for module-based structure, equalization time is

4963 time slots. In this example, the sum SOC of b5b6 is relatively small, while the sum

SOC of b7b8 is relatively large. In layer-based structure, only one equalizer is responsi-

ble for transferring charge from b7b8 to b5b6. However, in module-based structure, two

equalizers charge b5b6 simultaneously, which reduce the equalization time.
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Fig. 5.1: Battery equalization processes under two structures in Example 1. (a) Layer-

based equalization. (b) Module-based equalization
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Fig. 5.2: Battery equalization processes under two structures in Example 2. (a) Layer-

based equalization. (b) Module-based equalization
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5.3 Comparison of different equalization rate

In addition, we compare the equalization time of changing some equalizers’ equaliza-

tion rate in layer and module structure. The results are shown in the table below.

Table 5.9: Average equalization time in layer structure changing equalization rate in

one layer (B=8)

rh = 10−4 rh = 10−4(h 6= 1) rh = 10−4(h 6= 2) rh = 10−4(h 6= 3) rh = 1.5 · 10−4

h = 1 . . . 3 r1 = 1.5 · 10−4 r2 = 1.5 · 10−4 r3 = 1.5 · 10−4 h = 1 . . . 3

5094 4840 4622 4474 3396

Table 5.10: Average equalization time in layer structure changing equalization rate in

one layer (B=16)

rh = 10−4 rh = 10−4 rh = 10−4 rh = 10−4 rh = 10−4 rh = 1.5·10−4

h = 1 . . . 4 (h 6= 1) (h 6= 2) (h 6= 3) (h 6= 4) h = 1 . . . 4

r1 = 1.5·10−4 r2 = 1.5·10−4 r3 = 1.5·10−4 r4 = 1.5·10−4

7241 7186 6932 6629 6398 4828

Table 5.9 to 5.12 are comparisons of equalization time changing the equalization

rate of equalizers in one layer for B = 8, 16, 32, 64 respectively. The new equalization

rate is 1.5 times of the original one, which is 1.5 · 10−4. From table 5.9 to 5.12 we

can see that the equalization time is inversely proportional to the equalization rate of

equalizers, that is when the equalization rate of all equalizers is 1.5 times of the original
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Table 5.11: Average equalization time in layer structure changing equalization rate in

one layer (B=32)

rh = 10−4 rh = 10−4 rh = 10−4 rh = 10−4 rh = 10−4 rh = 10−4 rh = 1.5·10−4

h = 1 . . . 5 (h 6= 1) (h 6= 2) (h 6= 3) (h 6= 4) (h 6= 5) h = 1 . . . 5

r1 = 1.5 ·

10−4

r2 = 1.5 ·

10−4

r3 = 1.5 ·

10−4

r4 = 1.5 ·

10−4

r5 = 1.5 ·

10−4

10286 10283 10173 9870 9454 9124 6857

Table 5.12: Average equalization time in layer structure changing equalization rate in

one layer (B=64)

rh = 10−4 rh = 10−4 rh = 10−4 rh = 10−4 rh = 10−4 rh = 10−4 rh = 10−4 rh = 1.5 ·

10−4

h = 1 . . . 6 (h 6= 1) (h 6= 2) (h 6= 3) (h 6= 4) (h 6= 5) (h 6= 6) h = 1 . . . 6

r1 = 1.5 ·

10−4

r2 = 1.5 ·

10−4

r3 = 1.5 ·

10−4

r4 = 1.5 ·

10−4

r5 = 1.5 ·

10−4

r6 = 1.5 ·

10−4

14478 14478 14466 14313 13881 13323 12869 9652
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ones, the equalization time is 1
1.5

times of the original equalization time. Also, increas-

ing the largest layer’s equalization rate lead to the best performance. What’s more, the

number of equalizers in layer 1, 2, . . . L is B/2, B/4, . . . 1 respectively. So the largest

layer have the smallest number of equalizer, which is 1. Since increasing all equaliz-

ers’ equalization rate sometimes is not reality in real applications, we should consider

increasing the equalization rate of the equalizers in larger layer first.

We also compare the equalization time of module-based structure when only

increasing cell level or module level equalizers’ equalization rate. The results are shown

below:

Table 5.13: Average equalization time in module structure with different equalization

rate(B=8)

rm = rc = 10−4 rm = 10−4 rm = 1.5 · 10−4 rm = rc = 1.5·10−4

rc = 1.5 · 10−4 rc = 10−4

b = 2 5303 5064 4009 3535

b = 4 5242 4317 4660 3495

From Tables 5.13 to 5.16 we can see that the same as layer-based structure, the

equalization time is inversely proportion to the equalization rate of equalizers, that

is when the equalization rate of all equalizers is 1.5 times of the original ones, the

equalization time is 1
1.5

times of the original equalization time. Also, the performance

of improving the equalization rate of cell-level equalizers or module-level equalizers
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Table 5.14: Average equalization time in module structure with different equalization

rate(B=16)

rm = rc = 10−4 rm = 10−4 rm = 1.5 · 10−4 rm = rc = 1.5·10−4

rc = 1.5 · 10−4 rc = 10−4

b = 2 8171 8131 5647 5448

b = 4 7615 7164 5957 5007

b = 8 7904 6340 7198 5269

Table 5.15: Average equalization time in module structure with different equalization

rate(B=32)

rm = rc = 10−4 rm = 10−4 rm = 1.5 · 10−4 rm = rc = 1.5·10−4

rc = 1.5 · 10−4 rc = 10−4

b = 2 12520 12518 8375 8346

b = 4 11561 11462 8117 7707

b = 8 11078 10214 8971 7385

b = 16 11744 9262 10876 7829
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Table 5.16: Average equalization time in module structure with different equalization

rate(B=64)

rm = rc = 10−4 rm = 10−4 rm = 1.5 · 10−4 rm = rc = 1.5·10−4

rc = 1.5 · 10−4 rc = 10−4

b = 2 18665 18665 12444 12443

b = 4 17603 17596 11820 11735

b = 8 16417 16155 11820 10945

b = 16 15962 14468 13252 10642

b = 32 17089 13266 15991 11392

depend on the cell number of each module. For example , when B = 16, for the

case that b = 2 and b = 4, improving the equalization rate of module-level equalizers

performs better than improving the equalization rate of cell-level equalizers. However,

for the case that b = 8, improving the equalization rate of cell-level equalizers performs

better instead.



Chapter 6

Conclusions and Future Work

6.1 Conclusion

In this thesis, we study the layer- and module-based battery equalization systems with

energy loss during the equalization process. Specifically, mathematical models are for-

mulated to describe the system-level dynamics of the equalization process under the

two equalization structures. Then, based on the mathematical models, we derive an-

alytical formulas to calculate the total time needed to complete system equalization

under given initial SOCs of the cells. In addition, algorithms are developed for quick

calculation of the cell SOCs during the equalization process. The accuracy and com-

putational efficiency of the proposed algorithms are justified using extensive numerical

experiments. Then, the approach is extended to analyze the system with simultaneous

equalization and charging/discharging. Finally, we discuss two specific example that

the different initial SOC would affect the total equalization time of the battery system

for different structures. Also, we use numerous test to compare the effectiveness of the

series-, layer- and module-based battery equalization structure. As a result, both layer-

62
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and module-based structures result in shorter equalization time on average. Especially,

the superiority of the layer-based structure becomes more significant for systems with a

large number of batteries. Note that the layer-based structure provides the best average

efficiency since it has the shortest equalization time, which result in less loss of en-

ergy. Thus, we can conclude that, in a systematic perspective, the layer-based equaliza-

tion structure on average performance better than both series-based and module-based

structures under different circumstances. Also, for layer-based structure, we change

the equalization rate of the equalizers in the same layer and get the conclusion that the

improvement of the equalization rate of equalizers in the highest layer result in the best

performance; for module-based structure, we compare changing the equalization rate

of equalizers in the module-level and cell-level.

6.2 Future Work

In terms of the real battery systems, there are much more components within the system

then what we have studied in this research. Thus a direction of the future work could be

introducing more components to the model and make it more similar to the real circuit.

For example, in this research, for layer-based structure, equalizers in the same layer

have identical equalization rate; for module-based structure, all module-level equalizers

have identical equalization rate, so are all cell-level equalizers. However, in order to

achieve a better efficiency, the equalization rate of each individual equalizer could be

controlled by some decision methods based on system’s feedback. Under this direction,
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the future work includes:

• investigation these equalizations with different or time-varying equalization rate;

• investigation of these battery equalization systems with feedback control;

• extending the analysis to battery systems with other equalization structures.
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