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Abstract

Environmental protection has become a global priority as people are getting
increasingly aware of the importance of sustainable development. Energy storage
system is receiving increasing attention as it can store and buffer power with fast
response. Due to the intermittence nature and stochastic user behavior, develop-
ing effective storage system is the cornerstone for integration of new energy
sources, such as photovoltaic, wind power and electric vehicles (EV). Therefore,
this thesis thrives to provide novel control techniques for balancing voltages of
hybrid new energy sources and facilitating new energy penetration to increase
power efficiency.

Distributed energy sources, composed of distributed generation and energy
storage, are another type of new energy sources penetrated in smart cities. For
energy storage, supercapacitor (SC) has attracted increasing interest as it has ad-
vantages in high power density. In future energy storage systems, the types of
energy sources will be hybrid for performance optimization which add extra
challenges for cell balancing. Based on switched-capacitor and tapped-inductor
principles, this thesis puts forward two novel and flexible topologies for balanc-
ing of hybrid energy sources which pave ways for the integration of SCs with
other existing sources with higher compatibility and balancing accuracy.

EVs usually have various driving modes that balancing circuit should also
equip energy loss reduction and multi-function capabilities. To overcome the
problem of switching loss during balancing process, another novel cell balancing
circuit is proposed with integration of zero-current switching technique. Moreo-
ver, the balancing circuit proposed can change between buck-boost pattern and
switched-capacitor pattern with flexible control to cater the balancing require-

ments under different driving scenarios.



By solving the problem of cell balancing, EVs of high performance can play
important roles in improving energy efficiency in smart city. In a combined ur-
ban transportation and power grid system, EVs are not only simple transport
tools, but also mobile and distributed energy sources/consumers. However, there
are mainly three challenges in utilizing energy from EVs: Firstly, the stochastici-
ty of driving behavior, traffic and weather should be taken into account in the
forecast of EV charging demand. Secondly, the control strategies adopted for
peak shaving among all functioning urban districts shall be redesigned for opti-
mized charging arrangement and energy utilization. Thirdly, the compensation to
attract customer control acceptance should be considered as human may arbitrari-
ly not follow control signals. This thesis strives to make a more practical forecast
of EV charging demand with Markov chain model and propose an effective pric-
ing control strategy with consideration of EV user behavior for improving the

energy efficiency of the city.
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Chapter |

Introduction

1.1 Background and Incentives of Research

1.1.1 Current Problems on New Energy Utilization

Global warming and fossil fuel depletion have raised increasing attention
from governments, researchers and industrial manufacturers [1]. There are cases
that energy wastage and underutilization exist. On one hand, the daily power de-
mand varies greatly between peaks and troughs, which largely increases the con-
struction cost of power generation and transmission line [2]. Meanwhile, due to
the intermittence nature of photovoltaic and wind power, and insufficient energy
storage services, new energy sources are not fully utilized. On the other hand, as
the transport sector relies on 95% liquid fossil fuels and is responsible for 25% of
total greenhouse gas emissions related to energy, promoting electric vehicles (EV)
can be one of the most effective ways to tackle the ever severe environmental
pollution because it is zero-emission [3,4]. However, power storage limit, cell
voltage balancing and underutilized energy charging service are the main obsta-

cles to popularizing EV market [5].

1.1.2 Importance of Cell Balancing and Current Deficiency

Batteries and supercapacitors (SC) are widely used in electric vehicles, dis-
tributed generation systems and so on [6] [7]. As the power of a single cell of
battery or SC cannot provide sufficient driving force to loads, a series string of
battery or SC units are required to fulfill the voltage and power requirements for
high power applications [8]. However, different SCs in the same series have dif-

ferent characteristics such as capacitance, equivalent series resistance (ESR)



equivalent series inductance (ESL) and self-discharging rate, which may lead to
voltage imbalance between each cell in the system [9,10]. In practice, although
sorting is used before packaging in order to reduce this phenomenon, the effect
becomes more serious when the energy storage devices get aged [11]. This un-
balancing phenomenon is now a well-known problem in the series connection [6],
[8]. Due to unavoidable mismatch of each cell, the capability of the energy stor-
age system cannot be fully used. In the charging cycle, the charging current stops
when most or a portion of charged cells are full while in the discharging cycle,
the energy devices stop when most or a portion of discharged cells are empty
[13]. Voltage of cells shall be made equal to the required value to solve these un-
balancing problems [12]. The balancing is important especially when a group of
electric vehicle (EV) batteries are in series connection to make up the high volt-
age to drive the motor. Balancing for energy storage to the power distribution
and renewable energy storage are in high demand and suitable technology of bal-
ancing is urgently needed for a number of energy storage applications.

A variety of cell voltage equalizers have been presented which can be classi-
fied into three main types, including battery selection, passive methods and ac-
tive methods [14, 15]. Integrating cells with similar performance in one package
is the simplest way, but the accuracy and efficiency during sorting are proved to
be low. Passive method is the most widely used technology [16, 17]. Resistors in
parallel with the cells are switched on when they have higher state-of-charge
(SoC) than others or when the cells approach the peak withstanding voltage [18].
As the energy dissipates into the resistor, this method generates additional heat-
ing loss [19]. For energy-saving purpose, the charging/discharging current of
each cell can be controlled to keep the same SoC among all cell units such that
the higher energy can be transferred into the cells with lower energy using power
converter circuit, instead of wasting as the heat loss [20]. This active method is

proved to be more efficient so that many advanced equalizers have been designed



based on this concept it using transformers [21,22], converters [23, 24], inductors

[25, 26], or switched-capacitors [27 -31].

SCy == QI_I%B
L
Y'Y Y\
SCHr == Qd%}
(a)
Q . DI
SCy == g—b‘—
Q| = SC;
C == °
Q| o D2
SCy 7 JEZS T SC,
Q| .
(b) (c)

Fig. 1.1: Basic topology of cell-balancing.

(a) Buck-boost converter; (b) Capacitor balancing; (c) Transformer balancing.

One of the most common circuits of the active method is to use the classical
buck-boost power converter illustrated in Fig.1.1a where an inductor is used to
transfer the excess charge from one cell to another using the buck-boost power
conversion. The concept has been further extended to the cases which couple an
inductor to assist the balancing [32]. Fig. 1.1b and c are two improved cell bal-
ancing circuits that have been extensively adopted. Fig. 1.1b is based on
switched-capacitor principles [33]-[34]. The operation of this method is similar
to [35] where all cells are switched to common energy storage mode to equalize
the voltage. Fig. 1.1c is transformer-based and uses windings to balance each cell.

By adopting this topology, [36] and [37] use a bi-directional switch with two se-



ries MOSFETS to connect each cell to its balancing winding. Recently, a wireless
power transfer approach for balancing is investigated in [38] that uses an air-
gapped transformer to conduct the wireless power. Recent researches mainly fo-
cus on balancing cells of the same type with voltage ratio of 1:1 between two

cells; therefore, they have difficulties in solving problems with combination of

hybrid cells.
Table 1.1. Example of cell voltage for Li-ion batteries.
) ) LiNixMn ) o
LiCoO2 LiMn204 LiFePOq LisTis012
1C0o 1,02
Lithium Lithium Lithium Iron
Name NMC LTO
Cobalt Manganese Phosphate
Energy
Density 180 100 180 140 100
(Wh/kg)
Cell Volt-
3.7 3.8 3.8 3.2 2.2
age (V)

Table 1.1 shows an example of different voltages of Li-ion cells [39]-[40].
Currently, the source package is mainly composed of standardized battery cells
with the same chemical combination and initial voltage, where simple switched-
capacitor circuit has acceptable balancing performance [41]-[47]. Recent papers
mostly emphasize the balancing of single cells [48]-[56], and series-parallel con-
nections are applied for converter and inverters [57]-[58]. Future EVs or distrib-
uted generation systems with hybrid energy systems are promising which take
advantage of both battery and SC. As battery has high energy density while SC
has high power density, they are combined to provide better performance of ac-
celeration, emergency response [59] and energy storage [60] [61]. Besides, inte-
grating retired batteries from aged EVs into grid energy storage will greatly pro-
mote environmental protection and the re-use concept [62]. However, the com-

patibility issue between different cell brands imposes restraints on the develop-



ment of energy storage system because cells have different background in age,
brand and chemicals [63] [64].

Besides, researchers have done many state-of-the-art works on promoting
balancing efficiency by decreasing balancing loss [65] [66]. Passive balancing
method is the most widely used technology, however, the energy dissipates into
the resistor such that this method generates additional heating loss [67]. For en-
ergy-saving purpose, the charging/discharging current of each cell can be con-
trolled to keep the same SoC among all cell units so that the higher energy can be
transferred into the cells with lower energy using power converter circuit, instead
of wasting as the heat loss. This active method is proved to be more efficient so
that many advanced equalizers have been designed based on it using switched-
capacitors, inductors, transformers or converters [68]-[73]. Furthermore, majority
of cell balancing circuits operate under hard switching [74]-[79], which will
cause electromagnetic interference (EMI) and high switching loss [80]. On the
other hand, the service life of energy sources will also be affected by current
spike in hard switching circuits [81] [82].

With the increasing integration of hybrid energy sources and second-hand re-
tired batteries, the cell balancing technique shall be promoted to a level of higher
standard [83]. New problem is introduced when the voltage of a package of hy-
brid energy sources needs to be balanced with acceptable efficiency and energy
conservation [84]. The balancing methods in the state-of-the-art literature lack
optimization on the compatibility of hybrid cells, energy loss and accuracy of
voltage equality. A multi-functional balancing circuit is also required for opti-
mized energy efficiency at alterable working conditions and various driving

states of EVs for example.

1.1.3 Load control in Smart City Using EV Batteries

Because of carrying a large number of cells, EV can be regarded as a mobile

and distributed energy storage system that it can act as the role of “energy porter”



in future smart city. On one hand, to improve the energy efficiency and capacity
of EVs under alterable working conditions, the voltage of EV internal batteries
should be kept equal as it is illustrated in Section 1.1.2; On the other hand, to
maximize the energy utilization in EV batteries, the orderly control of EV charg-
ing is essential for optimized load scheduling among different functioning dis-
tricts of the city [86]. Therefore, the penetration of EVs in smart city cannot be
successful without effective voltage balancing circuit or charging control strategy
which is compatible to alterable circumstances [87]. Therefore, besides cell bal-
ancing problems, the stochastic charging behavior is another obstacle to EV stor-
age system utilization [88] [89]. EV travelling route, the start time of charging,
SoC and preferred charging duration of users can significantly influence the
charging demand and available energy for discharging. The forecast of EV ener-
gy demand is the cornerstone for more reasonable investigation of its interaction
with smart city [90].

Many existing papers have proposed methods or assumptions concerning EV
charging forecast, however, most of them underestimate the stochasticity of EV
user behavior in both traveling and charging. Inflexible charging start time and
charging frequency are assumed in [91], [92] and [93] to illustrate uncontrolled
charging. In reality, people may resort to multiple charging cycles when neces-
sary and the home charging time could be profoundly influenced by travel histo-
ry during daytime. [91] proposes a multiple charging simulation where drivers
are expected to charge their EVs every time they stop. Nevertheless, this assump-
tion may be unrealistic and the traveling patterns are not differentiated. Global
Positioning System (GPS) recording devices are used in [94] to obtain the actual
driving routes in the city of Winnipeg. The conditional probability density func-
tions of travel distance and home arrival time are considered in the stochastic
model whereas the charging demand in public areas and interrelationships be-
tween trips are also unclear. Besides, most studies assume full charging as the

objective [95]-[110], but users may not follow given urgencies or personal neces-



sities in reality. A more practical EV charging forecast with higher compatibility
to different outer conditions is urgently required for future EV market promotion.
Based on effective EV charging forecast, the city shall propose control
schemes on EV user behaviors to smoothen the power demand by utilizing load
shifting capacity of EVs. Operators in [111] assign compulsory EV charging plan
without consideration on EV user behavior. Method in [112] introduces distrib-
uted generators (DG) to be installed locally for maximum integration of EVs.
[112]-[116] have elaborated the significant difference between the charging load
from system dispatching and the practical charging load aggregated from all in-
dividual EVs. To further enhance the credibility, these works have triggered the
more important study on the stochasticity of EV behaviors including convenience
of users, actual period for which each EV can stop at that specific place for con-
trol, and the exact incentive required to attract users to observe the control [117].
Some EV users may not accept the control signal from the grid operator and the
contingency issues among different parts of the city may be very different. Stim-
ulating customer participation will efficiently improve the control performance.
Controlling charging demand by economic incentives is one of the practical
means to encourage customers to shift charging periods to off-peak hours while
helping them save money. [118] mandatorily assumes negative correlation be-
tween charging price and local power demand which is not practical in real situa-
tion. Real-time (RT) pricing and day-ahead (DA) pricing are introduced in [113],
[119]-[123] and the residential load is proved to timely follow the price variation.
Especially, advanced metering infrastructure (AMI) which is introduced in [113]
and [123] facilitates the mutual communication between operators and EV users,
making the real-time flexible control with customer participation possible. How-
ever, the RT pricing control proposed in [113],[120] and [122] can only obtain
the local optimum within the pre-defined controlling window. Furthermore,
when considering a multi-area problem, the controlling windows in different are-

as cannot guarantee temporal synchronization in a dynamic environment. When



considering EVs in a smart city, the power grid should be meshed with transpor-
tation network and the pricing control strategies should be designed based on EV

user behaviors along both networks.

1.2 Primary Contributions

The main focus of this thesis is to develop new and practical methodologies
for facilitating the use of energy storage system by improving cell balancing cir-
cuits. Besides, regarded as the mobile storage systems in smart city, load shifting
capacity of EVs is optimized by investigating EV charging forecast and smart
control strategies. The original contributions of this thesis can be summarized in

the following aspects:

1.2.1 Series-Parallel Switched-Capacitor Balancing Circuit for Hybrid

Source Package

Current papers mainly focus on balancing voltage of a single type of cells;
however, energy storage system usually consists of multiple cells. The associated
cell voltage equalization is especially important for cell package design when
non-sorted cell packages, like different combinations of various cell types and
second-life retired batteries, are introduced. An innovative and efficient
switched-capacitor balancing circuit is proposed in this chapter to achieve cell
voltage balancing for a package of hybrid energy sources. The key feature is that
the balancing is not just restricted to equal cell voltage but is extended to hybrid
source or energy cell packages for performance improvement and cost reduction.
Balancing techniques for different voltage ratios should be developed to improve
the existing balancing methods and prepare for future vast applications of various
balancing requirements. The circuit proposed could balance the voltage ratio not

only 1:1 but also any preset n:1 ratio. Due to the increasing popularity of hybrid



energy systems, the balancing system proposed in this chapter is practical and

useful for further development.

1.2.2 Voltage Cell Balancing for Battery and SC Source Package with

Tapped Inductor Techniques

The battery management system (BMS) is the key development for energy
storage systems, however, with rapid development of SC, future energy storage
cells are not constrained within one type, while different types of cells may form
a source package. Balancing hybrid sources requires high level of balancing ac-
curacy. In the above switched-capacitor based circuit, although voltage ratio is
extended to n: 1, n is still constrained as integer. Therefore, a novel balancing
circuit is proposed using tapped inductor techniques. Different from buck-boost
converter and switched-capacitor, tapped inductor has advantages in step-free
adjustment and is suitable for balancing hybrid source packages composed of

SCs, batteries and aged batteries in any preset ratios with accuracy.

1.2.3 Zero-Current Switching Switched-Capacitors Balancing Circuit for

Battery/ SC Voltage Equalization

Different states of EVs, such as drive state, brake state and park state, may
have different requirements on balancing speed, accuracy and loss. At different
states, the energy storage system of EV needs corresponding balancing mode in
order to meet those requirements. In this thesis, a novel cell balancing circuit is
proposed with integration of zero current switching technique to overcome the
problem of energy loss and reduce the switching transient during balancing pro-
cess. Besides, this balancing circuit is capable of working at different driving
modes with flexible circuit switching and intelligent voltage control module.
This chapter is the first attempt to use zero-current switching (ZCS) technique in
the integrated buck-boost and switched-capacitor balancing circuit for rapid

mode switching, accurate voltage tracking and loss reduction.



1.2.4 Forecast of Urban EV Charging Load and Smart Control Concerning

Uncertainties

Cells in EV can be regarded as mobile energy storage systems. Effective bal-
ancing circuit guarantees the normal operation of cells, however, an accurate
forecast of EV charging demand is the cornerstone to optimize control and utili-
zation of load shifting capacity of EVs in smart city. To better interpret the un-
certain mobility of EV charging, this thesis divides the user behavior into EV
travel behavior and charging behavior. EV trips traveled along the day are cate-
gorized according to trip purposes and linked with Markov Chains. The geo-
graphical and temporal distribution of EV travel behavior is obtained while the
possible range of charging demand at each location is estimated by the distance
traveled earlier and the distance to be traveled for the next trip.

The strengths of this thesis concerning the forecast are: Firstly, data of the re-
al world travel survey (the National Household Travel Survey [70], for example)
can be fully utilized because the inputs of the forecast are in alignment with the
items in the travel survey and the forecast in this thesis is conducted at a per-
minute level. Secondly, the recorded trips are carefully categorized by different
purposes and linked by possible occurrence sequence according to the fact that
an EV may have several trips a day and those trips are not independent. Thirdly,
to make the forecast more realistic under the situation that no relevant surveys
found on investigating user charging preference, the estimated charging behavior
at each location is dependent on both the forecast travel behavior and human ar-
bitrary preference.

Variable start-time charging and variable power charging methods are pro-
posed based on the forecast results to show the influence of cell balancing strate-

gy on EV charging and the smart control performance.
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1.3 Thesis Layout

Chapters Il to IV present three novel cell balancing circuits, namely

switched-capacitor circuit, tapped inductor circuit and a multi-functional circuit

with zero-current switching, respectively. They have advantages in compatibility

to hybrid source packages, higher accuracy and less switching loss. Chapters V

provides new ideas on effective forecast and control strategies for EVs, which

can be regarded as distributed and mobile storage systems. Chapter VI concludes

the thesis.

Furthermore, the overall organization of this thesis is illustrated in Fig. 1.2.

The integration of new energy
sources requires storage
systems of higher performance

v

v

Cell balancing with higher accuracy,
less switching loss and compatibility
to hybrid source packages

Optimizing energy efficiency with
energy storage of EVs in smart city

Chapter II:
Series-Parallel Switched-Capacitor
Balancing Circuit for Hybrid Source

Package

Chapter IlI:

Non-Equal Voltage Cell Balancing for
Battery and SC Source Package
Management System Using Tapped
Inductor Techniques

y

\ 4

\ 4

Multi-functional cell balancing
circuit for EVs with alterable driving
states

Forecast and control strategies of
EV charging in smart city

A

4

Chapter IV:
Zero-Current Switching Switched-
Capacitors Balancing Circuit for
Battery/ SCs Voltage Equalization

Chapter V:

Forecast of Urban EV Charging Load
and Smart Control Concerning
Uncertainties
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Chapter 11

Series-Parallel Switched-Capacitor Bal-
ancing Circuit for Hybrid Source Pack-
age

2.1 Introduction

Energy storage package usually consists of multiple cells. The associated cell
equalization is important for cell package design. An innovative and efficient
switched-capacitor balancing circuit is proposed in this chapter to achieve cell
voltage balancing for a package of hybrid energy sources. The key feature is that
the balancing is not just restricted to equalization of cell voltage but is extended
to different cell combinations that will be beneficial for non-sorted cell packages,
different types of Li-ion cells and for other application such as second-life retired
batteries. The topology and operation process of each switching state for this
voltage equalizer are analyzed in detail. The mathematical derivation, software
simulation and laboratory experiment are conducted to verify the feasibility of
this model. This proposed voltage equalizer is especially useful with the increas-
ing establishment of hybrid systems which take advantages of different types of
energy sources or energy storage devices.

The rest of this chapter is organized as follows. Section 2.2 describes the op-
eration principle and the state analysis of the circuit. The modeling of the circuit
will be obtained in Section 2.3. The simulation and experimental results will be

presented in Sections 2.4 and 2.5, respectively.
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2.2 Switched-Capacitor Voltage Balancing Circuit

2.2.1 Circuitry Description and Operation Principle

As indicated in Fig.2.1, the circuitry of the series-parallel switched-capacitor
balancing circuit system consists of a package of hybrid energy sources and SC.
Parameter n is defined in (2-1) where Vp is the voltage of the source package and
Vsc is the voltage of SC. Three transistors (Sa1, Sbi1, Sk2) and two capacitors (Cz
and C) form a balancing unit. The operation process of the proposed balancing
system is divided into clock phase ¢a and clock phase ¢p with different switch
positions as shown in Fig.2.2. The detailed operation principles of clock phase ¢a
are shown in Section 2.2.2 while the illustration of clock phase ¢y is shown in

Section 2.2.3. The number of SC cells, n, is therefore

n=-* (2-1)

**********

7

I
| | L ___ \
Supercap ! I | /,SE[ . *
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Fig. 2.1: Voltage balancing circuit of package series-parallel switched-

capacitor.
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Fig. 2.2: Control signal of the switches

Fig.2.3 (a) illustrates the circuit in pa. When each pole of the main switch St
is turned to connect a-c position, the source package is in series connection to the
switched-capacitors. When Stis turned to connect b-d position in ¢y, the SC is in

parallel connection to the switched-capacitors as shown in the Fig.2.3 (b).

2.2.2 State Analysis in Clock Phase ¢a

All the switches S;, Sa and Sy in Fig. 2.1 can be implemented by N-channel
MOSFET and controlled by the signals shown in Fig. 2.2. Fig. 2.3(a) shows the
connection of the switch S;. During the clock phase ¢a, St is in a-c position and
capacitors C1, C to C, are in series connection to the source package. If the volt-
age of source package is higher than that of switched-capacitors C1, C, to Cp, the
switched-capacitors will be charged from the package. Fig. 2.4 (a) shows the
charging flow between the package and switched-capacitors.

The voltage relationship in the package is shown in (2-2). The voltage of the
switched-capacitor ve and current of the switched-capacitor ic vary during this

state and are given in (2-3) and (2-4), respectively.

16



o
<
w
I——J- oooooooooo o« onu-- oo
S M ZW
O ¢ Re)
_vt\.a QJ_J ||||||| .\.-nl\-w llllll ®
™
e T e °
QM e O % ®e =
wn
Qece=- cﬂ\.-l-r ce=eo @ecmcca ®
3 31 2
» N
Pecc=ccccn- 03\0 ...... - o-¢
3 513
S H
2 G
o f 7
® 0 QO o
L
I I
_ _|_T...|= _ | S
e — | @)
(7p]

Supercap
acitor or
battery
package

(a)

] Sban-

L.
RE T

o [ o~

O P o

/.S I (7p]

:IOIOIOI_ = *—o ’ 3
% LI

c ] [

S °e Pw ooo °

Nh e . =

|
|

o) (32] o N
n C/a P
()]
o)
—0 - __Iololol..
3 W oe -
n C/Qwa

(b)

d/'/IC1%

1T_a_|...w_“1 | _u o

Supercap
acitor or
battery
package

Fig.2.3: Working principle of the proposed balancing system.

(a) Series to the source package; (b) Parallel to the SC
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V, =Vg +Veg —iy (Tom + ;) (2-2)

Ve (t) =2 ——— (2-3)
ic (t) _ p Cs_min e (A (2_4)

where Vj is the voltage of the package; Vem and Vsc;j are the voltages of the bat-
teries or SCs in the package; ip is the current of the package, given that ip=ic; ram
and rscj are the ESR of the batteries and SCs in the package respectively; Vcs min

is the minimum initial voltage of the switched-capacitor Cs which is one of all

. . Vv
the switched-capacitors when F" >V .

Ra is the total resistance including all the ESR of the switched-capacitors. nrc
and all the ON-resistance (n-1)rsa+2rs; of the Sa1 t0 San-1 and St in the ¢a, and the

time constant za in the ¢4 are shown as

R, =nr +(n=1)r, +2r, (2-5)

r =RC zc(rc+n_lr5a+2r3tj (2-6)

where Ca, is the equivalent capacitance of the series switched-capacitor string,
C

C,=—.
n

a

Similarly, during the clock phase ¢, if the voltage of source package is lower
than that of the switched-capacitors Ci, Cz to Cp, the switched-capacitors will be

discharged. The variation of the voltage and current during ¢a is given below
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V_+(nV, -V )Je ™
Ve (1) == ( e ) (2-7)
_ Ve, .. -V, —
e(t)=——g—"e " (2:8)

where Vcp_max 1S the maximum initial voltage of the switched-capacitor Cp, which

: : . Vv
is one of all the switched-capacitors when F” <V

2.2.3 State Analysis in Clock Phase ¢y
In the duration of ¢y, St is changed to b-d position and all the switched-
capacitors are in parallel as shown in Fig. 2.4 (b). When the voltage of the SC is
higher than the voltage of the switched-capacitors connected in parallel, charge
will transfer from the SC to switched-capacitors. Otherwise, SC will be charged
by the switched-capacitors. vci(t) and ici(t) are the instantaneous voltage and cur-
rent of the switched-capacitors.
Regarding the structure in the circuit,
Wheni=1orn,
i =T TTs
Whenl<i<n,
i =Tc +2r,
where i is the range from 1 to n; ry; is the ESR in the i branch; rsp is the on-
resistance of Sp1 t0 Span-2.
In the topology analysis, the average resistance of rp; is assumed to be equal
in all branches in ¢p which is

2n-2 (2-9)

L, =lc+—Tr
b C n Sh

The time constant 7, in ¢p is dominated by Ry, their relationship is shown be-

low
r. 2n-2
Rb_ﬁ Ter-Fert (2-10)
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Fig.2.4: Equivalent circuit of each state.

(a) state of ¢pa; (b) state of ¢y

2n—2
7, =R,G, :C(rc +Tr3b +2nrsrj (2-1D

where Ry is the sum of all the ESR of the switched-capacitors and all the ON-

resistance of Sp1 to Spon2 and Si; Cp is the sum of the capacitance of all the

switched-capacitors, i.e. C,=nC .
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During the clock phase ¢y, if the switched-capacitor voltage Vcp, is lower
than the voltage of SC, the switched-capacitors C1, C, to C,, will be charged. The

variation of the voltage and the current is shown below

Vsc =V Isc_isc s (2-12)
_t
Ve (t) =Vsc _(Vsc _VCp_min )e ® (2-13)
V.. — ot
ic (t)— SC RCp_mln e Tp (2_14)
b

where V’sc is the internal voltage of the SC; Isc is the current of the SC, given

that isc =nic; rsc is the ESR the SC; Vcp_min IS the minimum initial voltage of the
. . Vv
switched-capacitor when —= <V, .
n

If Vcp is higher than the voltage of SC, the switched-capacitors Cy, C» to Cy

will be discharged. The variation of the voltage and current is shown below

t

Ve (t) =Vsc +(VCs_max Vs )e ® (2-19)
- \ S_max -V _rL
i (t)=—"-"2—Cem (2-16)

where Vcs max is the maximum initial voltage of the switched-capacitor when

p
— >V,..
N sc

2.3 Modeling for Switched-Capacitor Voltage Equalizer

2.3.1 Equivalent Resistance Analysis
During the progress of charge and discharge in one cycle, based on (2-3) and

(2-15), Vcs reaches maximum at the end of pa and reduces to minimum at the end
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of ¢b. Similarly, based on (2-7) and (2-13), Vcp reaches maximum at the end of
@b and reduces to a minimum at the end of ¢a. Variation principles of Vc are ex-

pressed in Table 2.1.

Table 2.1. Variation principles of V¢

Vv Vv
L >V, L <V,
n
T T
27, 27,
v Yy —(V, =NV i )e V., = V, +(MVey o =V, )€
- n - n
2-17) (2-19)
I 5
VCs_min =VSC +(VCs_max _VSC )e # VCp_max =VSC _(VSC _VCp_min )e %
(2-18) (2-20)

1
where T, = T f is the switching frequency of the switch.

The difference between V¢ max and Vcs min, by subtracting (2-17) by (2-18),

\Y :
when F" >V, , is then

1 1
1_672raf 672rbf
Vp - nVSC =N (VCs_max _VCs_min) 1 1 1 1 (2-21)
1_e 27, f —e 27, f +e Zz'afe 27, f
V_—nV
Req = p—SC (2_22)

I
When (2-21) is substituted into (2-22), given that I=qgf and the quantity of
electric charge in this cycle is g=C(Vc_max- Vcs_min), the equivalent resistance Regq

could be further expressed as

1 1
n l_e72rafe72rbf
Ry = cf 1 1 1 1 (2-23)

l—g 27, f —e 27, f +e ZTafe 27, f
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\
Similarly, when Tp<VSC, by subtracting (2-20) from (2-19), Req can be ob-

tained to be the same as (2-23).

2.3.2 Energy Conversion Loss Analysis

After the balancing progress, all the quantity of electric charge Q transfers

between source package and SC, from the higher voltage source to lower voltage

source. In the end of the progress, total source package voltage is equal to n

times voltage of SC which Vayg represents the equilibrium voltage value during

the transition process between ¢, and g.

Vayg Can be expressed as

n(nv,C, +V..C
Vo =2 v 12| P )

——= =n
s C, Cec n’C, +Cy.

Energy stored in the SC and source package before balancing is:

1 1
E (O) = ECSCVSZC + ECPVPZ

Energy stored in the SC and source package after the process is:

2
n

2
2 n’C,+Cq

2
TOR ;Vazvg (CSC +ij 1(nVpCp +VeCyc )

The energy conversion loss is:

_ E CSCCP (nVsc Ve )2

B =E(0)-B() =522 ¢
P sC

(2-24)

(2-25)

(2-26)

(2-27)

As it is shown in (2-27), the initial voltage and voltage ratio are the parame-

ters that will affect energy conversion loss, instead of the capacitance and the

ESR of the switched-capacitors or the switching frequency.
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2.3.3 Balancing Duration Analysis

Vsc =

Fig.2.5: Model of the Balance circuit

As it is shown in Fig. 2.5, the source package and SC can be formulated to be
charged or discharged between each other with a current conversion ratio, n. The
voltage of the SC, Vsc, and source package Ve and the current of the source

package Ip could be illustrated as:

Vee () =V (0) —é 100t (2-28)
1
Ve (0) =V, (0)+ - [ 1t (2-29)
| = nVsc _VP
PSR (2-30)

By substituting (2-30) and solving (2-28) (2-29) with Laplace Transform, the

voltage difference AV=nVsc-Vp during the balancing process can be expressed as

avy A&l (2-31)
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Therefore, by setting a termination voltage difference AV (end), the duration

of the balancing process can be derived from (2-31) and given as

1 I AV (end)

n
n” 1) 1) Av(O) (2-32)
C. C.)|R

The balancing duration is mainly decided by the capacity of the source pack-
age, SC and also the equivalent resistance of the equalizer. If t is large enough,

both nVsc and Ve would be very close to Vayg when AV approaches zero.

2.4 Simulation Results of the Switched-Capacitor Voltage

Equalizer

The proposed circuit is simulated by PSIM software which all the compo-
nents are made ideal. The circuit topologies of voltage ratio n=2, 3, 4 are built in
the simulation interface. Assume the source package is composed of the SCs
with the same capacitance 1F. For the switched-capacitors two parameters
C=100uF and 220pF are used in simulation while f=10 kHz and 30 kHz of the
control signal are used to operate the circuit. The above configuration is only
used for case study. In practical application, the composition of source energy
storage package can be scaled to one’s requirement and the parameters of C and f
can be optimized accordingly.

In the simulation analysis, all the components are assumed to be ideal, given

thatz, =7, =0, the equivalent resistance Req in (2-23) could be further expressed

as:

Ry =— (2-33)
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Table 2.2. Simulation results of the Switched-capacitor voltage equalizer

Voltage
] C=100uF, f=10kHz C=200uF, f=10kHz C=100uF, f=30kHz
ratio
Vpi2 Vsc
26 ;
25
n=2
n=3
n=4
0 1 2 0 1 2 0 1

X: Time(s); Y: Voltage(V)

Table 2.2 illustrates the comparison of the waveforms in the simulation var-
ied with capacitance C, switching frequency f and n. It is observed that both Vs

VvV, . . .
and —= finally converge to the same voltage level in all circumstances. When C
n

is larger, the balancing duration is comparatively shorter because the charg-
ing/discharging capacity during one switch cycle is higher. When f is higher, the
switching speed is faster that accelerates the equalization process. The balancing

phenomenon conforms the principles in (2-32).
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2.5 Experimental Results of the Switched-Capacitor Voltage

Equalizer

The proposed circuit has the capability of performing balancing for different
voltage ratios and it is highly suitable for energy storage cell package where dif-
ferent cell voltage units are integrated into an energy storage package. To verify
the validity of mathematical derivation and software simulation, a double voltage
ratio balancing circuit is built in the laboratory which is shown in Fig. 2.6, it is
the energy storage package for a hybrid electric vehicle with different voltage
levels. Two SCs are combined to simulate the performance of the energy source
package. Topology of the equalizer is shown in Fig. 2.7 and the list of compo-

nents is recorded in Table 2.3.

Table 2.3. Parameters in the experiment

Units Quantity
Supercapacitor
(DRL357S0TQ60SC)
Capacitance of SCs 350F
ESR of SCs 20mQ
MOSFET .
(IRFR3607PBF)
ON-resistance of
7.34 mQ
MOSFETs
Switched-capacitor 5
(EEHZA1H101P)
Capacitance of 100pF,
Switched-capacitors 200uF
ESR of Switched-
_ 28 mQ
capacitors
) 10kHz,
Switch frequency
30kHz
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Fig.2.6: The experimental application for hybrid source electric vehicle.

The voltage balancing process of the experiment is shown in Fig. 2.8. The in-
itial voltages of the source package and SC are 5.2V and 2.3V, respectively

- V
(C=100uF, =10 kHz). After the voltage balancing is conducted, both ?" and Vs

are balanced to the same voltage magnitude, which coincides with the results of
theoretical analysis. The voltage of this case after balance operation is 4.96V and
2.49V. The initial energy stored in the package source and SC is 3291.8J, and
energy stored after balance is 3237.7J. The energy conversion loss during the ex-
periment is 54.1J which is close to the results calculated by (2-27) and the effi-
ciency is 98.4%, 98.73% and 95.2% for other two cases. Fig. 2.9 depicts the
voltage and current variations of switched-capacitors during different frequencies
(C=100uF, f=10 kHz; C=100uF, f=30 kHz) and phases defined in Fig. 2.2. In the
field test, voltage variation follows the functions (2-3) and (2-15) while current
variation conforms to (2-4) and (2-16). The experiment results demonstrate that
the variation of both voltage and current is conformed to the charg-

ing/discharging principles in each phase.
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Fig. 2.8: The balancing waveform from the experiment in the laboratory (a)

C=100pF, f=10 kHz; (b) C=200uF, f=10 kHz; (c) C=100uF, f=30kHz.
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Fig. 2.9: The voltage Vc and current Ic waveform of switched-capacitor C; dur-

ing the balancing progress (a) C=100uF, f=10 kHz; (b) C=100uF, f=30kHz
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2.6 Conclusion

In this chapter, series-parallel circuit configuration and operation principles
of the innovative switched-capacitor voltage equalizer are demonstrated to effec-
tively promote the use of hybrid source package composed of different cells. The
equivalent circuit of the balancing model is described to show the process of
voltage balancing. The key of the model is the use of an equivalent resistor
which corresponds to the switching frequency and capacitance. The switching
frequency and capacitance can be further adjusted to obtain the desired operation
performance. An equalizer prototype for a package of energy sources with dou-
ble voltage ratio is built in practical experiment to substantiate the validity of
theoretical analysis. This innovative voltage equalizer is proved to be efficient
and practical for industrial application. With the coming high demand in energy
storage for mobility and renewable energy, the proposed technology provides a
future development tool for non-equal cell integration. The components used in

balancing is low-cost and of high efficiency.
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Chapter 111

Non-Equal Voltage Cell Balancing for
Battery and Super-Capacitor Source
Package Management System Using
Tapped Inductor Techniques

3.1 Introduction

The battery management system (BMS) is the key development for energy
storage systems, and battery balancing is an important subsystem of the BMS.
However, with rapid development of SC, future energy storage cells are not con-
strained by one type, while different types of cells may form a source package
(SP). Furthermore, the introduction of second-life batteries from retired electric
vehicles promotes the demand of effective balancing systems for SPs with hybrid
cells, as well as the requirement that balancing should be extended to any preset
ratio rather than 1:1. This chapter proposes a novel tapped inductor balancing
circuit that allows any ratio of voltage balancing for hybrid energy storage cells.
The analysis of the circuit, simulation and experiment results are presented to
demonstrate its effectiveness in handling hybrid source balancing.

The rest of this chapter is organized as follows. Section 3.2 describes the
basic circuit of the tapped inductor. Section 3.3 presents the circuitry of the
tapped inductor balancing circuit. The modeling of the circuit is obtained in Sec-
tion 3.4. The simulation and experimental results will be presented in the Sec-

tions 3.5 and 3.6, respectively.
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3.2 Tapped Inductor Basic Circuit

3.2.1 Conventional Buck-Boost Balancing

The conventional switched mode power conversion, buck-boost for example,
can be used by adjusting different duty ratios of switches Q; and Q2 to provide
balancing for supercapacitors SCiand SC; in Fig.1.1(a). This is expressed as fol-

lows:

VSC1 — & (3_1)
Vscz D1

where Vsc1 and Vscz are the voltage of SCqand SC,, respectively. D1 and D> is
the duty ratio of Q1 and Q2 respectively. It is noted that idealized duty ratio, ne-

glecting the dead-time is expressed as:

D, +D,=1 (3-2)

When the voltage ratios of SC, and SC, are different in more than 2, the ef-

ficiency of the voltage conversion between SC, and SC, is low [28],[29]. By us-

ing transformer concept or the isolated power converter such as forward convert-
er or flyback converter, the efficiency of voltage conversion can be much higher
when its transformer’s turns ratio is much larger. The concept has been devel-

oped widely and realized by tapped inductor converter [30].

3.2.2 The Tapped Inductor Basic Theory

Fig. 3.1 shows a generalized circuit for three basic topologies in switched-
mode power converter (SMPC). The transistor is connected to the tapped induc-
tor L with the number of turns being m and the diode is connected to the tapped
inductor with the number of turns being n. Since the magnetomotive force (mmf)
is conservative for the tapped inductor, therefore, the voltage conversion ratio

between input voltage Vin and output voltage Vo can be derived as follows.
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Fig. 3.1: General topology of tapped inductor for three basic SMPC topologies.

(a) Buck converter; (b) Boost converter; (c) Buck-boost converter.

To illustrate the voltage conversion for tapped inductor, the mmf values of

Mon and Mot during the period when Q is turned on and off are:

V

M, =m ﬁ DT (3-3)
V

M = nﬁ D,T (3-4)

n
where L and L, are the inductance of the inductors with m and n turns, respec-
tively. Vim and Vi, are the voltage across Lm and Ly, respectively. D1 and D are
the turn-on duty ratio of transistor and diode respectively.

(3-3) and (3-4) can be reduced to

h — m& (3_5)
V,, nhD
and
VLm _ m (1_ Dl)
V., n D (3-6)
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D, +D,=1 (3-7)

For the application to the three basic topologies, the voltage conversion ratio

k is then:
Buck converter:
V
2 =k+1 .
v, (3-8)
Boost converter:
Vo k-1 3-9
Vin k ( - )
Buck-boost converter:
Yook 3-10
Vin ( - )
where
m D
k=——=2 .
n D, (3-11)

3.3 The Tapped Inductor Balancing

3.3.1 Basic Cell Equalization

Fig. 1.1a and Fig. 3.1c can be combined into a tapped inductor balancing that
makes use of the large voltage conversion for input and output. The diode is
changed into a MOSFET and therefore a bi-directional power flow can be ob-
tained that allows the energy balancing between two different source packages.
Fig. 3.2a shows the topology that is also a buck-boost version. m and n are the
number of turns obtained from the tapped inductor when the transistors Q; and

Q2 are on respectively.
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Fig. 3.2: Tapped inductor balancing circuit. (a) Basic circuit; (b) Current flow

during on and off states of transistor.

The circuit analysis is similar to the conventional analysis of an SMPC. The
voltage balancing equation then becomes:
Ve, _m(@-D)

V. "n b, (3-12)

where Vp1 is the voltage of SP1 and Vp: is the voltage of SP>.
In particular cases, if D1 = 0.5, it is reduced to a simply transformer turns ra-

tio to voltage ratio relationship:
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VF,1 m
\Y; n

(3-13)
R

In this case, each transistor is turned on for half a cycle in a complementary
manner. The efficiency of such tapped inductor power conversion is high and
using coupled-inductor’s turns ratio, any voltage conversion can be obtained, that

is, balancing of battery or SC hybrid source packages under any voltage ratios

can be achieved.

3.3.2 Generalized Cell Equalization

.
1 I!

sp1 |1 Ve Q|
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Fig. 3.3: Generalized tapped inductor cell equalization circuit.

The above circuit can be extended to a string of i packages as shown in Fig.

3.3. The x tapped inductor L, coupled with source package SPx, has a tapping
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and the turns ratio is m, :n, where x varies from 1 to i — 1. The operation process

of the proposed balancing system is divided into on state and off state with dif-
ferent switch signals Vg g and Vg s in one cycle T as demonstrated in Fig. 3.4.
The balancing is self-adaptive and automatically converges to equilibrium. The
current between the source packages could be close to zero when the voltages of
the source packages are equal after balancing progress and the loss is small. The

detailed operation principles of the two states are shown in Section 3.4.

Fig. 3.4: Control signal of the switches.

The equalization equation for SPy is:

\i_ﬂ(l_ Dx)

V n D

X X X

(3-14)

where Vpy is the voltage of the SPy. Vi is the total voltage from SP; to SPy. Dy is
the duty ratio of Qy and Sx.

When all the SP voltages are balanced, D = 0.5 is adopted to maintain the
equalization of the cell voltage. Based on (3-14), the voltage ratio could be fur-

ther edited as:
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Voy Ve, 1eeeiVy 1V 1V,

MMy N, n, Ny \ Niy N, N (3-15)

Yy My (—m” +1j : My 1
r.‘i—2 n’—l ni—l

3.4 Modeling of Tapped Inductor Voltage Equalizer

3.4.1 Operation Principle and Average Current Analysis

During the progress of charging/discharging in one cycle, the charge is trans-
ferred between SP1 and SP>. When the transistor is turned on and off and the
equivalent circuit parameters vary accordingly. The equivalent model of the bal-
ancing circuit is shown in Fig. 3.5. All the analyses are under continues indutor
current mode. The equivalent series resistance and on-state voltage for the diode

are included to assist the modeling.

Ron Q
R 1
" RLm —Il—
== | . | ;; ! Source
Ve | Source I:-!;: lon | 7! Package2
Packagel | ¢ Lo L]
14!
(a)
Q Ron
WwT — ’ Wv
‘ 1
i_l—l Rinz Re:
Source [T | |
Packagel I J’_ | avgoff ) | ; | Source AV
—T— Lnz | T
i  Package2
| L |

—

(b)
Fig. 3.5: Equivalent Model of the balance circuit. (a) on-state; (b) off-state.
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Based on the relationship of (3-3) and (3-4), the mmf between SP1 and SP»

are

LﬂJ'VLm dt = LLJ'VLndt (3-16)

m —

L n®°

n

where

According to KVL, (3-16) could be further expressed as

Ve,m Vyn
alpr _Rm i dt=—" (1—D)T—M it (3-17)
L, L, L, L

n

where R =R, +R,+Ry, R, =R, +R+R; . Ron is the on-resistance of the

switch; Rum, Rin are the equivalent series resistance (ESR) of the inductor in m

R m
and n turns respectively, such that R—Lm=;; Rp1 and Rp, are the ESR of the
Ln

source packages P1 and P; respectively; ion and io are instantaneous current
across L when the switch is on and off respectively.

lavg_on @nd layg off are the average current across L when the switch is on and

Iavg_on _ ﬂ

off, respectively, so that I

avg _off

Assume when fiondt ~ 1, DT and Iioﬁ dt = 1,y o (1=D)T, I avg on cOUld

be obtained from (3-17) as:

o (mjz R,(1-D)+RD

n

-1V, (1-D)+V,D

(3-18)

The average current layg of SP1 is
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|, = (3-19)

3.4.2 Energy Conversion Loss Analysis

During balancing progress, all the energy transfers between source packages,
from the higher voltage source to lower voltage source. In the end of the pro-
gress, each of the SP voltage is under the ratio shown in (3-15).

The variation of ion iS

. : DT
Ion (1) = 1oy on + Ay, (t —Tj (3-20)

where Aion is the current difference during the on state.

The energy discharged Eqch from SP1 throughout one cycle is:

Edch ~ VPlI ion dt (3'21)

The variation of ig iS

. . DT
Lot (t) = Iavg_off + AIof‘f [t _T] (3_22)

where Al is the current difference during the off state.

The energy charged Ech to the SP> is

B =V, [ i 0t (3-23)
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The energy transferred in the tapped inductors is E m=En. The variation of

ELm and E_, are presented below

ELm ~ J:Z (VPl - ion Rl )ion dt (3'24)
ty . .
B~ '[tz (sz —l R, )Ioff dt (3-25)

By equaling (3-24) to (3-25), the energy conversion 10ss is

Es ~Vou | t i dt—Ve, | t i dt

loss

=R [Tizdt+R, [ iR dt
-2 2
:T(Ijvg - 3%4'% j{le R, (mj (1- D)}
- n

Vo, A, n

"T2Lf AL, m

(3-26)

where Ai,

As shown in (3-26), the initial voltage of SPs, voltage ratio, frequency, in-

ductance, duty ratio and ESR will affect the energy conversion loss.

3.5 Simulation Study

The above balancing process has been simulated by PSIM software to study
the performance of the circuit. Assume that the source packages are composed of
the SCs with the same capacitance 350F. For the tapped inductor, L = 400 pH is
simulated while f = 30 kHz and D = 0.5 of the control signals are used to operate
the circuit. The voltage ratios of Vp1:Vp2:Vps are simulated by three cases of
1:2:3, 1:2:4, 1:3:9 while according to (3-15), the turn ratios are 1:5, 1:6, 1:12 for
L, and 2:3, 1:2, 1:3 for L.
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Table 3.1 indicates simulation results of the waveforms for voltage balance
and the average current under the schematic in Fig. 3.6 with different voltage ra-
tios. Because of the preset voltage ratio and initial voltages, SP: is discharged
and SP2 and SPs are charged for voltage ratio of 1:2:3; the SP1and SP> are dis-
charged and SPs3 is charged for voltage ratio of 1:2:4 and 1:3:9. The voltage of
each source package varies under the voltage ratio in the equalization process,
and it is apparent that the balancing phenomenon conforms to the principles in
(3-15). The variation of average current and energy loss in the simulations are

consistent with the principles in (3-19) and (3-26).

Source | ; |
package 1! & VP
'_T_'
Source | 1l
+
Package 2 | : 1Vp2
L]
j
Source |;| ’SzJ }
Package3: H :VP3 VL2 M

Fig. 3.6: Topology for simulation.
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Table 3.1. Simulation results of the Tapped Inductor voltage equalizer.

Voltage
Ratio

1:2:3 1:2:4 1:3:9

Voltage
Balance

Wave-

form

Time (s) Time (s) Time (s)

Average
Current

Wave-

0 100 200 300 0 100 200 300 0 100 200
fOI‘m Time (s) Time (s) Time (s)

X: Time(s); Y: Current (A)

3.6 Experimental Results

To verify the validity of mathematical derivation and software simulation, a
1:2:3 voltage ratio tapped inductor balancing circuit is built in laboratory and all
the SPs are tested in the same ambient temperature (20 °C). The inductors are
made in the laboratory with 1:5 and 2:3 turns ratio. All the transistors are contin-
uously pulsed as the method in Section 3. Although the control method could be
used to trigger the unbalanced cells to accelerate the balancing speed, because
the unbalancing speed is slow as compared with the speed of balancing of pro-
posed balancing circuit, therefore the present control is to use continuous trigger-
ing to all transistors, and hence it reduces the control complication and the sys-
tem is therefore absolutely stable. The balancing current will be reduced to zero
when the equalization is achieved. Topology of the equalizer is shown in Fig. 3.6

and the list of components is recorded in Table 3.2. SP1, SP2, SP3 are formed by
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one SC, two SCs and three SCs connected in series and the list of components is
recorded in Table 3.2. The size of the components in the control circuit of this
balancing circuit is much smaller than the SPs because the balancing current is
only a very small percentage of the main current of the SP. The circuit is suitable

for practical use.

Table 3.2. Parameters in the experiment.

Units Quantity
Supercapacitor (DRL357S0TQ60SC) 6
Capacitance of SCs 350 F
ESR of SCs 6 mQ
MOSFET (IRFR3607PBF) 4
On-state resistance of MOSFETS 7.34 mQ
Inductance of L 390.4 uH
Turns ratio of L; 1:5
Inductance of L» 386.9 uH
Turns ratio of L 2:3
Switching frequency 30 kHz

The source packages, SP1, SP2 and SP3 are charged to the initial voltages of
around 2.01 V, 4.22 V and 7.18 V, respectively. The balancing process is started
by enabling the gating signals of the equalizer prototype. The voltage balancing

process of the experiment is shown in Fig. 3.7. After the voltage balancing pro-

Vv V .
gress, all Vg, , % and % are balanced to the same voltage magnitude,

which coincides with the results of theoretical analysis. Besides, the average cur-
rent and energy loss are close to the principles in (3-16) and (3-23).

Fig. 3.8 and 3.9 depict the voltage and current variation of tapped inductor L
and tapped inductor L, during 30 kHz frequency. The ripple of currents 1y, I2, I3

and 14 is small. The experiment results demonstrate that the variation of all volt-
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age and current conforms to the charging/discharging principles in the balance
progress.

Retired batteries from electric vehicles have different voltage characteristics.
For convenience of experiment, this chapter took SC combination as the energy
sources. However, as the tapped inductor balancing circuit proposed in this chap-
ter can be applied with any preset voltage ratio, the integration of second life bat-
teries will not weaken the effectiveness of this non-equal voltage balancing tech-
nique. In practical design with PCB implementation, it is possible to keep the
size of the balancing system at much less than one-tenth of the size of the whole
packages with the proposed circuit topology. In theory, the inductor size can be
further reduced by increasing the switching frequency. Therefore, the proposed
method is a practical cell balancing solution for managing hybrid source packag-

es with difference voltage ratios.

) A -

g F/(a\,g:lA/div
S =

(_:) v Vps: 0.3V/div

v Vpy: 0.2V/div

/>-\ | == ==
< //
ok N .
= Vpi: 0.1V/div
>
lavg,VP1, VP2, VVP3
0 100 200 300 >
Time(s)

Fig. 3.7: The balancing waveforms and average current waveform from the ex-
periment in the laboratory.
(CHZ1: layg is average discharge current; CH2: VP1 is voltage of source packagel;
CH3: VP, is voltage of source package2; CH4: VPs is voltage of source pack-

age3).
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Fig. 3.8: The voltage and current waveforms of tapped inductor L1 during the
balancing progress.
(CH1. Vg q is gate signal of switches Qi and Qz; CH2: VL1 is voltage between the
whole turns of the L1; CH3: Vi1 is voltage between the left side of the L1; CH4: |1

is current flows across Q1; CH5: 12 is current flows across Sy).
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Fig. 3.9: The voltage and current waveforms of tapped inductor L> during the
balancing progress.
(CH1: Vg s is gate signal of switches S; and Sz; CH2: V2 is voltage between the
whole turns of the Lo; CH3: V2 is voltage between the left side of the Lo; CH4:

I3 is current flows across Q2; CH5: 14 is current flows across S»).
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3.7 Conclusion

A new concept of source package equalization has been reported using a
tapped inductor method. The method is derived from conventional tapped induc-
tor converter. The advantage of the method is that it can allow cell balancing of
any ratio with high efficiency. The proposed concept can be extended to several
hybrid cells connected. Simulation and experimental results have been presented
to demonstrate the effectiveness of this circuit. The scenario of successful bal-
ancing is extended to voltage ratio of 1:2:3 and the ripple of currents during bal-
ancing process is small enough. The proposed scheme is especially useful when
second-life battery and other new types of energy are universally applied to ener-

gy storage systems, peak power compensation and even uninterruptible power

supply.
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Chapter IV

Zero Current Switching Switched-
Capacitors Balancing Circuit for Energy
Storage Cell Equalization and its Associ-
ated Hybrid circuit with Classical Buck-
Boost

4.1 Introduction

To overcome the problem of switching loss during balancing process, a
novel cell balancing circuit is proposed with integration of zero current switching
technique. Moreover, the balancing circuit proposed can change between classi-
cal buck-boost pattern and resonant switched-capacitor pattern with flexible con-
trol to cater for the balancing requirements under different driving scenarios. The
results of simulation of field experiments demonstrate successful balancing,
speed and energy loss under various testing situations. The proposed balancing
circuit is proved to be effective for wide range application.

In the rest of this chapter, a novel balancing circuit is introduced to over-
come the problem of energy loss during balancing process. Besides, this balanc-
ing circuit is capable of working at different driving modes with flexible circuit
switching and intelligent voltage control module. This paper is the first attempt
to use ZCS technique in the integrated balancing circuit for rapid mode switching,
accurate voltage tracking and loss reduction. Circuit configuration, operation
principle, equations are presented in Sections 4.2 and 4.3. The effectiveness of
the proposed balancing circuit is demonstrated by the results of simulation and

field experiment in Sections 4.4 and 4.5. Section 4.6 concludes the chapter.
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4.2 Proposed cell balancing circuits

4.2.1 Circuit configuration

In this section, a series multi-functional balancing circuit is presented for
analysis. Different states of EVs, such as drive state, brake state and park state,
may have different requirements on output power, balancing speed and balancing
loss. Fig. 4.1 demonstrates six different operating modes with different cell bal-
ancing requirements for the corresponding driving states, for example, EVs in
acceleration desire high balancing speed and low loss while park state does not
have requirements on balancing speed. The circuitry of Fig. 4.2 shows the SC
cells in series connection with two operation states, buck-boost balancing and
switched-capacitor balancing. This multi-functional balancing circuit change its
topology and parameters to cater the operation requirements of different opera-
tion modes, such as common drive mode, drive with air-conditioning (AC) mode,

acceleration mode, brake mode and park mode for EVs.

max
high Accelerate mode
E + X Drive mode with AC
2 med
Z
= Common drive mode
O low
Brake mode
0 ®

max

med

Balancing speed 0 o low

Balancing loss

Fig. 4.1: Different operating modes and requirements

50



4.2.2 Balancing circuit operation analysis

In ideal case, the switching frequency fs should be equal to the resonant fre-

quency fr.
1 |1

f=f="—"0/[—-6 (4-1)
2z \LC

where, 9:%; L is the inductance of the inductor and C is the capacitance of

the switched-capacitor.
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° Sa2n-
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L Sazn-
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Cn-1 J— r
Sb2n-3k
SChe=
Sh2n-2

Fig. 4.2: Proposed balancing circuit

However, it is arduous to precisely match the RLC parameters of different
balancing branches in real implementation. To avoid reverse current of the reso-
nant inductor, the switching frequency in the proposed switched-capacitor circuit
should be slightly higher than the resonant frequency with regards to the toler-

ances of the RLC parameters.
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Fig. 4.3: Working principle of the proposed balancing system.
(@) ZCS mode state I; (b) ZCS mode state 11; (c) Buck-boost mode state I;

(d) Buck-boost mode state 11
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Table 4.1. Switches control logical signal

Switching States

Function Mode Saz | Sa2 | Sa2 | Saz | Sbz | Sb | Sbz | Sk2
mi |m | m+l [ me2 [m1 | 2m | m+l | me2

ZCS mode 1 0 1 0 1 0 |1 0

Buck boostmode |1 |1 (0 |O 1 |1 10 0

In the n-cells voltage balancing system as shown in Fig. 4.3, there are 4n-4
switches which are dominated by the main intelligent control box to operate the
circuit in different modes. All the switches are named in two groups Sa and Sp,
the switches in each group are divided as Sazm-1, Sazm, Sazm+1 and Sazm+2, Where m
varies from 1 to n-1; In Spam-1, Sbem, Sbem+1 and Seam+2, M varies from 1 to n-1.

The two functioning modes are ZCS mode and buck-boost mode with different

switch positions as shown in Fig. 4.4.
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Fig. 4.4: Control signal of the switches

|
|
|
t

\
\
\
\
\
\
[
\
\
\
|
!
[
i
|

2

53

I
t3




I'sakl [Isak2

Ck
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I'scj

SCj

Discharging

[sbjl  Ishj2

Fig. 4.5: Circuit of ZCS mode

When the switches Sazm-1, Sbzm-1 @nd Sazm+1, Svem+1 are turned on, the circuit
forms the switched capacitors resonant tanks as shown in Fig. 4.5. In the state of
the ZCS-SC, charge will transfer from SCx to Ck switched-capacitor tank when
the voltage of SCk is higher than the initial voltage of Ck . Therefore, Cx is
charged and the control signal during the process is shown in the top curve of Fig.
4.5 and Table 4.1. In the similar way, charge will transfer from C;j to SC;j when
the voltage of SCjis lower than the initial voltage of C;j. Cjis discharged in this
process and the control signal is shown in the bottom curve of Fig. 4.5 and Table

4.1. SCy, Cx, Lk and SC;j, Cj, L form the resonant loops.

4.2.3 Analysis of ZCS Operation

1) State | [See Fig. 4.3(a)]

In the state when Saom-1 and Sazm+1 are turned on and Saam and Saom-+2 are
turned off. The voltage Vcx of Ck and the resonant current irare both increasing.
Assume that all the components here are ideal and there are zero internal re-
sistance for the SCs, switched-capacitors, inductors and switches in this analysis.

The relationship between the current and the voltage are as shown below:
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. dVv,

i, =C, dtk (4-2)
di,

L dt +Ve, =V, (4-3)

where L is the inductance of inductor Ly; Vsck is the voltage between SCy.

Then, the solutions of above are

Ve, =Vee, +AV,, cos(at+¢) (4-4)

i, =1,sin(wt+9) (4-5)

where AVck is the amplitude of Vsg; Iris the amplitude of the ir; w is the resonant

angular frequency which is @ = , Ck Is the capacitance of Cy; ¢ is the ini-

;ﬁp
XO

tial angle of the resonant state.

In this resonant period, assume that the initial voltage Vcmin across the ca-
pacitor Cy is minimum voltage, which is lower than the voltage Vsck across the
SCk. The voltage Vixand the amplitude of the ir are illustrated as

di

L, d_tr :Vsck _chin (4-6)

V. =V, ,C
| = _SC  "Cuin _ V.. =V k. 4-7
r a)Lk ( SCy Coin ) Lk ( )

After half a resonant period, the voltage of the Vck could reach maximum

Vck_max, Which is shown below:

Cp_max — 2Vsck _chin (4-8)

2) State Il [See Fig. 4.3(b)]
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In the state when Spom-1 and Spom+1 are turned on and Spom and Spom+2 are
turned off, switched capacitor C; is discharging SC; and the resonant current ir is
increasing in the opposite direction. The relationship between the current and the

voltage are as shown below:

C Ve, (4-9)
1 = . J -
Tt
di,
L E+ch :Vscj (4-10)

Then, the solutions of above are

Ve, =Vse, —AV, cos(wt +¢) (4-11)

i, =—I,sin(wt+¢) (4-12)

In this resonant period, Vcmax IS the initial voltage across C;j at the discharge

state which reaches the maximum value. The amplitude of the resonant current is

chax _Vscj Cj
L = Ve Ve ) @13

The voltage of Vcjcould reach minimum Vc;j min at the end of this resonant

period.
V.

C; _min

= zvscj _Vc (4-14)

In fact, there are equivalent series resistance (ESR) for the components and
the voltage drop across the switches cannot be ignored. The rsc, rc, rs and rpin-
ternal resistors for SCs, switched-capacitors, ON-resistance of the switches and
inductors respectively should be considered in the following analysis. The total
ESR Resr in one resonant tank of the circuit is Resr= rsc+ rc+ ro+ 2rs.

The resonant current of charging and discharging state should be revised as:

State I
V. =V,
i, = S g sin gt (4-15)
oL,
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State II:

i =S % ertgin gt (4-16)

Lk refers to either Ly or L; in each of their state | and Il and hence pand or
are calculated according to their respective L or Lj in State | and State II. The

maximum and minimum voltage of Vcy are

Ve, =Veg, = (Vse, =V, )& (4-17)

Ve :Vscj _(Vscj Ve

'min

Jere (4-18)

max

4.3 Modeling for balancing mode

4.3.1 Modeling for ZCS balancing mode

As it is shown in Fig. 4.6, SC cells can be formulated to be charged or dis-
charged between each other with the equivalent resistance. In the resonant circuit,
Ck, Lk and C;j, Lj has same value C and L, respectively and all the switches are the
same. The voltage of V¢ could get to maximum Vc_max at the end of the state | and
reduces to minimum at the end of state II. The voltage ripple AVc can be ob-

tained by subtracting (4-18) from (4-17).

Req Req Req

L ]
T Isc1 T Isc2 T Isck T Iscj

Vsc1T ==SC1VSC2T TSCZ VSCkT TSCkVSCjT T SCi

Fig. 4.6: Model of the ZCS mode circuit
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:I__e—pzz/a)r

= 4-19
1+e 7 (4-19)

AV, = (Vsck —Vee ; )

In one switching cycle, the quantity of electric charge is CAVc, flowing
from higher voltage cell to lower voltage cell. The average current layg r Of One
cycle is

Ly = f-C-AV, (4-20)
When (4-19) is substituted into (4-20), the equivalent resistance Req of each

resonant tank is

1+e P
= 4-21
T (21
The power loss Piess_r 0f the ZCS mode is shown below
21— e—pzz’/wr
I:)Ioss_r = Iazvg_r ' Req = fsc (VSCk _VSCJ- ) ]-_i_eT/wr (4'22)

4.3.2 Modeling for Buck-Boost Balancing Mode

During the progress of buck-boost balancing mode, the charg-
ing/discharging vary in one cycle, the charge is transferred between SCyand SC;.
The equivalent model of the balancing circuit is shown in Fig. 4.7, where the
ESR and on-state voltage for the diode are included to facilitate modeling.

To illustrate the voltage conversion process for the inductor Li, the mmf
values of M ¢n and M gisch tO investigate the voltage conversion of the converter

circuit for charging and discharging, respectively, during one cycle are

_Vsapy (4-23)

M_ch |_1
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Ve
M disch — — DzT (4'24)
L

where D; and D, are the turn-on duty ratio of transistor and diode respectively,
D1+D>=1.

According to KVL, the relationship between two cells is

[sakl [I'sak2

I'sck
I
Iavg_ch e SC]
SCk= L.
Vsck
1)
I'sbkl  I'sbk2
I'scj
M1
SCk== L Iavg_disch s
]
' T \V2S
(2)

Fig. 4.7: Model of the Buck-boost mode circuit

v
Vik pT-R j == (1-D)T j i dt (4-25)

where Ri=2rs+r +rsck, Ro=2rs+ri+rscj; ich and igisch are instantaneous current
across L, for charging and discharging, respectively. layg ch and lavg disch are the

average current across L1 when it is charging or discharging.
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When J.Ichdt ~ Iavg_ch DT a-ndJ.idischdt ~ Iavg_disch (1_ D)T ) Ian_Ch COUId be Ob'

tained from (4-25) as:

Vg, (1~ D) +Vy, D

lawg_on™ 4-26
- R,(1-D)+RD (4-26)
The average current layg b of SC in this mode is
| _Vg; (1-D) D +Vy, D?
avg_ b~ R (4'27)
,(1-D)+RD

In the balancing progress, all the energy transfers between each cell, from
the higher voltage SC cell to lower voltage cell. During these states, the variation

of the g IS

. . DT
Ich (t) = Iavg_ch + AIch (t _7j (4'28)

1
where Aicn is the current difference during charging state, T = T

S

The variation of the igisch IS

. . DT
Liisch ®= Iavg_disch + Algigey (t - 7) (4'29)

where Algisch IS the current difference during discharging state.
The energy discharged Egisch from SCk and the energy charged Ech to the SC;

throughout one cycle are:

Edisch = VSCk J. ich dt (4'30)

Een = Vsq J. idisch dt (4'31)
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The energy transferred in the inductor L; is

ty . . t3 . .
L (VSCk - Icth)Ichdt ~ LZ (Vsq' ~ ldisch Rz )Idischdt (4'32)

The energy loss Ejess could be obtained by (4-30) subtracting (4-31).

. ty.
Eposs & Vscx _l.t1 It _Vsq L Igiscndit

DT ., @-oy.,
= RIIO Ichdt + R2 IO Idischdt (4_33)
3Ai;
:T[Ijvg_ch = “j[RlD+ R, (1- D)]
V
Al ~ SCk
where Alg, L1

The power loss Piess_ b Of the buck-boost mode is

P =
loss-0 R,(1-D)+RD 4

2
_ ':VSCk (l_ D)"'Vsq' D] +§( DV,
L, f

]2 [R,(1-D)+RD] (4-34)

4.4 Simulation Results of the Multi-Function Voltage Equalizer

In PSIM software, the proposed circuit is simulated. The circuit topologies
of three series connected SCs with initial voltages of 2.0, 2.4, 2.6V, respectively
and with the same capacitance 1F are built in the simulation shown in Fig. 4.8.
Switched-capacitors C=22uF are used in simulation while fs=15, 20, 25 kHz and
90, 100, 110 kHz of the control signals are used to operate the circuit. The above
configurations are the same with practical application, except the capacitance of

the SCs because PSIM could not accept large Farad for capacitance.

61



Table 4.2. Simulation results of the Switched-capacitor voltage equalizer

Mode fs=15kHz fs =20kHz fs =25kHz
VSCA VSC2 VSCA VSC2 VEC1 VEC2
26 agproeeeReseeoes L RLCREH ; :
24 hei e ‘
P R P s -
o W !
1.8 L ———————————————————————————————————
0 1 2 0 1 2 0 1 2
ZCS )
mOde IL1 IL1
X: Time(s); Y: Current(A)
fs :90kHZ fs :100kHZ fs :110kHZ
VSC1 VSC2 VSCA1 VEC2 VSC1 VEC2
Buck- ; '
boost
mode

X: Time(s); Y: Voltage(V)

Table 4.2 illustrates the comparison of the waveforms in the simulation var-

ied with different switching frequency fs for ZCS and buck-boost mode. It is ob-

served that Vsc1, Vscz and Vscs finally converge to the same voltage level in all

circumstances. For ZCS mode, when fs is larger, the switching speed is faster that

accelerates the equalization process. The balancing phenomenon conforms to the

principles in (4-20). When the switching frequency fs is the same as the resonant

frequency fr the balancing progress could reach zero current when switches are

turn on and off, this conforms to the principle in (4-1). But the variation of the fs

could not affect the balancing speed for buck-boost mode which is illustrated in

(4-27).
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4.5 Experimental Results of the Multi-Function Circuit

The proposed circuit has advantages in performing balancing for different
EV driving modes so that it is more flexible for energy storage system which has
different working conditions. To verify the mathematical derivation and software
simulation, energy storage strings composed of three SCs are formulated with the
multi-functional balancing circuit controlled by different switching signals. The
topology is shown in Fig. 4.8 and the list of components is recorded in Table 4.3.

The voltage balancing process for ZCS mode of the experiment is shown in
Fig.4.9. The initial voltages of the SCs are 2.6V, 2.31V and 1.88V, respectively.
After the voltage balancing is conducted, Vsc1 Vscz and Vscs are all finally bal-
anced to the same voltage magnitude, which coincides with the results in the
above theoretical analysis. The integrated voltage magnitude after balancing is
2.23V. Fig. 4.10 depicts the voltage and current variations of C1, C> and La. It is
clearly shown that when the switch is turning on/off, the instantaneous current of
the resonant loop is close to zero, which conforms to the principles of ZCS and
loss reduction.

The voltage balancing process for buck-boost mode of the experiment is
shown in Fig. 4.11. The initial voltages of the SCs are set as 2.42V, 2.29V and
2.03V, respectively. After conducting voltage balancing, Vsci Vsce and Vscs are
also balanced to the same voltage magnitude as expected. The integrated voltage
magnitude after balancing operation is 2.17V. Fig. 4.12 depicts the voltage and
current variations of Li. The energy loss of ZCS mode decreases 35% compared

with that in buck-boost mode.
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Fig. 4.8: Multi-functional equalizer built in laboratory

Table 4.3. Parameters in the experiment

Units Quantity
Supercapacitor (DRL357S0TQ60SC) 3
Capacitance of SCs 350F
MOSFET(IRFR3607PBF) 75V 7.34mQ 8
ON-resistance of MOSFETSs 7.34 mQ
Switched-capacitor )
(RNS1E220MDN1KX)

Capacitance of Switched-capacitors 22uF
ESR of Switched-capacitors 28mQ
Inductor (WE-HCF) 2
Inductance of the inductor 33uH
ESR of Inductor 1.31mQ

Switching frequency

20kHz, 100kHz
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Fig. 4.9: The ZCS mode balancing waveform from the experiment in the labora-
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Fig. 4.10: The voltage Vci1,2 and current .1 waveform of switched-capacitor Cy
during the balancing progress of ZCS mode.
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Fig. 4.11: The Buck boost mode balancing waveform from the experiment in the

laboratory
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Fig. 4.12: The voltage V.1 and current I.1 waveform of switched-capacitor Cy
during the balancing progress of Buck-boost mode.

The experimental results demonstrate that the variations of both voltage and

current in the proposed circuit conform to the charging/discharging principles

analyzed in each phase.

4.6 Conclusion

A novel zero-current switching cell balancing circuit is proposed in this

chapter to decrease switching loss during balancing process. Furthermore, in or-

der to adjust to different requirements of EV operation states, the multi-
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functional circuit is able to easily change between buck-boost and switched-
capacitor pattern with flexible switching frequency and duty ratios. Simulation
and field experiment are conducted to demonstrate its loss reduction effect and
flexibility in various situations. The energy loss of ZCS mode decreases 35%
compared with that in buck-boost mode. Future works may include voltage feed-
back control during balancing process to further increase speed and decrease loss.

Following good balancing design of battery cells and packaging, the next
chapters are to study charging control forecast study of the battery EV in an ur-

ban charging plan with the influence of balancing strategies.
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Chapter V

Forecast of Urban EV Charging Load
and Smart Control Concerning Uncer-
tainties

5.1 Introduction

Popularizing electric vehicles (EV) can be one of the most effective ways to
deal with the ever severe air pollution. In smart city, EVs are not only transporta-
tion tools, but also mobile and distributed energy generation/consumption. How-
ever, the accumulated charging power from the increasing integration of EVs
could add large pressure to the peak of power grid.

To make full use of the peak-shaving capacities of aggregated EVs, the
voltage of EV internal battery packages and the battery cells should be kept equal
for the best performance and safety. Especially, the multi-functional balancing
circuit proposed in Section IV is able to switch modes according to different
driving states and the full capacity of EV battery is guaranteed.

Besides voltage balancing of EV batteries, the stochastic charging behavior
is another obstacle to EV storage system utilization. In this chapter, a novel EV
load forecasting model is formulated based on Markov chain [81] allowing for
the stochasticity of user behavior, traffic and weather. The impact of EV integra-
tion is assessed in a typical medium voltage (MV) system while the resulting
peak load and power loss are mitigated with charging control schemes. The pro-
posed model could help to forecast the future charging demands with probabilis-
tic uncertainties. The smart control schemes shall instruct the aggregator to make
optimal charging plan concerning security and efficiency issues.

The rest of this chapter is organized as follows. In Section 5.2, a general

forecast model of EV traveling routes is formulated with Markov Chain. In Sec-
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tion 5.3, urban EV charging load is forecast concerning stochastic travel behavior,
road traffic and weather. In Section 5.4, smart charging control is proposed to
determine optimal user charging schemes. In Section 5.5, the advantages of pro-
posed voltage balancing circuits are verified and results of the charging load
forecast and the urban EV charging optimization are demonstrated in the case

study. Section 5.6 summarizes this chapter.

5.2 Methodology for Route Modeling

This section provides a general method for simulating the daily routes with
multiple travel purposes. The theory of Markov Chain is applied to find out the

interrelationship among consecutive trips.

5.2.1 Travel Route Modeling

tripl

| Geographical | | o \/—@ &
transition (H) (A)
/| probabilities |11 Temporal transition f, = gMPZ
i | probabilities :

‘ > tripl

s vann B B R C A
Derive daily | Data fitting ‘; .‘ y5=8) Py
3 trip chains \ (based on Weibull | r 3(3) d :
1 © 1\ distribution)  \/ | trip3™\_ trip2
| _— / t,=g(t)

Trip distance
fitting (d)

V Trip end time
fitting (t)

Fig. 5.1: Route modeling process
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The route modeling process is described in Fig. 5.1. Daily trip chains are
created to show the whole travel routes with spatial and temporal information.
For private cars, Home (H) is generally both the daily starting place with full-
charged battery and the daily last stop. Although an EV can have several trips a
day, many of them, like picking someone up or buying a drink, are short trips
with temporary parking. It is shown from National Household Travel Survey
(NHTS) [100] that the average number of trips per vehicle per day with charging
possibility is 2.42. Chains are divided into two categories to investigate the tran-
sitions. If the average number of effective trips is larger in other places, the
length of the trip chain can be extended.

“Home - Activity - Home" form with two travels a day is the simplest trip
chain which demonstrates a regular lifestyle. In the Fig.5.1, di1 represents the
leaving-home trip while d2 or ds is the trip back to H. Complex chains with mul-
tiple consecutive trips depict people who are social or have business. A and B are
chosen location from travel purposes W (Work), SE (Shopping & Eating), SR
(Social & Recreational) or O (Other family errands), di1, d2 and ds are consecu-

tive trips traveling among A, B and H.

5.2.2 Transition Relationships

For the two kinds of chains in Fig. 5.1, the information of individual trips
driving from one place to another is fitted with Weibull distribution [91]. Alt-
hough people's travel behavior changes with time, it is predictable and may
somehow be influenced by the last trip when considering a series of trips within a
day. The Markov chain is widely used to describe the discrete-time stochastic
progress of a system [111], therefore the daily trip chains are assumed to follow
Markov process. The Markov property defines that the probability of the transi-
tion into state X ,; only depends on its last state X, , irrespective of other previ-

ous states. The transition probability P, ... in (5-1) represents the probability of a

one-step transition from state X, to state X, ;:
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(5-1)

1) Geographical transition probabilities: If each possible stopping place is
regarded as one state, people's next travel destination only depends on their cur-
rent stopping state according to Markov chain principles. For five places H, W,
SE, SR and O, if they are assigned to be state 1, 2, 3, 4 and 5 respectively, a

Markov transition matrix Mj; is formed in (5-2):

Py - P
M.=| : . (5-2)
p51 p55
where pij represents the transition probability to state j while the vehicle's current
state is i.

People's travel route within a day can be forecast based on the Markov tran-
sition matrix [125]-[127]. In this chapter, the data of Markov chain is generally
formulated from local travel survey which collects travel behavior information of
regional representative samples including trip origin and purpose with trip dis-
tance and arriving time. Firstly, the complete consecutive chains are selected
from travel survey. The value of each element in the matrix is then represented as
the ratio of the next travel preference after one specific stop. The Markov chain
varies with external properties like seasons or working days, but is time homoge-
neous in a day's view once established because the trips are closely related.

2) Temporal transition probabilities: Although the separate end time distri-
bution of each transition is determined beforehand, the end time of last trip could
greatly influence the distribution of current trip end time when considered in a
complete chain. According to the theory of Markov Chain, the end time of cur-
rent trip Tj can be represented by a function g( ) of the end time of last trip Ti, as

shown in (5-3) and Fig. 5.1.
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T,=9(T) (5-3)
where g( ) in the mathematical model can be determined from historical travel

surveys.

5.3 Methodology for Charging Load Forecast

Having obtained the modeling of daily routes, including their temporal and
geographical information, researching the power consumption of each trip is of
importance to forecast the state-of-charge (SoC) upon each destination. Multiple
charging is then considered when necessary. The geographical distribution of

daily charging load demand is obtained by Monte Carlo Simulation (MCS).

5.3.1 Energy Consumption per km

Driving style, load, traffic conditions and weather may influence the power
consumption at certain extant, so obtaining an exact value of mileage is unrealis-
tic. The time-variant energy consumption per km, denoted in (5-4), varies in ac-

cordance with the temporal external conditions.

Wn,t = E (5-4)

where W, is the energy consumption per km (kWh/km) heading to place n at

time t; C is battery capacity (kWh); L is the tested mileage (km) under the same

condition as time t.
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The calculation process is depicted in Fig. 5.2. The authors in [112] have
mentioned the impact of ambient temperature and road slope but the accurate pa-
rameters are hard to define. A method based on fuzzy logic is proposed for esti-
mation concerning integrated traffic and weather effects.

The traffic condition is normalized from light to heavy based on lineariza-
tion to [0,1] and also defined in Fig. 5.2(a), so its membership function is of a
triangular shape. As both hot and cold weather require the operation of air condi-

tioning (AC), the outer temperature of vehicle is normalized in (5-5):

Z, =05+ p-SgN[(Z; = Zpn (7 = Z1e )] (5-5)

where Z; is normalized ambient temperature at time t; zmin and zmax represent the
critical temperature of feeling cold and feeling hot respectively; p is the propor-
tionality coefficient.

As almost all people prefer driving comfort to saving energy when outside
temperature exceeds certain threshold, the tendency to turn on AC follows the
generalized bell-shaped membership function defined in [113] and also defined
in Fig. 5.2(b). The adjectives “saving”, “medium” and “costing” listed in Fig.
5.2(c) represents peoples’ perception on the degree of energy consumption per
km by different membership curves.

The fuzzy rules can be tuned with real tested results under different scenari-
o0s, and the centroid defuzzification method [113] is used to obtain the surface of
output energy consumption per km Wa.

5.3.2 Charging Frequency

The choice of whether charging at a specific stop largely depends on the en-
ergy adequacy for the next trip. Normally the SoC of battery shall be kept no less
than 30% for safety driving and battery life time [114] and therefore, if at one
charging station (5-7) is fulfilled, suitable mode of charging should be performed

on the EV; otherwise there is no need for charging until back home.
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SOC,-C=S0C, ,-C—w,, I, (5-6)

SOC, -C—w,,y, I

n

ny <30%-C (5-7)

where SoC, is the remaining SoC at place n; In+1 is the length of next trip after

place n and should be estimated when reaching place n.

5.3.3 Stochastic Load Forecast Model Using MCS

Having obtained the travel route and charging information for each vehicle,
the load demand in each destination can be forecast.
If (5-7) is fulfilled at place n, the charging start time equals to the trip end

time and is derived from (5-3) to be T;while charging duration is Tc. The charg-
ing possibility U:ﬁ,t of the k™ EV is defined in (5-8) and the daily charging load
profile Py is presented in (5-9).

Ul (T, St<T, +T,) =1 uf, =0, otherwise (5-8)
Pnlft =P 'urI:,t (5-9)

where P is the charging power.

This process is repeated for all K EVs. Their individual daily load profiles

are then summed up for constituting total daily load profile P, at different

charging stations in (5-10).

Pn,t = Z P, 'urlj,t (5-10)

K
k=1
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5.4 Minimizing impact on power system

With the increasing integration of EV, the load demand is placing ever more
pressure on the established power system. Considering the performance of the
system regarding efficiency and security issues, optimized schemes are then pro-
posed aiming at alleviating the impact on the regional network in the most severe

scenario.

5.4.1 Optimization Problem

For maneuverability and feasibility, load demand in H during the day is
chosen to be optimized because all EVs are assumed to be charged at H in the
end and vehicles would stay in home garage for the whole night [128]-[129].
Consider a distribution power system in a city with different functioning areas,
such as H, W, SE, SR and O. EVs travel consecutively along those potential are-
as and charge at power nodes of the distribution grid connecting those areas. This
chapter aims to devise a control scheme based on minute basis for the residential
aggregator to minimize the total power loss of the distribution grid while avoid-
ing the voltage and charging power from exceeding the predefined limits. The

optimization problem is described as follows.

Obijective:
1440 M
Min > > 12 R, (5-11)
t=1 m=1
Constraints:
Vmin SVn,t SVmax (5'12)
P, <Co (5-13)

where |, represents line current of the m" distribution line at time t; Ry is the

line impedance; Vat is the voltage in node n at time t.
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Inequality (5-12) represents the voltage limit (V. Vi) in Node n at time t
while (5-13) denotes the maximum charging power P,; at node n constrained by

the maximum capacity C,,,, of local network, including transformers. The ag-

gregator installed at each area acts as the medium for receiving smart control
signals and put them into effect on the local cluster of EVs, following two con-

trol methods shown below.

5.4.2 Control Scheme

Two methods are considered for coordination of the best daily EV charging
profile in order to search the best total distribution power flow, including base
power load and EV charging power. Their control variables and basic assump-
tions are clarified below:

1) Variable start-time charging: In this control scheme, EV will not be
charged once connected to the aggregator but may be postponed some time in
case of congestion. By regulating the charging start time in peak hours, some
load demand could be shifted to unbusy hours when the system is in its valley.
To fulfill this goal, four variable input parameters are selected as below:

To, Ts, Ti, c%,
where Tp is the amount of time to be postponed; Ts is the start time of period un-
der control when EVs are not charged immediately after arrival; T is the lasting
duration of implementing this control scheme; c% is the percentage of EVs
which will be regulated during that period.

2) Variable power charging: In this control strategy, the charging power
will no longer be the same at all time but subject to change with the severity of
overload at the connecting time. In this variable power charging, the charging
power for EV can be changed by adjustment of the central aggregator. During
over-loaded hours, the central aggregator at residential district is able to lower

the overall charging power to decrease the peak load of the system while pro-
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longing the needed charging duration accordingly. There are also four control
inputs in this scheme:

p%, Ts, Ti, c%,
where p% is the percentage of reduction in charging power and the resulting ex-
tension in charging duration varies with the p%, during the controlled period de-

termined by Tsand Ti.

5.4.3 GA Implementation

The optimization problem is formulated in this section. A central aggregator
at H is established so that it is able to communicate with the regional network for
the information of base power flow and send control signals to local chargers to
adjust the above inputs when necessary. In this chapter, Genetic Algorithm (GA)
Is adopted to search the optimal solution [116], [130]-[131] with fitness function

f as follows:
Min f = f + f, + f, (5-14)

1440 M

=22 1nRn (5-15)

t=1 m=1

1440 N

f2 = Zzale(vmin _Vn,t) (5-16)
t=1 n=1
1440 N o
f3 = ZZaZG(Pn,t _Cmax) (5'17)
t=1 n=1
G =i X0 5-18
|0, otherwise. (5-18)

where f; represents the value of total line loss in (5-15). Values of f, and f3 are
derived from the extents of voltage drop violation (Vi —V,.:) shown in (5-16)

and overload (K—Cmax) shown in (5-17), respectively. f, and f3 are added as
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penalties to the fitness function (5-14) where penalty coefficients «, and «, are

set large enough that violation of voltage and power limit will severely impair
the minimization of (5-14), which is the objective of smart EV charging control.
The inputs of GA vary with the control scheme selection in Section 5.4.2.
The property of each input is distinct and the variation range may be too large for
binary coding, so a real-coded GA is therefore employed to enhance efficiency.
The detailed process of GA is described by the following pseudo-codes taking
variable power charging as an example. The value of gen represents the current
generation of offspring. Carefully determine the variation range of each input in

Section 5.4.2;

Set gen=0;

Randomly sampling input values to change the charging scheme in H: For
c% of the EVs connected to H during period [Ts, Ts+Ti], Pc= Pc * p%. // reusing
(5-6) -(5-10);

Power flow calculation with updated power demand in H and other original
data obtained from the configuration of power grid,;

Calculating fitness of each pair of inputs // using (5-14) -( 5-18);

While (gen<maximum generation)

Selection based on ranking of the fitness;

Update input values via Crossover and Mutation to optimize charging
scheme in H // reusing (5-6) -( 5-10);

Power flow calculation with updated power demand;

Calculating fitness of current generation // using (5-14) -( 5-18);

Fitness-based reinsertion to reduce recomputation;

gen=gen+1,;

End
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Local optimization methods can be fast in handling large-scale problems,
and are widely applicable [115]. The processor of the aggregator shall make
quick decision responding to the changes of bulk regional grid, so obtaining
globally optimal solution is not realistic. The algorithm in this chapter focuses on
local optimization which quickly finds a good solution for application, if not the
very best. Therefore, the variation range of each input should be determined care-
fully based on accurate forecast of peak (valley) periods and occurring places
derived in Sections 5.2 and 5.3. The maximum generation shall be set properly to

guarantee a good control plan obtained in acceptable computation time.

5.5 Case Study

In this study, the transportation dataset is mainly derived from urban records
of NHTS [100] (Data file named DAYPUBLL) which covers detailed travel in-
formation of 150147 U.S. households with the assumption that the user behavior
of driving EV is mostly the same as people driving ICE vehicles. Specifically,
columns WHYFROM and WHYTO explain the trip purpose while TRPMILES,
DWELTIME and ENDTIME represent the travel distance, sojourn time and arri-
val time, respectively. The Nissan Leaf, with lithium-ion battery capacity of 24
kWh, is chosen as the typical private EV used in modeling. Derived from SAE
J1772 [107], the charging power at home garage and public parking lot is as-
sumed to be 3.3 kW and 19.2 kW, respectively. If not specified, the EV penetra-
tion (i.e. the proportion of EVs out of all registered sedan cars) is assumed to be

about 20% to present a future smart city with EVs.

5.5.1 Influence of External Conditions

This case study considers the conditions in a typical subtropical climate. A
range of 160 km for Leaf is claimed by Nissan; however, different testing results

from United States Environmental Protection Agency (EPA) [108] are shown in
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Table 5.1. The test proposed five driving scenarios for Nissan Leaf and its mile-

age ranges in a large scale from 76 km to 222 km, which indicates the great im-

pact of AC operation and traffic jam. The fuzzy rules are then generated from

Table 5.1. The resulting surface for the time-variant energy consumption per km

@ js depicted in Fig. 5.3.

Table 5.1. Scenarios of charging duration at public stations

] - Ambient Temper-
Traffic Condition AC on/off Range (km)
ature (°C)

Cruising 20 Off 222

City traffic 25 Off 169
Highway 35 In use 110
Stop and go -10 Heater on 100
Heavy stop-and-go 30 In use 76

per km (kWh/km)

Energy consumption

Air conditioner o4
on/off

04

02

.Traffic condition

Fig. 5.3: The surface of energy consumption per km
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5.5.2

Influence of Cell Balancing Strategies
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Fig. 5.4: Charging load distribution under different balancing strategies.

Chapters II, 11l and IV have proposed three novel active balancing circuits
which effectively solved voltage balancing problems of the storage system in EV
under alterable working conditions. Field experiments have demonstrated that
passive balancing proposed in [67] will generate inevitable heat loss during bal-
ancing process and reduce the total usable battery capacity to 95%. Furthermore,
no voltage balancing installed will largely impair the capacity of battery strings
to as low as 90% for unbalanced new vehicle. Consider a case in summer week-
days, the charging load distribution at H, W, SE is compared under different
voltage balancing strategies in Fig. 5.4, i.e., no voltage balancing, passive balanc-
ing and the active balancing proposed in this thesis. Assume these EV batteries
are new with same State of Health (SoH) and fully charged when they leave H.
When there is no balancing strategy, the usable capacity of battery strings is

harshly constrained that many EVs just meet charging condition (5-7) and have

81



to choose charging at W or SE when they left H in a travel chain. Therefore, the
charging load of no balancing case at W largely increases about 14.9% compared
to the case with proposed active balancing. At the end of travel chain, charging
load of no balancing at H is slightly reduced as more users have already got fully
charged at public stations due to limitation of battery capacity. In other words,
without balancing methods, EVs have higher probability to be forced to have ex-
tra charge than the case with proposed balancing method. Furthermore, referring
to Fig. 5.9, a steep incline of charging power at W around 8 to 9 a.m. may incur
larger voltage decline of the distribution power grid. Therefore, no voltage bal-
ancing and passive balancing with lower available battery capacity will block the
normal usage of EVs while the novel balancing circuit proposed in this thesis is

further demonstrated to be essential and applied to the following case studies.

5.5.3 Stochastic Model Results

In this case study, we consider four different scenarios, namely summer
weekdays, summer weekends, winter weekdays and winter weekends. As shown
in Table 5.2, these scenarios vary in ambient temperature, traffic condition, pro-

portion of simple chains and proportion of work trips.

Table 5.2. Inputs under different scenarios

) Propor-
) Proportion )

_ Ambient ] o ) tion of

Scenario Traffic condition | of simple )
temperature ] work trips

chains

(%) [100]

Summer | Mon Hot Heavy Medium 30.99

Sun Hot Light Medium 10.14

Winter | Mon Cold Heavy More 30.99

Sun Cold Light More 10.14
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Fig. 5.5: Load demands in summer
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The predicted daily load demand in different districts is obtained in Fig. 5.5
for summer weekdays and summer weekends while Fig. 5.6 shows demand for
winter weekdays and winter weekends. Figures are plotted in consecutive Sun-
day, Monday and Tuesday for comparing peaks and impact of lasting charging
on the next day. Their input difference lies in Table 5.3. As the properties of
places SR and O are largely the same with SE, their results are not plotted for
clarity.

Generally, both on-board AC and heater are turned on in typical summer
and winter respectively, this influential factor is therefore not distinct. However,
considering the cold weather in winter, the proportion of simple chain increases
and the average daily travel distance decreases so that the total charging load in
winter is much lower than that in summer [116]. Both the numbers of people go-
ing to work and people coming home after work decline in weekends, therefore
the charging load demand in W is significantly lower in weekends. The peak load
at W is postponed because office regulation is not that strict in weekends. Be-
sides, due to light traffic condition in weekends, the charging demand in H is
lower compared to that in weekdays with congestion.

The typical grid load of a distributed network (including charging load in
Fig. 5.5) in summer weekdays is shown in Fig.5.7 [133] where there are three
peak periods during 9:00-12:00, 14:00-16:00 and 19:00 -23:00 as well as one
valley period during 1:00- 7:00. The peak period during evening hours coincides
with the peak EV charging power depicted in Fig. 5.5. Therefore, it is more effi-
cient to control the charging power in H for better grid optimization performance

in (5-14).

5.5.4 Impact of EV Load on Power System

Fig. 5.8 presents a 33-node MV System derived from [117]. As the voltage
of node 1 is assumed to be constant 1.05 p.u, the five charging places

(H/W/O/SE/SR) with power factor of 0.95 are connected to five chosen nodes in
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the system via 10kV/400V transformers. Different countries have laid different
standards on voltage drop limit and 7% is chosen to be the maximum permissible
voltage drop in this tested MV power system [118]. For security reasons, there
are normally two 10kV/400V transformers with the same capacity of several
hundred kilowatts at each node. The maximum allowable power load for EV
charging is therefore set to be C_,, =1MW at every node [132]-[134]. The grid
configuration is an example of an MV distribution network, so the results ob-

tained are only valid for this case.

Table 5.3. Performance under different scenarios

EV  peak | Max. voltage | Total line
Scenario/Penetration level
power (kW) | deviation (%) | loss rate (%)
Base load 0 4.75 5.263
Weekend 5% 261.9 5.68 5.561
10% 515.3 6.64 5.886
Summer 20% 1015.6 8.63 6.596
Weekday 5% 302.0 5.61 5.578
10% 578.0 6.52 5.910
20% 1142.0 8.18 6.624
Base load 0 2.91 3.927
Weekend 5% 154.9 3.31 4.099
10% 2935 3.68 4.258
Winter 20% 591.8 4.47 4.613
Weekday 5% 184.0 341 4.134
10% 354.4 3.86 4.335
20% 699.0 4.83 4.790
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As in many countries including China, heating is provided mainly by burn-

ing coal or natural gas in winter and, therefore, the base power load in summer is

significantly higher because of the massive use of ACs. Considering the penetra-

tion levels of 5%, 10% and 20%, the maximum nodal voltage deviation, peak

power and total line loss rate under different scenarios are calculated from opti-

mization program and presented in Table 5.3 after applying the forecast power

demands on the base load.
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Fig. 5.8: 33-node power system topology
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It is apparent that the system will become inefficient and insecure with
augmentation of EV penetration. The total line loss rate increases significantly
with the integration of EVs both in summer and winter. The scenario in summer
weekdays with 20% penetration has the most severe impact on the regional net-
work (EV charging power peaks at 1142 kW which exceeds the capacity of local
transformer; maximum voltage deviation is calculated to be 8.18% which leads
to unstable operation of regional grid). Except the period around 13:00 in sum-
mer weekends, the voltage deviation is enlarged for a short time because people
may leisurely go to work late in weekends and overlap the peak of base load. For
investigation of the most severe conditions during summer weekdays, voltage
curves at the five nodes with charging facilities are given in Fig. 5.9. Because W
is the farthest to the power supply node 1 and the heavy load H is along the line,
it is shown that the voltage drop in W is the largest and severely violates the lim-

its in the afternoon.
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Time (h)

Fig. 5.9: Voltage variation in summer weekday
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5.5.5 Effect of Aggregator Control

In order to investigate the improved performance of the proposed control
schemes under the worst conditions, the data in summer weekdays is selected. As
load demand in H is the highest shown in Fig. 5.4-5.6 and voltage in W is the
lowest shown in Fig. 5.9, they both surpass the limit of grid and are checked with

special attention in Fig. 5.10 and 5.11, respectively.
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Fig. 5.10: Daily charging power in H with smart control

Considering GA efficiency and impact severity, &, and «, are selected to

be 0.5 and 0.2 [105], respectively. By conducting the GA algorithm specified in
Section 5.4.3, comparisons of the optimization performance for variable start-
time charging and variable power charging are presented in Fig. 5.10 and Fig.
5.11 respectively.

As the control schemes are tested on the results of summer weekdays, Fig. 5.10
of the variable start-time charging is compared to curves of Mondays in Fig. 5.5.

The peak load in H is decreased from 1142kW to 996.6kW (below the amount
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constrained by local transformer capacity) and shifted to the time after midnight
so there is a valley during 17:00 to 24:00 of variable start-time charging. If we
consider total power of the grid (base power plus charging power), its daily curve
successfully becomes more average. However, the largest voltage drops in W,
manifested in Fig. 5.11, has been restored to be 0.9274 p.u. but still violates the
limit. The fitness function finally converges to its local optimal condition, de-
creasing the total power loss rate from 6.624% in uncoordinated condition to
now 6.382%. However, the weakness of this control scheme is also evident be-
cause shifting a peak may create another peak elsewhere and the regional net-

work is still close to danger.
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Fig. 5.11: Daily voltage variation in W with smart control

In the variable power charging, compared with the former scheme, the peak
load in H is not shifted to small hours but the amount of peak is largely reduced
to 717.09kW, far below the transformer capacity limit. Therefore, the daily volt-

age curve in W, depicted as blue dashed line in Fig. 5.11, is within the minimum
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allowable limit. The optimization of daily charging power also manages to
smooth the peak and valley periods of daily total power. The system line loss rate
declines to 6.381% as a result, largely the same as the variable start-time charg-
ing. However, due to the prolonged charging duration, the load demand after
midnight is increased and more charging services have to last till daytime than
the former scheme. It can be interpreted that this variable power charging has
better performance in system security but may impede the use of EVs in the

morning.
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Fig. 5.12: Total grid power with smart control methods adopted

Assume the EV charging power takes up about 5% of the total power in dis-
tribution grid in the future, the charging power profiles under variable start-time
charging and variable power charging methods in Fig. 5.10 are added to the total
grid power in Fig. 5.7 to show the optimization performance of daily distribution
power load in Fig. 5.12. It is evident that the two methods both successfully shift

the peak charging power during afternoon and evening hours to valley hours
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(1:00-7:00). Besides, in the afternoon, the total grid power after adopting variable

power charging is the lowest, recovering the nodal voltage back within limit.

5.6 Conclusion

In this chapter, a more practical stochastic forecasting model has been pro-
posed with inputs of historical regional travel survey and the relevant external
conditions. The interrelationship among multiple trips is linked via the Markov
chain. The overall impact of several geographically different charging stations is
tested on MV power system and the optimization methods aiming at mitigating
the influence are provided. NHTS data has been used to draw detailed temporal
and spatial information of EVs' daily travel route for a case study.

On one hand a comparison for cases under different cell balancing strategies
is conducted to show its great influence on the available cell capacity as well as
the charging demand. It is calculated that, with no cell balancing adopted, the
charging load at W largely increases about 14.9% compared to the case with pro-
posed active balancing. On the other hand, with selection of appropriate charging
control scheme, the peak load in H can be decreased from 1142kW to 717.09kW
while system line loss rate from 6.624% to now 6.381%. The variable power
charging is superior because variable start-time charging shifts one peak may
create another peak elsewhere and the regional network is still close to danger.
The proposed smart control method is demonstrated to be reliable and can be
used for future charging load forecast and smart charging control with geograph-

ical and temporal considerations.
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Chapter VI

Conclusions and Future Work

6.1 Conclusions

The contemporary environmental deterioration impels most of countries
across the world to implement greener policies and research incentives for inte-
gration of new energy sources with energy storage systems. The intermittence
and stochastic nature of new energy sources call for high standards of cell bal-
ancing and distributed power control methods. Hybrid energy sources can be
combined to provide better power performance but the balancing between differ-
ent types of cells becomes complicated; EVs can be regarded as mobile and dis-
tributed new energy sources and storage systems which will largely improve ca-
pability of load optimization in smart city. Therefore, investigating accurate, fast-
responding and energy-saving cell balancing circuits and control methods for EV
charging become the central themes of this thesis.

In Chapter Il, an innovative and efficient switched-capacitor balancing circuit
is proposed in this chapter to achieve cell voltage balancing for a package of hy-
brid energy sources. The key feature is that the balancing is not just restricted to
equal cell voltage but is extended to different cell combinations that will be bene-
ficial for non-sorted cell packages, like different types of battery cells and SCs.
The mathematical derivation, software simulation and laboratory experiment
have been conducted to verify the feasibility of this model. This proposed volt-
age equalizer is especially useful with the increasing establishment of hybrid sys-
tems which take advantages of different types of energy sources or energy stor-
age devices.

The introduction of second-life batteries from retired electric vehicles enforc-

es the demand of more accurate balancing systems for hybrid cells, as well as the
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requirement that balancing should be extended to any preset ratio rather than 1:1.
Having advantages in step-free adjustment, Chapter 111 proposes a novel tapped-
inductor balancing circuit that allows any ratio of voltage balancing for hybrid
energy storage cells that allows the coupling of the cell voltage and energy to an-
other cell in any ratios. The analysis of the circuit, simulation and experiment
results are presented to demonstrate its effectiveness in handling hybrid source
balancing. It can be found that the scenario of successful balancing is extended to
any voltage ratio and the ripple of currents during balancing process is small
enough.

A novel zero-current switching cell balancing circuit is proposed in Chapter
IV to decrease switching loss during balancing process. Furthermore, in order to
adjust to different requirements of EV operation states, the multi-functional cir-
cuit is able to easily change between buck-boost and switched-capacitor pattern
with flexible switching frequency and duty ratios. Simulation and experiment are
conducted to demonstrate its loss reduction effect and flexibility in various situa-
tions.

Together with cell balancing, stochastic user behavior is another obstacle to
efficient integration of new energy sources. In Chapter V, a more practical sto-
chastic forecasting model of EV charging has been proposed with inputs of his-
torical regional travel survey and the relevant external conditions. A comparison
for cases under different cell balancing strategies is conducted to demonstrate
that, with no cell balancing adopted, the charging load at W largely increases
about 14.9% compared to the case with proposed active balancing. With selec-
tion of appropriate charging control scheme, the peak load in H can be decreased
while system line loss rate is largely reduced. The methods proposed are verified
to be reliable and can be used for future charging load forecast and smart charg-
ing control with geographical and temporal considerations.

The thesis has conducted a series of researches in EVs with focus on the cell

balancing techniques in energy storage as well as the improved forecast and con-
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trol for EV charging demand. It is demonstrated that the novel cell balancing
techniques greatly promote the compatibility of hybrid cells and balancing accu-
racy, and reduce switching loss. The adoption of both cell balancing and smart
charging control successfully saves power system loss while maintaining grid

stability and customer satisfaction.

6.2 Future Work

This thesis has put forward effective cell balancing circuits for hybrid source
packages and pricing control strategies with practical EV charging forecast. To
extend application of the methods proposed in this thesis, following research di-
rections may be worthy of further studying in the future:

6.2.1 Energy management for Battery/SC Hybrid Vehicle

As it is introduced in Chapter Il and 111, battery has much lower specific en-
ergy with high specific power. Together with the limitation of the electric motor
which tender high power at low speed and lower high at higher speed so that the
driving comfort of current EVs is superior to that of ICE vehicles, especially
when start up. However, this feature should be deteriorated by battery as its in-
stant power is limited. Hybridizing battery EVs with onboard SCs can be one of
the promising solutions as SCs can provide high bursts of power even when EV
battery capabilities have decreased, maintaining the accelerative performance.
SCs can also sustain high peak currents and benefit from regenerative braking.

An effective energy management system is essential to the commercialization
of battery/SC hybrid vehicle. On one hand, the management system shall ensure
voltage equilibrium among hybrid cells at any energy transformation process. On
the other hand, having obtained the detailed drive speed forecast and altitude of
city layout, the capacity combination of batteries and SCs should be customized

for optimal efficiency of the EV battery/supercapacitor hybrid system.
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6.2.2 Promoting the Application of Zero-Current Switching

As it is illustrated in Chapter 1V, the technique of zero-current switching has
not been applied in large scale. My future work may lie in two directions: 1) Op-
timize the topology and reduce the cost of building ZCS circuit. 2) Modularize
ZCS circuit and promote its integration to more balancing circuits, tapped-
inductor circuits for example. 3) Popularize its application in more industrial
products, such as EVs, various storage systems for wind, photovoltaic power sta-

tions and so on.
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