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Lay Abstract

One disadvantage of electric vehicles is their limited driving range when compared
to internal combustion engine vehicles. Thus, there is a requirement to make the
electric system as efficient as possible in order to increase its range. A large piece of
the electric system includes the battery pack. Battery packs are typically constructed
from around 100 battery cells in a series connection. During use of an electric vehicle,
the battery cells become mismatched. This effect is also amplified as the electric
vehicle ages. In order to use the whole capacity of the battery pack, and thus the entire
range of the electric vehicle, the cells should be balanced. The thesis presents the
design, modeling and implementation of a novel hardware efficient battery balancing

circuit. The effect of the battery balancing circuit on driving range is examined.
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Abstract

One disadvantage of electric vehicles is their limited driving range when compared
to internal combustion engine vehicles. Battery packs are also a significant cost
to electric vehicle manufacturers, and lithium-ion battery cells must remain within
controlled voltage limits. Thus, the requirements for the electric system are to be
cost effective, perform battery management, and make it as efficient as possible to
increase its range.

Battery packs are typically constructed from around 100 battery cells in a series
connection. During use of an electric vehicle, the battery cells become mismatched
due to small differences in capacity. This effect is further amplified as the electric
vehicle ages. Diverging cells cause issues during driving, since weak cells can limit
the useable capacity of the vehicle. In order to use the whole capacity of the battery
pack, and thus the entire range of the electric vehicle, the cells should be balanced.
Strong cells should distribute their excess capacity to weaker cells during driving.

The thesis presents the design, modeling and implementation of a novel
hardware-efficient battery balancing circuit.  First, the theory behind battery
balancing is presented. Next, existing battery balancing circuits are compared.
Finally, the proposed battery balancing circuit is discussed. The design of the

proposed topology is examined in detail. Simulations show that the circuit transfers

v



energy between non-adjacent cells throughout the entire pack. Experimental work is
performed on two custom printed circuit boards, a 12 cell lithium-ion module, and a
12V lead acid battery. The results confirm the function of the prototype.

The effect of the battery balancing circuit on driving range is examined with
vehicle modeling simulations. A 2018 Chevrolet Bolt model is produced and capacity
differences are given to each cell. The proposed topology balances the cells while

driving, extending driving range on UDDS and HWFET drive cycles.
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Chapter 1

Introduction

1.1 Background and Motivation

Electric vehicles (EVs) have lower source-to-wheel energy consumption and can
reduce greenhouse gas emissions by up to 23% when compared to traditional
internal combustion engine (ICE) vehicles [1][2], as seen in Figure 1.1a. They
experienced a rising trend in sales over the last five years which is fueled by
environmental concerns and government policy [3]. The trend worldwide has been
an increase in vehicle efficiency, seen in Figure 1.2, due to policies that mandate
minimum fuel economy standards measured in miles per gallon (mpg)[4]. This trend
is desirable for consumers, since increased efficiency of vehicles means lower costs at
the pump or the electrical outlet. However, the total cost of owning a battery
electric vehicle (BEV) over 20 years is up to 60% higher than ICE vehicles in Figure
1.1b, in part due to the high cost of manufacturing the battery pack [2]. Thus, the
main concerns for automotive manufacturers today is to increase the efficiency of

the vehicle, extend the available range, and lower the total cost to consumers.
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Despite their high manufacturing cost, the EV market and unit sales are at a
record high. EV car stock reached a record 5.1 million in 2018 [1], nearly doubling
the previous year stock seen in Figure 1.3. This trend extends to commercial vehicle
sales as well. New car sales in the US have dramatically surged in the last couple of
years, seen in Figure 1.4 [5]. Thus, there is merit to investing in automotive research
and commercialization. Since the main component to make up an EV is the battery
pack, it is imperative to look at the history of battery technology and its effects on
the automotive industry.

The electric battery was invented by professor Como Alessandro Volta as a
means to artificially replicate the electric eel [6]. It became an opportunity to
transition from stationary electronics to portable hardware. The initial battery cells
were limited to a singular use, also named primary cells, driving research and
interest into rechargeable versions [7]. After the commercialization of the lead-acid
chemistry which allowed for the recharge of cells, the rise of nickel cadmium (NiCd)

and nickel metal hydride (NiMH) batteries followed suit. Today, the lithium-ion
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battery dominates the consumer electronics market [8]. Its main advantages of
higher voltage and increased power density is undeniable, allowing battery packs to
require less cells in series and with more capacity [7]. In addition, it has no memory
and touts a low self-discharge rate. However, this chemistry has a high
manufacturing price when compared to older cells that have reached maturity in
design and manufacturing life cycles. Operating outside of the recommended voltage
limits causes lithium-ion batteries to explode, or at the very least cause damage and
accelerate aging. They require battery management systems consisting of both
protection hardware and monitoring software to ensure that safety is not
compromised.

For practical use, lithium-ion cells are typically stacked to increase the voltage
from the small voltage range of one cell — typically 3 to 4 V — to the operating range of
electronics and electric motors. In EVs, this can range from the low-voltage (LV) 12V

electronics to an entire high-voltage (HV) battery pack consisting of 80 to 100 cells,



M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

from 240 to 400V. The monitoring of all cells in the pack would be trivial if lithium-
ion batteries were manufactured identically, but there are several reasons for lithium-
ion cells to differ in capacity; manufacturing impurities, temperature gradients, self-
discharge, and mechanical constraints [9]. When placing lithium-ion cells in a series
string to produce a larger voltage, these capacity differences manifest in stronger and
weaker cells. These variations will amplify when the cells are cycled. Thus it is
necessary that lithium-ion batteries be operated well within their limits at all times,
and packs need to monitor and mitigate diverging cells in order to ensure safety
Early battery models were based on experimental data collected from testing,
called behavioral models. Due to limited resources and knowledge, as well as the risk
of detrimental explosion, the full capacity of the lithium-ion battery could not be
utilized. With decades of research and testing, improved battery models and the use
of intelligent battery management systems (BMS) and new algorithms have allowed
lithium-ion battery users to extend the working range of the battery. The BMS is
now a crucial part in every circuit that includes a lithium-ion battery. Its task is
to monitor the lithium-ion cell conditions through voltage, current, and temperature
sensors, and act if the cell is near the operating limits. While the sensors utilized in
the BMS strategy are straightforward, the hardware that is used to keep cells within
the correct limits varies greatly. A tradeoff between efficiency and cost has swayed
automotive manufacturers towards simple, low cost, inefficient circuits that perform
the basic duties of limiting cell voltage range. While there is a breadth of research
on efficient practices for sharing energy between strong and weak cells, there is a
hesitation by the industry to incorporate these complicated, bulky designs in EVs.

Thus, there is a prevalent gap between industry practices and academic research in
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the topic of battery balancing circuits.

In brief, there is a need to mitigate the negative effects of lithium-ion
characteristics, which is amplified when building battery packs with many cells in
series. While state-of-the-art battery balancing techniques have incredibly high
efficiency, they come with a high price tag typically due to the complexity or
number of inductors required. There is also a notable disconnect between industry
and research due to the high cost and difficulty in quantifying the benefits on a

system-wide EV level.

1.2 Research Objectives and Contributions

The objective of the research is to develop a vehicle model of a 2018 Chevrolet Bolt
with a simplified version of the proposed balancing circuit. The purposes of the

simulation are to:
e (Calculate the expected range of the vehicle
e Quantify the range extension of a vehicle using battery balancing

The main contribution of this research is a battery balancing strategy that strikes
a balance between the current industry standard and overly complex solutions. In
particular, this thesis presents the design, modeling, control, and experimental results
of a battery balancing circuit with a low component count. The circuit achieves the

following;:
e Facilitate the flow of energy between non-adjacent cells in an EV battery pack

e Minimize the differences of state-of-charge (SOC) between cells in a pack

6
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e Minimize the number of components, particularly switches and inductors

1.3 Thesis Organization

The dissertation is organized as follows. Chapter 1 has demonstrated the motivations
for electrification; it allows both a reduction in environmental impact, as well as
shows a thriving EV stock market and growing EV sales. It identifies the necessity
for battery balancing in HV battery packs due to well-known limits on lithium-ion
batteries. It introduces the research objectives and contributions.

Chapter 2 describes the literature review pertinent to the thesis, including battery
chemistry, characteristics, and modeling, as well as control and operating limits. The
construction and control of battery packs is introduced alongside the review of existing
battery balancing circuits. State-of-the-art battery balancing is also examined.

Chapter 3 describes the proposed battery balancing circuit by discussing the
design, modeling and control of the circuit. The system architecture is shown and
described. The module-level circuit is proposed and printed circuit board (PCB)
component selection for two PCBs are analyzed. The functions of the proposed
design are divided into a switch matrix PCB, and a cell balancing DC/DC converter
PCB. Principles of operation are discussed for both PCBs, while the overall
proposed control algorithm is generated. The importance of dividing the algorithm
into even and odd cell balancing is shown. Simulations of the proposed DC/DC
converter are plotted and analyzed, as well as a system model.

Chapter 4 relays the experimental results from the proposed circuit. The test
bench is shown, which includes a 12-cell lithium-ion module, 12V lead-acid battery,

and the proposed circuit. Schematics and PCB footprints for both boards are shown
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and discussed. Control algorithms used to generate the switching sequences are given.
Resulting waveforms and efficiency for the test cases are shown and analyzed.

Chapter 5 introduces the concepts of vehicle modeling, as well as an in-depth
look at the vehicle model used for the research. A 2018 Chevrolet Bolt base model
is described, as well as the changes to the model to reflect non-ideal cell capacities.
Results show the effect of the proposed circuit on pack SOC convergence as well as
increased driving range.

Chapter 6 summarizes the dissertation with the results and future work. SOC
convergence and driving range are discussed as benefits of the proposed circuit. Future

work is divided into both hardware and software endeavors.



Chapter 2

Energy Storage Systems

2.1 Battery Characteristics and Modeling

2.1.1 Battery Cells
2.1.1.1 Chemistry

Most modern electric vehicles (EVs) use a high-voltage (HV) lithium-ion battery
pack for energy storage. Lithium-ion refers to the cluster of cell chemistries that
pair a carbon or graphite anode with various cathode materials such as lithium
titanate oxide (LTO), lithium manganese oxide (LMO), lithium iron phosphate
(LFP), lithium cobalt oxide (LCO), lithium nickel cobalt aluminum (NCA), and
lithium nickel manganese cobalt (NMC). The typical range for the specific energy
and specific power of these lithium-ion cells are 90 — 230 Wh/kg and 160 — 2700
W /kg respectively [10][11][12]. In comparison to other energy storage chemistries
such as lead-acid, nickel-cadmium, nickel-metal hydride, and ultra-capacitors,

lithium-ion has the highest energy density. This characteristic of lithium-ion cells is
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advantageous in EVs since more energy can be stored in the same amount of weight
as other chemistries, increasing the driving range of the vehicle. The lithium-ion cell
owes its large energy density and stability to lithium, which has a lower density and
smaller radii than other materials such as zinc and lead [13]. A cell provides energy
by transferring lithium ions and electrons from the cathode to the electrode during

discharge.

2.1.1.2 Form Factor

Batteries can be packaged in several forms, leading to specific characteristics. There
are four different forms available today: button, cylindrical, pouch and prismatic [14].

These packages can be seen in Figure 2.1.
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Figure 2.1: Battery Packages a) Cylindrical b) Button c) Prismatic d) Pouch [14]
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Cylindrical cells are the most robust cell on the market, and easy to manufacture.
The tubular shape is formed by rolling anode and cathode sheets into a cylindrical
shape, providing a package resistant to pressure and deformation. The final form of
a cylindrical cell is seen on the left of Figure 2.1a, while the unrolled package is on
the right.

Button cells (also known as coin cells) are small, cylindrical cells that are
typically no larger than a couple of centimeters in diameter, and less than a
centimeter in height. Their small form requires little material, thus they are
inexpensive to manufacture. The anode and cathode make the caps of the cell,
shown in Figure 2.1b. Typical uses for button cells include watches, scales, medical
implants and car keys. Their small energy capacity and low recharge rate limits
their use beyond small, portable electronics.

Prismatic cells are created by placing a pouch cell inside an enclosure, typically
made of aluminum in a rectangular shape. Although giving the cell more structure and
resilience to puncture, prismatic cells can still swell during use and require mechanical
pressure exerted to ensure safety. The wrapping of a pouch cell into a prismatic one
is seen on the top of Figure 2.1c, while the final package is seen on the bottom.

Pouch cells have an increase in energy density due to less packaging when
compared to cylindrical cells, but offer some mechanical disadvantages. Their high
capacity is thanks to the complex folding of anode and cathode sheets into a flat,
rectangular sheet. Two tabs are placed outside of the pouch exterior to allow for
connections to the anode and cathode, respectively. However, the flat shape and
flexible dimensions make an easily punctured cell. In addition, pouch cells must

have a minimum pressure exerted on the largest faces or risk swelling during use.
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The pouch cell can be seen in Figure 2.1d.

2.1.1.3 Safety and Operating Limits

To ensure proper lithium-ion battery function, a set of operating limits should be
maintained. While each lithium-ion cell has its own characteristics described by the
manufacturer, lithium-ion cells will have a voltage limit between 1.5 - 4.2V. Different
cathodes provide several voltage ranges; LTO and LMO range from 1.5 - 2.7V, LFP
ranges from 2.0 - 3.7V, and LCO, NCA, NMC and LMO all range from 2.5 - 4.2V
[15]. Due to the higher voltage range, EV manufacturers typically favour the latter
chemistries in order to have less cells in series to achieve the same desired HV pack.

Overcharging a lithium-ion cell results in a large current flow. Two issues arise
from this over-voltage event; lithium plating and overheating [16]. When excessive
current occurs, the lithium ions cannot be housed in the anode and begin to deposit
on the surface of the anode as metallic dendrites. This process is called lithium plating
and is irreversible, causing capacity loss and a potential for a short circuit if dendrites
grow too large. In addition, a large current flow will cause a surplus of heating in the
cell and can trigger thermal runaway if not handled properly. Thermal runaway is the
accumulation of several unwanted effects. It begins with the breakdown of protective
layers between the anode and electrolyte. Ultimately, it will lead to the breakdown of
materials withing the cell, causing gasses to form and the pressure buildup will cause
the cell to explode.

Undercharging a lithium-ion cell can also have adverse effects [16]. The anode
copper will dissolve into the electrolyte and deposit as metallic copper when returned

above 2V, which can cause a short circuit. From the cathode side, low voltages
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will cause the cathode to lose oxygen and cause permanent capacity loss of the cell.
Undercharging a cell by only 1.2% can reduce the battery capacity by as much as
9% [17]. Thus, both overcharge and undercharge should be avoided to preserve the

integrity of the lithium-ion cell.

2.1.2 Battery Modeling

Since the conception of batteries as an energy source, much research has gone into
understanding and harnessing their characteristic behaviours. Modeling batteries
can allow for accurate electrical system designs and increased overall performance.
Below, several battery models are shown for their trade-off between accuracy and

performance.

2.1.2.1 Ideal Model

The ideal model of a battery is simply that of an ideal voltage source, seen in Figure
2.2a. Vparr represents the normal voltage from the battery. Infinite amounts of
energy and power can be requested from the source without any change in voltage over
time. Although highly unrealistic, this ideal model is useful for modeling electronics
that are downstream, with the assumption that the voltage will be constant over a

period of time.

2.1.2.2 Behavioural Model

The behavioural model of a battery is based on data collected from experimental
studies. The battery is typically charged and discharged completely at different rates,

temperatures, or other factors that affect the rate of discharge. Curves can be fit to
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the data and used to establish look-up tables in models.

2.1.2.3 Equivalent Circuit Model

The equivalent circuit model is the most widely used battery model due to its initial
simplicity, the ability to build complexity, and tangible physical realizations of its
components.

The simplest version of the model is seen in Figure 2.2b, where an ideal voltage
source Vpcoy outputs the corresponding OCV based on the input SOC. From that, the
internal resistance R;y7 is added in series with Voo to model the basic inefficiency
of the battery. R;yr can either be represented as a single resistance, a single lookup
table, or two curves that represent the charge and discharge characteristics.

The model described above is called a zero-order model, since it does not consider
the effects of time on the voltage waveform. To build on the complexity of the model,
additional RC branches are placed in series. These RC branches add a time constant
to the circuit and aid in modeling the non-instantaneous, exponential voltage changes
that are seen in real batteries. Typically, a second-order model is used to model both
the short-term and long-term voltage effects. Further RC branches model other time
constants in between, adding accuracy but also increasing simulation run-time. The

first-order model can be seen in Figure 2.2¢ and second-order model in Figure 2.2d.
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(a) Ideal Battery (b) Simple Model

(c) First Order Model (d) Second Order Model

Figure 2.2: Equivalent Circuit Battery Models

2.1.3 Electric Vehicle Pack
2.1.3.1 Cell Selection

To create an EV battery pack, consideration must be given to the type of
performance required from the pack. A minimum current requirement can be
calculated from a powertrain if the parameters are known. From the speed and
acceleration requirements, and other physical factors of the vehicle, the torque of
the motor and thus the current supplied can be found. If a single cell cannot sustain
the current requirement, cells can be placed in parallel at the expense of added pack
complexity.

To sustain an EV for a typical range, most EVs on the market today use pouch or
prismatic cells. Tesla is the only exception to the rule, using numerous cylindrical cells
in parallel to achieve the same effect. The pouch and prismatic cells are useful due to

their high output current, and their rectangular package lends itself well to a modular

15



M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

mechanical pack design. However, cooling them is no easy task. Cooling plates are

typically used between cells to ensure that temperatures don’t rise to dangerous levels.

2.2 Battery Balancing Circuits

2.2.1 Motivation

The HV pack consists of numerous cells connected in series. There is typically n =
80 to 100 cells, where n refers to the number of cells in series. Therefore, most HV
packs range in terminal voltage from 240 to 400V. The desired voltage for the pack
is larger than 200V since the efficiency of the power electronics and electric motors
will increase with a greater voltage. With the exception of Tesla’s line of EVs, which
place many lower capacity cylindrical cells in parallel, most recent EVs use a single or
up to three parallel strings of pouch or prismatic cells. For example, the Tesla Model
3 uses 2170 cylindrical cells in a 96S46P configuration to achieve a pack capacity
of 75kWh [18] while the 2018 Chevrolet Bolt uses a 96S3P setup of pouch cells to
achieve around 60kWh of capacity [19].

In addition, the cells are typically organized into m modules of 8 to 12 cells [20].
A module will consist of the cells, a battery management system, cooling hardware,
and the mechanical enclosure. Their primary use is to group cells into manageable
clusters such that the battery management system can accurately measure voltage
and current, and ensure that the cells do not exceed their operational limits. They
also allow HV pack manufacturers to split the pack into parts that are easier to
mass produce and assemble. Modules support a decentralized approach to battery

management systems, allowing modules to house the low-level hardware required to
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calculate battery SOC and read cell temperatures. Building a singular HV pack with
less modules, such as the Tesla Model 3, allows for increased overall HV pack energy
density and reliability during assembly, but is more difficult to repair.

It is well-known that a HV battery pack will have weaker cells due to
manufacturing impurities, temperature gradients across the pack, self-discharge
rates, mechanical constraints and aging [9]. These differences will manifest as
cell-to-cell differences in energy capacity, and will amplify over time from cycling the
pack [21]. Thus, all HV battery packs require cell balancing circuits to protect the
cells during charging and discharging.

Figure 2.3 shows the many different types of battery balancing methods that will
be discussed in this chapter. Table 2.1 further specifies the components involved
in each circuit and compares their size, control schemes, hardware implementation,
balancing speed, and cost. Efficiency of each circuit is provided when reported in
literature, as well as rated power and cell capacity for experimental work.

A weak cell is defined as any cell that has a reduced capacity when compared
to other cells in the pack [22] as a result of this capacity fade. This cell will take
less time to complete its charge because it requires less energy to do so. In order to
continue charging the pack so that all cells reach their upper limit of charge, the weak
cell will have to be slightly discharged so it can continue to charge with the other
cells in the pack. Similarly, discharging will cause problems. The weakest cell will be
discharged first and impose a lower limit on the pack. This is what is seen in practice
with passive balancing. However, energy should be added to the cell during discharge
if it is desired to use the full capacity of each cell. Battery balancing circuits seek to

handle the issues that arise from weak cells for both of these cases.
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Figure 2.3: Battery Balancing Methods
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2.2.2 Passive Balancing

Battery balancing methods fall into two major categories: passive and active. In
commercial EVs, passive cell balancing is the prominent technology due to its low
cost and simple control [23]. This method utilizes a dissipative element to drain
excess energy from cells with higher voltage [24] [25] [26], which are the weakest cells
with small capacities. This prevents them from overcharging while other cells in the
pack continue to charge. Though the component count is low and control is simple,
using only n switches and n resistors per n cells, there are two main drawbacks: all
excess energy is lost, and weak cells cannot be charged while driving. Thus, only
the charging issues of weak cells are handled by the battery balancing circuit and
the HV pack will continue to deplete unevenly across cells. This means that the
SOC of weak cells can never be aligned with stronger cells during driving, imposing
a range reduction on the vehicle. In addition, the excess energy dissipated in the
resistor or transistor components is converted to heat. This added heat increases the
requirements of the cooling solution for the HV pack, which will increase the size of
the cooling plate and add to the weight of the vehicle. If the cooling solution isn’t
made larger, then the additional heat will contribute to age of the cell or module and
will negatively impact the overall lifetime of the HV pack.

A series stack of n cells in a battery pack is simplified and shown in Figure 2.4.
The battery cells are represented by a filled in black circle, while equalizer elements
E (resistors, transistors, capacitors, inductors, transformers, etc.) are shown as the
outline of a circle. The power flow of the battery balancing methods can be simplified
into charge and discharge operations with respect to the battery cells, shown in green

and red respectively. The charge operation will have current flowing into the battery
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cell. Discharge will require current to flow out of the battery cell. If both charge and
discharge can be completed, then the arrow shown will be represented in blue.

The green arrow at the top of the diagram in Figure 2.5a indicates that the charger
can add energy to the whole pack. Assume that cells B; and By are overcharged, Bs
is normal, and B,_; and B, are undercharged. For the shunt resistor, the charger
will add energy to the pack when the EV is plugged in and charging. Since B;, Bs
and Bjs have higher charges than B,,_; and B,,, they will have to deplete their excess
energy during the charging operation. This extra energy will be dissipated into the
equalizer elements E; to F3. In this case, the equalizer elements represent the single
switch and resistor combination that will drain excess energy into heat. The circuit

topology for a resistor and switch can be seen in Figure 2.5b.

B, — Bidirectional
B.; — Charge

|
B; — Discharge
B, O Equalizer
B,

Figure 2.4: Balancing Path Definitions
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Figure 2.5: Passive Operation and Topology

2.2.3 Active Balancing

Active strategies have thus been a popular area of research as they have the
potential to alleviate these drawbacks for both charging and discharging operation.
In particular, if the weaker cells can be charged during driving, the vehicle range
can be extended due to the use of the entire capacity of the HV pack. This is
desirable for EV drivers [8]. Active methods can be further divided into six major
classifications: adjacent cell-to-cell (AC2C), direct cell-to-cell (DC2C), cell-to-pack
(C2P), pack-to-cell (P2C), multi-cell-to-multi-cell (MC2MC), and low-voltage

connection (LVC) methods.
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2.2.3.1 Adjacent Cell-to-Cell

AC2C encompasses the switched capacitor [27] and its tiered structures [28] [29] [30]
31] [32] [33] [34], Cuk converters[35] [36], resonant converters [37], and multiple
transformers [38]; this design shuttles charge from cell to cell. The highlight of
AC2C is the low component count and simple control, as seen in Table 2.1. The
basic switched capacitor structure uses only 2n semiconductor components (also
referred to in literature as n single-pole-double-throw (SPDT) switches), as well as
n capacitors. The basic topology can be seen in Figure 2.6b. The switches rely on a
fixed frequency signal at 50% duty cycle for operation. The tiered structures add
additional capacitors and switches to bridge across multiple cells, seen in Figure
2.6¢. These tiered structures decrease the required balancing time in comparison to
the basic structure, however it is at the expense of additional switches and cost.
Another AC2C is the inductive equalizer topology seen in Figure 2.6d. This also
uses 2n switches per cell and uses n inductors instead of n capacitors. A more
complex control strategy is required for the inductive equalizer when compared to
the basic and tiered capacitor structures. A fuzzy logic controller may be used to
determine when and how to balance the cells.

AC2C has the slowest balancing time of all the active balancing strategies,
evident from Table 2.1. Switched capacitors also experience inrush currents from
hard switching, which can cause stress and failure over time. The inductive
equalizer avoids the inrush currents by using inductors instead of capacitors, but n
inductors adds a larger cost and weight to the vehicle. The balancing time of AC2C
circuits can be reasonably cut down by increasing the operating frequency of the

switches at the cost of additional switching losses. However, the fundamental
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problem of having a weak cell and strong cell at opposite ends of a pack will still
require energy to pass across n — 1 capacitors and cells in the worst case. This
scenario can be a likely situation due to temperature imbalance across an HV pack.
In particular, slow equalization times can limit the usefulness of charging up the
weak cells to extend EV range. Under some driving circumstances, such as the
aggressive US06 driving cycle, the weak cells can discharge faster than the cell
equalizations can take place. An additional drawback is the poor efficiency of the
basic AC2C structure; the efficiency is not measured or reported for the switched
capacitor or tiered structures, and only [27] mentions that the structure is to be
used when efficiency is not important. The inductive equalizer reports efficiency
ranging from 51 - 60% [36]. Converter based methods report efficiency up to 91.3%.

For the AC2C technique, charge is shuttled between a cell and its adjacent
equalizer element, seen in Figure 2.6a. For the switched capacitor and tiered
methods in Figures 2.6b and 2.6¢, this equalizer represents the SPDT switch and
capacitor chain structure. For the inductive equalizer in Figure 2.6d, the inductors
are the equalizer. To transfer the excess charge from By to B, the charge will have
to pass from B; to E;, Ey to By, By to Fy, and so on until E, charges B,. This
balancing becomes tedious when there are many cells in the string, hence the long

balancing times required for this type of method.
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Figure 2.6: AC2C Operation and Topologies
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2.2.3.2 Direct Cell-to-Cell

DC2C has a faster balancing time by providing cell-specific charging, but suffers
from a higher component count seen in the flying capacitor [39], flying inductor [40],
LC tank [41], converter [42][43][44] and transformer [45][46] methods. These methods
group the cells into stacks of up to 12 series cells and allow for direct transfer of energy
from one cell to another despite the cells not being adjacent to one another. In the
LC tank, 2n switches compose the switching matrix to choose a cell while 4 switches,
one inductor and one capacitor form a tank for storing excess energy to transfer
directly to weak cells. This method achieves a blend of reduced balancing time for
non-adjacent cells, while keeping efficiency high. The reported efficiencies can reach
93.2%. However, at least 2n switches are required for any of these configurations, as
well as additional capacitors and inductors.

Figure 2.7a shows the balancing paths for the DC2C method. A common equalizer
element E accepts charge from either B; or By, and can directly charge up B, _; and
B,,. This is achieved by having a matrix of switches that select the desired cell, and
connect it to the common element. To reduce inrush current, the equalizer element
could be a capacitor and inductor. Due to the flexibility of cell selection, the DC2C

method is much faster than AC2C with only a few additional components.
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2.2.3.3 Cell-to-Pack

C2P includes boost shunting [47] and multiple transformer configurations [48] [49].
The operation of these circuits can be seen in Figure 2.8a, where cells provide the
equalizer energy which is redistributed to the whole pack. The attractiveness of
these configurations is their exceptional efficiency and reduced balancing time.
However, they are difficult to modularize for a commercial EV, making them less
attractive as a commercial solution. Each output of the multi-winding transformer
must be connected to a cell, seen in Figure 2.8c. In addition, changing the
configuration of cells or reusing the balancing for multiple vehicle model years is not
possible since the number of output windings will have to be changed, resulting in
additional transformer design. Each circuit requires at minimum n inductors or a

single, complicated transformer design which adds a large weight to the vehicle.

2.2.3.4 Pack-to-Cell

P2C uses the voltage multiplier [50][51][52][53], or transformers [54][55][56] to pull
charge from the entire pack and redistribute directly to selected cells, which can be
seen in Figure 2.8b. This topology suffers from the same complexities as C2P, either
requiring many diodes or bulky and complex transformers. Since the P2C method
is similar to the C2P and uses a similar overall circuit structure, the P2C and C2P
functions can be combined by swapping diodes for additional bidirectional switches at
the expense of added cost and complexity. To capitalize on a lower component count
in the face of costly transformers, designers will often use unidirectional components
and simplified control by taking advantage of careful switch placement and diodes

where necessary.
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2.2.3.5 Multi-Cell-to-Multi-Cell

The MC2MC LC matrix [57] links modules and cells, providing high efficiency and
balancing time comparable to DC2C, but with an extremely high switch count. The
reported experimental efficiencies were 99.2% at 0.17W and 75.9% at 0.45W. However,
the switch count required is at the highest for any configuration at 4n + 4, seen in
Figure 2.9b. Figure 2.9a shows the simplicity of discharging from a group of cells

Beg1, which could be By and Bs, directly into the top group Bg,, compromised of

B,,_1 and B,
— .
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(a) MC2MC Operation (b) MC2MC Topology [57]

Figure 2.9: MC2MC Operation and Topology

2.2.3.6 Low-Voltage Connection

Recent work has proposed utilizing the low-voltage (LV) bus as a convenient source
or sink for cell balancing [58][59][60][61][62]. Reference [58] replaces the conventional

isolated HV-to-LV DC/DC converter with many smaller isolated DC/DC converters,
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up to one converter per battery cell. The circuit is called the battery balancing APM
(BB-APM), as seen in Table 2.1. In this architecture, the HV battery provides the LV
accessory power through the smaller converters on a cell level, meaning the weakest
cells can have less accessory power drawn from them than the healthier cells. Thus,
the EV range and the battery lifetime can be extended by not deeply discharging the
weakest cells [63]. The disadvantage of this architecture is the high component count:
if one dual active bridge converter is used for each of the n cells in the pack, there
will be 8n switches and n transformers required. Reference [62] proposes a circuit to
perform a similar operation using only 2n switches and n transformers; however, the
control complexity is increased.

The low-voltage connection (LVC) balancing paths are shown below in Figure
2.10, and the equalizer in this case is the LV bus or the 12V lead-acid battery. Figure
2.10b shows that the circuit replaces the conventional LV battery entirely and the
equalization element is the algorithm that precisely controls the LV bus load to and
from the cells. The blue arrow is also used to indicate that the bidirectional APM
found on most commercial vehicles can be used to add or take charge out of the 12V
battery for Figure 2.10c. To equalize the charge, B; and By can be discharged into
E while B,,_; and B,, are being charged. If each cell has a converter attached, such
as in [58], then this can all occur at the same time. This results in extremely fast
balancing times. Although this balancing path looks similar to the DC2C or MC2MC,
the unique ability to access all cells at the same time is what distinguishes the LVC

circuits.
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(a) LVC Operation
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Figure 2.10: LVC Operation and Topology
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Chapter 3

Proposed Low-Voltage-to-Cell

Balancing Circuit

3.1 System Architecture

The thesis proposes an active balancing architecture that uses the LV bus as a
convenient source or sink for fast cell balancing, yet has a reduced component count
compared to [58] and [59]. In contrast to [58] and [59], the proposed architecture
uses a conventional isolated HV-to-LV DC/DC converter since this component is
generally well-understood and has a relatively low cost due to mass production, and
is already used in commercial EVs. The additional circuitry required for the
proposed architecture is a single low-power DC/DC converter (e.g. 10W to 40W)
per m modules, and 2(n + 1) switches for n battery cells. However, these 2(n + 1)
switches are connected as n + 1 bilateral switches, so only n + 1 gate drive circuits
and gate control signals are required.

The proposed low-voltage-to-cell (LV2C) system architecture is shown in Figure
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3.1. Each module is represented by a group of cells from By to Bys,. Typically, a
battery pack will have 8 modules with 12 cells each to reach a total of 96 cells. The
bidirectional cell balancing DC/DC converters precisely control the current pulled
or provided to each cell in a module, eliminating the inrush current issues seen in
switched capacitor balancing. The LV battery is used as a buffer to allow quick
sourcing or sinking of current needed by the cell balancing DC/DC converter (which
can be rated for LV), without the need to charge or discharge the whole HV pack for
each cell balancing operation. The control is flexible, allowing for direct charge and
discharge of any odd cell and indirect balancing of even cells. Balancing time can be
drastically reduced when compared to traditional C2C methods since the charge is

not shuttled through each cell in the stack.
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Figure 3.1: LV2C System Architecture
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3.2 Proposed Topology

The proposed circuit is shown in Figure 3.2. A bidirectional cell balancing DC/DC
converter must be used to source and sink current in both directions, allowing for
precise control of each cell. Isolation is required to adhere to automotive standards,
ensuring that the ground of the HV pack is isolated from the 12V battery. Figure
3.2 shows the DC/DC converter as a box, since any bidirectional isolated converter
topology could feasibly be used. The high side of the DC/DC converter is connected
through a bilateral switch to the top of each odd-numbered cell, while the low side is
connected through a bilateral switch to the top of each even cell. Bilateral switches,
composed of two back-to-back switches, are required to allow full control of the current

for any cell, similar to the LC resonant circuit proposed in [43].
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Figure 3.2: LV2C Circuit Architecture
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Battery cell balancing circuits usually control equalization by voltage or state-
of-charge (SOC) [21], where SOC control is generally preferred because it does not
depend on the instantaneous terminal voltage of a cell, which can change during
driving transients [64]. The proposed circuit controller can select the cell to be charged
or discharged based on the estimated cell SOC. The control for the circuit is divided
into odd and even cell control. Odd cells can be charged or discharged directly, one
at a time, by closing the switches on the positive and negative sides of the cells to
connect the cell to the output of the cell balancing DC/DC converter. Since the
selected cell balancing DC/DC converter connection outputs a positive voltage only,
the converter cannot directly charge or discharge even numbered cells because they
are connected in opposite polarity. Instead, the even cells are charged or discharged
in a 3-step process which is detailed in the Proposed Control section, where a stack of
three cells is charged or discharged to the desired SOC of the middle (even) cell, and
afterwards the cell balancing DC/DC converter controls the odd cells back to their
desired setpoints.

When compared against existing cell balancing circuits, LV2C is advantageous.
LV2C achieves a faster balancing time across the pack and better simulated efficiency
when compared to AC2C and DC2C, which comes at the cost of additional switches.
It greatly reduces the number or complexity of transformers when compared to C2P,
P2C and LVC due to having a trade-off of lower efficiency. In general, LV2C strikes
a balance between these two groups of cell balancing methods.

To select the desired cell from the module to connect to the DC/DC converter, a
switch matrix is required. The design and component selection for the switch matrix

is described below.

36



M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

3.3 Switch Matrix Design

3.3.1 Switch Matrix Topology Selection

To reduce component count of the switch matrix PCB, only one connection per cell
terminal is used. An additional 8 switches would be needed to reverse the polarity of
the DC/DC converter output lines, which is undesirable. Thus, the intent of the lines
are to serve as DC/DC converter rails; one being positive and one being negative.
This results in a wider required output voltage range for the DC/DC converter,
but allows the reduction of switches. The cell balancing converter must be able to

output 3 - 4 V for odd cell operations, and 9 - 12 V for even cells.

3.3.2 Principles of Operation

Odd cells in the stack have a direct connection from the top of the cell to the positive
rail of the DC/DC converter, as well as the negative rail. However, even cells do not
have such a connection. Therefore, even cells must be accessed through the charge
and discharge of the odd cells above and below.

In order to block any voltage present on the DC/DC rails from the battery
terminals, as well as maintain bi-directional current capability, two NPN mosfets are
placed back-to-back. For this design, the sources and gates are tied together such
that only one gate driver is required. Thus, by providing voltage above the
threshold voltage of Vg, the mosfets will be closed. The SI8271AB gate driver has
a wide input voltage range of 2.8 - 5.5V, allowing for both 3.3V or 5V logic levels to
be used. In the proposed circuit, 5V is used due to the lower limit of 4.75V on the

Opal-RT OP4510 digital outputs. The gate driver also has a wide input range for
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the driver supply voltage of 9.5 - 30V, where 12V is used for the application.

3.3.3 Non-Ideal Transients

The purpose of the switch matrix is to connect the output of the cell balancing
DC/DC converter with the cell. However, the output of the DC/DC converter
contains output filtering capacitors which are susceptible to large current spikes.
Thus, it is critical that the output voltage of the DC/DC converter match the cell
voltage, or stack of cells. If Vi, differs greatly from the cell voltage, closing the
switch matrix bilateral switches will cause a large dV/dt and a large current
entering into the filtering capacitors. This will cause irreversible damage to the
capacitors, blowing the protection fuse and rendering the LV2C circuit unable to
balance. Therefore, the control algorithm should implement a pre-charge step to
avoid unwanted transients. It should read Vo from the DC/DC converter and

compare it to the desired cell voltage before closing the switches.

3.3.4 Component Selection

Voltage present on the DC/DC converter rails must be blocked with bidirectional
switches. This consists of two NPN mosfets back-to-back. Typically, the sources
and drains of the mosfets are tied together to allow for unified control. This mosfet
topology was selected for the switch matrix.

In order to reduce PCB size, a dual NPN mosfet package was selected. The
BSO604NS2 mosfet from Infineon Technologies features two NPN mosfets in a single
8S0IC package [65], which aids in lowering part count and layout size. A suitable

high-current gate driver from Silicon Labs, SI8271AB [66], was chosen to drive both
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mosfets.

The control of the switch matrix comes from the Opal-RT OP4510 hardware-in-
the-loop (HIL) setup. Its inputs and outputs are DB-37 connectors, thus a DB-37
connector is needed to give digital outputs to the switches, as well as read cell voltages

and send them as analog inputs.

3.4 DC/DC Converter Design

3.4.1 Converter Topology Selection

In principle, any DC/DC converter that is both isolated and bidirectional can be
used for the connection between the LV 12V lead-acid battery and the switch matrix.
Several types of converters meet these requirements: the flyback converter, half-
bridge converter, and full-bridge converter. These topologies are presented below,
and a DC/DC converter is selected.

The flyback converter can be seen in Figure 3.3. Featuring only 2 low-side switches
and a wide operating range, the flyback can produce the required voltage output for
both single-cell and three-cell connections. It can use asynchronous or synchronous
switching schemes. The drawback is that the flyback is known to have a high voltage
stress on the primary side switch [67]. However, it is suitable for the proposed circuit
since low voltages are used and the voltage spike would be contained within the rated
module voltage of 60V. It also requires larger filtering components due to the nature
of the large ripples in switched current over the transformer. Despite these drawbacks,
the flyback was chosen due to its low component count and simple control, which is

advantageous for the design.
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Figure 3.3: Flyback Converter Topology [67]
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The half-bridge converter (HBC) can be seen in Figure 3.4. It requires 4
switches and 4 capacitors to operate. Synchronous switching must be used for the
HBC design due to the increased risk of shoot-through. It also features high-side
switches which have an increased design requirement for the gate driver. Due to the
complex control scheme, typically using a phase-shifted technique, the filtering
requirement at the input and output are far less than the flyback converter. When
operated efficiently and not at light loads, zero-voltage switching (ZVS) can occur
on the primary and secondary sides and thus provide increased efficiency [68]. One
drawback is the inclusion of capacitors in series with the current path. These
capacitors must be durable; they must be able to handle high current pulses and

large voltage changes.

40



M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

._l

Ql & Cyy == = Cy; F:LQ3

AAA

12V—= i. — Bi

Q2JE Cp = Cr ﬁl_Q4

Figure 3.4: Half-Bridge Converter Topology [68]

The full-bridge converter (FBC) can be seen in Figure 3.5. The FBC uses 8
switches for operation. Similar to the HBC, the FBC can use phase-shifted
technique. However, the additional switches grant increased control flexibility that
can ultimately lower the filtering requirements below that of HBC, and the flyback.
The FBC can leverage ZVS on all mosfets to achieve the highest efficiency of all
presented converters [68]. However, its component count is costly and 4 high-side

switches require a detailed gate driver design.
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Figure 3.5: Full-Bridge Converter Topology [68]
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To align with the desired low component count, the flyback converter was
chosen. The flyback will be used to demonstrate that incredibly high-efficiency
active balancing is not needed, since at a system level active balancing can provide

significant benefits to driving range.

3.4.2 Principles of Operation
3.3.3.1 Derivations

An ideal converter will have a relationship between the input and output voltages

described by Equation 3.4.1.

Vour = Vin * D (3.4.1)

Where Vi is the 12V input voltage from the LV lead-acid battery, Voyr is the
desired voltage of the cells (single or three-cell), and D is the duty cycle, defined by

Equation 3.4.2.

T,
D=2 (3.4.2)
Ts
Where Tpy is the time that the primary switch is on and Ty is the total period
of the switching cycle. Equations 3.4.3 and 3.4.4 relate other parameters to these

timing values.

Ts = Ton + Torr (3.4.3)
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_ 1
s

Where Tppp is the period of time that the primary switch is off, and fs is the

Ts (3.4.4)

switching frequency. For this application, the switching frequency was chosen to be
100kHz.

The non-ideal flyback duty equation will include the losses over the secondary side
diode, as well as the turns ratio of the transformer. Equation 3.4.5 demonstrates this

relationship.

_ (Vour + Vep) * Npg
Vin + Vour + Vip) * Npg

(3.4.5)

Where Vip is the voltage drop over the diode and Npg is the turns ratio of the
transformer, defined by Equation 3.4.6.
Np Vp

Npo = — = — 3.4.6
PS = 3T Y (3.4.6)

Where Np is the turns of the primary side, and Ng is the number of turns on
the secondary side. In an ideal transformer, the turns ratio also represents the ratio
between the primary side input voltage Vp and the output voltage on the secondary
side Vg. Due to the wide nature of the output voltage, two values must be explored:
the minimum voltage for a single-cell operation, and the maximum voltage for a
three-cell operation. These voltages correspond to 3V and 12V outputs from a 12V

input voltage. Therefore, the turns ratios can be calculated using Equations 3.4.7
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and 3.4.8.
12V
N = —=4:1 3.4.7
PSO = Sy (3.4.7)
12V
b = 1o (349

The largest turn ratio must be used to ensure that the full voltage range is available
for all operations. Thus, the 1:1 ratio is chosen for the turns ratio of the DC/DC

converter.

3.3.3.2 Conduction Modes

There are three different operations of a flyback converter; discontinuous conduction
mode (DCM), boundary conduction mode (BCM), and continuous conduction mode
(CCM)[69][70]. DCM happens when the current of the primary inductor reaches
zero before the next switching cycle. This can be seen in Figure 3.6. During DCM,
torr is a large enough time to allow for the transformer to fully demagnetize. The
demagnetizing time tpgyrac is the time it takes for the secondary current Iggc to
reach zero, while the additional time between tpgyrac and the next switching cycle is
called the dead time tpgap. DCM allows for the smallest transformer since continuous
current does not need to be sustained by the core. However, the primary side switch
is hard-switched and lowers the overall efficiency. In addition, the ripple current over
the output capacitor is larger than continuous mode since peak current is also larger.
This larger filter is required due to the large voltage ripples seen during the tpgap

period, which reflect onto the output side.
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Figure 3.6: Flyback DCM [70]

BCM is on the boundary of DCM and CCM, where there is no dead-time after
the current of the inductor reaches zero. This conduction mode can be seen in Figure
3.7. In BCM, topr is exactly equal to tpgyag and the next switching cycle begins
before the large oscillations on the switch. It harnesses the benefits of DCM while
being efficient with timing. Controlling BCM is more complex than DCM since
the frequency should be varied to accommodate for the exact moment the inductor
current reaches zero. This requires a feedback loop, leading to a specialized gate
driver design. BCM can increase the efficiency when compared to DCM if it employs

specialized control, such as valley switching [70], to reduce switching losses.
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Figure 3.7: Flyback BCM [70]

CCM has a continuous current present across the transformer. This method can
be seen in Figure 3.8. It is evident that the transformer currents Ipr; and Ispc do
not reach zero. Iprr and Isgc also typically have a reduced ripple current, since the
required output current is the average of Ipyr. In DCM, larger peak currents are
required to sustain the same average Ipyr. While output current ripple is smaller,
CCM requires a larger transformer to sustain the output current. The control can also
be difficult due to the inherent instability of the right half plane zero [70]. However,

the advantage is that it requires much smaller filtering.
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Figure 3.8: Flyback CCM [70]

DCM was chosen to minimize the transformer size and cost. A larger output
ripple due to DCM operation will require a larger filtering capacitor. However, the

lowered cost and rating of the transformer outweighs this trade-off.

3.3.2.3 Active Paths

The operating modes of the DCM flyback DC/DC converter can further be divided
into four modes; no load, primary switch on, primary switch off and dead time.
These modes can be seen in Figure 3.9 and demonstrate the active current paths
during a charging operation. The modes show Q1 acting as the primary switch
during charging. For brevity, the active paths for discharge are not shown since the

only difference would be to have Q2 act as the primary switch.
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Figure 3.9: Active Paths of DCM Operation

During mode 1, the battery is disconnected from the battery balancing circuit by
opening the switch matrix. The dashed line demonstrates this opening. No current
paths are active during mode 1.

Once the switch matrix is closed and a charging operation is required, Q1 will act
as the primary switch in mode 2. Q1 is turned on and allows current to pass in the
time period toy in Figure 3.6. The voltage of the 12V lead-acid battery is applied
over the primary side of the transformer, and thus the inductor current rises. The
rising inductor current stores energy in the transformer.

During mode 3, Q1 is turned off and the stored energy of the transformer is passed
to the secondary side. Mode 3 occurs during tpgaag in Figure 3.6 The primary side
inductor current is abruptly stopped, and the current is passed to the secondary side
with some losses. The active path on the secondary side is either through the closed
Q2 switch (synchronous control) or the Q2 diode (asynchronous control). Since there
is no voltage applied over the primary side of the transformer, and thus none on the
secondary side, the inductor current on the secondary side decreases.

Mode 4 is characterized by the tpgap time period in Figure 3.6. Both switches

are off and the transformer is not conducting. However, the filtering capacitors can
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provide an active current path to the input and output batteries.

During discharge, the same modes are employed with small changes. During
modes 2 and 3, the active paths are mirrored through the center of the transformer.
Mode 2 would have Q2 on during the tpy period of Figure 3.6. Mode 3 would have Q2
off, allowing current to pass through Q1 during tpgyag. Currents shown in Figure
3.6 are swapped, thus the primary current rising during tox would be the secondary
current rising to discharge the battery cell(s). Filtering still occurs during the tpgap

time period, as shown in mode 4.

3.4.3 Non-Ideal Transients

Consideration should also be given to the voltage spike and ringing of the flyback. The
voltage spike should not exceed 60V in experimental measurements and the ringing
should be filtered at the output of the flyback DC/DC converter in order to not affect
the cell. The ringing appearing in the switching waveforms can be characterized by
two distinct sections; high frequency and low frequency [67]. The voltage spike is part
of the initial high frequency ringing that is due to transformer leakage inductance and

parasitic inductance of the PCB. Low leakage inductance is desired in the transformer.

3.4.4 Component Selection

Due to the well-known voltage stress placed on the flyback primary switch during
operation, mosfets chosen for the flyback must be able to handle more than the
required output of 12V. To align with the module rated voltage as well as this potential
spike, a voltage rating of 60V was chosen. The BS8ONO06S2L switch from Infineon
technologies was used with the SI8271AB gate driver on the DC/DC converter PCB
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[71] [66]. Since the input is the 12V lead-acid battery, the flyback will be operating in
buck mode. However, the high output voltage of 9 - 12V for a three-cell connection
means that the transformer used in this case must have a 1:1 turns ratio. The power

transformer 750312504 from Wurth Elektroinik was chosen for this application [72].

3.5 Proposed Control

The flowcharts seen in Figures 3.10a and 3.10b will be used to demonstrate the control
algorithm for the LV2C circuit. Figure 3.10a shows the algorithm from a module
level. The code routinely checks which cells need balancing by first measuring each
cell voltage, estimating its SOC value, and comparing these with the average pack
SOC. For each cell, if the cell isn’t within the tolerance value of the average pack
SOC, then balancing must be performed. If the cell is odd, the odd cell operation
is performed. Likewise, with even cells. Afterwards, the next cell is chosen in the
stack. This rule-based algorithm was performed on the vehicle model. However, in
the experimental work, the algorithm found the cell with the SOC furthest away from
the desired SOC and balanced this cell first. There are many ways the algorithm can
choose to balance the cells.

On the cell level, Figure 3.10b shows the steps required to perform balancing on
both even and odd cells. First, the output voltage Vo of the cell balancing DC/DC
is controlled to the desired cell voltage(s). Next, the bilateral switches are closed.
Charging or discharging operations are chosen and performed. If the target cell is
odd, the balancing is finished. If the target cell is even, then additional odd cell
balancing must be performed on the odd cells above and below the target cell. After

these three balancing operations, the even cell algorithm is finished.
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3.5.1 0Odd Cell Control

For example, to charge cell B3 in Figure 3.11, the output voltage of the cell balancing
DC/DC converter is controlled to be approximately equal to the voltage of B3, then
bilateral switches 3 and 4 are closed. Energy is transferred to or from the LV battery
into B3 at a controlled rate to the desired SOC for B3. When the charging of B3 is

complete, switches 3 and 4 are opened.

3.5.2 Even Cell Control

To charge cell B2 in Figure 3.12, switches 2 and 3 cannot be closed because this
would attach the negative end of the cell to the positive output of the cell balancing
DC/DC converter. Instead, switches 1 and 4 select a stack of three cells after the
output voltage of the cell balancing DC/DC converter is matched to the sum of the
three cell voltages. Energy is transferred to or from the LV battery into B1, B2 and
B3 until the desired SOC of B2 is reached. Afterwards, additional steps are needed to
bring the SOCs of B1 and B3 back to their desired setpoints. While this adds steps
to the balancing algorithm, the reduced complexity of the switch matrix and reduced

components were more desirable.
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3.6 LV2C Simulations

3.6.1 DC/DC Converter

The DC/DC converter was simulated in PSpice in order to approximate the ringing
of the primary and secondary mosfet voltages, which is difficult to obtain in the PSIM
or Matlab environments.

The values used in the PSpice environments are summarized in Table 3.1. The
IPP8ON06S2L model was downloaded from the Infineon website, and thus is an
extremely accurate model of the switch. The output voltage sources are shown as 3,
4, 9, and 12V, which correspond to odd charging, odd discharging, even charging
and even discharging operations. The properties of the 750312504 Wurth
transformer were modeled with two coupled inductors with a leakage inductor and

leakage resistor in series on either side of the transformer.

Table 3.1: PSpice DC/DC Properties

Annotation Description Value Unit
Vi Input Voltage Source 12 \%4
Vout Output Voltage Source 3,4,9,12 1%
Qi Infineon MOSFET Model IPP80N06S2L N/A
Nps Turns Ratio 1:1 N/A
Kps Inductor Coupling 1 N/A
Lp Primary Inductance 3.4 uH
Ly Leakage Inductance 120 nH
Rpc Core Resistance 0.01 Q
Ra Gate Resistance 10
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The simulations provided approximate waveforms seen in Figure 3.13. The input
and output batteries are modeled as ideal voltage sources, and thus they appear as
horizontal lines. The efficiency was calculated for each case, which is shown in Table
3.2. Figure 3.13c shows that the worst case maximum current limit will be just above
10A. Thus, the transformer was sized to have an upper limit of 10A, taking into
consideration that the trace and wire losses will decrease the current, as well as core
losses of the transformer.

Note that the simulation efficiency reported in Table 3.2 shows that the DC/DC
is more efficient during even cell operations than odd cell operations. This is due to
the inherent inefficiency of the flyback buck operation; since approximately the same
amount of current is transferred from primary to secondary side when the primary
switch is turned off, the measured output power varies greatly based on the output
voltage. The lower the voltage, such as 3V for the odd cell at low SOC, the lower the

power on the output.
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Table 3.2: PSpice Efficiency

Cell Type Test Case  Efficiency

Charging 83.98%
Odd Cell
Discharging  80.56%

Charging 96.88%
Even Cell
Discharging  94.63%

The primary and secondary switches will also be analyzed to determine whether
a snubber circuit should be used. If the voltages in simulation return high voltage
spikes, then a dissipative snubber should be used. However, if the voltage spikes are
within the desired rated voltage of 60V, then the snubber does not have to be used.
A snubber should be avoided when possible since it adds complexity and components
to the design. Figure 3.14 shows the primary and secondary side switch voltages Vpg
and Vgg, which correspond to the drain-source voltages and gate-source voltages.
For charging, the primary switch is the first switch. During discharge, the secondary
switch acts as the main switch and passes current back to the LV battery.

The simulated voltage spikes with ideal voltage sources show that the maximum
voltage spike is less than 75V. Therefore, no snubber shall be used. The spikes in
simulation exceed the rated module voltage of 60V. However, the expected voltage
spike with lithium-ion cells as the load will be significantly smaller due to the
capacitance of the cell reflected to the primary side. This will aid to lower the

voltage spike, keeping the designed circuit within the desired rated voltage.
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Figure 3.14: DC/DC Simulation - Switching Waveforms

3.6.2 LV2C Operation

A simplified system model of the LV2C circuit was achieved in Matlab/Simulink.

The odd and even cell charging and discharging waveforms can be seen in Figure
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3.15. They demonstrate that the operations for selecting the cell and performing
the algorithm can change the cell voltages, and thus SOC, to the desired setpoint.
Figures 3.15¢ and 3.15d show that while charging or discharging an even cell, the odd
cells above and below are effected. Thus, additional odd operations are needed as

described by Figure 3.10b.
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Figure 3.15: LV2C Simulations - Cell Cases
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In addition, Figures 3.16a and 3.16b show that the cell convergence can be
observed. Cells 2 and 4 are balanced first, then cells 1 and 5. Cell 3 is balanced
through even cell operations. A brief gap in time is observed between the even and
odd cell operations; between balancing cells 4 and 5. This small time step is to
allow the voltage of the output filter capacitor, Voo, to discharge from a 3-cell
voltage range to the voltage of a single cell, cell 5. Since the voltages between 3-cell
and 1-cell operations are very similar, there is no need to change Vi, between
balancing cells 2 and 4, and cells 5 and 1. Thus, these operations can be performed

immediately after each other.
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Figure 3.16: LV2C Simulations - Cell Conversion

A potential reduction of operations by balancing all even cells first is evident in
Figure 3.16a since cells 2 and 4 are addressed first before the odd cell operations are
performed. From ¢t = 0 to t = 0.2, cell 2 is charged. Cells 1 and 3 are also affected
by this operation. While both of these cells need to be charged to reach the setpoint
of 3.7V, cell 1 is brought below the setpoint and cell 3 overshoots the desired 3.7V.

However, balancing cell 4 from ¢ = 0.2 to t = 0.3 decreases the cell 3 voltage to the
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setpoint due to the discharge, as well as cell 5. In the end, cell 3 did not have an
additional odd cell balancing operation performed on it, and thus some operations
are reduced. Cells 1 and 5 are brought to the setpoint at the end. Balancing all
similar voltage cells (or stacks of cells) allows for a reduction in transition timing due
to little to no change in Vi, required. Although the reduced-operation algorithm is

not explored in the research, it is identified as an advantage for the LV2C topology.
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Chapter 4

Experimental Results

4.1 LV2C Prototype

4.1.1 Experimental Setup

In order to test the experimental setup, several cases were devised to test each portion
of the proposed algorithm. Four test cases were needed; odd cell charging, odd cell
discharging, even cell charging and even cell discharging. The experimental setup can
be seen in Figure 4.1. It consists of two printed circuit boards (PCBs); one board
is the switch matrix to select cells, and the other is the DC/DC converter. These
can be viewed in Figure 4.1a. The controller used for the research is an Opal-RT
OP4510 hardware-in-the-loop (HIL) system. The OP4510 acted as the BMS to read
cell voltages, select cells as desired, and control the DC/DC converter using analog
inputs and digital outputs. The data acquisition system was a Tektronix oscilloscope.

The full experimental setup can be seen in Figure 4.1b.
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4.1.2 PCB Design

The DC/DC converter schematics can be seen in Figure 4.2 while the PCB can be
seen in Figure 4.3. The dimensions of the DC/DC converter PCB were 54.9 mm

2. The gate driver was placed

by 66.4 mm, resulting in a total area of 3645.36 mm
physically close to the switch to try to eliminate trace inductance and ringing. The
source net of the switch and gate driver was given a large area for heat dissipation.
The switch matrix schematics are separated into several pages; mosfet connections
are shown in Figure 4.4, gate drivers and peripherals are seen in Figure 4.5, and all
connectors for the board are shown in Figure 4.6. The switch matrix PCB is also
divided into two figures due to its large size, seen in Figures 4.7 and 4.8. The PCB
dimensions were large to accommodate the spacing of the battery pack connectors,
and came out to 280.9 mm by 77.4 mm. The total area was 21,741.66 mm?. There
is a cutout in the middle of the board that represents the battery connections. This

cutout was done to prevent voltage creep between adjacent traces by eliminating any

planes near to the battery connections.
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4.1.3 HIL Code

The OP4510 HIL system is a real-time simulator that communicates to the host
computer through a TCP/IP interface. The RT-LAB proprietary interface allows the
programming of the HIL system, while Simulink is used to build the model. The
Simulink model must be partitioned into computation and graphical user interface
(GUI) elements so that multiple cores can be utilized. The computation elements are
loaded onto the local FPGA chip such that the controller can sample up to 400kHz.
The console gathers data asynchronously from the controller to ensure that controller

runtime is optimal. The overall system model in Simulink can be seen in Figure 4.9.

ENABLE ENABLE

CTRL_AIN CONS_AIN
CTRL_DOUTS CONS_DOUT
CTRL_CELL CONS_CELL
SIM_STATUS SIM_STATUS
SW1_sIG SW1_SIGNAL
SW2_SIG SW2_SIGNAL
TEST_CHART1 TEST_CHART1
TEST_CHART2 TEST_CHART2
OPWRITE_STATUS OPWRITE_STATUS
TEST_CHART3
EN_OUT

V_SETPOINT

V_TOLERANCE V_TOLERANCE

>
»{V_SETPOINT
>

CELL_SELECT CELL_SELECT

V_TESTCELL_1to4 V_TESTCELLS

»V_DCDC_IN TEST CHART3 V_DCDC

EN_OUT

VYVVVVVVVVVVY

» SW_DELAYS ]

STATES SW_DELAYS
SYNC MODE _ON SYNC_MODE_ON
SM_Controller SC_Console

Figure 4.9: HIL System Model

In the console, inputs are defined and outputs from the controller can be viewed
at a rate chosen by the user. The inputs to the controller can be seen in Figure 4.10a

while a sample of the data given to the console can be seen in Figure 4.10b.
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Figure 4.10: HIL Console Model

The inputs that can be defined in the console include the enable signal, the voltage
setpoint and the voltage tolerance. Other inputs are used for debugging or manual
operation, or synchronous DC/DC operation. The outputs from the FPGA can be
read into the console through a specialized Opal-RT OpComm block. The outputs
shown include the analog inputs (DC/DC converter and cell voltages), digital outputs
(the PCB switch control signals), and the current selected cell.

The controller model begins with the inputs to the controller from the console.
These inputs are also passed through the specialized OpComm block, and can be seen
in Figure 4.11a. The inputs are fed into the stateflow block that acts as the control

algorithm, seen in Figure 4.11b.
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Figure 4.11: HIL Controller Model - Inputs and Control Algorithm

The switch matrix and DC/DC converter switches are controlled with digital
outputs. The HIL system has DB-37 connectors for digital and analog inputs and
outputs. The connector allows for 16 digital channels, while the rest of the pins are
disconnected for isolation, or to provide external power and ground. There are also
16 differential analog input channels. The first set of digital outputs can be seen in
Figure 4.12a and control the first 8 switches on the switch matrix. The rest of the 5
switch matrix signals are controlled by the next block, seen in Figure 4.12b. The last 3
signals are for DC/DC converter control; the enable signal for all the switches, and the
primary and secondary switches. Since the DC/DC converter requires precise timing
control, an EventGenerator block rather than the DigitalOut block from Figure 4.12a
is used to ensure proper timing. Finally, the analog outputs are read in 8 channels at
a time using the Analogln blocks, seen in Figure 4.12c. These analog signals include

the DC/DC rail voltage and voltages from all 12 cells.
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Figure 4.12: HIL Controller Model - Digital Outputs and Analog Inputs
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4.2 Results

The test cases included odd cell charging, odd cell discharging, even cell charging and
even cell discharging. The DC/DC converter was operated at a fixed frequency of
100kHz. The duty cycle was varied based on the operation performed. A summary
of the results can be seen in Table 4.1.

Table 4.1: DC/DC Converter Experimental Results

Cell Type  Test Case Prn Poyr Efficiency

Charging 1321 W 878 W 66.48%
Odd Cell
Discharging 6.27 W 447 W 71.29%

Charging  30.04 W 21.60 W  71.90%
Even Cell
Discharging 19.86 W 14.11 W  71.05%

The odd cell charging waveforms can be seen in Figure 4.13. The efficiency for odd
cell charging was found to be 66.48% for an average cell current of 2.63A and average
power of 13.2W. In addition, a screen shot from the Tektonix oscilloscope can be seen
in Figure 4.17a.The odd cell discharging waveforms can be seen in Figure 4.14. The
efficiency for odd cell discharging was found to be 71.29% for an average cell current
of 1.92A and average power of 6.23W. The even cell charging waveforms can be seen
in Figure 4.15. The efficiency for even cell charging was found to be 71.90% for an
average current of 2.16A and average power of 30.04W. The even cell discharging
waveforms can be seen in Figure 4.16. The efficiency for even cell discharging was
found to be 71.05% for an average current of 2.26A and input power of 19.85W.

Switching waveforms for each case can be viewed in Figure 4.18 for the odd cell

cases and Figure 4.19 for even cell cases.
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Figure 4.14: Odd Cell Discharging Waveforms
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Figure 4.17: Oscilloscope Captures
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4.2.1 Analysis

The overall efficiency of the LV2C circuit was approximately 71%. It did not match
the simulations exactly due to the unique nature of the ringing, which is effected
by the size of the wires, traces, and non-uniformity of components on the PCBs.
Figures 4.13, 4.14, 4.15 and 4.16 show that the main function of the LV2C prototype,
to charge and discharge the cells, is confirmed. The switch matrix did not exhibit
unwanted transients during switch turn-on due to the transition control loop for V.
The current ripple of the experimental testing was 0.3A. The voltage ripple on the
cells reached 1V for odd cell testing, and up to 2V for even cell testing, or 0.66V per
cell. Ringing issues presented a larger problem than anticipated. Undesirable voltage
ringing can be seen on the Viopr, waveforms in each test case.

The switching waveforms behaved as expected, seen in Figures 4.18 and 4.19.
During charging, the primary switch acted as the main switch and followed the Vpyrsp
turn-on waveform. This can be seen in Figures 4.18a and 4.19a. The secondary switch
acted as the main switch during discharging. This can be viewed in Figures 4.18d and
4.19d. In each of these cases, Vg of the main switch followed Vpysr and the voltage
over Vpg for the main switch approached zero. A significant portion of power loss was
due to the small voltage present over the secondary switch diode from asynchronous
switching. In all cases, the voltage spike was below the rated voltage of 60V. However,
ringing caused significant voltage issues on the cells and an additional LC filter or

snubber would aid in suppressing these undesirable effects.
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Chapter 5

Vehicle Modeling for Range

Extension

5.1 Vehicle Modeling

In order to save cost on the expensive materials and labor required to prototype new
vehicles, automotive original equipment manufacturers (OEMs) moved to detailed
simulations to validate their designs. The modern OEM can simulate the entire
vehicle to determine the overall powertrain efficiency, as well as estimate the range of
the vehicle. Advanced vehicle modeling serves as a valuable tool for these companies,
allowing them to make quick decisions about the vehicle structure. The design process
has thus become very iterative; designing and then checking with simulation before
making improvements. However, computing times for running vehicle system models
can be long. If the complexity of the system is increased, the time to run a simulation
also increases drastically. There is a disconnect between component level circuit

analysis and system level simulations in literature due to the issues that arise between
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modeling both levels of complexity. In order to run the entire vehicle model in a timely
manner, efficiency maps are typically made into look-up tables which reference the
inputs for an estimation. An example of this would be the electric motor; its efficiency
would be derived from an array that picks a value based on the current torque,
speed and voltage of the HV bus. Despite each individual piece of the vehicle being
an estimation, the system model can mimic the results of a real-world vehicle with

minimal error; enough to gain the interest of OEMs worldwide.

5.1.1 System Model

A forward-looking vehicle model was created to simulate the 2018 Chevrolet Bolt. A
Matlab script was generated to run the Simulink model for several cases. The vehicle
model is comprised of three main parts seen in Figure 5.1; the driver, the controller,
and the plant. The driver model aims to mimic a person driving the desired path.
The controller model takes the inputs from the driver and converts it into actions for
the vehicle to take. Its primary purpose is to limit the torque request to the motor
based on the speed of the chassis. Finally, the plant model describes the vehicle
dynamics of each component along the powertrain and can be seen in Figure 5.2.

The parameters used for the model are summarized in Table 5.1.

T DES T REQ
Vbes —3  Driver Controller Plant —‘

1 1

VCHS

Figure 5.1: Simulation - System Model
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Figure 5.2: Simulation - Plant Model
Table 5.1: Vehicle Properties
Annotation Description Value  Unit
Kp Driver PI Controller 1000 N/A
Kr Driver PI Controller 0.5 N/A
T Driver Response 0.2 N/A
g Gravity 9.81 2‘292
t Ambient Temperature 25 °C
I Motor Inertia 0.0226  kgm?
f Final Drive Ratio 7.05 N/A
T Wheel Radius 0.32385 m
ug Rolling Resistance 0.006 N/A
Uo Rolling Resistance 0.0001 N/A
A Frontal Area 2.532 m?
Mehs Chassis Mass 1625 kg
My Driver Mass 80 kg
cd Coefficient of Drag 0.32 N/A
Pacco Accessory Power Draw 300 w
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5.1.1.1 Driver

The driver is implemented as a PI controller. The error is defined as the difference
between the desired speed of the vehicle model to follow the input drive cycle, and the
actual speed of the chassis, seen in Equation 5.1.1 below. The PI controller output

calculation is shown in Equation 5.1.2.

E(t) = Vens(t) — Vpes() (5.1.1)

U(t) = KpE(t) + K; > _ E(t)dt (5.1.2)

Where E(t) is the error value, Vogg(t) is the speed of the vehicle chassis, and
Vprs(t) is the desired speed of the drive cycle. The value of U(t) is the required
torque to achieve the desired speed, while Kp and K; are tunable parameters. For
this model, the Kp is set to 1000 and the K; value is 0.5, seen in Table 5.1.

In addition to the PI controller, a human reaction time is also incorporated into
the model. A transfer function is used to add a small delay to the torque requests,

which can be seen in Equation 5.1.3.

1
Ts+1

(5.1.3)

Where T is the driver response time. In this case, the response time is set to 0.2
seconds. Finally, the torque requests are divided into positive and negative torque;
this represents the driver applying their foot to the pedal to accelerate, or on the
brake to decelerate. These commands are passed to the controller as Tacc and Teri

respectively.
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5.1.1.2 Controller

The purpose of the controller is to limit the driver acceleration and braking demands
to realistic values, such that the model remains accurate. The T,.. and Ty, commands
are saturated so that they don’t exceed the maximum force that can be applied on the
wheel. Both are divided by the wheel ratio to convert to angular torque. Meanwhile,
the motor speed is used as an input to two torque-speed lookup tables. The first is
a positive table to determine the maximum torque limit during acceleration, and the
second is a negative map to determine the maximum torque limit during braking. The
torque-speed curve and motor efficiency map used for the model is seen in Figure 5.3.
The outputs go to a set of maximum and minimum blocks. The first block takes the
minimum torque acceleration demand between two inputs; the saturated acceleration
torque command from the driver, and the positive maximum possible acceleration
torque for the instantaneous motor speed. This will be the main portion of the
torque demand to the motor. Another portion shall be the braking torque that the
motor can accept. The vehicle speed is fed through a lookup table to determine how
much braking torque will be accepted at the current speed. This is multiplied by
the brake command to receive the allowed torque. The maximum block enforces the
maximum torque limit during braking on this regeneration torque, and adds it to the
motor torque. This is the final output motor torque demand T,,,;. The wheel braking

command is the braking command minus the accepted motor regeneration.
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Figure 5.3: Torque-Speed Curve and Motor Efficiency Map

5.1.1.3 Chassis

The chassis block describes the dynamics of the vehicle. It assumes that the vehicle

is a point in space with weight and aerodynamic losses. The following Equation 5.1.4

is used to determine the speed of the vehicle.

1 t+1
Vens(t+1) = Vens(t) + - / (Fwrz — 0.50air ACDVE (1)) dt (5.1.4)
t

Where Vepggs(t) is the vehicle speed in m/s; Fyy gy is the force from the wheels in
N, m is the mass of the vehicle in kg, prr is the density of air, A is the area of the
front of the vehicle, and Cp is the coefficient of drag for the vehicle. The value of
mass for the vehicle is both the chassis mass, 1625 kg, and the mass of the driver, 80

kg, which can be found in Table 5.1.
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5.1.2.4 Wheels

The force that the wheels provide to the chassis is modeled using the wheel speed,
size of the wheels, and coefficients to determine amount of slip that the wheels have
with the road. Equation 5.1.5 shows this calculation.

Twhl + Tork

Fywur = T (1 + prowyn)mg (5.1.5)
whl

Where T, is the torque supplied to the wheels in Nm, T, is the torque applied by
the friction of braking, r; is the radius of the wheel in m, p; and py are coefficients
of rolling resistance that determine the ability of the wheel to stick to the road, wymn

is the speed of the wheel in m/s, and g is the coefficient of gravity in m/s?.

5.1.2.5 Final Drive

Before the wheels, a final drive ratio is used to simulate the total ratio between the
motor shaft and the wheels. For the 2018 Chevrolet Bolt, this ratio is 3.87. To

determine Ty, the torque that is supplied to the wheel block, Equation 5.1.6 is used.

Twhi = Nfd" fdTmot (5.1.6)

Where T, is the torque provided by the electric motor, ry; is the final drive
ratio, and 74 is the mechanical efficiency of the final drive gears. Typically, the final

drive ratio is above 95% efficient.
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5.1.2.6 Motor and Inverter

The motor and inverter characteristics can be represented on the same efficiency
map, and thus are placed in one Simulink plant block to simplify the model. To
determine the torque provided by the electric motor, T,,,, the torque request from
the controller is limited by the torque-speed curve in the block. The limited torque
value is implemented with a dynamic saturation block, whose inputs are the positive

and negative torque-speed curves. This can be seen in Equation 5.1.7.

Treq if Tneg,lim (wmot) < Treq < Tpos,lim (wmot)
Tmot = (517)

Tlim if Tneg,lim(wmot) Z Treq S Tpos,lim(wmot)

Where T,., is the torque requested from the controller in Nm, Tpos jim (Wmor) and
Theglim(Wmot) are the positive and negative torque limits, and wy,, is the angular
speed of the motor in rad/s. To calculate wy,., Equation 5.1.8 is used.

_ r1dVons (5.1.8)

Wimot =
Twhl

To provide the required mechanical angular speed and torque to the vehicle, the
electrical motor must request current from the battery. Equation 5.1.9 is used to find
the current requirement.
nmotwmotTmot (5 1. 9)

Inor =
Viar

Where I07 is the motor current requirement in A, 7,,,; is the efficiency of the

motor based on speed and torque, and Vg7 is the voltage of the HV battery pack.
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5.1.2.7 LV Loads

The electrical accessory block refers to the LV loads in the vehicle. This is any
component that is powered by LV, including all the CPUs, PCBs, HVAC and fans,
safety circuitry, and more. This load is named Pspjy; and was estimated to be 300W.
To find the required battery current, the LV loads must first pass through the HV-to-

LV DC/DC converter, otherwise known as the advanced power module or the APM.

5.1.2.8 APM

The APM steps down the 400V HV voltage to 12V for the lead-acid battery. It is the
HV-to-LV DC/DC converter in every commercial vehicle. Due to the widespread use
of the APM and its commercial maturity, the efficiency of the APM is high despite
the large buck voltage difference. A constant value of 94% efficiency was used for
this DC/DC converter. To calculate the current required from the battery pack to
stabilize the LV battery, Equation 5.1.10 is used.

Papy )

Iapy = Napm(—— + Ipar

5.1.10
Viv ( )

Where I 4p)y is the required current from the HV battery pack to the APM DC/DC
converter in A, 7., is the constant efficiency of the APM at 94%, Papys is the 300W
LV load, Vi is assumed to be a constant 12V from the lead-acid battery, and Igar,

is the current that is required from the balancing circuitry.

5.1.2.4 Battery Pack

The current that is required for the APM and the motor are summed together to find

the battery pack current. Equation 5.1.11 shows this summation, while Equations
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5.1.12 and 5.1.13 show the effect on pack SOC and cell SOC.

Ipar = Iapm + Inor (5.1.11)
SOCpcx(t) =) SOCi(t) (5.1.12)
1 t+1
SOC;(t + 1) = SOC;(t) + 5/ Iparr(t)dt (5.1.13)
1 Jt

Coulomb counting is used to model the change in SOC over time. Although this
method can have calibration error on real systems, the cell data for the 2018 Chevrolet
Bolt model is not sufficient enough to support a more complex approach, such as a
Kalman filter. This would be used when the cell data available included all types
of cell tests, such as the static capacity test, SOC-OCV curve generation and hybrid

pulse power characteristic (HPPC).

5.1.2 Balancing Model

Typical vehicle models assume that each cell in the pack has the same
characteristics. If the SOC-OCV curve and capacity of one cell is known, a pack is
created by multiplying the SOC-OCV curve to obtain the pack SOC-OCV curve, as
well as multiplying the capacity by the number of parallel strings to obtain the full
pack capacity. The cell SOC-OCV curve used for the research can be seen in Figure
5.4, showing that the battery cell voltage will vary between the expected 3 - 4V
range for NMC cells. Usually, a vehicle model will assume that all cells will have the

same capacity and thus the multiplication to estimate a pack SOC-OCV curve is
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accurate. However, some additions to the base vehicle model are required to
quantify the range extension due to active balancing in the HV battery pack. The
changes reflect a new requirement to model individual cells in order to observe the

effect of differences in cell capacity.

0 26 46 6I0 SIO 160
SOC (%)
Figure 5.4: Cell SOC-OCV Curve

5.1.2.2 Cell Capacity

To accurately model the characteristics of the battery pack, cell capacity must differ.
Since the 2018 Chevrolet Bolt has an overall configuration of 96S3P to form the
battery pack [19], it is assumed that each parallel string will act similarly. Thus one
parallel string will be modeled with different capacities at a third of the total required
load current, and the current will be tripled to generate the total required current
from the battery.

To generate the different cell capacities, a random number generator with bounds
was programmed in Matlab script. All capacity values followed a normal distribution
that was centered around 1, or 100% of the desired capacity. The output was limited
to an array of 96 values which represented the capacity of each cell.

The value that was changed between sets of capacities was the o to show different
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standard deviations of cell capacity. In the ideal case, battery cell capacities are
matched perfectly and no active cell balancing is needed. This would mean that all
cell capacities will center at a value of 1 and have a o of zero with no variation. In
fact, the added weight of the cell balancing circuit should decrease the range if it
is not used. In the worst case, a battery pack aged many years would have major
capacity fade issues which will take a large toll on the HV pack. It is assumed that
the worst case would be a 5% cell capacity mismatch between all cells of the pack,
giving just over a 10% cell SOC mismatch between the strongest and weakest cell.
Thus, a range of cell capacities with o 0%, 2% and 5% was generated.

Examples of three generated cell capacity variations can be seen in Figure 5.5.
The histograms are divided into 30 bins to show the number of cells with similar
capacity. The ideal vehicle model with all cells having the same capacity is shown
in Figure 5.5a, as they all have a cell capacity of 1 with no variation. The worst
variation of o with value 5% is shown in Figure 5.5¢, where the worst cell capacity
approaches 85% capacity and could cause the HV pack to be retired from EV use.

One other o value is shown, 2%, to demonstrate a value in between the extremes.
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Figure 5.5: Cell Capacity Variations

5.1.2.3 SOC Calculation

The goal of the vehicle model is for all cells to maintain the average pack SOC. If a
cell strays too far from the average, the balancing algorithm will correct the cell by

charging or discharging via the LV battery. The average pack SOC and pack voltage
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calculations are done at the module level using Equations 5.1.14 and 5.1.15.

8
1
SOCrexme = — > 80Cwnopa (5.1.14)
n=1
8
Veek = Z Vop (5.1.15)
n=1

A tolerance is used to determine whether a cell SOC needs to be corrected. The
tolerance used in the model is Vror, which is set at 0.0001% SOC. This is a small
value for simulation, and can be tuned to other values. On board a vehicle, this value
would be larger to account for sensor error and SOC estimation error.

At the module level, the average pack SOC called SOCpck ave is used to
determine whether the balancing algorithm is required. Figure 5.6 shows the cell
balancing model from a module level. The controller accepts the target SOC
SOCpack,ave, the SOC tolerance SOCrqy, the SOC values of each cell, and the
desired balancing current Ig4r. It will decide when to charge and discharge cells
using the cell balancing DC/DC converter. The balancing current provided to each
cell is called Ipar;, where i is the corresponding module cell from 1 to 12. A
positive balancing current value assumes that the current will charge the cell. At
the top, the pack current Igaprr is divided by 3 into the parallel string current called
Istring. A positive string current assumes that the current is required from the
cell, thus it is discharging current. Due to the opposite nature of these currents,
Ipar,; is subtracted from Igrrrng before it is passed to the cell model. The battery
cell model calculates the cell’s voltage and SOC based on the equation 5.1.13 and

lookup tables for OCV and resistance. The module then sums all voltages and finds
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the average module SOC, both of which are passed to the full pack model.

The balancing current /g4y, is the value that is given to the cell. To calculate the
balancing current required from the LV battery, Iz, is multiplied by the inverse of
the cell balancing DC/DC experimental efficiency to get the larger current Igar v
that is fed to the LV battery model seen in Figure 5.2. There are 8 modules in the
pack, and thus up to 8 balancing operations happening simultaneously at any point in
time. The balancing does not happen continuously. Rather, a balancing pulse every

1 minute is administered that triggers the start of balancing during the drive cycle.
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Figure 5.6: Simulation - Battery Module Model
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5.2 Results

The results of the cell balancing vehicle modeling for the 2018 Chevrolet Bolt show
expected values. The LV2C circuit taps into more of the usable capacity in the vehicle,
extending the range. The amount of range extension depends on the efficiency of the
DC/DC, as well as the balancing current and time between balancing operations. For
this study, the efficiency for each experimental case was used to determine the LV2C
efficiency during simulation. In addition, the time between balancing operations was
set to 1 minute. The balancing current was varied; 0A, 2A and 5A were used. A 12V
lead-acid battery was simulated in the model, thus the system is a closed loop and
the calculated range extension reflects the true results.

Figures 5.7 and 5.8 show SOC over time of varied capacity cells during repeats
of the UDDS and HWFET drive cycles. The plots show cells with the lowest, low,
average, upper, and maximum cell capacities out of the trial, as well as the average
pack SOC. The range of the vehicle when the cells are ideal will be the largest out
of any of the tests. This is true since no balancing would be needed to tap into the
full capacity of the vehicle, and thus no energy lost to the balancing circuit. This is
reflected in Figures 5.7a, 5.7b and 5.7¢ for the UDDS test and similarly for the top row
of the HWFET repeats in Figure 5.8. Since the cells have the same capacity, the SOC
does not diverge over time. The more variation in the cells, the less usable capacity
is available, and the range is decreased with no active balancing. It is evident for the
worst case of UDDS and HWFET in Figures 5.7g and 5.8g, where the minimum cell
capacity reaches 5% SOC first even though the average pack SOC and maximum cell

SOC is much greater.
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Figure 5.7: Cell SOC over Time - UDDS Repeats
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Figure 5.8: Cell SOC over Time - HWFET Repeats
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The range results are summarized in Tables 5.2 and 5.3. The first row calculates
the non-balanced range decrease of 0 = 2% and o0 = 5% based on the ideal case
for sigma = 0%. The next two rows for 2A and 5A balancing currents calculate
the 0 = 2% and o = 5% range increases when compared to the 0A range in the
same column. The largest range increase of 4.08% can be seen in Table 5.2 for both
o = 2% and o = 5% with a balancing current of 5A. For o = 2%, both 2A and 5A
keep the SOC values at the pack mean, seen in Figures 5.7e and 5.7f. They both
fully utilize the pack capacity when considering LV2C losses, and thus arrive at the
same range. On the highway, Table 5.3 shows that the range can be extended by
up to 3.85% for the case of 0 = 2% with a 5A balancing current. As expected,
the OA balancing for both UDDS and HWFET show that the range will remain the
same. The small decrease is due to the energy consumed while running the balancing
circuit algorithm. The smallest increase in range is seen for the HWFET case at
o = 2% and 2A balancing. The amount of balancing current can’t keep up with the
divergence in cell SOC, suggesting that there is a minimum balancing current needed
for certain cases. This is also true for o = 5% with 5A, which shows a lower value
of 3.04% due to the difficulty of balancing larger SOC divergence. It is interesting to
note that state-of-the-art balancing current typically does not exceed 2A, and thus
the diverging SOC of aged packs cannot be accounted for in most active balancing

solutions on the market today.
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Table 5.2: Range Extension from LV2C Balancing - UDDS Repeats

Balancing Current o = 0% oc=2% Range Increase o =5%  Range Increase
0A 493.48 km  469.92 km -4.77% 469.92 km -4.77%
2A 493.44 km  489.10 km 4.08% 475.43 km 1.17%
5A 493.39 km  489.11 km 4.08% 489.11 km 4.08%

Table 5.3: Range Extension from LV2C Balancing - HWFET Repeats

Balancing Current o = 0% oc=2% Range Increase o =5%  Range Increase
0A 420.31 km  400.83 km -4.64% 383.23 km -8.82%
2A 420.29 km 404.12 km 0.82% 393.26 km 2.62%
5A 420.28 km  416.26 km 3.85% 394.87 km 3.04%
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Chapter 6

Conclusions and Future Work

6.1 Summary of Research

In summary, the research objectives were achieved. A cell balancing circuit was
proposed that allowed the transfer of energy easily from non-adjacent cells in an
EV battery pack. This circuit could achieve a minimization in the SOC differences
between all cells in the pack, demonstrated by the experimental work. Each case
was proved experimentally - odd charging, odd discharging, even charging and even
discharging - and efficiency was calculated. The proposed cell balancing DC/DC
converter used minimal components, ultimately reducing the cost and weight of an
active balancing circuit when compared to similar state-of-the-art hardware. The
Matlab/Simulink code demonstrated that the active balancing circuit is beneficial
for non-ideal battery cells in a pack. The range of the vehicle with and without
the balancing aid was calculated and compared. A range extension of up to 4.08%
during city driving can be found for multiple cases, while highway driving saw a range

extension of up to 3.85%.
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In Chapter 2, a review of battery characteristics and their safe operation is
presented. The design choices made when constructing battery packs are discussed.
Finally, battery balancing is thoroughly examined and state-of-the-art discussed.

Chapter 3 proposes a LV2C active battery balancing circuit that executes the
design requirements. The concept, design, modeling and control of the circuit are
discussed in detail.

In Chapter 4, the results of the experimental work with the LV2C circuit are
shown. Each test case is proven and efficiencies are calculated.

Chapter 5 reviewed vehicle modeling concepts, as well as the vehicle model of a
2018 Chevrolet Bolt in Matlab/Simulink used for the research. The potential range
extension with the LV2C circuit are presented.

In conclusion, active balancing shows promise for extending the range of a vehicle.
Despite having a lower efficiency than other complex cell balancing circuits, the LV2C
was able to extend vehicle range by 4.08%. The proposed circuit struck a balance
between the current industrial standard, and the state-of-the-art complex circuits

while maintaining a significant improvement over the no balancing case.

6.2 Recommendations and Future Work

The LV2C prototype testing should continue in order to gather additional

experimental data. Several directions for future experimental work are summarized:
e Converge the SOCs of all lithium-ion cells in a module
e Test the LV2C prototype on a wide range of cell SOC

e Enable synchronous mode of the DC/DC converter
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e Add a larger output filter to reduce ringing present on cells
e Generate a power versus efficiency curve for the DC/DC converter

e Redesign both PCBs for the switch matrix and DC/DC

Although the experiments show that energy can be transferred in and out of a
single cell as well as the three-cell stack, the convergence of SOCs for a full 12-cell
pack was not completed during the research. This would aid to further prove the
LV2C concept in hardware.

The LV2C prototype was also tested at a fixed SOC and starting voltage. In order
to fully test the product, the efficiency of the LV2C hardware should be recorded over
the full range of SOC values.

Additionally, the flyback DC/DC converter was limited to asynchronous switching
during the research. In order to increase the efficiency of the converter, synchronous
switching should be tested on the LV2C prototype. Synchronous switching adds
control complexity, but it would decrease the voltage over the secondary side switch
during conduction and thus decrease losses in the flyback converter.

A larger output filter may help to reduce the unwanted voltage ringing that was
present on the cells during experimental measurements. The output filter should be
explored further, in addition to implementing a smaller voltage ripple requirement on
the DC/DC converter.

The flyback DC/DC converter operations were limited to a static 100kHz
switching frequency and respective duty cycles for each test case. In order to fully
describe the DC/DC converter operation, other frequencies should be tested, as well

as different duty cycles and thus several loads for the converter. A power versus
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efficiency curve for the DC/DC converter should be measured for multiple loads and
for each test case; odd charge, odd discharge, even charge and even discharge.
Finally, a redesign of both PCBs should be performed. The PCBs were designed
with the intent of flexible testing; the switch matrix could remain attached to the
module while different DC/DC converters and redesigns could be swapped, and vice-
versa. Preferably, these PCBs would be housed on a single PCB with embedded
software programmed onto a CPU to eliminate the bulky DB-37 connectors for the
Opal-RT HIL simulator. The PCBs were two layers in the research, while later
revisions may want to add layers to reduce the footprint of traces. Additionally, this
PCB should be housed within an enclosure that is rated for automotive applications,
and have multiple connectors. It should have outputs for CAN communications, a
CPU programming header, and a single input from the 12V lead-acid battery. From
the 12V connection, 5V or 3.3V should be regulated to provide the CPU and IC input
power, and 12V may be routed to the DC/DC converter input and gate drivers.
This PCB could also be combined with other BMS functions, such as cell voltage
monitoring, to further reduce PCB footprints in the vehicle. Finally, care should be
taken to optimize the layout of the PCB to reduce parasitic resistance, capacitance
and inductance by reducing the physical size and length of both the power-carrying
traces, as well as the switch and gate driver connections. Reducing these can help to
decrease switching node voltage ringing and improve the output waveforms.

With respect to the vehicle model, several improvements can be made:

e Compare LV2C vehicle simulations against other balancing circuits

e Test the LV2C algorithm with several classifications of vehicles (light-duty

passenger, medium-duty passenger, light-duty trucks and heavy-duty trucks)
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Size the cooling system according to losses, add as weight

Add an SOC dependency for the LV2C efficiency lookup table

Add the power versus efficiency curve of the LV2C circuit

Use a higher-order battery model

It would be incredibly valuable to compare other cell balancing circuits with LV2C
on a system level. This would allow a direct comparison for automotive manufacturers
to asses which cell balancing circuit would suit their needs. To complete this future
work, one would need to program and test multiple cell balancing circuits in simulation
or hardware to obtain their efficiency curves. These curves would appear as lookup
tables in the vehicle model. The balancing algorithms for each type of cell balancing
would be programmed and should replace the LV2C controller in simulation. It
would be interesting to note which cell balancing algorithms could not keep up with
the SOC divergence of cells, seen in the HWFET test with low balancing current and
large SOC variance during this research. It would aid in deciding what the minimum
cell balancing current truly should be based on SOC variance, and create a standard
for cell balancing during the lifetime of the EV pack.

Testing different classifications of vehicles would expand the work and find a target
vehicle where LV2C shows the greatest promise. Since LV2C is characterized by faster
balancing, it may show much greater results for cells that are under large loads, such
as for an electric bus. Additionally, cells with larger current load may require a
larger balancing current to address their SOC divergence than typical cell balancing
methods on the market today. LV2C is a flexible solution where the cell balancing

DC/DC converter may be sized larger or smaller based on the required application,
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while providing similar fast balancing capabilities.

The thermal aspect of the vehicle model was not addressed, and is limited to
electrical simulation only. However, the cooling system plays a large part in the final
weight of the vehicle. In future work, the cooling system should be sized to address
the heating requirements of the system, and weight added to the vehicle model.

The latter items - LV2C SOC dependency, LV2C power versus efficiency curves,
and higher order battery models - are all used to increase the vehicle model’s
accuracy. Currently, the vehicle model is an accurate representation of a single
operating point for the LV2C system. The vehicle model can be further expanded to
include other operating points, thus allowing for complex control and searching for

optimal operating points to reduce system losses.

110



References

1]

International Energy Agency. Global EV outlook 2019: Scaling-up the
transition to electric mobility, . URL https://www.oecd-ilibrary.org/

energy/global-ev-outlook-2019_35fb60bd-en.

John W. Brennan and Timothy E. Barder. Battery electric vehicles vs.
internal combustion engine vehicles. URL https://www.adlittle.com/sites/
default/files/viewpoints/ADL_BEVs_vs_ICEVs_FINAL_November_292016.

pdf.

International Energy Agency. Global EV outlook 2018. page 139, . URL https:

//www.iea.org/reports/global-ev-outlook-2018.

Zifei Yang and Anup Bandivadekar. 2017 global update: Light-duty vehicle

greenhouse gas and fuel economy standards. page 36.

ICCT. The surge of electric vehicles in united states cities. URL
https://theicct.org/sites/default/files/publications/ICCT_EV_

surge_US_cities_20190610.pdf.

Paolo Brenni, Roberto Galdi, Francesco Pietra, and Antonio Savini. From volta

onwards: A variety of electrical batteries in the pavia museum of electrical

111


https://www.oecd-ilibrary.org/energy/global-ev-outlook-2019_35fb60bd-en
https://www.oecd-ilibrary.org/energy/global-ev-outlook-2019_35fb60bd-en
https://www.adlittle.com/sites/default/files/viewpoints/ADL_BEVs_vs_ICEVs_FINAL_November_292016.pdf
https://www.adlittle.com/sites/default/files/viewpoints/ADL_BEVs_vs_ICEVs_FINAL_November_292016.pdf
https://www.adlittle.com/sites/default/files/viewpoints/ADL_BEVs_vs_ICEVs_FINAL_November_292016.pdf
https://www.iea.org/reports/global-ev-outlook-2018
https://www.iea.org/reports/global-ev-outlook-2018
https://theicct.org/sites/default/files/publications/ICCT_EV_surge_US_cities_20190610.pdf
https://theicct.org/sites/default/files/publications/ICCT_EV_surge_US_cities_20190610.pdf

M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[10]

[11]

[12]

technology. In 2012 Third IEEE HISTory of ELectro-technology CONference
(HISTELCON), pages 1-6. doi: 10.1109/HISCON.2012.6487561. ISSN: null.

Isidor Buchmann. Advantages & limitations of the lithium-ion battery -
battery university, . URL https://batteryuniversity.com/learn/archive/

is_lithium_ion_the_ideal_battery.

Bruno Scrosati and Jirgen Garche. Lithium batteries: Status, prospects
and future. 195(9):2419-2430. ISSN 0378-7753. doi: 10.1016/j.jpowsour.
2009.11.048. URL http://www.sciencedirect.com/science/article/pii/

S0378775309020564.

Jian Cao, Nigel Schofield, and Ali Emadi. Battery balancing methods: A
comprehensive review. In 2008 IEEE Vehicle Power and Propulsion Conference,

pages 1-6. doi: 10.1109/VPPC.2008.4677669. ISSN: 1938-8756.

A123 Systems. Product and technology resources. URL https:
//web.archive.org/web/20180111082238/http://www.al23systems. com/

resources-overview.htm.

AA Portable Power Corporation.  Battery space.  URL https://www.

batteryspace.com/.

Valence. Standard lithium ion battery modules | 12v, 24v, 36v,
48v. URL https://web.archive.org/web/20170703004521/https://www.

valence.com/products/standard-modules/.

Héctor D. Abruna, Yasuyuki Kiya, and Jay C. Henderson. Batteries and
electrochemical capacitors. 61(12):43-47. ISSN 0031-9228. doi: 10.1063/1.

112


https://batteryuniversity.com/learn/archive/is_lithium_ion_the_ideal_battery
https://batteryuniversity.com/learn/archive/is_lithium_ion_the_ideal_battery
http://www.sciencedirect.com/science/article/pii/S0378775309020564
http://www.sciencedirect.com/science/article/pii/S0378775309020564
https://web.archive.org/web/20180111082238/http://www.a123systems.com/resources-overview.htm
https://web.archive.org/web/20180111082238/http://www.a123systems.com/resources-overview.htm
https://web.archive.org/web/20180111082238/http://www.a123systems.com/resources-overview.htm
https://www.batteryspace.com/
https://www.batteryspace.com/
https://web.archive.org/web/20170703004521/https://www.valence.com/products/standard-modules/
https://web.archive.org/web/20170703004521/https://www.valence.com/products/standard-modules/

M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[15]

[16]

[17]

[18]

[19]

3047681. URL http://physicstoday.scitation.org/doi/full/10.1063/1.

3047681. Publisher: American Institute of Physics.

J.M. Tarascon and Michel Armand. Issues and challenges facing
rechargeable lithium batteries. 414. doi:  10.1038/35104644. URL
https://www.researchgate.net/publication/11640856_Issues_and_

Challenges_Facing_Rechargeable_Lithium_Batteries. Library Catalog:

www.researchgate.net.

Languang Lu, Xuebing Han, Jianqiu Li, Jianfeng Hua, and Minggao Ouyang. A
review on the key issues for lithium-ion battery management in electric vehicles.
226:272-288. ISSN 03787753. doi: 10.1016/j.jpowsour.2012.10.060. URL https:

//linkinghub.elsevier.com/retrieve/pii/S0378775312016163.

Woodbank Communications Ltd. Lithium battery failures. URL https://www.

mpoweruk.com/lithium_failures.htm.

Digikey. A designer’s guide to lithium ion (li-ion) battery
charging. URL https://www.digikey.ca/en/articles/

a-designer-guide-fast-lithium-ion-battery-charging.

Tom Nardi. Tesla model 3 battery pack teardown. URL https://hackaday.

com/2018/06/04/tesla-model-3-battery-pack-teardown/.

Christopher Arcus. Tesla model 3 & chevy bolt battery packs
examined. URL https://cleantechnica.com/2018/07/08/

tesla-model-3-chevy-bolt-battery-packs-examined/.

113


http://physicstoday.scitation.org/doi/full/10.1063/1.3047681
http://physicstoday.scitation.org/doi/full/10.1063/1.3047681
https://www.researchgate.net/publication/11640856_Issues_and_Challenges_Facing_Rechargeable_Lithium_Batteries
https://www.researchgate.net/publication/11640856_Issues_and_Challenges_Facing_Rechargeable_Lithium_Batteries
https://linkinghub.elsevier.com/retrieve/pii/S0378775312016163
https://linkinghub.elsevier.com/retrieve/pii/S0378775312016163
https://www.mpoweruk.com/lithium_failures.htm
https://www.mpoweruk.com/lithium_failures.htm
https://www.digikey.ca/en/articles/a-designer-guide-fast-lithium-ion-battery-charging
https://www.digikey.ca/en/articles/a-designer-guide-fast-lithium-ion-battery-charging
https://hackaday.com/2018/06/04/tesla-model-3-battery-pack-teardown/
https://hackaday.com/2018/06/04/tesla-model-3-battery-pack-teardown/
https://cleantechnica.com/2018/07/08/tesla-model-3-chevy-bolt-battery-packs-examined/
https://cleantechnica.com/2018/07/08/tesla-model-3-chevy-bolt-battery-packs-examined/

M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[20]

[21]

[22]

[23]

[24]

[25]

[20]

R. Dyche Anderson, Regan Zane, Gregory Plett, Dragan Maksimovic, Kandler
Smith, and M. Scott Trimboli. Life balancing — a better way to balance large
batteries. pages 2017-01-1210. doi: 10.4271/2017-01-1210. URL https://www.

sae.org/content/2017-01-1210/.

Ephrem Chemali, Matthias Preindl, Pawel Malysz, and Ali Emadi.
Electrochemical and electrostatic energy storage and management systems for
electric drive vehicles: State-of-the-art review and future trends. 4(3):1117-1134.

ISSN 2168-6785. doi: 10.1109/JESTPE.2016.2566583.

Isidor Buchmann. Can batteries be restored? — battery university,
URL https://batteryuniversity.com/index.php/learn/article/can_

batteries_be_restored.

Mohamed Daowd, Noshin Omar, Peter Van den Bossche, and Joeri Van Mierlo.
A review of passive and active battery balancing based on MATLAB /simulink.
6:2974-29809.

Javier Gallardo-Lozano, Enrique Romero-Cadaval, M. Milanes-Montero, and
Miguel Guerrero-Martinez. Battery equalization active methods. 246:934-949.
doi: 10.1016/j.jpowsour.2013.08.026.

V.L. Teofilo, L.V. Merritt, and R.P. Hollandsworth. Advanced lithium ion
battery charger. In The Twelfth Annual Battery Conference on Applications and
Advances, pages 227-231. doi: 10.1109/BCAA.1997.574108. ISSN: 1089-8182.

Antonio Manenti, Andrea Abba, Alessandro Merati, Sergio M. Savaresi, and

114


https://www.sae.org/content/2017-01-1210/
https://www.sae.org/content/2017-01-1210/
https://batteryuniversity.com/index.php/learn/article/can_batteries_be_restored
https://batteryuniversity.com/index.php/learn/article/can_batteries_be_restored

M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[27]

[29]

[31]

Angelo Geraci. A new BMS architecture based on cell redundancy. 58(9):4314—
4322. ISSN 1557-9948. doi: 10.1109/TTE.2010.2095398.

C. Pascual and P.T. Krein. Switched capacitor system for automatic series
battery equalization. In Proceedings of APEC 97 - Applied Power Electronics
Conference, volume 2, pages 848-854 vol.2. doi: 10.1109/APEC.1997.575744.
ISSN: null.

Yuanmao Ye and Ka Wai Eric Cheng.  Analysis and design of zero-
current switching switched-capacitor cell balancing circuit for series-connected
battery/supercapacitor. 67(2):948-955. ISSN 1939-9359. doi: 10.1109/TVT.
2017.2749238.

Moon-Young Kim, Chol-Ho Kim, Jun-Ho Kim, and Gun-Woo Moon. A chain
structure of switched capacitor for improved cell balancing speed of lithium-ion

batteries. 61(8):3989-3999, . ISSN 1557-9948. doi: 10.1109/TITE.2013.2288195.

Yunlong Shang, Bing Xia, Chenghui Zhang, Naxin Cui, Jufeng Yang, and
Chris Mi. A modularization method for battery equalizers using multiwinding
transformers. 66(10):8710-8722, . ISSN 1939-9359. doi: 10.1109/TVT.2017.
2702065.

Yuanmao Ye, Ka Wai E. Cheng, Yat Chi Fong, Xiangdang Xue, and Jiongkang
Lin. Topology, modeling, and design of switched-capacitor-based cell balancing
systems and their balancing exploration. 32(6):4444-4454. ISSN 1941-0107. doi:

10.1109/TPEL.2016.2584925.

115



M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[32]

33]

[34]

[35]

[36]

[37]

Yunlong Shang, Chenghui Zhang, Naxin Cui, and Josep M. Guerrero. A cell-
to-cell battery equalizer with zero-current switching and zero-voltage gap based
on quasi-resonant LC converter and boost converter. 30(7):3731-3747, . ISSN
1941-0107. doi: 10.1109/TPEL.2014.2345672.

Moon-Young Kim, Jun-Ho Kim, and Gun-Woo Moon. Center-cell concentration
structure of a cell-to-cell balancing circuit with a reduced number of switches.

29(10):5285-5297, . ISSN 1941-0107. doi: 10.1109/TPEL.2013.2292078.

Yunlong Shang, Chenghui Zhang, Naxin Cui, and Chunting Chris Mi. A delta-
structured switched-capacitor equalizer for series-connected battery strings. 34

(1):452-461, . ISSN 1941-0107. doi: 10.1109/TPEL.2018.2826010.

Rohit Ugle, Yaoyu Li, and Anoop Dhingra. Equalization integrated online
monitoring of health map and worthiness of replacement for battery pack of
electric vehicles. 223:293-305. ISSN 0378-7753. doi: 10.1016/j.jpowsour.
2012.09.083. URL http://www.sciencedirect.com/science/article/pii/

S0378775312015042.

Yuang-Shung Lee and Ming-Wang Cheng. Intelligent control battery equalization
for series connected lithium-ion battery strings. 52(5):1297-1307, . ISSN 1557-
9948. doi: 10.1109/TIE.2005.855673.

Y.-S. Lee and G.-T. Cheng. Quasi-resonant zero-current-switching bidirectional
converter for battery equalization applications. 21(5):1213-1224, . ISSN 1941-

0107. doi: 10.1109/TPEL.2006.880349.

116


http://www.sciencedirect.com/science/article/pii/S0378775312015042
http://www.sciencedirect.com/science/article/pii/S0378775312015042

M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[38]

[39]

[40]

[42]

[43]

Sang-Hyun Park, Ki-Bum Park, Hyoung-Suk Kim, Gun-Woo Moon, and Myung-
Joong Youn. Single-magnetic cell-to-cell charge equalization converter with
reduced number of transformer windings. 27(6):2900-2911. ISSN 1941-0107.
doi: 10.1109/TPEL.2011.2178040.

Federico Baronti, Gabriele Fantechi, Roberto Roncella, and Roberto Saletti.
High-efficiency digitally controlled charge equalizer for series-connected cells
based on switching converter and super-capacitor. 9(2):1139-1147. ISSN 1941-
0050. doi: 10.1109/TII.2012.2223479.

Luiz Fernando Lavado Villa, Xavier Pichon, Farshid Sarrafin-Ardelibi, Bertrand
Raison, Jean Christophe Crebier, and Antoine Labonne. Toward the design of
control algorithms for a photovoltaic equalizer: Choosing the optimal switching
strategy and the duty cycle. 29(3):1447-1460. ISSN 1941-0107. doi: 10.1109/
TPEL.2013.2260177.

Kyung-Min Lee, Yoo-Chae Chung, Chang-Hyeon Sung, and Bongkoo Kang.
Active cell balancing of li-ion batteries using LC series resonant circuit. 62(9):

5491-5501, . ISSN 1557-9948. doi: 10.1109/TIE.2015.2408573.

Fabien Mestrallet, Lyubomir Kerachev, Jean-Christophe Crebier, and Alexandre
Collet. Multiphase interleaved converter for lithium battery active balancing. 29

(6):2874-2881. ISSN 1941-0107. doi: 10.1109/TPEL.2013.2276152.

Yingxian Ma, Ahsanuzzaman, and Aleksandar Prodi¢. A hardware efficient
lithium-ion cell balancing technique utilizing low-volume hybrid DC-DC
converter. In IECON 2017 - 43rd Annual Conference of the IEEE Industrial

117



M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[44]

[46]

[47]

[48]

[49]

FElectronics Society, pages 566-570. doi: 10.1109/IECON.2017.8216099. ISSN:

null.

Wei Jiang, Lili Huang, Lei Zhang, Hui Zhao, Liang Wang, and Wu Chen. Control
of active power exchange with auxiliary power loop in a single-phase cascaded
multilevel converter-based energy storage system. 32(2):1518-1532. ISSN 1941-
0107. doi: 10.1109/TPEL.2016.2543751.

Siqi Li, Chunting Chris Mi, and Mengyang Zhang. A high-efficiency active
battery-balancing circuit using multiwinding transformer. 49(1):198-207. ISSN
1939-9367. doi: 10.1109/TTA.2012.2229455.

Kyung-Min Lee, Sang-Won Lee, Yoon-Geol Choi, and Bongkoo Kang. Active
balancing of li-ion battery cells using transformer as energy carrier. 64(2):1251—

1257, . ISSN 1557-9948. doi: 10.1109/TTE.2016.261148]1.

C.S. Moo, Y.C. Hsieh, and 1.S. Tsai. Charge equalization for series-connected
batteries. 39(2):704-710. ISSN 2371-9877. doi: 10.1109/TAES.2003.1207276.

Geon-Hong Min and Jung-Tk Ha. Active cell balancing algorithm for serially
connected li-ion batteries based on power to energy ratio. In 2017 IEEE Energy
Conversion Congress and Ezposition (ECCE), pages 2748-2753. doi: 10.1109/
ECCE.2017.8096514.

Markus Einhorn, Wolfgang Guertlschmid, Thomas Blochberger, Rupert
Kumpusch, Robert Permann, Fiorentino Valerio Conte, Christian Kral, and

Juergen Fleig. A current equalization method for serially connected battery cells

118



M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[50]

[51]

[52]

[53]

[54]

[55]

using a single power converter for each cell. 60(9):4227-4237, . ISSN 1939-9359.
doi: 10.1109/TVT.2011.2168988.

Masatoshi Uno and Koji Tanaka. Single-switch multioutput charger using voltage
multiplier for series-connected lithium-ion battery/supercapacitor equalization.

60(8):3227-3239. ISSN 1557-9948. doi: 10.1109/TIE.2012.2203776.

Masatoshi Uno and Akio Kukita. Double-switch equalizer using parallel-
or series-parallel-resonant inverter and voltage multiplier for series-connected
supercapacitors. 29(2):812-828, . ISSN 1941-0107. doi: 10.1109/TPEL.2013.
2257867.

Minfan Fu, Chen Zhao, Jibin Song, and Chengbin Ma. A low-cost voltage
equalizer based on wireless power transfer and a voltage multiplier. 65(7):5487—

5496. ISSN 1557-9948. doi: 10.1109/TIE.2017.2777403.

Masatoshi Uno and Akio Kukita. Single-switch single-transformer cell voltage
equalizer based on forward-flyback resonant inverter and voltage multiplier for
series-connected energy storage cells. 63(9):4232-4247, . ISSN 1939-9359. doi:
10.1109/TVT.2014.2312381.

Chung-Ming Young, Neng-Yi Chu, Liang-Rui Chen, Yu-Chih Hsiao, and Chia-
Zer Li. A single-phase multilevel inverter with battery balancing. 60(5):1972—
1978. ISSN 1557-9948. doi: 10.1109/TTE.2012.2207656.

Chol-Ho Kim, Moon-Young Kim, Hong-Sun Park, and Gun-Woo Moon. A

119



M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[57]

[60]

modularized two-stage charge equalizer with cell selection switches for series-
connected lithium-ion battery string in an HEV. 27(8):3764-3774, . ISSN 1941-
0107. doi: 10.1109/TPEL.2012.2185248.

Chol-Ho Kim, Moon-Young Kim, and Gun-Woo Moon. A modularized charge
equalizer using a battery monitoring IC for series-connected li-ion battery strings
in electric vehicles. 28(8):3779-3787, . ISSN 1941-0107. doi: 10.1109/TPEL.2012.
2227810.

Naxin Cui, Yunlong Shang, Qi Zhang, and Chenghui Zhang. A direct multi-cells-
to-multi-cells equalizer based on LC matrix converter for series-connected battery
strings. In 2018 IEEE Applied Power FElectronics Conference and Exposition
(APEC), pages 680-683. doi: 10.1109/APEC.2018.8341085. ISSN: 2470-6647.

Matthias Preindl. A battery balancing auxiliary power module with predictive
control for electrified transportation. 65(8):6552-6559. ISSN 1557-9948. doi:
10.1109/T1E.2017.2682030.

Michael Evzelman, M. Muneeb Ur Rehman, Kelly Hathaway, Regan Zane, Daniel
Costinett, and Dragan Maksimovic. Active balancing system for electric vehicles
with incorporated low-voltage bus. 31(11):7887-7895. ISSN 1941-0107. doi:
10.1109/TPEL.2015.2513432.

M. Muneeb Ur Rehman, Michael Evzelman, Kelly Hathaway, Regan Zane,
Gregory L. Plett, Kandler Smith, Eric Wood, and Dragan Maksimovic. Modular
approach for continuous cell-level balancing to improve performance of large
battery packs. In 2014 IEEE FEnergy Conversion Congress and Fxposition
(ECCE), pages 4327-4334. doi: 10.1109/ECCE.2014.6953991. ISSN: 2329-3748.

120



M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[61]

[62]

[63]

[65]

[66]

Weizhong Wang and Matthias Preindl. Modeling and control of a dual cell link
for battery-balancing auxiliary power modules. In 2018 IEEE Applied Power
FElectronics Conference and Ezposition (APEC), pages 3340-3345, . doi: 10.
1109/APEC.2018.8341582. ISSN: 2470-6647.

Weizhong Wang and Matthias Preindl. Design and implementation of a dual cell
link for battery-balancing auxiliary power modules. In 2018 IEEFE Transportation
Electrification Conference and FEzpo (ITEC), pages 898-903, . doi: 10.1109/
ITEC.2018.8450218. ISSN: null.

Gustavo Florentino and M. Scott Trimboli. Lithium-ion battery management
using physics-based model predictive control and DC-DC converters. In 2018
IEEE Transportation Electrification Conference and Ezpo (ITEC), pages 916
921. doi: 10.1109/ITEC.2018.8450187. ISSN: null.

Markus Einhorn, Werner Roessler, and Juergen Fleig. Improved performance of
serially connected li-ion batteries with active cell balancing in electric vehicles.

60(6):2448-2457, . ISSN 1939-9359. doi: 10.1109/TVT.2011.2153886.

Infineon Technologies. BSO604ns2 infineon technologies | mouser canada, . URL

https://www.mouser.ca/ProductDetail/726-BS0604NS2.

Silicon Labs. Si828x isolated gate drivers - silicon labs. URL
https://www.silabs.com/isolation/isolated-gate-drivers/

51828x-isolated-gate-drivers.

Prasanth Thummala, Dragan Maksimovic, Zhe Zhang, and Michael A. E.
Andersen. Digital control of a high-voltage (2.5 kV) bidirectional DC-DC

121


https://www.mouser.ca/ProductDetail/726-BSO604NS2
https://www.silabs.com/isolation/isolated-gate-drivers/si828x-isolated-gate-drivers
https://www.silabs.com/isolation/isolated-gate-drivers/si828x-isolated-gate-drivers

M.A.Sc. Thesis — C. Riczu McMaster University — Electrical Engineering

[68]

[70]

[71]

[72]

flyback converter for driving a capacitive incremental actuator. 31(12):8500—
8516. ISSN 1941-0107. doi: 10.1109/TPEL.2016.2520497. Conference Name:

IEEE Transactions on Power Electronics.

Peiwen He and Alireza Khaligh. Comprehensive analyses and comparison of 1
kW isolated DC-DC converters for bidirectional EV charging systems. 3(1):147—
156. ISSN 2332-7782. doi: 10.1109/TTE.2016.2630927. Conference Name: IEEE

Transactions on Transportation Electrification.

Hang-Seok Choi. Design guidelines for offline flyback converters using fairchild
power switch. URL https://www.onsemi.com/pub/Collateral/AN-4137.pdf.

pdf.

Lisa Dinwoodie. Understanding the basics of a flyback converter. URL https:
//training.ti.com/understanding-basics-flyback-converter.  Library

Catalog: training.ti.com.

Infineon  Technologies. IPP80n06s2l-h5 - infineon technologies,
URL https://www.infineon.com/cms/en/product/power/mosfet/
20v-800v-automotive-mosfet/55v-60v-n-channel-automotive-mosfet/

ipp80n06s21-h5/. Library Catalog: www.infineon.com.

Wurth Elektronik. 750312504 wurth elektronik | mouser. URL https://www.

mouser.ca/ProductDetail/710-750312504. Library Catalog: www.mouser.ca.

122


https://www.onsemi.com/pub/Collateral/AN-4137.pdf.pdf
https://www.onsemi.com/pub/Collateral/AN-4137.pdf.pdf
https://training.ti.com/understanding-basics-flyback-converter
https://training.ti.com/understanding-basics-flyback-converter
https://www.infineon.com/cms/en/product/power/mosfet/20v-800v-automotive-mosfet/55v-60v-n-channel-automotive-mosfet/ipp80n06s2l-h5/
https://www.infineon.com/cms/en/product/power/mosfet/20v-800v-automotive-mosfet/55v-60v-n-channel-automotive-mosfet/ipp80n06s2l-h5/
https://www.infineon.com/cms/en/product/power/mosfet/20v-800v-automotive-mosfet/55v-60v-n-channel-automotive-mosfet/ipp80n06s2l-h5/
https://www.mouser.ca/ProductDetail/710-750312504
https://www.mouser.ca/ProductDetail/710-750312504

	Lay Abstract
	Abstract
	Acknowledgements
	Notation, Definitions, and Abbreviations
	Introduction
	Background and Motivation
	Research Objectives and Contributions
	Thesis Organization

	Energy Storage Systems
	Battery Characteristics and Modeling
	Battery Cells
	2.1.1.1 Chemistry
	2.1.1.2 Form Factor
	2.1.1.3 Safety and Operating Limits

	Battery Modeling
	2.1.2.1 Ideal Model
	2.1.2.2 Behavioural Model
	2.1.2.3 Equivalent Circuit Model

	Electric Vehicle Pack
	2.1.3.1 Cell Selection


	Battery Balancing Circuits
	Motivation
	Passive Balancing
	Active Balancing
	2.2.3.1 Adjacent Cell-to-Cell
	2.2.3.2 Direct Cell-to-Cell
	2.2.3.3 Cell-to-Pack
	2.2.3.4 Pack-to-Cell
	2.2.3.5 Multi-Cell-to-Multi-Cell
	2.2.3.6 Low-Voltage Connection



	Proposed Low-Voltage-to-Cell Balancing Circuit
	System Architecture
	Proposed Topology
	Switch Matrix Design
	Switch Matrix Topology Selection
	Principles of Operation
	Non-Ideal Transients
	Component Selection

	DC/DC Converter Design
	Converter Topology Selection
	Principles of Operation
	3.3.3.1 Derivations
	3.3.3.2 Conduction Modes
	3.3.2.3 Active Paths

	Non-Ideal Transients
	Component Selection

	Proposed Control
	Odd Cell Control
	Even Cell Control

	LV2C Simulations
	DC/DC Converter
	LV2C Operation


	Experimental Results
	LV2C Prototype
	Experimental Setup
	PCB Design
	HIL Code

	Results
	Analysis


	Vehicle Modeling for Range Extension
	Vehicle Modeling
	System Model
	5.1.1.1 Driver
	5.1.1.2 Controller
	5.1.1.3 Chassis
	5.1.2.4 Wheels
	5.1.2.5 Final Drive
	5.1.2.6 Motor and Inverter
	5.1.2.7 LV Loads
	5.1.2.8 APM
	5.1.2.4 Battery Pack

	Balancing Model
	5.1.2.2 Cell Capacity
	5.1.2.3 SOC Calculation


	Results

	Conclusions and Future Work
	Summary of Research
	Recommendations and Future Work


