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Abstract

The automobile industry is progressing toward plug-in hybrid (PHEV) and fully
electric vehicles (EV) in the near future. These new advanced architectures require
a substantially larger battery pack, which is used as the powertrain’s primary energy
storage device. Larger battery packs allow these vehicles to meet the demands of
greater electric ranges by using more parallel strings to increase the overall energy
storage capacity of the system. The life expectancy and performance of the battery
pack is of utmost importance. Due to manufacturing inconsistencies and unique
performance characteristics of individual cells in a typical pack, charge balancing of
a series/parallel configured battery module is critical. In this thesis, two different
balancing techniques are proposed and analyzed. A passive balancing system that
uses shunt resistors and an active balancing system that uses a‘“floating capacitor”
technique are proposed and applied to a battery module with such a configuration
in order to balance the individual battery cell voltages. A MATLAB simulator has
been developed to model the effects of both of these balancing techniques over a
series/parallel configured battery pack. This allows a thorough study of the balancing
system by varying the circuit parameters to establish a trend for the effects on system
performance. Additionally, the simulator provides a method for direct comparison
between the two balancing techniques. Results of an experimental setup with a

preliminary design of the “floating capacitor” cell balancing system are also discussed.
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Chapter 1

INTRODUCTION

1.1 Battery Packs

Hybrid electric vehicles (HEVs) have become the most viable and commercially
available alternative to the standard internal combustion engine (ICE) vehicle. HEVs
offer the benefits of reduced emissions and increased fuel economy while maintaining
overall vehicle performance, as measured by metrics such as 0-60 acceleration time,
braking, handling and towing. When developing a battery pack for automotive ap-
plications, several more design constraints need to be considered. The biggest effect
on vehicle performance is the weight of the vehicle. Therefore, additional constraints
such as size, weight and packaging also need to be optimized along with reliability,
cost, performance and battery pack capacity.

The majority of HEVs currently use nickel-metal hydride (NiMH) battery packs.
Vehicles such as plug-in hybrid vehicles (PHEVs) and electric vehicles (EVs) will
need battery packs that have a significantly larger effective energy density in order to
achieve improved emissions and fuel economy. Lithium-ion battery packs currently

provide the best solution to this issue.



1.1.1 Nickel-Metal Hydride

Current production HEVss use nickel-metal hydride battery packs, which are more
economically feasible than lithium-ion packs. Nickel metal hydride battery packs have
many additional features that have established this technology as the energy storage
system in this market. These batteries have a relatively high abuse tolerance to
overcharging and overdischarging and a wide range of operating temperatures (—30°C
to +65°C). Additionally, they are relatively maintenance free and have a long cycle
life (600 to 1200 cycles to 80% depth-of-discharge (DoD)) [6], as estimated from the
number of battery cycles completed over a ten year span. NiMH batteries also have
a higher energy density and power density than previous battery technologies, not
including lithium-ion, which has made these battery packs the choice for current HEV
applications.

Charge and discharge reversibility is a very important factor because a variation in
symmetry at various values of state-of-charge (SoC) can result in a growth of charge
imbalance or functional degradation of the individual battery cells in a pack [7]. The
reversibility in NiMH packs is seen over an SoC range between 40% and 80% [8]. Below
the lower bound, the internal resistance of the cells increases due to electrode and
transport kinetics which reduces the available discharge power [9]; whereas above the
upper bound, pressure within the cells causes the onset of hydrogen exchange which
decreases the overall specific discharge power [10]. Therefore, a balance in SoC of the
pack needs to be maintained so that there is sufficient discharge power for electric
boost as well as sufficient headroom for energy recovery from regenerative breaking.

Current HEVs use a significantly tighter range of SoC during operation to reduce

the effects of aging on a battery pack and maximize safety. The Toyota Prius is



an extreme example of this. It sustains an operating SoC of 56% while cycling SoC
deviation from the nominal within a tight tolerance of 5%. Other HEVs have a greater
tolerance of around 15% which, thus far, has been shown to not have any major
effects on the life of the battery pack [7]. These tolerances are needed because of the
relatively flat voltage curve across the 40% to 80% SoC range. The average variation
is approximately 0.7 mV per percent SoC in this range, which is very difficult to
manage. Maintaining such a tight tolerance can allow the pack to have a significantly
longer life. The risk of the battery pack going into thermal runaway and possibly
exploding is reduced, thus increasing the overall safety of the electrical system as well
as the vehicle passengers.

In order to achieve a larger electrical range, the SoC deviation tolerance needs
to be greater. Therefore, other chemistries such as lithium-ion are being considered,
since they have a greater range of operation without the drawback of reducing the
lifespan of the battery pack on board. With such a flat voltage curve along the
desired range, SoC estimation and cell balancing is also more difficult with a nickel-
metal hydride chemistry. Future HEVs, as well as EVs and PHEVs, will need to

consider technologies that can achieve greater performance metrics.
1.1.2 Lithium-Ion

Until recently, the lithium-ion battery has only been used in small consumer elec-
tronic devices such as cell phones and computers. Due to the cost and the difficulty of
the technology, until recently the lithium ion battery has not been considered practi-

cal for larger applications such as the use in advanced automotive applications. The



battery pack is considered the key element when designing alternative propulsion sys-
tems because its power and life decisively define the cost of the overall system [11].
The development of PHEVs and EVs requires larger battery packs to increase electri-
cal capacity because of the emphasis being placed on electric range and performance.
Therefore the lithium-ion battery is considered the most commercially viable option.

With the development of PHEVs and EVs, a wider range of SoC operation, which
lithium-ion batteries are capable of, is needed. When compared to NiMH batteries,
lithium-ion batteries offer superior advantages such as a higher cell voltage, superior
energy density and a lower self-discharge rate with no memory effect [12]. To create
such a battery pack, the cells are connected in series strings to increase the overall
pack voltage and strings are connected in parallel to increase the overall capacity.
This also increases the complexity of the system design and operation. Several issues
arise as a result of this complexity in areas such as battery system safety, thermal
management and battery management.

The chemical composition of lithium-ion batteries poses several health and safety
hazards, which is a major concern. The high energy density that these cells possess,
along with the reactive nature of the materials, make the battery system susceptible
to electrolyte fire, thermal runaway and in the worst case scenario, explosion [11].
Proper safety measures such as burst disks on each cell and fire resistant trays should
be used when designing these types of battery packs. The battery packs that are
designed for automotive applications must also be designed with passenger safety
in mind. Not only should there be safety measures if there is a failure during the

operation of the system, but also in the event of a vehicle crash. Therefore the packs



must be vented to the outside of the vehicle to prevent any harmful fumes from
contaminating the air of the passenger cabin.

An integral part of any lithium-ion battery pack is the thermal management sys-
tem. The thermal abuse tolerance of a pack is extremely sensitive to the exothermic
behavior of the cells. As the energy density of batteries increases, the exothermic
behaviors become more volatile and a larger number of thermal incidents have been
reported [13]. Therefore, the battery pack must maintain the rated optimal operating
temperature range which is typically less than the operating temperature of the vehi-
cle. If the batteries are not operated within this optimal range, the performance and
life expectancy of the cells within the pack will be affected [14]. If the temperature
is not monitored and maintained throughout the operation of the system, the cells
could become electrically imbalanced [15] and overheating could occur. This would
result in thermal runaway and the eventual failure of one or more battery cells in the
pack.

The characteristics of lithium-ion batteries and the possible failure mode situations
make a battery management system (BMS) very important in the overall lithium-ion
battery pack design. Due to manufacturing inconsistencies and unique performance
characteristics of the individual cells in a battery pack, the cells will charge and
discharge differently during battery pack operation [16]. Therefore, cell monitoring
and balancing is critical. Throughout the operation of the pack, the voltages of the
individual cells will start to drift away from each other over time and an imbalance in
SoC will result, causing the battery pack to operate at a lower efficiency. Particularly
for a series string of cells, the full electric potential will never be realized since it will

operate at the level of the weakest cell. This imbalance may cause some of the battery



cells in the pack to operate in overvoltage and undervoltage conditions, reducing the
overall life expectancy of the pack. Therefore, the focus of this research will revolve
around the cell balancing feature of the BMS and how the BMS can increase the

performance efficiency of a battery pack.

1.2 Cell Balancing Methods

Three different cell balancing methodologies are typically employed for series
strings: charging, passive and active. Active cell balancing methods remove charge
from higher cells and deliver it to lower cells while passive methods remove the excess
energy from the high cells through a resistive element until the charge matches those
of the lower cells in the pack. Charging methods are typically only applicable to EV
applications since the battery pack is usually fully charged between each use [2].

The battery pack for an HEV must be maintained at an SoC so that it can
discharge the required power for a boost or launch assist while still having enough
available capacity to accept all the power from regenerative braking [2]. Many battery
management systems that are currently used in modern EV and PHEV applications
employ a passive battery management system. The most common of these passive
systems uses a resistive clamp method for balancing. Local circuits are designed
around a string of cells which switch on shunt paths that divert excess charging
current around fully charged cells when they reach their upper voltage limit. This
resistive clamp method achieves a balancing effect where the SoC is maintained at
nearly 100 percent, but also results in a significant energy loss [7], [17]. The advantage
of this method is the relatively low cost and complexity, however the disadvantage is

that it results in a high amount of energy loss.



Active cell balancing methods work to reduce the high energy losses observed in
dissipative management systems. The next section provides a more detailed descrip-
tion of these types of techniques. The primary research component of this thesis will
focus on developing an active cell balancing method for a battery module that con-
sists of cells in a 3P4S (3 Parallel, 4 Series) configuration. These battery modules can
then be strung together to form a larger battery pack, to meet specifications for use
in automotive applications. Battery packs designed for HEVs and PHEVs must have
a parallel configuration to increase the capacity of the pack to extend the electrical
range of the vehicle. As mentioned before, there has been research designed around
series strings. This research will use similar topologies on parallel strings with the
goal of maintaining a high energy efficiency while reducing the cost and hardware

complexity of the system.

1.3 Active Cell Balancing Literature Review

There are typically two different categories of active cell balancing methods:
charge shuttling and energy converters [2]. Energy converters use transformers and
inductors to move energy among the cells of a battery pack. A buck-boost conversion
method proposed in [18] shunts each of the cells in a string with a converter. This
dynamically balances all of the cells over a charging period. The results show that
balancing is achieved with greater efficiency and minimal circuit losses as compared
to other non-dissipative methods. Similarly, [19] uses an isolated dec-to-dc converter
with a multiwinding transformer to integrate charge equalization functionality during
a trickle charging period. [20] uses bi-directional de-to-dc converters to not only bal-

ance cells during charging periods, but also discharging periods as well. The circuits



are not complex to build, however there are many electrical components needed which
increases the overall cost of the system.

A variation is to use buck-boost converters in parallel with a group of battery
cells that are in a series connection as shown in Figure 1.1. This reduces component
overhead while providing a stable DC voltage and eliminating the charge imbalance.
Therefore, cells can avoid being overcharged or overdischarged with this parallel con-
figuration. An additional advantage to this setup is that a completely exhausted or
damaged cell can be isolated or replaced without interrupting the system operation.
The major drawback of this method is the total energy conversion efficiency in par-
allel operation may decrease, especially when the input voltage of the converter is
much lower than the output voltage. Although there are several advantages to the
design, the overall cost and the decrease in energy efficiency eliminate it as a possible

choice for the research in this thesis.

BPM

Battery set Converter |

Battery st 2 Converter 2 Load

Batiery setn Converter n

Figure 1.1: Parallel converters connected to bank of series connected battery sets [1].

A similar technique described in [21] places dc-to-dc converters on each pair of

series connected cells that act as individual chargers. These converters are modified by
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a programming resistor that limits the current during a charging operation to equalize
all the cells while balancing. The segmented charger has been shown to properly
balance a series string of battery cells. This design has shown initial promising results,
however there is a significant cost associated to all the electrical components needed
to use this for automotive applications.

Two other energy conversion methods, summarized in [2], are the switched trans-
former and the shared transformer. The switched transformer, shown in Figure 1.2,
takes current from the entire pack and the transformer output is rectified through a
diode. Intelligent switches are used to deliver the charge to the lower charged battery
cells. This method can rapidly balance the lower cells at the cost of taking energy
from the whole pack. The drawback is the low efficiency due to the switching losses
and magnetics. The shared transformer has a single magnetic core with secondary
taps for each cell. It also takes current from the pack into the transformer primary
and induces currents in each of the secondary taps. The secondary with the least
terminal voltage will have the most induced current, thus balancing the cells. This
reduces the energy losses and the amount of controls needed but the complex magnet-
ics and high parts count due to each of the secondary taps make this method rather
expensive and difficult to assemble. Another example of this is shown in [22] where
the balancing occurs during discharging of series-connected batteries.

A two-staged cell balancing scheme, proposed in [23], uses the same type of set
up with each battery having its own converter shunted to it. However, the release
of the energy from the overcharged cells is captured in a common output capacitor.
This is referred to as the first stage. The second stage uses one converter that is

shunted to the capacitor to send the excess energy back into the battery stack [23].



Figure 1.2: Switched transformer method used to balance series connected batteries

2].

The two-stage design removes the high voltage stress on the electrical components of
the cell balancing circuits. Although there are many advantages of this design, the
cost of the electrical components do not make this a practical choice for HEV and
PHEV applications.

In [24], a proposed fuzzy logic controller for battery equalization is discussed. The
fuzzy control set uses the cell voltages and their differences to determine the proper
control for the mosfets that regulate the equalizing current in the system during either
the charging or discharging state. Therefore, the mathematical model of the battery
cells is not needed to describe the cell balancing system. This type of scheme was
used to reduce the equalization time since it has more robustness, adaptability and
better efficiency for the non-linear behavior of the cell balancing. For the design in
this research, a rule-based controller will be implemented in a similar way to reduce

the equalization time, however fuzzy logic will not be employed.
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Another charge shuttling method that is used to balance cells in series strings
is shown in Figure 1.3. A group of clocked-switched capacitors exchanges charge
between adjacent cells and drives all the batteries to identical voltages without regard
to component values or SoC. Through the switching, the charge is transferred from
higher charged cells to lower cells. No closed loop control is needed and it can be
operated during charging or operation with minimal power drain. However, the cell
balancing rate occurs over a long time since there is n — 1 capacitors, where n is
the number of batteries. An extension on this design is a two-tiered capacitor design
proposed in [17] and [25]. The purpose of this is to drastically reduce the cell balancing
time, which is needed for automotive applications. The second tier of capacitors is
aligned in parallel, one capacitor for every two first tier capacitors. This allows more
charge to be transferred further along the series string in a shorter amount of time. It
was shown that the balancing time can be reduced to a quarter of the time it would
take its single tier counterpart. This methodology of cell balancing shows that charge
shuttling can be achieved by using simple capacitors in parallel to move charge.

A variation of the charge shuttling method is to use a “flying capacitor.” This
reduces the amount of hardware used to implement this type of cell balancing method.
By intelligently selecting which cells need to be balanced, this can dramatically reduce
the time to charge balance the cells; especially if the cells are on opposite ends of the
series string from each other, where the charge will not have to be shuttled through
the intermediary cells to deliver the charge to the selected cell [2]. This method will
be expanded upon in the research of this thesis to also “float” the capacitor between
parallel strings of a battery pack. Its goal of is to reduce the electrical hardware to

one capacitor per battery module for an EV or PHEV application.
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Figure 1.3: Clock-switched capacitor method used to balance series connected bat-
teries [3].

Charge shuttling methods have a somewhat limited use for HEV applications
because of the flat open circuit voltage across a broad range of SoC. HEVs are typically
operated over this relatively flat range where the cell to cell voltage differences are
the smallest and therefore it is rather difficult to determine the SoC of each cell in the
battery pack [2]. However, this methodology is useful for EV and PHEV applications
since the battery pack is routinely completely charged. The voltage difference is
significantly greater between a fully charge cell and a partially charged cell.

Several proposed cell balancing methods have been discussed to prevent voltage
variations within the individual cells of a battery pack and extend the life expectancy
of the system. All of the active cell balancing methods use some sort of charge routing
or exogenous storage device (typically a capacitor, inductor, or a combination of both)
to shuttle energy between cells or groups of cells [26]. Most of what has appeared

in literature to date is for series strings of batteries. This research will focus on
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developing an inexpensive and efficient on board battery cell balancing system that
can be used for parallel configured battery packs that will become more prevalent in

advanced automotive applications, particularly PHEVs and EVs.

1.4 Outline of Thesis

Voltage drift of battery cells in various configurations affects performance and life
expectancy, especially for battery packs used in automotive applications. This is a
major concern, not only for individual safety, but also for warranty considerations.
Monitoring and balancing individual cells of a battery pack will lead to sustained ex-
pected performance and safe operation of the battery pack within its proper operating
range, while increasing the life expectancy of the cells within the pack. This research
will study different methodologies that can be used to balance cells in a battery pack
during no load conditions. This is ideal for battery packs used in automotive applica-
tions since they are typically only used for a couple hours a day, leaving the battery
pack to rest the remainder of the time. The resting time is directly suited for the use
of a properly controlled cell balancing system.

The remainder of this thesis is organized as follows. Chapter 2 discusses typical
battery pack behaviors; in particular, the common problem of SoC drift in various
battery pack configurations is illustrated. Chapter 3 shows the development of the
battery system simulator used for the 12V module that will be the subject of extensive
simulation exercises and will be tested experimentally. Then, Chapter 4 presents the
detailed results of simulation with a comparison of the different types of cell balancing
methods used. Chapter 5 then shows the results of the proposed active cell balancing

method on the table-top experimental battery pack. Also discussed in this chapter

13



is the model validation based on the results obtained. Lastly, Chapter 6 reviews the
results shown in this thesis along with outlining the contributions and future work

that could be expanded upon this research.
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Chapter 2

BATTERY PACK CHARACTERISTICS

This chapter will cover the effects and behaviors of various battery pack config-
urations in simulation as well as experimentation. This chapter is broken up into
three sections. The first section will review the Buckeye E-motorcycle and the exper-
imental data collected off its battery pack. The second section will review simulation
data of various battery pack configurations. The last section will summarize the

characteristics observed and provide motivation for cell balancing techniques.

2.1 Buckeye E-motorcycle

A Honda Nighthawk motorcycle was donated to The Ohio State University Center
for Automotive Research (CAR) for a project in which it was converted into an all
electric plug-in motorcycle, called the Buckeye E-motorcycle. The original engine
and transmission were removed and replaced with a 19-hp electric motor, DC/DC
converter, a data acquisition system, a battery pack and a cooling fan. The battery
pack consists of 22 lithium-ion battery cells purchased from Lithium Technologies.
The individual battery cells are rated at 3.2V and a 20Ah capacity. These batteries
are connected into a single series string to form a 72V battery pack which provides the

power for the motorcycle. This project has provided valuable data and information
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to The Ohio State EcoCAR team during their architecture selection and battery
comparison process.

The experimental data collected on the series connected battery pack is of par-
ticular interest to this research. Although the motorcycle is fully functional, it is
more difficult to observe the characteristics of a battery pack during normal charge
depleting operation since all the cells are being discharged. Therefore experiments
were carried out on the motorcycle by connecting the battery pack directly to the
70kW load and supply located in the Battery Aging Lab at CAR. With this, charge
sustaining profiles could now be run on the battery pack to observe individual cell be-
haviors as well as eliminate any auxiliary loads on the system, such as the headlights,
which automatically function during normal operating conditions for the motorcycle.

The experiment was conducted on the battery pack to observe the open circuit
voltage (OCV) drift of the individual batteries over time. A current profile, taken off
a Toyota Prius battery pack during HEV mode shown in Figure 2.1, was imposed on
the battery pack. There is an imposed charge period of 40A that is held for 20 seconds
at the end of the active cycle, which has been added to make this a charge-sustaining
profile for this experiment. The active portion of the drive cycle is approximately
500 seconds long. There is a 30 minute waiting period immediately following the
profile to allow the battery pack to rest and reach a steady state value. Once the
battery pack has rested for at least 30 minutes, the voltages of the individual cells
are recorded using a voltmeter. The challenge in measuring the open-circuit voltage
with lithium-ion batteries is the effect of polarization [27], therefore a resting period
is needed for the excitation of the chemicals within the battery cells to reach steady

state. Research conducted in [27], has shown that for high SoC levels (75% and
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above), the voltage increases 10mV during the first half hour following disconnection
from discharge and at low SoC levels (20% and below), the voltage increase of 30mV
was observed over a three hour resting period. Therefore, it was determined that a
30 minute resting period would be sufficient for this experiment. This experiment
was carried out until a voltage deviation of approximately 5% from nominal starting
voltage was observed.

Current Profile
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Figure 2.1: Charge-sustaining current profile from HEV drive cycle.

Since a charge sustaining current profile is used for this experiment, the total
voltage of the battery pack is maintained. To validate this, the total voltage after
each cycle was also recorded. It can be seen in Figure 2.2 that the overall pack
voltage varies less than 0.5V over the course of 25 cycles. The total pack voltage

is maintained at approximately 71V. This is critical in observing the behaviors of
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the individual cells because if a cell drifts to a lower voltage, then the voltage of the

remaining cells increases to maintain the overall pack voltage.
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Figure 2.2: Total battery pack voltage from charge-sustaining HEV current profile.

Prior to conducting this experiment, the motorcycle was a fully functioning elec-
tric motorcycle without a BMS, driven around campus, at promotional events and
sponsored tours. Proper data monitoring and logging of the individual cells was not
carried out before start of this experiment and therefore the cell history, and thus
the state-of-health (SoH) was not available. Therefore, the results of this experiment
could potentially be skewed due the lack of an accurate charge history estimate of
each of the individual cells. However, there is still valuable information to be learned
even if there are aging cells in the pack since the behaviors of an aged battery pack

have not been recorded.
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To set up the battery pack for this experiment, it was charged up to 71V. The
initial voltages of all the cells were recorded. All of the individual cell voltages were
within 70mV around a nominal voltage of 3.24V. The modified, charge-sustaining
HEV current profile was executed on the pack, and after every cycle, each individual

cell voltage was recorded; the resulting voltages are shown in Figure 2.3.

Individual Cell Voltages
3.3 T .

3.25 1

3.2

Voltage [V]
w
o
(53]

3.1f

3.05f N

Cycles

Figure 2.3: Individual battery voltage from modified charge-sustaining HEV current
profile.

Examining Figure 2.3, it can be seen that there is a drift in the individual cell
voltages. Specifically, there are three cells that start to drift to a lower voltage after
only five cycles. Eventually, these cells drift below a voltage of 3.05V, while the
remaining cells all sustain a voltage of at least 3.23V. It is important to observe
the overall voltage drift of the three cells from the rest in this experiment and not

necessarily important to identify the specific cells in the battery string. Since the
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individual cell voltages were slightly different initially, the cell voltage deviations
from their respective nominal voltages can be seen in Figure 2.4. From this figure, it
can be seen that a deviation of approximately 5% occurs for the cells that are drifting
to a lower voltage. The other cells have a deviation ratio that is greater than one,
which shows that these cells are making up the voltage difference of the weaker cells

in order to maintain the same battery pack voltage.
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Figure 2.4: Individual voltage deviation from charge-sustaining HEV current profile.

Voltage drift is very dangerous to a battery pack because this will cause the cells
that are either overvoltaged or undervoltaged to operate outside of their normal op-
erating range if the situation is not corrected. As a result, those particular cells will
undergo chemical deterioration and the expected life will be drastically reduced. This
will also eventually lead to thermal runaway and potentially an explosion. Addition-
ally, this imbalance will also cause reduced pack performance, specifically for series
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string battery pack configurations. A series string of cells operates at the level of the
weakest cell and if one cell is undervoltaged, the battery pack electrical potential will
never be realized until that particular cell is correctly balanced.

This experiment has shown that a voltage drift can occur over a relatively short
period of operation. Additionally, it has validated the necessity for a BMS. Being
able to manage and properly balance the cells in this pack will extend the life and
performance, as well as maintain a safe level of operation. However, it is unclear how
much of an effect battery aging had on the specific cells that are tending to drift prior

to this experiment.

2.2 Characteristics of a Parallel Battery Pack

In order to motivate development of cell balancing methodologies, a lumped pa-
rameter distributed battery pack model can be used to simulate the behaviors of an
arbitrarily configured parallel/series battery pack. This battery pack model can re-
solve the dynamic effects observed for each individual cell in the pack. The model
is ideal for studies in cell balancing algorithm development as well as model-based
fault propagation and diagnostics [16]. The behavior of battery cells operated in a
parallel configuration is of specific importance to this research. It is an ideal tool to
use to analyze these effects. This simulator is explained in significant detail in the
next chapter.

To develop an understanding of batteries in a parallel configuration, the model was
set up to simulate a battery pack with a 3P4S (3 Parallel strings, 4 Series connected
cells in each string) cell configuration, as shown in Figure 2.5. The individual cells

modeled in this simulator are A123 lithium-ion cells with a nominal voltage of 3.2V
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and a capacity of 2.3Ah. This results in a nominal voltage of 12.8V for the battery
pack with a 7.1Ah capacity. Small battery modules such as the one that is being
used for this simulation, shown schematically in Figure 2.6, can be connected to
others to form a pack for automotive applications. Therefore, this is representative
of a module that could be used in applications for larger battery packs consisting of

smaller modules.

Figure 2.5: Table top battery pack which is represented in simulation.

This simulation was run using the same current profile that was used for the E-

motorcycle experiment, which is shown in Figure 2.1. However, the imposed 40A
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charge period was removed from this profile because it shows a more realistic current
profile that is seen in automotive applications. This also shows more individual cell
voltage deviation. To initially set up this simulation, the SoC’s of each of the individ-
ual cells were arbitrarily set to 58%, thus all having the same voltage. The objective
of this simulation is to observe the voltage (and therefore SoC) drift of the individ-
ual cells in the battery module over a current profile from the same starting voltage
condition. The individual cells also have varied parameters, identified in [28], which
shows the natural uniqueness obtained by each cell because of small manufacturing
differences and unavoidable thermal gradients leading to different rates of degradation
due to aging in each cell [6]. A more realistic scenario is shown how an actual battery
module would behave and operate during actual operation. The internal resistance

and capacity parameters, p,, were varied using the follow equation,

po = (147X 0)ps, (2.1)

where r is a normally generated random number between 1 and —1 using the ‘randn’
function in Matlab, o is the standard deviation which is set to 0.025 for this simu-
lation, and p, is the base parameter. Please see Appendix A for tabulated variation
factors of individual cell parameters for this model.

The voltage deviation can be seen in this simulation during the active profile as
well as after the load is removed from the system. Figure 2.7 shows the voltage of
the individual cells over time during the experiment. The top blow-up plot of the
figure shows the voltage drift once the load is removed from the battery pack. This
specifically shows the final voltage drift incurred during the operation of the pack
during the current cycle. After one current cycle, voltage drift can be seen within
the battery pack, even though all the cells had the same initial voltage at the start
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Figure 2.6: Table top battery pack schematic.

of the experiment. The lower blow-up plot shows the voltage drift that occurs during
the operation of the battery pack under load conditions. The voltage separation that
occurs is due to the uniqueness of each of the individual batteries and mimics the
actual behavior that would be observed from an experimental setup. Even though
the voltage drift is rather small in this experiment, the voltages will continue to drift
further apart after several similar cycles. A severe voltage imbalance and reduced
performance will result if it is not properly corrected and balanced.

Since the batteries were set with a SoC of 58%, the voltage drift is a rather difficult
metric to monitor. This is because the voltage difference from one SoC percent to
the next is the smallest along the OCV curve across this operating range of SoC.
Therefore, monitoring the SoC of the individual cells provides a clearer comparison
metric for observing cell drift. Figure 2.8 shows there is a SoC drift that is slightly
over 3% after the load is removed from the battery pack. This simulation was run

with a longer resting period to observe the behavior of the individual cells in this
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Figure 2.7: Individual cell voltage of 3P4S pack from HEV current profile.

series/parallel configuration. There is some slight convergence within the pack before
the cells reach a steady state value. The convergence occurs because of the excitation
of the cells within each of the strings due to their unique internal characteristics
(i.e. resistances and capacitances). This SoC settling occurs as the battery pack
continuously satisfies Kirchhoff’s voltage law and the physical constraint where the
voltages across each individual string are equal. The result of this simulation shows
that imbalance occurs between the individual cells of each of the strings.

If left unbalanced, this drift will continue to get larger as more cycles similar to this
one are continuously run on the pack. As stated before, this will lead to undervoltage
and/or overvoltage conditions, which will lead to degradation, battery aging, and

therefore a significantly reduced overall life expectancy of the battery pack. This can
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Figure 2.8: Individual cell SoC of 3P4S pack from HEV current profile.

also potentially lead to catastrophic failure of the battery pack if the imbalance is
not mitigated. Additionally, this imbalance leads to reduced pack performance as the

parallel strings of the battery pack will operate at the level of the weakest cell.

2.3 Summary

It is imperative that any battery cell voltage imbalances during operation be
addressed. As was shown in previous sections, these imbalances can occur over a short
period of time. It was demonstrated experimentally that a noticeable drift occurred
in a series string after only five cycles. As mentioned before, the aging of the specific
cells were unknown prior to this experiment and therefore the effect of aging on the
performance of these cells is unclear. In simulation, a parallel configuration was shown

to have a drift after one cycle. If not properly corrected, this drift will continue to
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grow and could cause irreparable damage to the battery pack and possibly thermal
runaway. An imbalance will cause a battery pack to function at a lower operating
point. This results in batteries, either overvoltaged or undervoltaged, undergoing
internal chemical deterioration; thus, prematurely aging the cells within the battery
pack.

To minimize the effects of cell voltage drifts, imbalances must be properly miti-
gated. The objective of any balancing scheme is to allow the battery pack to operate
at its expected performance level and extend its useful life expectancy. The follow-
ing chapters will propose a passive and an active cell balancing method which has
been developed to reduce the cell imbalance of a battery pack with a series/parallel
configuration such as the one shown in this simulation. This type of battery configu-
ration can be used as a module in a larger battery pack for automotive applications.
Therefore, the focus of the balancing effort will be to reduce battery imbalances for a
commuter PHEV. Any imbalances that accumulate over the course of driving the ve-
hicle throughout the day, for example to and from work, will be sufficiently balanced
when the battery pack is under no-load conditions, such as during work or overnight
hours while the pack is resting. The objective of the on board active balancing system
is to achieve proper cell balancing by the time the vehicle is put back into service.
This provides a target time estimation of between 8 to 12 hours to balance the battery

pack on board the vehicle.
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Chapter 3

BATTERY SYSTEM MODEL: ANALYSIS AND CELL
BALANCING CONTROL

This chapter describes the development of the battery system model simulator.
The model not only includes the individual cells of the battery pack, but also two
different types of cell balancing methods developed for research in this thesis. The
next section gives an overview of the entire system model. Next, the identification of
a lithium-ion battery cell is discussed. The development of the battery pack model
is then reviewed. The next two sections will examine the active and passive cell bal-
ancing design implementations, respectively. Then the comparison between the two
algorithms using constant parameters and varying parameters is discussed. Lastly,

the complete battery system model simulation steps are summarized.

3.1 Battery System Model Overview

A dynamic battery system model was developed to simulate the electrical dy-
namics of all the cells and cell balancing components of an arbitrary parallel /series
battery pack configuration, as shown in Figure 3.1. The simulator is based on the

development of an analytical solution for the response of a single cell in the pack.
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The elemental solutions can then be used to solve for the dynamic behaviors of the

distributed pack model and cell balancing circuit.

I = &
T T 7
L 4L 4L

Figure 3.1: General battery pack topology.

The battery system model was designed using analytical solutions because this
leads to a computationally efficient tool which is appropriate for large scale battery
pack applications. The battery pack configurations used in this simulator are those
that are typical for automotive applications. This simulator can simultaneously com-
pute the results of configurations with a passive or active cell balancing system, or
none at all, using typical automotive current profiles for battery packs made of cells
with a random distribution of parameters. This allows for a simulation comparison
analysis on various battery pack configurations. This will also lead to an experimental

comparison for model validation.
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3.2 Single Lithium-Ion Battery Cell Model

A simplified low-order, model-based approach is advantageous for control algo-
rithm implementation. Therefore, an equivalent circuit model was chosen as the
model for each single cell. Other modeling approaches, such as electrochemical bat-
tery modeling (see [29, 30]) often involve complex partial differential equations to
describe the highly dynamic response of the battery as well as ion diffusion and other
electrochemical properties. An analytical solution to the dynamic battery model is
also necessary because traditional numerical solutions (such as using an ODE solver)
can be computationally intensive, thereby prohibiting large scale battery pack sim-
ulation (especially packs with multiple parallel strings) due to the need to evaluate
many single cell battery models in one simulation time step [16].

Thus, a low-order equivalent circuit model has been chosen (2™ order). The model
structure of the equivalent circuit battery model consists of an internal resistance,
two parallel RC' circuits, and an ideal voltage whose output is referred to as the open

circuit voltage (OCV). Figure 3.2 shows the basic equivalent circuit model employed.

Va Ve
— —
VRo
P
(g A G 2
Ro ,

Ve R: R- Vb

Figure 3.2: Equivalent circuit model for a single battery cell.
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The voltage V' (t) across the battery is given by
V(t) = Eo(t) — Rol(t) — Vaa(t) — Vea(t), (3.1)

where Ey(t) is the ideal voltage source (which essentially models the OCV), Ry is the
internal resistance, I(t) is the current input (as seen by the battery), and V,(¢) is
the voltage across the independent first-order RC' circuit combinations, which can be
described by an ordinary differential equation obtained by using Kirchoff’s current

law and the definition of an ideal capacitor,

v, 1 |
e A AORS O] (3.2)

The methodology for identifying the parameters and the closed-form solution are

reviewed in the next two subsections.
3.2.1 Parameter Identification

Research has been done at The Ohio State University’s Center for Automotive
Research Battery Aging Lab identifying lithium-ion battery parameters by several
graduate students. An A123 lithium-ion cell (2.3Ah, 3.2V nominal) was used as a
the prototype for identifying all the base battery parameters. A three step process
defined by [28, 16] was used to identify all the parameters:

1. Gather experimental data

2. Identify OCV curves

3. Identify SoC-dependent coefficients for equivalent circuit
The parameters of the equivalent circuit are identified as piecewise linear continuous
functions (linear splines). It is significantly cheaper in terms of computational effi-
ciency to use linear splines rather than using a higher order polynomial to represent
the dynamic effects across the high and low values of the SoC range.
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It is easier to visualize Equation 3.2 more generically in terms of a time constant

and an input coefficient. Therefore, it can be rewritten as
Vi = AV + ABiI. (3.3)

where A; is the inverse of the time constant of the dynamic system, V; and B; are the
steady state scaling factors for the input coefficient [28]. A; and B; are functions of the
direction of the current and SoC since the values for the resistance and capacitance
are functions of these variables. Batteries typically behave differently depending on
whether they are being charged or discharged. The parameters are separately specified
for each dependence, the first being with respect to the direction of the current. The

parameters are defined as follows:

+ . .
A — AZ(SOC) ?f clilargmg. (3.4)
A7 (SoC) if discharging
[ Bf(SoC) if charging (3.5)
" | B/ (SoC) if discharging '

where AF(SoC), and BF(SoC) become functions of SoC only. The OCV curve is
then defined as a continuously increasing function dependent upon the SoC. A linear
spline is also an ideal representation of the OCV curve because it is very difficult to
constrain a polynomial to be an increasing function.

The first step in identifying these parameters is to gather experimental data. The
battery aging lab is equipped with several battery cylinders and environment control
chambers which are used to perform experimental tests. Several capacity tests are
initially run to determine the actual battery capacity. A current step profile is then

executed, which takes the battery through a range of SoCs in order to adequately
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model the usable range of the battery cell. The resulting current, voltage, and tem-
perature measurements are recorded and then used as inputs into the identification
algorithm.

The identification algorithm uses a genetic algorithm (GA) optimization method-
ology developed at The Center for Automotive Research. The GA program written
in FORTRAN is run on a parallel computing cluster using the experimental data
obtained as bounds to obtain an OCV curve from the experimental cell to reduce the
computation time. The SoC-dependent coefficients are then identified using a GA
along with the identified OCV curve. A constant model is first identified and then
the linear parameter varying (LPV) model is identified. Along with the well defined
bounds of the constant model identification, the constant model parameters found
are used as the initial starting points for the search to find the linear splines that
represent the coefficients of the LPV model. These linear spline coefficients are then
put into the equivalent circuit model as described by Equation 3.1. Refer to [28] for
a detailed description and experimental results of this identification procedure. Ad-
ditional applications of automotive system modeling using linear parameter varying

models can be found in [31].
3.2.2 Battery Cell Model Structure

In order to obtain a closed-form solution to the differential equation for a battery
simulation, and ultimately to specify V(¢), it is assumed that Ey(t) and I(t) are
constant across a time step. This is a reasonable assumption because the current

profile to be used in simulation will be sampled at very small intervals (for example,
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0.01 or 0.1 seconds). Thus the current input will be considered a step function (defined
as having a value of i, across the time interval of interest).

The voltage across the capacitor is given by

0(t) = —Pu(t) + vip(t) (3.6)

where 3 = % and 7 = %

To find a closed from solution, rearrange and multiply both sides by e’ to get

" (0(t) + Bu(t)) = ™ yi(t). (3.7)
Recognizing the fact that
d
in(t) = S (o(t)), (33)
it is possible to write
d
E(eﬁtv(t)) = BePtu(t) 4 i t). (3.9)

Then integrating from ¢y to t results in
t
Pl (t) — eou(ty) = / P yiy(T)dr. (3.10)
to
Since i(t) is specified as constant across an interval, the expression can be rearranged
to give

t
v(t) = e Pty (ty) + eﬁt/ PTi(T)dr. (3.11)

to

Evaluating the integral term on the right-hand side, it is found that

e Pt /t €ﬂT’yi(T)dT = —Wibﬁ(t) (1-— e_’g(t_to)) (3.12)

Thus, the expression for a constant forcing current across a specified time interval is

given as

0o(t) = e, (1) + ”';“) (1 - ¢y, (3.13)
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for ¢t > to. In fact, if the interval is constant (that is, if 7=t — t,), then
v _ _—BT Yip(t) —BT
(1) = e PTVift) + (1= e ), (3.14)

The V, expression derived above can be used in both dynamic expressions in Equation
(3.1) since the second dynamic (V) is simply a second cascaded RC' circuit in the
model. Refer to [16] for a more detailed description of this derivation to be used
for simulation. By using identified parameters from the experimental data with this

single cell battery model, a full battery pack model can be simulated.

3.3 Battery Pack Model

Using the single cell equivalent circuit model derived in the previous section, a
pack model can be constructed with various cells connected in series and in parallel.
One of the major challenges is designing a battery pack model with parallel strings
to be used in simulation is defining the current splits during simulation runtime.
Thus, the model representation must allow for current splits between the strings to

be calculated during the runtime of the simulation [16].
3.3.1 Battery Pack Model Structure

The notation of the battery pack uses a matrix-like topology for clarification,
where the columns of the matrix represent the batteries that are connected in series
and the rows in the matrix represents the number of cells in each string. Therefore,
a subscripting notation is used. The ideal voltages for each of the batteries is rep-
resented as F; j, where ¢ is the notation for the battery in the i*" row, and j is the
notation for the battery in the j® column (or string) of the battery pack. Similarly,

Roj; ;) represents the internal resistance of the (i)™ battery, Ryj; ;) represents the k'™
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resistor of the (ij)™ battery in the pack model, and Cjy; j represents the k™ capac-
itor of the (ij)™ battery cell model in a pack. The current is the input (as seen by
each battery) denoted as «;, which is the current through the j™ string (or battery
column) of the pack. Therefore, V;(t) represents the string voltages for each of the
strings in the battery pack and Vi j represents the voltage across the kth capacitor
in the model.

Using this subscripting notation to identify the elements of the model, the equa-
tions used to derive the model becomes more clear. Since the battery strings are
connected in parallel,

Vi(t) = Va(t) = ... = Vo (1), (3.15)

where n is the number of parallel strings in the pack. To include the current input
(forcing function as seen by the parallel combination of batteries), it is noted that a

simple application of Kirchhoff’s current law renders
I=a1+as+ ...+ ay, (3.16)

which is constant across a simulation time step.
By examining the definition of each battery model in parallel, it is now clear that
the entire system can be represented as a solution of linear equations. To simplify

notation, we will define

;=Y (—Roji) + Raji (1 — 7 P03%) 4 Ropy (1 — e 20l (3.17)
i=1
and
Dj = (Bij+ Ve (1 — e P0) 4+ Vigp (1 — el )), (3.18)
=1

where m is the number of batteries in each string. From Equations (3.16), (3.17),
and (3.18), a generalized system of linear equations can be constructed to represent
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the current split between the parallel string connections:

-1 ~

—Oél_ —(I)l —(I)g 0 0 T PQ_Pl T
(0] 0 @2 —(133 0 0 F3 - FQ
(6% 0 0 (I)g —(I)4 s 0 .
: = : : : .. .. : ) (3'19)
: : : : : b, —P, r,—T,_1
| ap L 1 1 e e 1 1 i i I i

where n is the number of parallel strings in the battery pack, «; is the current through
each string, and [ is the total current seen by the entire pack.

By adding more strings in parallel to the battery pack, the size of the & matrix
(while maintaining it as a square matrix) will increase. For an arbitrary number of
parallel strings, the ® matrix (that is, the matrix containing terms represented by ®)
will always take the structure of a bidiagonal matrix with a row of 1’s representing
the equation for the current. This is due to the fact that each battery string voltage
is set equal to the next string in the pack. A simple example of this is two batteries
connected in parallel to form a 2P1S (2 Parallel, 1 Series) configured battery pack.
The system of linear equations to represent the current split between the two batteries

in a parallel pack connection is given by

-1
ar | | & —D Iy =14

S R 52

Refer to [16] for a more detailed explanation of the derivation used in simulation as

well as the experimental results that validate this battery pack model. With this

battery pack model representation, an active cell balancing system can be now be

modeled and implemented.
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3.4 Active Cell Balancing Control

As described in [3], a switched capacitor scheme shuttling charge to adjacent cells
was shown to increase the energy efficiency along a series string of connected battery
cells. [2] shows an extension of this by using a “flying capacitor” which moves along
the series string by intelligently closing switches around the desired cell to achieve
balancing. The flying capacitor only uses one capacitor for the entire series string
whereas the switched capacitor method uses n—1 capacitors for a string of n batteries.
The flying capacitor used in [2] increases the complexity of the control but significantly
reduces the amount of electrical components needed, since it can shuttle charge to
opposite ends of the battery string. Therefore, the component and installation costs
are reduced.

The active cell balancing approach designed for the simulator of this work uses
a “floating capacitor”. The need for increased battery pack capacity, for a given
voltage, requires more battery strings in parallel. The proposed “floating capacitor”
design expands on these previous designs by using the capacitor across multiple se-
ries strings, thus eliminating the need for a different balancing circuit for every string.
This method proposes only one capacitor for a battery module, which consists of both
series and parallel strings. An example of this cell balancing circuit structure on a
3P4S battery pack can be seen in Figure 3.3. These modules can then be connected
together forming an entire pack for use in a range of hybrid vehicle applications. The
motivation behind this design was to reduce the circuit complexity as well as the
packaging and installation costs. This research focuses on the feasibility and devel-

opment of this active cell balancing system on a module and therefore assembling an
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entire pack is outside the scope of this thesis. Thermal effects are also not considered

within the realm of this thesis, but should be accounted for in future work.
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Figure 3.3: Active balancing control circuit.

3.4.1 ACB Cell Balancing Circuit Structure

An equivalent circuit model has been selected to model the cell equalization circuit,
which can been seen in Figure 3.4. With the assumption that the system is under
no load, the cell balancing circuit model consists of a resistor, R, and a capacitor, C,
connected in series with the battery in the module that has been intelligently selected
to be balanced. A current is induced by the voltage difference between the battery
and the capacitor. The direction of the current will depend on whether or not the
capacitor voltage is greater than (charging) or less than (discharging) the battery to
which it is connected. The battery voltage, V;, was derived in the previous section.

The capacitor will be used to transfer charge from high voltage cells to lower voltage
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Figure 3.4: RC circuit for active balancing of a single battery cell.

cells. The resistor in the circuit is used to regulate the current between the battery
and the capacitor. The equation for the circuit shown in Figure 3.4 can be expressed
as

Vi(t) = RI(t) + Ve(?), (3.21)

where V}, is the battery voltage at time step t and V, is the capacitor voltage at time
step t. The final value of the capacitor voltage after the current source has stopped
charging the capacitor depends on two factors: (1) the initial value of the capacitor
voltage and (2) the history of the capacitor current. An analytical expression for the
current must be obtained before the capacitor voltage can be solved. The current,
I.(t), can be expressed as either positive or negative, which indicates whether the
battery is discharging or charging, respectively. Substituting the equation for the

voltage across a capacitor into the previous equation results in

Vo(t) = RL() + é / t L(r)dr + Vi(to-), (3.22)

tot

where the integration of the current is over the present time step and V.(to-) is the
voltage of the capacitor at the end of the previous time step. The Laplace transform
can be use to derive the induced current expression because the battery voltage is
assumed to be constant across a time step. First, the expression is multiplied by C
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on both sides

W(t)C = RCI.(t) + /t I.(7)dT + V,(to-)C. (3.23)

to+

The Laplace transform is now applied, leaving

1 (S0
YOO _ g sy + Lags) + Yelso)C (3.24)
s s s

and both sides are multiplied by s to give

Vi(s)C = RCsl.(s) + I.(s) + V.(so-)C. (3.25)
Simplifying the expression and factoring out a C' and I.(s) reveals

C(Vi(s) = Vilso-)) = L(s)(1 + RC). (3.26)
Solving for the current gives

C(Vu(s) — Ve(s0-
I(s) = (Vafs) = Ve(so-)) (3.27)

1+ RC's

An R factor is introduced on the right-hand side of the equation to simplify the

inverse Laplace transform

RC  (Vi(s) — Vc(Sof)).

I.(s) = 3.28
() 1+ RC's R ( )
This can now be simplified and the current expression becomes
1 Vi(s) — Vi(so-
L(s) = —— (Vis) = Velso-)) (3.29)
S + &G R
This can now be inverse transformed into
Vi(t) — V.(to- ¢
io(t) = 0a(t) — Velto-) e (3.30)

R
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The analytical solution for the voltage across the capacitor can now be solved for by

substituting the induced current solution into

Vit) = — / () + Vi), (3.31)

where the current is integrated across the present time step and V.(¢y-) is the initial
voltage that was solved for at the end of the previous time step.

Other battery pack behaviors arise when adding additional parallel strings. Refer-
ring back to Kirchhoff’s voltage law for parallel strings in Equation (3.15), the string
voltages are equal. The batteries within the strings have slightly different internal
characteristics, most notably internal resistances. This results in induced mesh cur-
rents between the parallel strings, which the battery pack model incorporates and
solves for when determining the current split in Equation (3.19). These mesh cur-
rents also occur during operation as well as when the battery pack is under no-load
conditions. The induced current in the ACB circuit is also treated as a mesh current
for the particular battery cell to which it is connected at that specific time interval.
Therefore, this current must also be accounted for when calculating the voltage of
the battery that is connected to the ACB circuit.

The current in the cell balancing circuit, i., was found in Equation (3.30). There-
fore, when determining the voltage of the battery connected to the balancing circuit,
the induced current from the balancing circuit and the mesh current, ¢,,, induced
from the voltage imbalance of the parallel battery strings are additive thus resulting

in the observed battery current, 4;, given as

in(t) = io(t) +im(2). (3.32)
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3.4.2 ACB Control Strategy

The objective of the active cell balancing circuit is to transfer energy from battery
cells with a higher charge to cell with a lower charge and effectively balance the entire
pack when in a no-load condition. It accomplishes this by measuring the voltages of
all the cells to determine which have a higher SoC and which have a lower SoC. A
rule based control strategy is used which intelligently selects the highest charged cell
and the lowest charged cell to balance, regardless of the location in the battery pack.

At every time interval, each of the battery voltages are recorded. The highest
voltage and the lowest voltage are selected for balancing. The switching occurs con-
tinuously between these two cells until either the selected large cell no longer has the
largest voltage or the small cell no longer has the lowest voltage. At that point a
new high or low (or both) cell are determined for balancing. The balancing continues
until the voltage imbalance across all the cells in the pack is small enough or until
there is a load applied to the battery pack itself.

A rule based approach was deemed appropriate because a membership or cost
function does not need to be defined. At each time interval, there is always a battery
cell with the maximum voltage and there is always a cell with the minimum voltage.
Thus, a penalty does not need to be applied to selecting any other cell for balancing,
since only the minimum and maximum cells are selected. Therefore, a fuzzy logic

approach is not needed. The rule-base is ordered as follows:
1. Check for a no-load input current.

2. Set switching frequency to selected RC' time constant.
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3. Determine which two cells have the maximum voltage deviation between each

other; these are selected for balancing.

4. Cell balancing occurs if the SoC deviation of the selected battery cells is greater

than 1.0%, or SoCymaz — S0Cymin > 1.0%.

5. Start switching from the cell with the maximum voltage if its voltage is larger
than the initial voltage of the capacitor, V,,.. > V., otherwise start switching

from the selected cell with the minimum voltage.
6. Stop balancing if safety bounds of the system are violated during operation.

Additional checks are also performed to guarantee that each cell voltage of the
battery pack is operated within the safety region during the cell balancing operation.
The capacitor and the resistor in the cell balancing circuit are also monitored to make

sure neither function outside of their respected operating ranges.

3.5 Passive Cell Balancing Control

The passive cell balancing (PCB) system used with this simulator is primarily
used as a tool for comparison against the active cell balancing design. The PCB
approach designed for this simulator uses a shunt resistor across every battery in the
pack, as shown in Figure 3.5. The shunt resistors are intended to dissipate excess
charge as heat from the individual cells that are determined to have a higher voltage
than others in the pack. Switches are controlled to regulate the dissipative action of
the resistive circuit. This type of cell balancing system was derived from the I+ME
BMS that was purchased for the electric motorcycle. As mentioned in Chapter 2,

the motorcycle has a battery pack that consists of 22 series connected lithium-ion
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batteries, which was designed and built by students at The Ohio State University
Center for Automotive Research. The intended design for this BMS was to be used
on a battery pack with a one series string orientation. This cell balancing concept
has been expanded upon in this proposed design to encompass battery packs with

multiple parallel strings.
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Figure 3.5: Charge shunting circuit for passive balancing of a string battery cells [2].

The goal of the passive balancing system is to bring the cell voltage differences to a
value given by the parameter VoltSet, which is the average difference of the individual
cell voltages plus the minimum cell voltage once the battery pack is not in operation
mode. After the battery pack is brought to a no-load input current condition, a timer
counts to 30 minutes. When the timer expires, the VoltSet parameter is calculated.
The resting duration was deemed sufficient enough for this application to allow the
individual batteries to relax. The timer is reset and the switches for the balancing
circuit are opened, thus stopping the balancing, when a load is applied to the battery

pack. The voltage balancing point is recalculated in the same fashion once the 30
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minute timer again expires when the battery pack has been under no load current.
The higher voltage cells will be simultaneously discharged until the target is reached
(AvgDelta + CellMin). This is only valid for cells that have a voltage that is higher
than this parameter; cells with a voltage less than this are never discharged by the
balancing system. Therefore, balancing of every cell cannot be reached under all
circumstances. Figure 3.6 shows an example of battery cell voltages in a pack prior
to balancing with the voltage set point. All the cells with a voltage above the shown

set point will be discharged until their respective voltages reach this set point value.

Discharges until here

Cell Min + AvgDelta

Cell Min

Figure 3.6: Voltage bar chart for passive balancing [4].

The electrical components required for this type of balancing involves one switch
and one resistor for every cell in the battery pack. The resistors are sized to 5082 to
set the discharge current used by the balancing circuit to approximately 65mA for
each of the cells. This is done to reduce the amount of heat being dissipated at one

time.
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As with the implementation of the active balancing system, similar behaviors arise
due to the parallel configurations of the battery pack. Each of the shunt resistors
also create a parallel circuit when connected to its respective battery. Therefore,
an induced current from the balancing circuit must again be accounted for when
determining the voltage of the particular cells that are affected by the balancing at
a specific time interval. These induced currents are treated as mesh currents which
are additive to the currents that exist in the voltage imbalance with the parallel

configuration of the battery pack.

3.6 Battery Model Parameters Comparison

As described in Section 3.2.1, the battery identification is completed by first using
constant parameters. These constant parameters are then used as a starting point
for the identification process for the linear splines used for the LPV model. Both the
constant and LPV parameters were identified and verified with experimental data
in [28]. The constant parameters are useful as a quick estimation for modeling the
characteristics of a battery. These are typically employed when developing a larger
scale simulator to simplify the debugging process and reduce simulation time but
still provide a relatively accurate battery estimation. Once simulator development is
sufficient enough that the parameters pose no errors, then LPV parameters can be
applied. LPV parameters provide a more precise estimation of individual battery cell
behavior over various temperature and current profiles. The parameters are scheduled
based on input current, temperature and SoC. The input current is specified as a
parameter for the model because there are two battery operating modes, charging

and discharging. There are two different linear splines that are identified for each
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of the operating modes. These are identified separately due to different efficiencies
observed when operating in the different modes. Therefore, using LPV parameters
provides a more accurate model in which the behavior of the individual cells can be

affected by several variables (i.e. input current, temperature, SoC).

3.7 Simulation Strategy for the Complete Battery System
Model

With the modular design of the simulator, this battery system model can be
simulated across any array of battery module configurations by selecting how many
batteries there will be in series as well as how many parallel strings. In order to
simulate the pack model defined in the previous sections, a couple of assumptions

must be made:

1. The current input to the system and the induced current of the cell balancing

circuit is constant over a simulation time interval.

2. The SoC (and therefore the Fy) of each battery does not change significantly

over a simulation time interval.

The first assumption is made in order to use the battery model defined in the
previous sections. The second assumption can be made because it is assumed that
the time interval is small enough so that the there are no large SoC or Ej, changes
from one simulation instance to the next (sampling on the order of 10Hz). Both of
these assumptions are reasonable for the this application [16].

The simulation of the battery pack algorithm with the cell balancing circuit is

carried out as follows:

1. Define battery characteristics for each individual cell.
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2. Define cell balancing circuit parameters

3. Set up initial conditions for each battery (i.e. set SoC/OCV equal to represent a
pack at equilibrium and battery capacitor voltages (Ve ;) set to OV to simulate

a completely relaxed battery.)

4. Evaluate first simulation time step using first value of input current profile with

initial battery parameters and SoC.
5. Begin simulating current profile.

6. Calculate battery parameters and OCV! as a function of current battery SoC,

current input, and individual battery characteristics.
7. Construct ® and I' matrices using perturbed or base battery parameters.

8. Use the ® and I" matrices to solve for the current split of the next simulation

time step.

9. Locate the battery cells in the pack with the minimum and maximum voltages

for balancing.

10. Evaluate balancing circuit voltage, V., and current, 7., if the battery pack is

under no-load current conditions.

11. Evaluate the SoC, V.5, and Vy; 5 for each battery in the pack, including the
effects of the balancing circuit on the battery to which it is connected.

'The OCV can be calculated based on the previous step’s SoC because it is assumed that the
battery SoC does not change drastically over a simulation time step
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3.8 Summary

The development of the battery system simulator has been a culmination of vari-
ous research projects that have been completed at The Ohio State University Center
for Automotive Research. The 2nd-order equivalent linear parameter varying sin-
gle battery model was first explained. An entire battery model with an arbitrary
series/parallel configuration with LPV parameters for the individual batteries was
discussed. Two cell balancing methodologies were then derived as an application for
the battery pack. Lastly, the overall battery system model simulation strategy was
reviewed. This system model will provide simulation data to support the feasibility
of such a cell balancing network in hardware implementation.

The next chapter will describe the simulation development and evolution of the
simulator with data to support the relevant findings. An active cell balancing compo-
nent sizing comparison will be completed as well as a comparison of either balancing
system to the base pack with no balancing. Additional unique cases will also be

simulated and analyzed based on drive test data collected at CAR.
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Chapter 4

SIMULATION RESULTS FOR THE COMPLETE
BATTERY SYSTEM MODEL

This chapter provides simulation results of the entire battery system model through-
out the development process. The next section will focus on the single cell ACB circuit
with constant battery parameters. Next, before moving to a full pack model, sim-
ulation of the model with charge shuttling between two cells connected in series is
discussed along with an energy efficiency and balancing rate comparison according
to the appropriate sizing of the ACB components. Then, the simulation results of
the complete ACB simulator with an arbitrarily selected series/parallel configuration
will be reviewed. The next section will analyze the complete PCB simulator. Lastly,
a comparison between the various cell balancing techniques and the non-balanced

battery pack will be conducted using the model with LPV characteristics included.

4.1 Single Cell ACB Circuit

The simulator was developed and built in an m-file with analytical solutions used
to represent the system equations for the second-order battery cell model as well as the
capacitor voltage and the induced current of the cell balancing circuit. The motivation

behind creating a simulator based on the analytical solutions rather than a Simulink
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model is the simulation run time is considerably less because the s-functions and look-
up tables that would be needed to be in embedded in the Simulink model are more
computationally intense as explained earlier. The first step was to model the behavior
of the ACB with an RC circuit connected to a single battery. The second-order battery
model used for this simulation is a constant parameter model representing a 2.3Ah,
3.2V, A123 lithium-ion battery [28]. Constant parameters were used to reduce the
amount of errors for debugging purposes when building the simulator. Additionally,
having constant parameters reduces the simulation run time.

It was determined that a time step of 0.1 seconds is sufficient enough to model and
simulate the system characteristics without losing any resolution since the battery is
a naturally slow system. Based on the assumptions made in Section 3.7, the voltage
of the battery and the capacitor as well as the current induced between them is
assumed to be constant across this time step. Another assumption, based on the cell
balancing, was that this action only occurs under no-load conditions of the battery
pack. With this assumption, when the balancing circuit is connected to one of the
batteries, it creates a RC series connection and a current is induced between the two
energy storage components described in Equation 3.30. When the balancing circuit
is connected, the voltages of the battery and the capacitor will attempt to balance
over time, thus either adding or removing charge from the battery.

An example of this was simulated with a battery initially set to 60% SoC, which
correlates to approximately 3.296V, and a balancing circuit consisting of a 100mS2
resistor and a 30F capacitor with an initial voltage of 3.29V. Figures 4.1 and 4.2
show the voltage and current behaviors of the RC circuit when it is connected to the

battery. The simulation time was set for 10 seconds. The ACB circuit was closed at 1
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second and then opened at 6 seconds. The initial drop in voltage seen by the battery
is due to the dynamics and internal resistance of the battery. Once the ACB circuit
is disconnected from the battery, the capacitor voltage stays the same, the battery
relaxes, and its voltage settles to a steady state value. Figure 4.2 also shows that
the current is greatest when the switch is first closed and gets exponentially smaller
as the voltage difference becomes smaller. The voltage drop is expected to be the
greatest at this point because the current is also the largest. Figure 4.1 also shows
that the final voltage of the capacitor voltage has increased and the battery voltage
has slightly decreased, thus resulting in an energy transfer from the battery to the

capacitor.

ACB Individual Cell Voltages
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Figure 4.1: Voltage behavior of circuit elements when ACB is connected to a single
cell.
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ACB Induced Current
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Figure 4.2: Induced current when ACB is connected to a single cell.

4.2 Charge Shuttling Between Two Series Connected Bat-
teries

The next step of the model development was to expand the simulator to connect
the ACB circuit to two electrically imbalanced batteries in series. The ACB circuit
consisting of the same resistor and capacitor was used to shuttle charge from the
higher voltage cell to the lower voltage cell. The balancing is done by continuously
switching the balancing circuit from one battery to the other until the two imbal-
anced cells are balanced. This simulation was set up to observe the characteristics of
the charge shuttling design between two imbalanced cells. The initial simulation was
run with the switching rate of 27, where 7 is the time constant of the ACB circuit.
The time constant, given in seconds, is the product RC'. The cell balancing resistor

and capacitor values were again set to 100m{2 and 30F, respectively. The two series
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connected batteries used the same set of second-order constant parameters with dif-
ferent arbitrarily selected initial SoCs; the first battery was set at 60% SoC with the
other battery set at 55%. This imposes an initial voltage difference between the two
battery cells.

ACB Individual Cell Voltages
3.298 T T T

3.2971

3.296

3.295F

3.294

Voltage [V]

3.293

3.2921

3.291

0 10 20 30 40 50 60
Time [sec]

Figure 4.3: Voltage behavior when ACB circuit switches between two cells.

The simulation time was set for 60 seconds with the balancing circuit being open
for the first five seconds and the last five seconds of the simulation run time. Figure
4.3 shows the voltage swing of the capacitor as it switches from one cell to the other.
The capacitor removes charge from cell 1 and stores it. It then shuttles the charge
by discharging it into cell 2, thus charging the battery. The same battery dynamic
effects caused by the internal resistance of either battery with a sudden voltage drop
can also be seen in this simulation when the ACB circuit is closed around either of

the battery cells. Figure 4.4 shows the induced current in the circuit. The positive
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ACB Induced Current
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Figure 4.4: Induced current when ACB circuit switches between two cells.

currents result from the capacitor having a lower voltage than the battery to which
it is connected, thus removing charge from the higher voltage cell. The negative
currents occur when the capacitor has a higher voltage than the battery to which
it is connected, thus delivering charge to the lower voltage cell. The current peaks
progressively get smaller over time as the voltage difference between the two cells and
capacitor becomes smaller.

With this simulator correctly modeling two imbalanced cells connected in series,
it was used to determine the appropriate sizing for the ACB circuit components.
The objective of the balancing circuit is to efficiently balance the individual cells in
a pre-specified amount of time. Trends were established by simulating two series
connected battery cells with an initial SoC imbalance of 10%. Numerous simulations

were conducted in which the resistor, capacitor and switching frequency values of the
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ACB circuit were varied while using the same set of initial battery parameters and
simulation run time. The initial voltage of the capacitor was set to 3.21V and the SoC
of each of the batteries was 60% and 70% for each simulation. After balancing for
one hour, the energy efficiency and the SoC imbalance, shown in Figures 4.5 and 4.6
respectively, were recorded. For analysis, an energy efficiency percentage quantity, 7,

is defined by

€E—v

n=— x 100, (4.1)
where € is the total energy transferred and v is the total energy loss through the passive
elements of the circuit. These two metrics are used to determine the appropriate sizing
for the ACB components to be used in this application. To evaluate the performance
trends, a specific window of values was simulated for each of the components. The
capacitor values range from 30F to 180F, the resistor values range from 50m{2 to
500m$2, and the switching frequencies vary from 0.57 to 37, where 7 is the time
constant of the ACB circuit.

The results in Figures 4.5 and 4.6 reveal that the best energy efficiencies and SoC
convergence occurs with the most rapid switching frequency and the smallest resistor
value. Having a smaller resistor value results in a larger balancing current and a
faster balancing rate, but with the trade-off of increased energy loss. However, the
efficiency of charging the capacitor in a RC' circuit approaches 100% as the voltage
of the capacitor approaches the voltage of the battery to which it is connected; in
comparison to a capacitor that is initially discharged, a 50% efficiency is measured
when completely charging it to the same voltage of the source to which it is connected

[25]. The voltage differences observed in the balancing exercise for this application is

on the order of millivolts; therefore extremely high efficiencies can be seen in Figure
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Energy Efficiency of Charge Shuttling Circuit between Two Series Connected Cells
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Figure 4.5: Energy Efficiency of charge shuttling circuit between two series connected
batteries with an initial SoC imbalance of 10%.

4.5. This indicates that the decision of selecting components is not based on efficiency
alone. Another trend, al beit minor, is that as the size of the capacitor increases,
balancing occurs more rapidly at the cost of a slightly lower energy efficiency.

As a result of the trends seen in the ACB sizing simulations, all future simulations
will be conducted with a 50m(2 resistor, a 180F capacitor and a switching frequency
of 0.57. The upcoming sections will show that these component values will sufficiently

balance a battery pack in the appropriate amount of time to meet the requirements

described before for an automotive application.
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SoC Imbalance of Charge Shuttling Circuit between Two Series Connected Cells

Soc Imbalance [%]

—"05

100

Capacitor [F] Resistor [ohm]

Figure 4.6: Final SoC imbalance after shuttling charge between two series connected
batteries with an initial SoC imbalance of 10%.

4.3 Complete Battery Pack Simulation with ACB

The simple switching between two battery cells was used as a baseline to motivate
the use of this scheme. The next step is to expand the model to switching between
various battery cells in a randomly selected configuration. Since this model can
be simulated for any arbitrarily selected series/parallel battery pack configuration,
essentially any pack configuration can be chosen to show balancing between multiple
cells. In this work, simulations will be carried out for the full battery pack with a
3P4S configuration.

The individual cell voltages are monitored to determine which cells are unbal-
anced. At each time step the battery cells with the maximum and minimum SoC

are identified. The particular cell with the largest imbalance based on the criteria
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determined from the rule-based control algorithm is isolated and connected to the
ACB circuit. Charge is then shuttled from the determined battery cell with the high-
est voltage to the ACB capacitor. The ACB circuit then connects to the battery
cell with the lowest determined voltage and shuttles charge from the capacitor to
that particular cell. This switching is set to a specific frequency and the highest and
lowest cells are re-identified every time step to ensure that the battery cells with the
largest imbalance are the ones that are isolated for balancing with the ACB circuit.
The balancing action continues until the maximum SoC deviation is less than 1.0%.
Throughout the course of operation, it can be seen that the ACB circuit floats across
the battery pack and connects to various cells based on the control discussed in the
previous chapter.

To observe the cell balancing action in simulation, the model was set up to simulate
a 15 hour rest time where the balancing circuit could operate. There is no input
current profile for this simulation; the imbalance is assumed at the initial start point
of the simulation. Each of the cells that comprise the 3P4S battery pack configuration
used the same set of initial constant battery parameters. The ACB circuit elements
were set with a resistor value of 50m{2 and a capacitor value of 180F with an initial
voltage of 3.21V. To clearly show the balancing action achieved with this design,
there was an initial imposed SoC imbalance set for four randomly selected cells in
the battery pack and the rest were set to the same midpoint SoC. There were two
extremely imbalanced cells, one overvoltaged and one undervoltaged, along with two
other cells that were mildly imbalanced, again one slightly overvoltaged and the other
slightly undervoltaged. The goal of this simulation was to not only show that the

balancing functions correctly with two extremely imbalanced cells, but to also show
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that balancing can be achieved with multiple imbalanced cells where the intelligent
control actively selects the correct cell in the pack for balancing at the correct moment.
Additionally, this simulation was set up to show that the time it takes to balance the

cells in the battery pack is sufficient for automotive applications.

Imbalanced Battery Voltages During ACB at Specific Instances
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Figure 4.7: Individual cell voltages at specific time instances of the four cells with
the imposed initial deviation during active balancing.

Figure 4.7 shows the voltage differences of the imbalanced cells at four specific
time instances. The other individual cell voltages are not shown because they all
have the same starting voltage which is at the baseline voltage, indicated in this
figure by the dotted line. That is, voltages of the balanced cells vary minimally over
the course of this simulation and therefore are not of specific interest. This shows over

the course of time that the balancing is achieved to equalize all the voltages of the
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battery pack. The complete balancing, shown in the last time instance, is achieved

when the maximum SoC deviation is less than 1.0%.

ACB Individual Cell SoC
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Figure 4.8: SoC curves of the individual cells with imposed deviations during ACB
simulation.

Another metric used to clearly show the ACB action is to depict the behavior of
the SoC curves of each individual cell in the battery pack. This metric is able to show
the continuous behavior of the battery cells throughout the complete simulation run
time and not just at specific time instances. Since the control continues until the
SoC deviation is less than 1%, this is also a good metric to observe. Additionally, the
minimal behaviors of the balanced cells in the simulation can also be observed.

Figure 4.8 shows the initial SoC imbalance, with the highest SoC set at 63%, the
moderately high SoC at 61.5%, the moderately low SoC at 58% and the lowest SoC

set at 57.5%. Within the first two hours of simulation, the two extremely imbalanced
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cells undergo the most balancing action. It can also be seen that the other two
imbalanced cells also start to become balanced. The balanced cells that had an
initial SoC of 60% start to slightly drift apart. This is due to the induced current
of the parallel strings caused by internal resistances of each of the cells, explained in
Section 2.2. Examining Figure 4.8 further, at hour 3 that the two overvoltaged cells
start to balance at the same rate and the same thing occurs for the two undervoltaged
cells at hour 2. The objective of completely balancing the cells to within 1% SoC of
each other was achieved in approximately 8 hours, which is sufficient for the target

commuter automotive application.

4.4 Complete Battery Pack Simulation with PCB

For comparison purposes, the simulator was expanded by adding a function to
simulate a passive cell balancing system for comparison with the active cell balancing
method. The analytical solutions for the induced currents of the balancing were
solved for and integrated into the current calculations of the system. As with the
active cell balancing system, the passive cell balancing system can be simulated using
any arbitrarily selected series/parallel battery pack configuration.

The passive system developed uses a shunt resistor for every battery cell in the
pack as shown in Figure 3.5. As described in Section 3.5, the resistors are used
to dissipate excess charge, as heat, of the cells that have a higher voltage than the
balance set point voltage. The control establishes this voltage balance set point by
taking the average deviation of the cells from the battery cell with the lowest voltage
and adding it to that value when the battery pack is under no load input current.

This works to maintain cell balancing with the particular cells that have a higher
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voltage and does not dissipate any charge from the cells that have a voltage that is
lower than the chosen set point. Therefore, balancing of every cell cannot be achieved
in all circumstances. The individual cell voltages are monitored at each time step and
balancing continues until all the battery cells with a higher voltage reach the balance
voltage set point.

To observe the passive cell balancing action in simulation, the model was set up
to simulate a 15 hour rest time within which the balancing circuit could operate.
There is no input current profile that is set up for this simulation; the imbalance is
assumed at the initial start point of the simulation and the voltage balance set point
will be set once the 30 minute timer expires at the beginning of the simulation. Each
of the cells that comprise the 3P4S battery pack configuration used the same set of
initial constant battery parameters, except that four of the cells have different initial
SoC values; two are higher and two are lower, identical to the initial set point of the
simulation in the previous section. Each of the shunt resistors are 50€) to keep the
discharge current at a relatively small value of 65mA. The goal of this simulation is to
not only show that the passive balancing scheme balances the higher voltage cells to
the correct set point voltage, but that it also achieves the balancing in an appropriate
time for automotive applications. This passive system will be used for comparison
purposes with the active system in the next section.

Figure 4.9 shows the individual voltages of the four imbalanced cells at four dif-
ferent time instances throughout the balancing process. The baseline point shown in
this figure is the voltage balancing point (dotted line) that was calculated by the con-
troller when the rest timer expired, which is approximately 3.296V. The other cells

are not shown since the voltage drifts of these cells from the voltage set point are
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Figure 4.9: Individual cell voltages at specific time instances of the four cells with
the imposed initial deviation during passive balancing.

minimal as compared to the battery cells that are depicted. The first time instance
shown in this figure is that of the initial starting voltages of the simulation. The
next two time instances show the voltages 15 minutes and 45 minutes, respectively,
after the balancing action has started. By observing the figure, the battery cells
with voltages over the set point progressively get smaller at these two time instances
and the battery cells with voltages below the set point have relatively minor changes
which are due to the induced currents of parallel configuration of the pack, as was
explained previously. The last time instance is the final value of the battery cells after
balancing has been completed, which occurs in approximately 3 hours. The balancing
action only occurs on the battery cells with a voltage that is over the balancing set

point. The last time instances shows that the higher battery cells are discharged to
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this point. Therefore, the overall voltage deviation has been reduced by half in a

relatively short time period as a result of this passive balancing scheme.

PCB Individual Cell SoC

SoC

Time [hr]

Figure 4.10: SoC curves of the individual cells with imposed deviations during PCB
simulation.

The SoC curves of the entire simulation are shown in Figure 4.10. The metric
is valuable in that it allows close observation of the continuous behaviors of all the
individual cells in the battery pack throughout the balancing process. During the first
half hour of the simulation, the normal behavior of a parallel configured battery pack
can be seen in that the SoC’s are drifting slightly due to the induced currents of the
parallel strings caused by the differences in internal characteristics of the individual
strings. At the half hour mark, the balancing timer expires, the voltage balancing is
set, and the balancing system starts. Any of the individual cells that have an SoC

value over 60% are balanced since the voltage at that point is approximately equal to
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the set point voltage. Over the next three hours all the battery cells with high voltages
are balanced to the voltage set point and it can be seen that the SoC’s of these higher
cells converge to a point that is near 60% SoC. The battery cells that are below this
point do not undergo any balancing and simply react to the parallel string currents
that are induced as a result of solving for Kirchhoft’s voltage law while removing
charge from the battery cells with a higher voltage. The SoC deviation reduction
from 5.5% to 2% occurred over approximately three hours as a result of the passive
balancing scheme.

The passive balancing scheme is a simple application for balancing battery cells
in a pack. The goal is to reduce the imbalance of higher charged cells to a specific
voltage set point in a certain period of time. This application has shown that it can
work on parallel battery pack configurations. As seen in the previous two figures is
that this balancing scheme is limited. It does nothing to balance cells that are under
this voltage set point. Additionally, all the energy that is removed from the battery
cells with a higher voltage is burned off as heat through the shunt resistors. The trade
off of using a passive system is the relatively cheap and simple design for burning off

access energy as waste heat.

4.5 Battery System Simulation Results

Now that the model with both the active and passive cell balancing has been fully
developed, simulations can be run with various battery pack parameters and input
current profiles. The simulator is designed to generate the base battery pack with a set

of battery parameters to be used for different simulations. Multiple simulations can
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then be run with both cell balancing designs on the same pack for a direct comparison
of the two cell balancing systems with the base pack and with each other.

For a better representation of the individual battery cell behaviors, LPV model
parameters were employed. As discussed in Section 3.6, LPV parameters provide a
more realistic and accurate battery behavior representation which capture the dif-
ference in charge and discharge efficiencies over various temperatures across the SoC
spectrum. In order to induce realistic scenarios, the individual battery parameters
were varied, as shown in Equation 2.1, with a standard deviation of 0.015 from the
base set of values. Parameter variation in this manner creates slight differences in
internal resistance and overall capacity of each of the individual battery cells, which
mimics manufacturing inconsistencies and relative aging, providing realistic represen-
tation of a battery module that would be seen in automotive battery packs. The
variation factors for the individual battery cell internal resistance and capacity can
be seen in Appendix B.

The multiple simulations conducted in this section use the same set of initial
battery parameters so a direct comparison can be made. The same extended input
current profile also was run in each simulation to establish initial conditions under
load conditions. The current profile used for this purpose is an extended Toyota
Prius HEV current profile, which is shown in Figure 4.11. This current profile is
representative of a typical urban drive cycle (for example, as would be seen by a
commuter in a daily trip to or from the workplace). The active drive cycle is then
followed by a 12 hour rest period (presumably when the vehicle is not in service during
work or overnight hours) in which the battery cells can achieve a steady-state value

and may or may not be subject to a cell balancing control system.
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Figure 4.11: Toyota Prius extended HEV input current profile.

Therefore, the allowable time window for complete battery pack cell balancing is
considered to be 12 hours. Simulations will show that the balancing can actually take
less time with either balancing technique, depending on several factors in the chosen
architecture and control scheme. These simulations are designed to show the voltage
drift that occurs without a cell balancing system, as well as show the performance of

the two proposed cell balancing designs all on the same identified battery pack.

4.5.1 Non-Balanced LPV Battery Pack Observations

All the individual batteries in this simulation hold an initial SoC value of 60%.
As described before, each of the cells have unique internal resistance and capacity
variations which models a more realistic battery pack configuration. The simulation

was run for a 12 hour time period and Figure 4.12 shows the individual battery
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voltages over the first four hours of the simulation, which also includes the active

drive cycle.
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Figure 4.12: Individual cell voltages of the non-balanced battery pack.

The blow out of the individual battery voltages shown in Figure 4.12, shows the
voltage drift that results from this drive cycle. The drift shown in this figure is a
result of the unique variations of the individual battery cells in the pack since all
the cells were initially balanced at the beginning of the simulation. The voltage drift

will continue to grow as more current profiles are run on this battery pack if it is not
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correctly mitigated. As the voltage drift grows, this will start to affect the operational
performance of the battery pack as a whole. If the voltage of one of the cells becomes
too small, it will function below its normal operating range, thus reducing the overall

performance of the battery pack, and start to chemically breakdown from within.
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Figure 4.13: Individual cell SoC’s of the non-balanced battery pack.

The voltage drift in this simulation, although rather small, when plotted across
the OCV curve of the batteries, results in a large SoC deviation. The individual
battery SoCs throughout the simulation are shown in Figure 4.13. The first half hour
of simulation shows the individual battery SoC’s behavior over the active portion of
the input current profile. At the half hour mark the battery SoC’s are considerably
imbalanced with an SoC deviation of approximately 6.0%. Over the next hour the
individual cells have a chance to relax and reach a steady-state value. The final SoC
deviation over this current profile is approximately 4.0%.
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This simulation, with the LPV parameters, shows a more realistic battery behav-
ior pattern. After one cycle, it has been shown that there is a large voltage drift
between the cells. As mentioned before, this will continue to grow and needs to
be corrected as soon as possible to prevent battery cell degradation and reduce the
expected performance and life of the battery pack. The next section will show the
battery pack with the same parameters simulated with both a passive and active cell

balancing system.
4.5.2 Active and Passive Cell Balancing Comparison

The battery pack with the same initial LPV parameters was simulated with both
an active and a passive cell balancing system. These simulations were designed to
illustrate the performance of both balancing techniques on a battery pack after being
excited from a particular driving cycle. The objective of any balancing system is to
establish some sort of voltage balance between the cells in the battery pack to increase
expected battery performance and life span. For these simulations, the batteries in
the pack were initialized with the same initial SoC of 60%, and as before the pack
is simulated over a 12 hour time period. The same current profile, shown in Figure
4.11, was used to excite the batteries within the pack.

The active balancing circuit uses a 180F capacitor with an initial voltage of 3.21V
and a resistor with a value of 50mf2. The switching rate was set to 0.57. Figure 4.14
shows the individual cell voltages over the 90 minutes of the simulation run time.
The active portion of this figure develops the voltage drift between the cells. During
this time the ACB circuit is not functioning, as seen by the constant voltage of the

capacitor shown in magenta. When the input current is zero, the active balancing

72



starts to balance the cells in the battery pack, as seen by the change in the voltage

of the capacitor.
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Figure 4.14: Individual cell voltages of battery pack with ACB system.
A: Switching begins between the two most imbalanced cells as shown in Figure 4.15
B: Switching between multiple cells occurs at this point as shown in Figure 4.16.

Time instance A in Figure 4.14 depicts the cell imbalance directly after the active
cycle, as the balancing begins. This instance is shown more clearly in Figure 4.15.
The capacitor is connected (switched) between the two cells with the highest and
lowest voltage at this point. The capacitor voltage, colored magenta, increases when
it is connected to the higher cell, thus removing charge from it. The capacitor voltage

then decreases when it is connected to the lower cell which charges the battery cell.
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Figure 4.15: Switching begins between the two most imbalanced cells (time instance
A from Figure 4.15)

Time instance B in Figure 4.14 shows the individual cell voltages after 1.3 hours
of simulation time. This instance is shown more clearly in Figure 4.16. At this point,
the capacitor is intelligently switching between multiple high and low voltage cells.
At time instance 1.342 hours the ACB circuit is connected to a battery with a higher
voltage, shown in blue, and then at time instance 1.344 hours the ACB circuit is then
connected to a different cell with the highest voltage, shown in red.

The continuous SoC of the individual battery cells over the entire simulation can
be seen in Figure 4.17. This clearly shows the time duration it takes to achieve the
target SoC deviation of +1.0% from an initial SoC deviation of 6.0% when the balanc-

ing began. This metric also provides a clearer understanding of the individual battery
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Figure 4.16: Switching between multiple cells occurs at this (time instance B from
Figure 4.16)

behaviors during the balancing process. The complete balancing of the battery pack
requires approximately 9.5 hours for the parameters and scheme chosen in this simu-
lation. At hour 1.5, the balancing between multiple high and low voltage cells occurs
and the balancing of these cells is completed at the same rate. This continues for the
duration of the balancing process since the ACB circuit is actively switching between
multiple cells. Note that because this is a charge depleting current profile, the SoC
of the battery pack will be lower than its initial value. After balancing has been
completed, the battery pack SoC settles to approximately 46% SoC, with all the cells
within £0.5% of the final value. The energy efficiency of the balancing operation as

calculated by Equation 4.1 was 99.8%. Maintaining a balanced voltage of the battery
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pack will allow it to operate at the expected performance level with an increased life

expectancy.
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Figure 4.17: Individual cell SoC’s of battery pack with ACB system.

Next, a simulation using the passive balancing scheme is investigated for the
battery pack with the same individual LPV cell parameters. This passive scheme
was shown to work on a battery pack with a manually selected SoC deviation in
the previous section. This simulation will show the passive system performance on
a battery pack with the current input profile taken off a Toyota Prius drive cycle,
shown in Figure 4.11.

Figure 4.18 zooms in on the individual cell voltages during the first 90 minutes of
the simulation run time. Focusing on this plot, the active portion can again be seen
in the first half hour of operation. During this time the cell balancing circuit is not
functioning. Once the active portion of this profile is complete (no input current) the
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Figure 4.18: Individual cell voltages of battery pack with PCB system.

30 minute balancing timer begins. This allows the batteries to relax after having the
load current removed before calculating the set point voltage for the passive balancing
system. Once the timer expires, the balancing voltage set point was calculated to be
3.278V. Therefore, all the cells with a voltage that is higher than this set point are
balanced by closing the respective shunt resistor circuits around those batteries to
dissipate the excess energy and bring the voltages down to that set point.

The blow up shown in Figure 4.18 shows the instance that the passive systems

starts operating. It can be seen in this blow out that all the cells with voltages that
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are over this set point are discharged. There is also chattering that occurs, shown as
large blurs in this blow up. This is caused by cells with voltages that are near this
set point as the dynamic nature of connecting the battery cell to the shunt resistor
causes an instantaneous voltage drop that goes below the set point. When the circuit
opens, the battery voltage relaxes and raises back above the set point, thus triggering
the system to balance it again. This continues until the relaxed battery cell voltage

is equal to the balancing set point voltage.
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Figure 4.19: Individual cell SoC’s of battery pack with PCB system.

The continuous SoC of the individual battery cells over the entire simulation can
be seen in Figure 4.19. This clearly shows the duration it takes to properly balance
the battery pack with the passive system from an initial SoC deviation of 6.0% when
the balancing began. This metric also provides a more clear understanding of the in-

dividual battery behaviors during the passive balancing process. The batteries with
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voltages are balanced to the voltage set point in approximately two hours. After bal-
ancing has been completed, the battery pack has an SoC deviation of approximately
2.0%. The higher voltage cells have balanced to approximately 46.5% SoC. The bat-
tery cells with voltages that are lower than the set point voltage are not balanced
and therefore balancing of the entire pack cannot be achieved. The slight SoC drifts
of the lower voltage cells seen in this experiment are caused by the induced string
currents of the parallel battery pack configuration.

Since all the energy is dissipated as heat, the energy efficiency of the passive
system is essentially zero. Complete balancing can be obtained if the control strategy
is modified to balance to the battery with the lowest voltage. However, this will result
in greater energy losses and a lower pack SoC point once balancing is complete.

A direct comparison the two balancing systems can be seen in Figures 4.20 and
4.21. The four most imbalanced cells are shown in both of the figures to show how
each of the balancing systems works to achieve the goal of balancing the entire pack.
When looking at the voltages, it is clear that the active system properly balances all
the individual battery cells to within a certain voltage threshold whereas the passive
system only balances the cells with a voltage above the calculated voltage set point.
The battery cells that have a lower voltage than the rest of the pack cannot be
balanced with this particular passive balancing control scheme. These lower voltages
will continue to drift further away as the battery pack is continuously used and only
the higher cells are balanced.

Comparing the two balancing systems from an energetics stand point, it can be

seen that the active system is clearly better. With an energy efficiency of 99.8%,
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Figure 4.20: Individual cell voltages at specific time instances of the four cells with
the maximum initial deviation during active balancing.

any charge that is removed from the higher voltage cells in the battery pack is es-
sentially recovered in the battery cells with lower voltages. The passive system does
have a couple of advantages. It offers faster balancing times as well as simple cir-
cuitry and control. However, the advantages of using an active balancing system are
clearly shown. This design meets the specifications of a cheap and efficient method

of balancing within a specific time frame for automotive applications.
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Imbalanced Battery Voltages During PCB at Specific Instances
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Figure 4.21: Individual cell voltages at specific time instances of the four cells with
the maximum initial deviation during passive balancing.

4.6 Summary

The development of both balancing systems were described in this chapter. The
simple approach of a passive system was used as a comparison for the active balancing
technique. The simulation results showed that passive balancing is achieved faster
but with many drawbacks that make this less appealing for larger battery packs used
in automotive applications. The proposed active balancing system was shown to be
a relatively cheap physical design with an efficient and timely operation based on the
selected architecture and control scheme. Efficiencies of over 98% can be achieved with
realistic parameters and configurations, whereas the balancing rates and efficiencies
can be altered by sizing the resistor, capacitor and switching frequency differently

with the active technique.
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The next chapter will focus on the development of the active balancing system
in experimentation. A prototype active balancing system with two imbalanced series
batteries will be described for balancing scenarios similar to the simulated model.
This will allow for model validation with comparing the experimental results with the
simulated results. Future work will consist of various experiments to help properly
build and select the components to be used for the final experimental table top battery

pack.
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Chapter 5

EXPERIMENTAL RESULTS OF A 12V BATTERY
SYSTEM MODULE

This chapter focuses on the initial experimental results of the proposed active cell
balancing technique using the “floating capacitor.” The next section will examine the
circuit behavior with two imbalanced cells using a manual switch which was performed
in [5]. Next, an experiment with the same battery setup is performed using solid state
relays for switching devices instead of a manual switch. With this experiment, the
simulator model can potentially be validated by simulating the same experiment and
comparing the results.

5.1 Manual Switching Between Two Series Connected Bat-
teries

An initial experiment was conducted to show the circuit behaviors of two imbal-
anced series connected battery cells. The two individual battery cells that were tested
are 3.2V, 2.3Ah A123 lithium-ion cells. The circuit was constructed on a breadboard.
The cell balancing circuit consisted of a 58F capacitor with an ESR of 19m{2 and a
0.22 power resistor. The data was recorded using an NI USB-6008 DAQ. The voltages
of the individual cells as well as the voltage through the capacitor were recorded. The
voltage resolution was 4.88mV when using the differential analog input (AI) mode
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on the DAQ. The resolution of the DAQ was not as precise as desired, but it was
sufficient enough to show the dynamic behaviors of all the elements in the proposed
circuit design for this experiment.

The switching in the circuit was implemented with a manual DPDT switch. The
experimental test was run for 1 hour with a switching period set to 10 minutes to
accurately show the circuit behaviors with two imbalanced battery cells. The ini-
tial voltage values of the batteries were arbitrarily selected and the initial capacitor
voltage was set to an approximate midpoint value. The data recorded from this exper-
iment was digitally filtered in MATLAB to clean up the signal outputs. Additionally,
a voltmeter was used to manually record the initial and final voltages of the batteries
and capacitor to verify the results obtained from the DAQ.

The recorded data from the experiment with the manual switching is shown in
Figures 5.1 and 5.2. The ACB circuit was closed at 10 minutes and opened at 50 min-
utes. The switch is closed around either of the two batteries in between those times,
shuttling charge from the high voltage cell to the low voltage cell. The characteristics
observed here are similar to those shown in simulation from Section 4.2. When the
capacitor is connected to the battery with the higher voltage, it charging occurs, thus
increasing the voltage of the capacitor. When the capacitor is connected to the cell
with the lower voltage, it discharges the capacitor, thus decreasing its voltage. The
initial voltage drop observed in the battery behavior when connected to the circuit is
caused by the dynamics and internal resistance of the cell.

Similar behaviors can also be observed when examining the current in Figure 5.2.
The current spikes are the largest when the capacitor is initially connected to either

one of the cells. They progressively get smaller the longer the capacitor is connected
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Figure 5.1: Voltage behavior with ACB circuit manually switching between two cells

[5]-

since the voltage difference between the cell and the capacitor becomes smaller. The
positive currents are caused by the discharging of the higher voltage cell and the
negative currents result from charging the lower voltage cell.

This simple experiment validated the functionality of the elements in the cell
balancing circuit. The same characteristics seen in simulation can also be seen in the
experimental results. As mentioned before, the initial and final voltages were recorded
to verify the recorded data from the DAQ. An average OCV curve fit, shown in Figure
5.3, obtained from the experimental data obtained in [28] was used to estimate the SoC
from these recorded voltages. It is confirmed that charge, al beit small, was shuttled
from the high voltage cell to the low voltage cell during this short experiment.

Table 5.1 shows the initial and final voltages of the individual cells as well as

the capacitor. Using the aforementioned second order model curve fit of the OCV,
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Figure 5.2: Induced current with ACB circuit manually switching between two cells

[5]-

an initial and final SoC difference could be calculated which is also shown in the
table. This indicates that over the course of this one hour experimental test, the SoC
difference decreases 0.135%. Future tests will show more accurate testing to validate
the model and the functionality of the proposed system using programmable relays

and a quicker balancing rate.

Initial | Final
Viartr || 3.381 | 3.379
Viarr2 || 3.298 | 3.299
Veap 3.339 | 3.299
ASoC || 2.12% | 2.05%

Table 5.1: Experimental results from manual switching.
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Figure 5.3: Second order model open circuit voltage curve fit.

5.2 Programmed Switching Between Two Series Connected
Batteries

The manual switching circuit was then replaced with programmable solid state
relays (SSRs). The SSRs used were CMX60D10 with a switch resistance of 0.018€2.
When closed, the balancing circuit consisted of two SSRs in series with a 58F capacitor
around one battery cell. The total circuit resistance was calculated to be 0.055€2,
which includes the ESR of the capacitor. The new circuit was then utilized to balance
the two series connected battery cells. A circuit diagram can be seen in Figure 5.4.

The control is programmed in an m-file using MATLAB. Within the script, the
switching frequency and start-stop functionality is declared. The solid state relays
receive a control signal from the DAQ that closes the cell balancing circuit around

one of the two batteries. Two of the relays are designed to close the circuit around
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Figure 5.4: Circuit Diagram of ACB circuit using solid state relays switching between
two cells.

the first cell and the other two are designed to close the circuit around the other cell.
The control for the relays is programmed in a way that only one cell can be connected
to the cell balancing circuit.

An experiment was conducted to correct a voltage imbalance between two series
connected cells with the programmable balancing circuit. The switching frequency
was set to 0.57 and the experiment run time was set for six hours. The voltage imbal-
ance between the two cells was set to observe the performance of the cell balancing
system over the relatively flat portion in the middle of the OCV curve shown in Figure
5.3. The OCV curve was again used to estimate SoC of the individual cells based on

the OCV values recorded from the voltmeter. After the six hour balancing run time,
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the batteries were rested for an hour and then the voltages were again recorded. The

initial and final measurements are tabulated in Table 5.2.

Initial | Final
Viartr || 3.300 | 3.296
Viattz || 3.292 | 3.294
Veap 3.296 | 3.296
ASoC || 7.08% | 1.57%

Table 5.2: Experimental results from SSR switching circuit.

The results in Table 5.2 indicate that charge was shuttled from the higher voltage
cell to the lower voltage cell. The SoC difference was also reduced from an estimated
7.0% to 1.5%. The precision of these measurements is limited due to the limitations
of the voltmeter. The accuracy of the voltmeter is 1mV, therefore the measurements
may not be as precise for SoC estimation but nonetheless serves as an adequate
approximation. Additionally, the voltage plot from the experimental data that was
collected from the DAQ is also not accurate enough to show meaningful characteristics
since the voltage measurement precision of the DAQ is 4.88mV.

However, a simulation was run in an attempt to validate the experimental results
obtained. Using the developed simulator, the same test was simulated with the same
initial parameters. The circuit resistance was also set to 55mf2. The fitted SoC values
from the voltage measurements were used to set the initial battery parameters in the
simulation. The run time was set for seven hours with the first six enabling the active

balancing and the last hour used to rest the batteries to obtain steady state values.
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The individual cell voltages and the voltage of the capacitor can be seen in Figure

9.5.
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Figure 5.5: Individual cell voltages during experimental validation simulation.

By examining Figure 5.5, it can be seen that the voltage converge toward one
another. The capacitor is continuously switching between the two cells, shuttling
charge from the higher voltage cell to the lower voltage cell. The SoC of the individual
cells can be seen in Figure 5.6. The initial SoC deviation was set to 7.08% and the
final SoC deviation is just under 1.0%. The model allows for more precise voltage
and SoC measurements.

Comparing the simulated results to those obtained from the experiment, it can
be seen that they are relatively close to one another. The slight differences that are
displayed are caused by errors in the precision of the instruments used for recording
data in the experiment. Additionally, there is small a amount of leakage within the

90



ACB Individual Cell SoC

Time [hr]

Figure 5.6: Individual cell SoCs during experimental validation simulation.

capacitor that are not accounted for. Overall, the simulated and experimental results
fall within a reasonable range of each other, thus the experimental results seem to
validate the results obtained from the developed simulator. Additional experiments

were conducted in [5] to study the performance trends of the cell balancing circuit.

5.3 Summary

The initial experimental results of the “floating capacitor” active cell balancing
method were discussed. An experiment with a manual switch was conducted to
observe the characteristics of the balancing circuit. The manual switches were then
replaced with programmable SSRs. The test bench was set up to run the balancing
circuit on a string of two imbalanced battery cells that were connected in series. The

experimental results were then tabulated and a simulation was conducted to verify the
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results. When comparing the experimental and simulated results, the experimental
results approximate the results obtained in simulation. Future work will include
experiments to further validate the functionality of the proposed cell balancing design

on a complete battery pack.
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Chapter 6

CONCLUSIONS

Lithium battery packs pose significant issues with battery cell monitoring and
balancing. Unlike multi-cell lead-acid battery packs, lithium-ion battery packs cannot
be equalized by an overcharge, therefore a different method is required. As discussed
in Chapter 1, there are two main groups of cell balancing methods: passive and active.
Passive systems use a resistive element to dissipate excess energy from the cell(s) in
the pack with higher voltage(s). Active balancing techniques remove excess charge
from the higher voltage cells and deliver it to the cells with a lower voltage, thereby
achieving cell balancing while minimizing excess energy loss as heat waste. There is
very limited literature on various active cell balancing methods and due to the highly
proprietary nature of the technology, there are no known commercially viable active
balancing systems at a reasonable price for automotive applications.

Experimental data in Chapter 2 has shown that voltage variations within a string
of series connected battery cells can occur over a relatively short amount of cycles.
Simulation data has shown that voltage drifts occur quickly with parallel configured
battery packs. Without mitigating these imbalances, the variations will continue to
grow over continuous charge and discharge cycles. This will result in reduced battery
pack performance by inducing over-voltage and under-voltage cell conditions that
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will rapidly deteriorate and age the batteries, potentially leading to overheating and
catastrophic failure.

Two battery cell balancing techniques were introduced in this thesis. Chapter
3 discusses these designs and a simulator was created to model the behaviors. This
model was built upon previous completed research that has been conducted to identify
the individual cell parameters as well as model the behaviors of an arbitrarily selected
series/parallel configured battery pack. The different cell balancing circuit derivations
were discussed along with the control schemes used for appropriate balancing.

The simulation results from this model were shown in Chapter 4. The step by step
development of the active cell balancing method was shown in simulation. Once a
complete battery pack model was developed, multiple simulations were conducted to
show the effectiveness of the proposed active balancing design. Trends were examined
to show how to appropriately size the active cell balancing design components for
particular applications. This design was then compared to a pack with the passive
balancing system as well as a battery pack with no balancing system. The comparisons
were made from an effective balancing and energy efficiency standpoint.

Initial experimental results of the active cell balancing system were discussed in
Chapter 5. The results provide a preliminary check on the feasibility of this design.
The circuit behaviors were shown which used a manual switch to shuttle charge be-
tween two imbalanced cells connected in series. Additional experimentation provided
insight to the functionality of using programmable solid state relays in the balancing
circuit. The experimental results were then compared to the simulated results to

validate the developed battery system model.
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6.1 Contributions

An active cell balancing technique for automotive battery packs with parallel
configurations has been proposed in this thesis. Much of what has been proposed in
the literature focuses on series strings of batteries. With an increasing demand for
more electrical capacity in new advanced vehicle architectures, more batteries will
need to be placed in parallel. The proposed “floating capacitor” design is an attempt
at creating a solution that is efficient, light weight, and cost effective for a parallel
configured battery pack. Additionally, the developed passive balancing system in
this research has provided a comparison to the active system from an energetics and
feasibility standpoint. The simulated and initial experimental results have provided

motivation for future work to be done on parallel battery pack cell balancing.

6.2 Future Work

The continued experimental work on the active design should be able to shed
light on the implementation and practicality of the “floating capacitor” technique to
actively balance cells in a parallel configured pack. The experimental results can also
be used to validate the results seen from the model simulations and hopefully this will
be presented in a future paper. If this method proves to be effective, it is hoped that
this opens the door for more research into actively balancing parallel packs. This cell
balancing scheme could also be used as part of a complete BMS in future research.

Additional advanced designs could use protected FETSs in parallel with each string
to drain the current from the cells that are at or near the over-voltage threshold
[2]. A maintenance function could be established, with a penalty to determine the

correct control pulse width modulation (PWM) for the mosfets. Potentially, a varied
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resistor could instead be used with a similar maintenance function to tune the rate of
balancing throughout the circuit to obtain higher efficiencies. This could then work
with the established rule-based algorithm to determine a strategy using fuzzy logic

control.
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Appendix A

LPV BATTERY PACK SIMULATION PARAMETERS
USED FOR MOTIVATION IN CHAPTER 2

String 1 | String 2 | String 3
Row 1 || 1.0006 | 0.9935 | 0.9562
Row 2 | 0.9929 | 0.9792 | 0.9755
Row 3 || 0.9711 | 0.9867 | 0.9499
Row 4 || 1.0241 1.0130 | 0.9995

Table A.1: Capacitor variation factor for battery pack simulation.

String 1 | String 2 | String 3
Row 1 || 1.0175 | 0.9487 | 0.9912
Row 2 | 0.9794 | 0.9606 | 1.0127
Row 3 | 1.0070 | 1.0008 | 0.9667
Row 4 || 1.0282 | 1.0088 | 0.9925

Table A.2: Resistor variation factor for battery pack simulation.
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Appendix B

LPV BATTERY PACK SIMULATION PARAMETERS
FOR CELL BALANCING COMPARISON USED IN
CHAPTER 4

String 1 | String 2 | String 3
Row 1 || 0.9893 0.9825 1.0160
Row 2 || 0.9898 0.9741 1.0122
Row 3 || 1.0216 1.0101 1.0021
Row 4 || 0.9871 0.9887 1.0184

Table B.1: Capacitor variation factor for battery pack simulation.

String 1 | String 2 | String 3
Row 1 | 1.0003 | 1.0123 | 1.0105
Row 2 || 0.9965 | 0.9983 | 1.0019
Row 3 | 0.9880 | 0.9964 | 0.9987
Row 4 | 0.9847 | 1.0141 | 0.9830

Table B.2: Resistor variation factor for battery pack simulation.
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