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Abstract

Novel topologies and intelligent balancing strategies for electric
vehicle and plug-in hybrid electric vehicle energy storage system
applications are proposed in this paper. The focus is on switched
capacitor bidirectional DC/DC converter topologies, to reduce balancing
time and number of switches required.
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Introduction

Anelectricvehicle (EV) battery is able to store large amounts of energy
(in the order of 1kW/kg; 100Wh/kg). However, it is not suitable for
supplying a large amount of power in a very short time, due to low power
output density. The lead acid, alkaline, and lithium-ion (Li-ion) batteries
are generally used for portable utilities and industry applications. As
for the lithium-ion battery, it has the advantage of high working cell
voltage, low environmental population, low self-discharge rate, and
high power density in volume as well as high specific energy and energy
density. Therefore, the voltage in a single battery cell is inherently low.
Series-connected lithium-ion battery packs are usually employed for
EVs, hybrid electric vehicles (HEVs), and plug-in hybrid electric vehicles
(PHEVs). The battery cell voltage imbalance in a series connection could
result in differences in cell internal resistance (R, ), unbalanced state-of-
charge (SOC) between cells, and the gradients of ambient temperature of
the battery during charging and discharging [1-3].

Thus, battery cell voltage equalization control is imperative, to
regulate charging and discharging current to the allowable limitations of
cells in the battery series. This in turn is determined by the cell physical
design and materials. Without equalization, the individual battery
voltages will slowly drift apart over time and battery capacity decreases
rapidly. Thereafter, battery life cycles shorten, eventually leading to total
destruction of the battery system [4,5].

Lithium-ion battery chemistries cannot suffer overcharge in the
charging state, since it will cause vaporizing active materials in the
internal area of the battery and increase pressure, which gives rise
to a higher risk of explosion. The maximum overvoltage threshold is
unstable close to the fully charged terminal voltage, typically, in the
range of 4.1 to 4.2 V/cell. Li-ion batteries must also be prevented from
being discharged to very low voltage limit; typically, about 2.0 to 2.5 V/
cell. Over discharge will melt copper in the electrolyte, which damages
the battery or causes battery cell short circuiting. Cell balancing control
is designed to obtain maximum usable capacity from the Li-ion battery
string. Thus, battery string charging and discharging are limited by any
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one single cell reaching its end-of-charge voltage (about 4.1
to 4.2 V/cell) and low voltage threshold (about 2.0 to 2.5 V/
cell), respectively [6-8].

For EV applications, Li-ion batteries could be
supplemented by ultra-capacitors (UCs). An ultra capacitor
has low storage capacity, but possesses the ability to supply
a large burst of power with short charge/discharge times.
Due to the low voltage of a single UC cell, which is typically
2.5 to 3.0V, in a fully charged state; series connected UC
strings with the bus voltage in the range of 300V-400V is
necessary for high voltage applications such as EV, HEV,
and PHEV [9,10]. The battery is used to supply a large
amount of power at light loads, thereby increasing the total
efficiency, whereas the UC bank is used for satisfying EV/
HEV acceleration and regenerative braking requirements.
Such a scenario also helps improve the on-board battery life
time. The combination of battery and UC results in reduced
size and weight of the overall energy storage system [11-13].

Equalization Circuit Topologies: Modeling and
Analysis

Cell voltage equalizer for electric double layer
capacitors

This cell voltage equalizer consists of 10 switches and 6
capacitors, C,~C,. Each switch consists of two back-to-back
MOSFETs for current flow in both directions [14]. A typical
system schematic is shown in Figure 1.

Figure 1 includes the equivalent circuit models of
capacitors C,-C,. Equivalent circuit of EDLC consists of two
capacitors, €, and C, in parallel, and two resistances, R and
R,.When S is ON and S, is OFF, system is charged by voltage
source, V. Otherwise, system transfers its stored energy to
resistance, R. When system is charged, it is shown by two
states. For better understanding of operation of switches,
S =S .iscalledS,and S, =S, is called S,. Switch S, is ON and
S is OFF in the mode of operatlon deplcted in Flgure 2. In
thls state: V_=V_, V=V _,and V_=V .

c¥ c5
In the second mode of operation, S, is OFF and S, is ON.
This mode of operation is depicted in Figure 2(b). During
this state: V=V V,=V, and V.=V, First and second
states appear one after another, and the process repeats,
until all capacitor voltages become equal.

During the discharging process, S, is OFF and S, is ON.
The system transfers its stored energy to resistance, R. In
long term, voltage across resistance, R, slowly decreases, and
in short term, it can be assumed to be constant. Discharging
process equalizer is operated in the same manner. Therefore,
each capacitor voltage can be maintained equal.

Cell equalizers for ultracapacitors

An alternative topology utilizes equalization operation
for ultracapacitor (UC) energy management. A typical
electric vehicle energy storage system could consist of
up to about 600 UC cells. A typical arrangement of the UC
cells is as shown in Figure 3. The equalization operation is
represented in Figure 4. The principle of operation is fairly
simple, wherein power is transferred from a higher voltage
capacitor to a lower voltage capacitor.
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Figure 1: A typical system schematic with cell voltage equalizer and equiva-

lent circuit of EDLC.
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Figure 2: Equivalent circuit of cell voltage equalizer, (a) first state; only SA is
on and SB is off, (b) second state; SA is off and SB is on.

Each capacitor include
of 10 cells in series

20 stacks in series and 3
strings in parallel

Figure 3: Ultracapacitor stacks with three strings in parallel.

In the first step, the higher voltage capacitor charges the
balancing capacitor (BC). Thereafter, BC charges the lower
voltage capacitor. In both operation modes, S, and S, are
on. Each switch consists of two anti-series MOSFETs, for
current flow in both directions [15]. The equivalent circuit
of the cell equalizer is shown in Figure 5. Here, c,U, and R,
represent the capacitance, voltage before S, and S, are on,
and the internal resistance of the BC, respectively. Also, C,
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Figure 4: Operating principle of the equalizer with balancing capacitor.
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Figure 5: Equivalent equalization circuit, with BC and UC stack capacitors
in parallel.

U, and R, are the capacitance of the UC stack, to be charged
or discharged, voltage before S, and S, are on, and its internal
resistance, respectively. Voltages U1 and U2 versus time can
be expressed as:

~(G+G)r
U, ([): C]U1+C2U2 n C2 (U U )e(R]+R2)C]C2 (1)
! G+Cy,  G+Cy 2
—(C1+C2)l‘
U, CU C R Ry))C,C 2
U (1)=99 9% Gy g,k RGO (2)

G +GC, G +GC

In order to achieve faster equalization, three BCs can be
chosen for three strings of stacks. Thus, there exist three
modes in the UC equalization operation energy management
system, namely, charging, discharging, and static modes
[15]. Each mode is described in the sub-sections to follow.

Equalization during charging mode: Ultracapacitors
inherently possess quick-charge characteristics. Typically,
UCs fully charge in about 15-20 minutes, using large currents.
The balancing capacitor is controlled to parallel the stack
with highest capacitor voltage between the strings in series.
The voltage of larger capacitor increases slowly. However,
the voltages of other stacks increase comparatively rapidly.
During charging, BC switches from one stack to a new stack,
with highest voltage between strings. U, represents fully
charged voltage of UC stack, C  is new highest voltage
stack during charging, u_, is voltage of C  , C  is the stack
used in parallel with BC, before BC switches to new highest

voltage stack, and u_,,is voltage of C . Assume that Au = U

-u andéu=u, -u . Whendéuzf[Au), it means the BC is

disconnected from C , and is connected to the new highest

voltage stack (C, ). Therefore, f{Au) can be written as:

Au 6V <Au
4
% 2V <Au< 6V
f(Au): Au (3)

— W <Au<2V

2

1

— Au<1V

2

Thus, the stacks are charged appropriately, and at the
same time, are protected from over-charging. Thereafter,
the BC is ready to enter discharging mode [15].

Equalization during discharging mode: Similar
to charging, ultracapacitors have a tendency to quickly
discharge, usinglarge currents. The BCis controlled to parallel
the stack with lowest capacitor voltage between the strings
in series. The larger capacitor voltage decreases gradually,
while voltages of other stacks decrease comparatively
quickly. In discharging mode, BC switches between the old
stack to new stack, with lowest voltage between strings [15].

Equalization during static mode: In the static mode,
energy is transferred from high voltage stacks to low
voltage stacks, and there exists no charging or discharging
current flowing in or out of the stacks. Consider the UC
stack with maximum and minimum voltagesas €, __and C__,
respectively. Also, consider voltage of C __and C  as U
and U __, respectively. u,, is average voltage of the entire
UC stack. U, and I, represent the BC voltage and current
flow, respectively. 1 and U, are minimum balance current
and minimum voltage difference limit value, respectively.
Details of the equalization process are shown in the
flowchart of Figure 6. During the equalization process, the
stack capacitance is equal to the sum of BC capacitance and
stack capacitance [15].

veS
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Cunax and BC is charged

Figure 6: Overall algorithm for ultracapacitor cell equalization.
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Figure 7: Battery cell equalizer with isolated switched capacitor bidirectional
DC/DC converter.
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Figure 8: Block diagram of a typical switched capacitor converter based cell
equalizer.

Isolated DC/DC converter topology for battery
cell equalization: In this topology, the battery equalizer
consists of a bidirectional DC/DC converter and two pairs
of balancing voltage buses. Typically, the power electronic
battery management system could consist of up to about
100 cells, coupled with 102 MOSFETs. The polarities of the
balancing buses are not fixed; they could either be positive
or negative. Each cell can be connected to balancing buses
by switches. This flexibility of the polarity of balancing buses
leads to reduction in the number of switches by almost 50%.

The batteries and switches could be divided into two sub-
circuits, 4 and B. Consider the scenario, wherein sub-circuit
A consists of 50 battery cells (4, 4,..A,,)) and 51 switches,
(KAI, KAz-"KAsJ- Also, consider sub-circuit B, consisting of
50 battery cells (B, B,...B.,) and 51 switches (KB, KB,...KB,,)
[16,17]. A typical schematic of such a switched capacitor
based power electronics intensive battery cell equalizer is
shown in Figure 7.

As aforementioned, each corresponding switch consists
of two MOSFETs, for current flow in either direction, based

on battery cell load conditions. The overall equalization
process is best described by considering the following
probable scenario:

Initially, the highest cell voltage in sub-circuit A and
lowest cell voltage in sub-circuit B is selected. Energy gets
transferred from sub-circuit A to B, through the DC/DC
converter. If the highest cell voltage in sub-circuit 4 is higher
than lowest cell voltage in sub-circuit B, then the highest
cell voltage in sub-circuit B and lowest cell voltage in sub-
circuit 4 is selected. Thus, energy gets transferred from sub-
circuit B to A via the bidirectional switched capacitor DC/DC
converter. If the highest cell voltage in sub-circuit B is higher
than lowest cell voltage in sub-circuit 4, then the overall
process is repeated every 30 seconds, until all battery cell
voltages are equalized.

If the battery cells of sub-circuit A are selected for
balancing, then KA number of switches are on (where n =
1, 2..51). If n is an odd number, KA is of positive polarity.
In addition, KA, is of negative polarity. KA is of negative

polarity and KA, is of positive polarity, otherwise.

Figure 8 shows an equalizer arrangement that consists
of n battery cells in parallel with a switched capacitor
converter. In addition, the power circuit also consists of (n-
1) capacitor cells and ideal switches in series with resistor,
R. It must be noted that the power supply and the switched
capacitor equalizer are operated simultaneously.

As is clear from Fig. 8, the MOSFTEs are controlled by
the capacitors, whereby they are charged and discharged
through different paths. As is obvious, the balancing current
is directly proportional to the capacitance value that the
converter switches [16,17].

Conclusion

This paper presented the viability of using switched
capacitor converter topologies and corresponding intelligent
balancing strategies for electric and plug-in hybrid electric
vehicle energy storage systems. Switched capacitor
converter based battery and/or ultracapacitor cell voltage
equalization depicts the following major advantages: (a)
switching losses of MOSFETSs can be significantly reduced,
(b) low electromagnetic interference (EMI) emission, and (c)
reduced size, cost, and weight of the overall energy storage
and management system.
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