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Abstract—This paper proposes a novel comprehensive state
of charge (SOC) and voltage control scheme for battery
equalization. For the circuit topology, the equalizers contain
balancing circuits based on buck-boost converter topology,
which can guarantee bi-directional power flow between battery
cells, and each cell is corresponding to one balancing circuit. For
the control scheme, real time SOC of each cell is measured to
determine the switching state of each balancing circuit so that
equalization path can be changed accordingly. Real time voltage
is also measured to minimize the load voltage ripple. PI
controller is then applied to regulate both SOCs and voltages
across the battery cells through the adjustment of the switching
duty ratios, thus making a trade-off between equalization speed
and battery voltage fluctuations. The circuit topology is
constructed in SIMULINK while the control algorithm is
implemented in MATLAB. Simulation results of SOC, voltage
and current are obtained to validate the control design.

Keywords— buck-boost converter, PI controller, equalizing
speed, voltage fluctuation, lithium-ion battery

I. INTRODUCTION

Lithium-ion battery is the fastest growing and most
promising battery chemistry for its long life cycle and little
pollution [1]. It can be applied in many areas ranging from
portable electronic devices such as mobiles and laptops to
larger energy storage fields such as uninterruptible power
supply and electric vehicle. Battery string needs to be formed
by several battery cells to meet the requirement of applications
since single cell can only provide limited energy [2][3].
However, due to the inconsistencies of battery internal
resistance, battery capacity and operating temperature, the
imbalance of state of charge and voltage in battery cell
becomes a common problem. This problem may accelerate the
degradation, thus reducing the efficiency and lifetime of
battery pack. And it may even cause some severe safety
problems such as fire and explosion. Therefore, it is necessary
to develop battery equalization technique.

The balancing topologies can be divided into passive and
active balancing [4]. The passive balancing circuits apply
fixed or switched shunting resistor to consume the excess
charge of overcharged battery, thus reaching equalization after
a period of time. This method is simple and easy to control.
However, it has low efficiency as it wastes some useful energy,
which transfers as heat dissipation [5]. The active balancing
circuits are based on the principle that excess charge can be
shuffled from one cell to another through energy storage
elements such as inductors and capacitors. In this way, energy
is not wasted but used to re-charge other cells. Converter-
based topology is a promising choice of active balancing
circuits because converters can be controlled to be
bidirectional for both charging and discharging through the
whole balancing process [6].

Apart from the balancing topologies, appropriate control
algorithm is also important, which are mainly divided into two
types: voltage-based and state of charge (SOC)-based control
scheme [7]. Voltage-based control is widely used in industry
for its simplicity. Cells charge and discharge according to the
direct voltage measurement. However, sometimes cell
imbalance comes from the internal chemistry kinetics
difference. In this case, voltage difference is just an indicator
but not the underlying cause [8]. The voltage cannot reflect the
real characteristics of batteries. Managing to balance the
voltage directly may bring about other problems. Research [9]
has shown that the voltage-based balancing control might lead
a battery string to be even more unbalanced than without it.
SOC-based control is more reasonable because SOC is the root
cause of the voltage difference. When cells are balanced to the
same SOC, their voltage will be balanced at the end.

Research [10] provides a balancing strategy of lithium-ion
batteries based on change rate of SOC. In order to minimize
power loss, this method limits the current flowing in and out
of the batteries during the balancing process. However, it
focuses on ideal unloaded situation without considering load
current as well as load ripple. In [11], the authors propose a
duty cycle adjusting method to cope with decreasing balancing
speed. However, this algorithm is highly sensitive to voltage
value. A little voltage ripple will lead to unstable response in
duty ratio. In [12], the authors suggest a layered buck-boost
converter balancing topology, which is modular and easy to
control. However, that method is voltage-based and applies
fixed duty ratio. It may not achieve real balance in SOC or take
a long time to achieve it.

This paper proposes a novel PI control scheme, which
takes SOC as the dominant factor while voltage as a detuning
parameter. It achieves both fast balancing speed and small
voltage fluctuation. Based on the battery cells’ SOCs, the
operation mode can change whereby certain converters are
activated automatically and transfer charge at an adaptive rate.
The buck-boost converter operation principles are discussed in
section II. Several sub control algorithms are explained in
section IIT and the whole system design is presented in section
IV. Simulation and results are given in section V. The section
VI gives the conclusion of all work.

II. CIRcUIT TOPOLOGY & OPERATION

A. Single balancing circuit

Fig. 1 shows a single balancing circuit for two batteries
system. This balancing circuit is derived from traditional
buck-boost converter. The inductor is used to transfer energy
between batteries. One diode and one controllable transistor-
based switch (i.e. D,and S;) form a balancing path. Two sets
of them provide two balancing paths ensuring the bidirectional
energy flow for both charging and discharging.
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Fig. 1. Single bidirectional buck-boost converter

One case study where battery 1 is overcharged and battery
2 is undercharged is presented in Fig. 2 and Fig. 3 where
respectively represent the turn-on and turn-off state of the
switch. In this situation, S; is turned on for T; interval and off
for T, interval by the PWM control signal of a certain duty
ratio, and D, is reverse-biased; S, is fully turned off and D, is
forward-biased to maintain the current flow. The switch
control strategies will be discussed in section III and I'V.

T, interval: the current flows from battery 1 to inductor L
through S; as shown in Fig. 2. The energy is stored in inductor
temporarily.
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Fig. 2. battery 1 discharges inductor

T, interval: the current of L keeps the previous direction,
as shown in Fig. 3 which forms a loop; L — battery 2 — D,
—L. So the excess charge successfully transfers from
overcharged battery 1 to the undercharged battery 2 at the end
of T,.
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Fig. 3. inductor charges battery 2

Capacitor is used for temporary storage to suppress the
high frequency fluctuation in current due to the fast switching
of the converter. Its capacitance is chosen to be sufficiently
large to achieve this objective but not too large to affect the
battery response.

B. Four batteries system

The control scheme and system circuit topology can be
applied to multi-battery system. For simplicity, only four
batteries are presented here. Each battery is connected to one
converter as discussed above. The operation of converters
follows the proposed algorithms.

Take battery 1 as the upper end battery and battery 4 as the
lower end battery. Given that two switches of the same
converter cannot be turned on simultaneously, each converter
has three operation modes:

Mode 0 : Both upper and lower switches are turned off. In
this case, the converter is fully turned off and not used.

Mode 1 : Upper switch is turned on with a given duty ratio
while lower switch is turned off. In this case, excess charge
transfers from upper batteries to lower batteries.

Mode 2 : Upper switch is turned off while lower switch is
turned on with a given duty ratio. In this case, excess charge
transfers from lower batteries to upper batteries.

Fig. 4 and Fig. 5 shows the current flow in ‘on’ state and
‘off” state when converter 1 and converter 4 are both in Mode
1.
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If converter 1 is in Mode 1, upper switch turns on and off
with a given duty ratio and lower switch is turned off all the
time. In this case, battery 1 charges inductor at ‘on’ state of
switch. And inductor then discharges to battery 2, battery 3
and battery 4 at ‘off” state. In such a period, energy transfers
from battery 1 to other batteries. At the same time, if converter
4 is in Mode 1, energy transfers from battery 1, battery 2 and
battery 3 to battery 4. In this example, battery 1 only
discharges so energy is removed to other batteries. And battery
4 is only charged by other batteries so it receives the most
quantity of energy. Battery 2 and battery 3 experience both
charge and discharge so they are balanced simultaneously.

III. CONTROL SCHEME

A. Switch selection algorithm

To switch between three modes described above, a
selection algorithm is proposed. To achieve that, the SOCs of
all batteries are measured firstly. The SOC is measured by the
current integration method:

Jidt

S0C = S0C, + (1)
Where SOC, is the initial SOC value of battery, and i is the
current of the battery, and Q,, is the rated capacity of battery
[13]. The real time SOC value is obtained by summation of the
ratio of current integration to the battery capacity. Though this
paper only considers this straightforward method while
focusing mainly on the regulation of the converters’ operations
and the control on the voltage, more comprehensive SOC
measurement methods like Combined Coulomb Counting and
Fuzzy Logic Method [14] can be applied in practice.

The average SOC is calculated from the initial SOC of all
batteries, which is only calculated once during the whole
process. Every time when real time SOCs of all batteries are
updated, the ones having the maximum and minimum SOCs
are noted. According to this information, their corresponding
converters (i.e. those across the most overcharged and
undercharged batteries) are turned on while the others are not
used. The flow chart for selection algorithm of » batteries
system is given in Fig. 6.

SOC = {socy, s0c,,..soc,} denotes a set of SOC of all
batteries; Y = {y;,¥,,..,¥,} denotes a set of state of all
converters, which will be initialized to {0,0,..,0} at the
beginning; n is the number of batteries. The error value will
be explained further in PWM duty ratio adjusting algorithm.

This algorithm divides the battery string into two parts,
namely upper set and lower set. For batteries in upper set,
Mode 1 is the state when upper batteries charge lower
batteries. And Mode 2 is the state when batteries in lower set
charge batteries in upper set. For batteries in lower set, Mode
2 is the state when upper batteries charge lower batteries. And
Mode 1 is the state when lower batteries charge upper
batteries. For both groups, Mode 0 means converters are fully
turned off.

To clarify that in four batteries system, ‘1001’ means
battery 1 is the most overcharged one while battery 4 is the
most undercharged one. And the balancing circuits work as
depicted in Fig. 4 and Fig. 5.
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Fig. 6. Switch selection algorithm flow chart

B. PWM duty ratio adjusting algorithm
When the inductor is charged, the voltage is given as:

v=L% )

To guarantee the discontinuous mode, which means all the
energy stored in inductor is transferred to battery, the current
should decrease to zero [12]. So the duty ratio is obtained:

V1 D 2] 1-D

T RS s &)
V2
D < ——— 4)

In (3), v, is the voltage of charging battery and v, is the
voltage of discharging battery. D is the duty ratio. During the
dynamic process, the voltage of batteries fluctuate all the time.
Duty ratio cannot be determined solely from this equation.
Even if duty ratio is set to a certain value, such fixed value
does not meet fast equalizing requirement. Hence PI controller
is used to adjust the real time duty ratio. Voltage of battery is
not continuously increasing or decreasing because it is
affected by many factors such as ripple and load current.
Because of its unpredictable responses, the voltage itself
cannot be used by the PI controller for duty ratio adjustment

SOC, as the root cause of cell imbalance, will increase
when battery charges and decrease when battery discharges. It
is then a suitable parameter as input to the above Pl-based
control system. For the purpose of SOC balancing, the
reference is average value of SOC and the input is the
minimum value of SOC. So the SOC error is calculated as:

S0Cerror = SOC = S0Cn (5)



The duty ratio is the output of PI controller. If SOC serves
as the input, the duty ratio will keep on increasing to speed up
the balancing process. However, due to the integral operation
of PI controller, the duty ratio will rise to a relatively high
value and maintain such value until balancing process stops.
Under such high duty ratio, the operating points of the battery
voltages will move far away from their nominal levels.

To prevent this side effect, voltage difference is taken as
the detuning parameter to slow down the increasing speed of
duty ratio. The instant voltage of all batteries are measured and
the maximum value and minimum value are found. The
voltage difference is defined as:

Vaiff = Umax — Vmin (6)

The voltage difference is multiplied by a detuning factor
and is used to re-adjust the final input of PI controller.

SOC_error O

Fig. 7. PI controller

PI(s)
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Therefore, the input to the PI controller can be obtained as

u(t) = i(t) + p(t) O

where

p() = K, - (SOCerror - K- Vdiff) ®)

and

. t
l(t) = K;- fo (SOCerror - K, 17diff) ' dt 9

K, is the overall proportional gain, K,, is the detuning
factor (set to 0.4 here), and K; is the integral gain. The output
of the PI controller is the converter’s duty ratio adjusted
considering the need for SOC balancing and minimisation in
battery voltage fluctuation, and this duty ratio information is
transferred as an input to the switch controlling algorithm as
described below.

C. Switch controlling algorithm

This algorithm generates two values for PWM input of
one converter; respectively to its upper and lower switches.
Referring to Fig. 1, the upper switch is supplied with pwm_up
port signal while the lower switch by pwm_down port.

Algorithm3 The Switch controlling Algorithm

1. Input: state, p

2. Output: PWM, ,PWM,

3. Initialize PWM; and PW M,
4.if state=0

5. PWM,;=0,PWM,=0

6 .elseif state=1

7. PWM,=0,PWM, =D

8. elseif state=2

9. PWM,=D,PWM,=0
10. end if

IV. SYSTEM DESIGN

A. System control algorithm

This is the overall system algorithm, which combines all
the control algorithms in section III. The duty ratio of
converter can be updated continuously until all batteries
achieve SOC balancing. SOC = {soc,, soc,,..soc,} and V =
{v1,v,,..v,} denote a set of real time state and voltage of all
batteries respectively. The control loop continues until the
range of SOC is less than a given threshold.

Algorithm4 The SOC-voltage Control Algorithm

1. Measure the set of SOCand the set of voltage V
2. Initialize all converters to Mode 0
3. While soc . ~soc_ . >0.05do

Compute SOC error using (5)

Compute voltage difference using (6)

Obtain duty ratio from PI controller

Call Switch Selection Algorithm to obtain switch
state

8. Call Control Switch Algorithm to obtain input of

PWM generator
9.  Update PWM duty ratio of converter
10.end while

Nk

The system control model can be constructed in Simulink.
Fig. 8 considers converter | as an example. It displays all the
associated control schemes of converter 1 while other ports
are to be connected to other converters.

It is worth mentioning that an ZOH is placed between
mode output (i.e. y1 ~ y4) and state input. This is because that
converter detects change of state once a given period rather
than continuously. ZOH block can help keep the previous
state until next change occurs. This reflects on the actual
operation setup in hardware design where such detection
scheme can save power consumption by a microcontroller
and avoids the continuous execution of the switch selection
algorithm. In addition, saturation block can limit the duty
ratio between 0 and the upper operating limit of a buck-boost
converter.
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Fig. 8. system model



V. SIMULATION & DISCUSSION

A. Settings

Four batteries have the same capacities and nominal
voltages but different SOCs. For the sake of simulation time,
the difference between SOC is selected to be small and so are
their capacities. The load resistance is large so that only a
small amount of current is drawn continuously by the load

65

from the batteries.

TABLE 1

SIMULATION PARAMETERS

Simulation Parameters Values
S0C, 65%

SOC, 64.8%

S0C; 64.6%

N 64.4%

capacity 0.54Ah
Nominal voltage 7.2V
Inductor (L) ImH
Capacitor (C; C, C5 C,) 10uF
Load (R) 1kQ

B. Simulation results

The simulation results compare two different methods: the
proposed SOC-voltage control method and control scheme
with only SOC. The only difference between them is that the
latter one does not introduce voltage as detuning parameter.

Fig. 9 shows that before equalization, the balancing rate
of each SOC line changes all the time following the duty ratio
adjusting algorithm. At t = 27s, the SOCs of four batteries
achieve approximately the same (with the range less than
0.05%). It can be seen from the graph that when battery 4 has
surpassed battery 3 in SOC, the switch selection algorithm
can readjust the duty ratio and switching state by assuming
battery 3 as the most undercharged one.

However, Fig. 10 shows that in a same simulation time,
the control scheme with only SOC cannot regulate SOC
efficiently. It will take more time for batteries to achieve
equalization.

SOC Balancing

Battery 1
Battery 2
Battery 3| ]
Battery 4
64.3 g 2 g : D
0 5 10 15 20 25 30

time(s)
Fig. 9. SOC response using the proposed SOC-voltage control method
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Fig. 10. SOC response using only SOC control method

Fig. 11 shows the voltage change of four batteries under
proposed control scheme. As balancing process begins, the
voltage range becomes larger. But due to the voltage
difference compensation in PI controller, the voltage range
will become smaller as time goes on. Unlike voltage-based
balancing method, this soc-based method focuses on the final
state of battery system. At the end, the voltage of all batteries
will achieve the same because their SOC have equalized.
Fluctuations may occur during the balancing process but they
are tolerable because the control scheme minimizes them.
However, if only SOC is considered in the duty ratio adjusting
algorithm, the voltage fluctuation will be very large as shown
in Fig. 12, especially during 15~17s.

" Voltage fluctuation

8 < :,h
T o )
7t
Battery 1
6 Battery 2| 1
Battery 3
= 57 Battery 4 |
<
&
g 4
°
> 3
2t
1+
ot
1 . . I I .
0 5 10 15 20 25 30

time(s)

Fig. 11. Battery voltage response using the proposed SOC-voltage control
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Fig. 12. Battery voltage response using only SOC control method



The fixed duty ratio method is not considered here
because it is impossible to find the best duty ratio by adjusting
the value manually, especially for multi-battery system.
However, choosing a value randomly will cause many
problems. There will be either too much voltage fluctuation
or too long balancing time. Even worse, battery may suffer
from overbalance or underbalance. This control scheme
ensures that the system has both fast balancing speed and
small voltage fluctuation by adjusting the duty ratio
automatically.

Fig. 13 and Fig. 14 explain it in further. During the
balancing process, the largest load voltage ripple for proposed
method is less than 3%. After balancing, the load becomes
stable. However, the control scheme with only SOC suffers
up to 15% load voltage ripple. There is also an instant spike
at t = 17s, which may even do harm to the output electrical
equipment. Therefore, this comparison also shows that the
proposed method has advantages in reducing load ripple.
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method
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Fig. 14. Load voltage response using only SOC control method

VI. CONCLUSION

This paper applies buck-boost converter for equalizer. The
principle of single balancing circuit as well as system
equalizer is presented. The proposed control scheme is
composed of switch selection algorithm, PWM duty ratio
adjusting algorithm and switch controlling algorithm. And the
key feature of this scheme is the combined SOC and voltage
regulation for a single goal in achieving battery equalisation.
Simulation results have shown that batteries can achieve
equalization both in SOCs and voltages. The control of the
former remains the main loop of the scheme while the
fluctuation of the latter is minimized through a detuning loop.
The overall balancing is achieved, and as expected it has
delivered faster response with less voltage disturbance as
compared to the scheme with only SOC control. The power
transferred to the load is hardly affected. This control method
has the potential to be extended for systems with multiple
lithium-ion batteries so that SOC of all batteries will converge
at the end..
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