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Abstract—This paper presents a simple circuit for balancing
series-connected battery cells. The circuit is composed of one
low-voltage metal–oxide–semiconductor field-effect transistor
(MOSFET) for each cell and a symmetrical multiwinding transformer for a group of cells. Only one control signal is needed
for all MOSFETs, and energy can be directly transferred from
higher voltage cells to lower voltage cells. A small capacitor is
added to form a resonant circuit with the transformer magnetizing inductance so that soft switching can be achieved in some
operation range to obtain high efficiency. The circuit balance
function and soft-switching condition are analyzed and verified
by simulation and experiments. A circuit for balancing a 4- and
12-cell battery group is tested. The experimental results showed
the effectiveness of the circuit. The energy transfer efficiency
between cells can reach up to 93%. The circuit can be easily
scaled to battery strings containing up to 12 battery cells, directly
applicable to consumer electronics application where the number
of cells is typically less than 12. A battery pack containing a large
number of battery cells, such as the ones used in electric vehicles,
can be balanced in groups, for example, in modules containing
12 cells each and with one additional circuit to balance among the
modules.
Index Terms—Batteries, battery balancing, electric vehicle, multiwinding transformer, plug-in hybrid electric vehicle,
soft-switching.

I. I NTRODUCTION

D

UE TO CONCERNS over energy security and the environment, plug-in hybrid electric vehicles (EV) (PHEVs)
and pure EVs have become the research hot spot recently.
In EV and PHEV, a high-power traction battery plays an
important role. Lithium-ion batteries are preferred in EVs and
PHEVs for their superior power and energy density. On the
other hand, lithium-ion batteries have been dominating the
consumer electronics products, such as laptops and cellular
phones. Unlike lead–acid batteries, lithium-ion batteries are
highly intolerant to overcharging, and their safety is of top
concern due to overcharge, overdischarge, and improper use.
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A battery management system (BMS) with a balance function is always necessary when a large number of lithium-ion
battery cells are connected in series for high-power and highenergy applications. The balance function is very important
for the health, safety, available capacity, and life of the seriesconnected battery cells [1]–[4].
The balance circuits can be classified into two types: One
uses energy dissipation method, and the other uses energy
recovery method. The energy dissipation method dissipates the
excess energy of higher voltage cells on a resistor or transistor
[5], [6]. The balance current is limited by heat dissipation of
the battery pack. Specifically speaking, all the excess energy
is dissipated in the resistor or transistor as heat, so the balance
efficiency is zero. This kind of balance circuit has already been
used in many applications for its simple structure and reliability.
The other method, the energy recovery method, transfers the
excess energy among cells or between cells and the pack; hence,
more efficient and rapid balancing can be expected.
To realize energy recovery, it is common to introduce an
individual cell equalizer (equalizer, for short) for each cell [7]–
[14]. One kind of cell equalizer can exchange energy between
arbitrary cells [13] or between cells and the pack [14]. The
circuit and its control strategy of this type of cell equalizer
are complicated. To mitigate the complexity, equalizers with
the ability to exchange energy only between adjacent cells are
proposed in many papers [7]–[11]. For this type of balancing
topology, there is no need for isolation, and only low-voltage
power devices are needed. Usually, the circuit for each battery
cell is simple, and high efficiency can be achieved when energy
transfers between adjacent cells. However, as the number of the
battery cells in a battery string grows, the efficiency could decrease quickly. References [9] and [10] present a well-designed
quasi-resonant zero-current-switching bidirectional converter
for the battery equalization. The claimed energy transfer efficiency is 85% maximum in a three-cell series-connected battery
string. If the string grows to five cells, the energy from one end
to another end has to pass four stages, so the efficiency will
most likely drop to below 70%. With a longer battery string,
more energy will be lost on the transfer path.
Another way of energy recovery balancing is using a multiwinding transformer [2], [15]–[19]. A group of battery cells
are coupled by the multiwinding transformer, so energy can
be exchanged between arbitrary cells in a group. Therefore,
high efficiency can be expected. By introducing a symmetrical
multiwinding transformer, the battery voltage can be equalized
autonomously, so the control logic can be simplified [2], [17]–
[19]. With the symmetrical multiwinding transformer, it is not
desirable to involve the diode voltage drop. One reason is that
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the diode voltage drop is about 10%–20% of the cell voltage;
hence, a significant portion of the transferred energy will be
lost. Another reason is that the voltage drop distribution and
temperature coefficient may cause variance of the final cell
voltages.
The main disadvantage of using a multiwinding transformer
is that it is hard to make a transformer with several tens
or hundreds of windings. However, this can be overcome by
modularization [19], [20]. Cells are divided into groups. First,
cells are balanced inside a group, and then, the groups are
balanced by a second stage circuit. The other problem of using
a symmetrical multiwinding transformer is that it can only
balance the voltage between each cell. When the lithium-ion
battery is in the middle charged status, the voltage difference is
very small if the state of charge (SOC) only has a few percent
of differences.
The best way to balance a battery string is to calculate the
SOC of each cell and control the balance current to equalize
the SOC [14]. However, obtaining accurate SOC of each individual cell is very difficult or even impractical problem. Simply
balancing by voltage is commonly adopted, and the results are
acceptable [2], [6], [8]–[12].
This paper studies a high-efficiency direct balance circuit
using a multiwinding transformer. Similar topologies have been
proposed in [18]. In the proposed circuit, energy transfers from
higher voltage cells to lower voltage cells directly. The balance
results only rely on the symmetry of the transformer, so the implementation is potentially simpler than the existing balancing
circuits. Accurate balancing, low cost, high efficiency, simple
control, and ease of implementation are the main advantages of
the battery-cell-balancing method proposed in this paper.
II. BALANCE C IRCUIT T OPOLOGY
The balance circuit under study is shown in Fig. 1. For each
battery cell, the same circuit parameter is applied. Take cell B1
for example, Lf 1 and Cf 1 are the inductor and capacitor of
the output filter. Cs1 forms an LC circuit with the transformer
magnetic inductance; thus, the magnetization current can be
reset, and soft switching can be achieved by resonance. Tm1
is one winding of the multiwinding transformer. The balance
circuit can support multicells by using a 1 : 1 : . . . : 1 symmetrical multiwinding transformer. A switching device, typically
metal–oxide–semiconductor field-effect transistor (MOSFET),
is inserted between each battery cell and one winding of the
transformer. When MOSFETs M1 , M2 , . . . , Mn are turned on
and off, the battery cells will be coupled by the multiwinding
transformer, and the voltage on each winding will be identical.
When the MOSFETs are turned on, for higher voltage cells, the
voltage on the battery side is higher than that on the winding
side. So, energy will flow out of this cell and go into the
transformer. For lower voltage cells, the voltage on the battery
side is lower than that on the winding side. So, energy will flow
into the cell from the transformer winding. The energy transfers
from higher voltage cells to lower voltage cells directly.
Another multiwinding transformer can be used to drive the
MOSFETs for gate isolation. Alternatively, a voltage level shift
circuit can be applied to get rid of the driving multitransformer,
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Fig. 1. Topology of the proposed balance circuit.

Fig. 2. Equivalent circuit model of the proposed balance circuit with parasitic
resistance, named as Model A.

because the potential of all the MOSFETs’ source terminals
is fixed by the battery poles. With both approaches, all the
MOSFETs will be driven by only one isolated primary side
signal.
III. C IRCUIT O PERATION P RINCIPLE
The balance circuit shown in Fig. 1 can be seen as a multiwinding forward converter. Fig. 2 shows its circuit model
considering parasitic resistance, named as Model A. Stray
inductance and capacitance are neglected for their relative small
value compared with the circuit lumped parameters. Based on
the model shown in Fig. 2, the balance function and magnetizing current reset of the circuit can be analyzed. To represent
components related with a nonspecific battery cell in Fig. 1,
subscript i (i = 1, 2, . . . , n) is used to represent cell i in the
battery string.
A. Balance Function
The balance function mainly works when all the MOSFETs
are in on-status. Neglecting the current on the snubber components and assuming that the output filter Lf i and Cf i are
large enough, therefore, current iBi and voltage uCf i are almost
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constant. However, the derivatives of iBi and uCf i are not zero.
When the MOSFETs are on, the following relationships can be
obtained:
uCf i + (iBi − iRi ) · RCf i



= UBi − iBi · RBLi − Lf i ·

diBi
dt


(1)
1

uCf i = u0 + (iRi − iBi ) · RCf i + iRi · (Ri + Roni )

(2)

where RBLi is the overall resistance on the battery side, Roni
is the on-resistance of MOSFET Mi , and (diBi /dt)1 is the
derivative of iBi during MOSFET on-period.
In (2), the soft switching is assumed such that the MOSFETs
are turned on at zero voltage. So, before we turn on the
MOSFETs, the voltage on snubber capacitor Csi is zero. Moreover, in the MOSFET on-period, the voltage on Csi is also zero.
There is no current on Csi when the MOSFETs are on. When
soft switching is not achieved, at the beginning of MOSFET
turning on, the snubber current will bring some error. However,
since capacitor Csi is very small, thus, (2) still has enough
accuracy.
When the MOSFETs are off, the following equation can be
obtained:


diBi
uCf i + iBi · RCf i = UBi − iBi · RBLi − Lf i ·
dt 2
(3)
where RCf i is the equivalent series resistance of Cf i and
(diBi /dt)2 is the derivative of iBi during MOSFET off period.
When the MOSFETs are off, the magnetization current iLm
will resonate with Cs . The resonant characteristics are complex
and vary with the on and off times. It can slightly affect the
battery cell current iBi . The detail will be discussed later; here,
we just consider iRi as zero during MOSFET off period for
simplicity, and the following relationship can be obtained:
iBi = d · iRi_on

(4)

where iRi_on is the current of Ri during MOSFET on-period
derived from (2) and d is the MOSFET turn-on duty ratio.
Also, in one switching period, the current change on inductor
Lf i should be zero; hence, we can get




diBi
diBi
·d+
· (1 − d) = 0.
(5)
dt 1
dt 2
From (1)–(5), the following equation can be derived:
UBi − iBi · REi = u0

(6)

1−d
1
· RCf i + · (Ri + Roni ).
d
d

(7)

In Fig. 2, the transformer is equivalent to an ideal transformer
with inductance Lm . From the energy conservation law, we
can get
iT 1 u0 + iT 2 u0 + · · · + iT n u0 = 0.

By substituting iT i using iRi , we obtain
iR1 + iR2 + . . . + iRn = iLm .

(8)

(9)

From (4) and (9), the following equation can be obtained:
iB1 + iB2 + · · · + iBn = iLm ≈ 0.

(10)

Equations (6), (7), and (10) are equivalent to the circuit
model shown in Fig. 3. It is simple because all the battery cells
are just connected together with a resistor, so all the cell voltage
will be equalized. The resistance can be controlled by MOSFET
turn-on duty ratio using (7); thus, the balance current can be
controlled. The asymmetry of battery connection, such as wire
length, battery internal resistance, capacitor equivalent series
resistance, MOSFET on-resistance, and output current limit
resistance, will make REi different. However, this only affects
the balance current, not the final balance voltage. So, the circuit
can achieve ideal balance voltage as long as the multiwinding
transformer has sufficient symmetry.
B. Magnetization Current Reset and Soft Switching
When the MOSFETs are on, the balance function works
like a forward converter. In this application, a capacitor Csi is
applied for each balance unit to form a resonant circuit with
the main transformer inductance. The reset of magnetization
current, as well as soft switching of the MOSFETs, can be
achieved by the resonance.
Assume that all the MOSFETs are turned off at t = t0 . For
each cell balance circuit, we have
1
·
Csi

where
REi = RBLi +

Fig. 3. Equivalent circuit model of the balance circuit, neglecting parasitic
parameters, named as Model B.

t
iRi ·dt+uCsi (0)−iRi ·(Rsi +Ri ) = u0 = Lm ·

diLm
.
dt

0

(11)
In the balance circuit design, Ri is normally less than 0.1 Ω.
Rsi is used to damp the oscillation caused by transformer
leakage inductance and is about 1 Ω. The total magnetization
current is less than 0.5 A. For each cell, current iRi is part of
iLm and is much smaller than 0.5 A. So, in (11), the voltage
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time t2 , all of the MOSFETs are turned on with a very low
voltage, so the switching loss can be minimized. In Fig. 4, the
soft-switching area is marked with shadow. After t1 , uds can
maintain nearly zero as long as iLm is negative. However, if
the MOSFETs are not turned on before t3 , the diode will be
turned off, and Cs will resonate with iLm again with an initial
condition u0 (t3 ) = min(UBi ) + UD , iLm (t3 ) = 0.
Aside from (14), we need u0 (0) to solve (12). From Fig. 4,
we can obtain the following equation:
u0 (0) = −

UB · (T − Tos )
1
iLm (0) ≈ −
.
Cs
2 · Lm · C s

(15)

In (15), the relation of T and Tos is not given, so we need one
more equation. Here, we introduce a parameter λ (always > 1),
and the definition of λ is
λ=

Fig. 4.

Typical waveforms in one switching period.

drop on-resistances Rsi and Ri can be neglected. Substituting
i by 1 ∼ n and summing them up, a second-order equation is
obtained to describe the resonant stage
Lm · Cs · u0 + u0 = 0

(12)

where
Cs =

n


Csi .

(13)

i=1

When the MOSFETs are on, from Fig. 3, we can get the
voltage on each winding, which is the average voltage of
all battery cells. So, when the MOSFETs are turned off, the
resonance begins with initial condition
u0 (0) = UB .

(16)

From Fig. 4, it can be seen that the MOSFET drain–source
voltage is (λ + 1) · UB , and λ is a design parameter. It should
make full utilization of the MOSFET voltage rating to decrease
magnetization current reset time. So, a larger duty ratio can
be applied to get higher balance current. From (12)–(16), we
can get
√
⎧
√
−1 1
⎨ T = 2 λ2 − 1 + 2 sin √ λ + π · Lm Cs
(17)
T = 2 sin−1 λ1 + π · Lm Cs
√
⎩ os √ 2
Tsf = λ − 1 · Lm Cs .
From (17), we can calculate the range of MOSFET turn-on
duty ratio in soft-switching condition
⎧
√
−Tsf
λ2 −1
⎨ dmin = T −Tos
= 2√λ2 −1+2
1
T
sin−1 λ
+π
√
(18)
2
⎩ dmax = T −Tos = √ 2 2 λ −1−1 1 .
T
2 λ −1+2 sin
+π
λ

(14)

From (12) and (13), we can see that the main transformer
inductance resonates with capacitor Cs . Combining with Fig. 3,
the following events occur as shown in Fig. 4. Here, T is the
switching period, Tos is the LC oscillation period, and Tsf is
the soft-switching time window. First, at t0 , all the MOSFETs
are turned off. The magnetization current iLm discharges Cs ,
so u0 decreases from UB . Because of the LC resonance,
Cs can be charged reversely to a negative high voltage, and
this high voltage can shorten iLm reset time. When iLm = 0,
capacitor Cs has the highest negative voltage. Then, iLm is
reversely charged by Cs . When VCs = 0, iLm has the highest
negative current. After that, iLm will charge Cs again, so u0
increases. At time t1 , u0 = min(UBi ) + UD , where UD is the
MOSFET body diode voltage drop, and the diode of MOSFET
connected to the lowest voltage cell will turn on. u0 is clamped
to min(UBi ) + Ud . At this time, the drain–source voltage on
all of the MOSFETs will be equal to or less than the voltage
drop of the body diode. In t1 ∼ t2 , the magnetizing current
flows into the lowest voltage cell. This helps the balance. At

U0 max
.
UB

IV. S IMULATION
A set of balance circuit parameters for a four-cell battery
group is given in this section. Then, the equivalent circuit model
in Fig. 3 is verified by simulation. The switching waveform is
also given to compare with the analysis results and demonstrate
the soft-switching characteristics. Lastly, the circuit is applied
to two different battery groups to show the effectiveness.
A. Circuit Parameters
In most lithium-ion battery applications, the voltage of each
cell is less than 4.2 V. For low-voltage MOSFET, 30 V is
a commonly seen breakdown drain-to-source voltage. So, we
choose 5 for the λ value. The maximum uds will be 25 V.
Considering the gate driving loss, and transformer and inductor
volume, we choose 100 kHz for the switching frequency. To
increase the balance current, no external resistor is added to
limit the balance current. The resistance value in (7) is evaluated
according to the wire resistance and parasitic resistance. The
circuit parameters are listed in Table I.
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TABLE I
BALANCE C IRCUIT PARAMETERS

Fig. 5. MOSFET driving circuits. (a) Multiwinding transformer configuration. (b) Dual-winding transformer configuration.

Fig. 6. Simulated balance current. (a) Under symmetrical parameters;
(b) under asymmetrical parameters.

TABLE II
S IMULATION PARAMETERS

B. Simulation of Balance Function
LTspice software is used to simulate circuit Model A shown
in Fig. 2. Another circuit shown in Fig. 5(a) is used for the
driving of all MOSFETs, and there is only one control signal.
Fig. 5(b) can be used as the driving circuit as an alternative,
so the driving transformer can be simplified. Circuit Model B
in Fig. 3 is very simple, so the balance current is calculated
by hand. Two cases are simulated by both models with the
parameters in Table II. Fig. 6(a) shows the balance current for
Case 1, and Fig. 6(b) shows the balance current under Case 2.
It shows the balance current under asymmetrical parameters.
Higher voltage cells are discharged, and lower voltage cells are
charged. The balance function works well. Also, the results of
the two models agree very well. At high duty ratio, there is
almost no difference between the two models. While in lower
duty ratio, the magnetization current will flow into the lower
voltage cells during time t1 ∼ t2 shown in Fig. 4. This is not

Fig. 7. Waveforms in soft-switching range. (a) duty = 0.736. (b) duty =
0.5. (c) duty = 0.368.

considered in model B. So, there is a small difference of the
balance current at lower duty ratio.
C. Switching Waveforms
Fig. 7 shows the drain–source voltage of MOSFET M1 and
the magnetizing current of multiwinding transformer under
soft-switching operation range for Case 1. Both analytical and
simulation waveforms are given. The two results are very close.
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Fig. 8. Waveforms out of soft-switching range. (a) duty = 0.8. (b) duty =
0.3. (c) duty = 0.2. (d) duty = 0.1.

Only in low duty ratio situation, the magnetizing current has
slight difference. This is because, in the analytical model, the
contribution from diode voltage drop is not considered. When
the on duty ratio of MOSFETs is small, the diode is on for
a longer period of time, and this brings some error in the
magnetizing current calculation. The uds waveform shows that
the MOSFET is turned on and off at zero voltage. Hence, soft
switching is achieved.
When the duty ratio is more than 0.736, the MOSFET will
be turned off before uds resonates to zero. If the duty ratio is
less than 0.368, uds will go above zero again. Soft-switching
condition may be lost under these duty ratios. The simulation
waveforms are shown in Fig. 8.
D. Balancing Performance for Four-Cell Battery Strings
In this part, the balance circuit is applied to two battery
strings which are composed of valence IFR-18650EC lithiumion cells. The cell nominal capacity is 1.35 Ah. One string has
12 cells in series; the other string has 12 rows in series with
10 cells in parallel for each row. A dynamic battery model [21]
based on the parameters extracted from the datasheet is selected
to simulate the battery string characteristics. The balance circuit
is evaluated when the battery strings are under both charging
and discharging stages. The simulation time lasts several hours
to get the charging and discharging cycles. We use equivalent
circuit model in Fig. 3 to reduce the computer running time.
Two scenarios are studied here.
S-I. All the cells or rows have the same capacity, but the initial
SOC is different. One starts with 30% SOC, and the others
start with 20% SOC.
S-II. All the cells or rows have the same initial SOC of 20%, but
the capacity is different. One has 95% nominal capacity,
and the others have 100% nominal capacity.
For both S-I and S-II, we first charge the battery pack to full
using the following charging method. First, we charge the pack
by C/2 current. When the highest voltage cell reaches 3.65 V,
we reduce the charging current to keep the highest cell voltage

Fig. 9. Simulation of balance circuit for Case S-I, charging performance.
(a) 1.35-Ah pack without balance. (b) 1.35-Ah pack with balance. (c) 13.5-Ah
pack without balance. (d) 13.5-Ah pack with balance.

constant. When the charging current is less than C/20, we
stop charging because the highest voltage cell is already fully
charged. After the battery pack is fully charged, we discharge
it by constant current until one cell reaches the cutoff voltage
of 2.5 V. Between every charging and discharging stages, the
battery packs are set to idle for 1500 s to observe the opencircuit voltage. The battery characteristics are simulated with
and without balance circuit in this procedure.
For S-I, battery strings are discharged by 1C current. The
simulation results are shown in Fig. 9. The dashed line represents the different cell. For the 1.35-Ah battery string, the voltage and SOC are equalized within one charging and discharging
cycle. For the larger capacity string, the 13.5-Ah battery string,
it is balanced within two cycles. For the same voltage difference, the balance current is the same. For the larger capacity
battery string, it takes longer time to get balanced.
For S-II, the simulation results are shown in Fig. 10. With
balance circuit, more energy can be discharged from the batteries. For the smaller capacity string, the improvement of
discharged energy is nearly 5%, and almost all of the capacity of
each cell can be fully utilized. For the larger capacity string, the
improvement with lower discharging current is bigger than that
with higher discharging current. The improvement decreases
from about 4.5% to 1.5% when the discharging current increases from C/2 to 2C. This is because the parasitic resistance
in the simulated circuit is not optimized for larger capacity
battery pack.
Nowadays, the MOSFET turn-on resistance can be as low
as 1 mΩ. By carefully designing the transformer, we can use
less turns for each winding to reduce the copper resistance. By
locating the balance circuit close to the battery terminals, the
total resistance could be reduced to 5–10 mΩ, so the balance
current could be increased by ten times (about 5–10 A for 0.1-V
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Fig. 11. Experiment results of balance current. (a) Voltage of each cell.
(b) Current of each cell. (c) Efficiency versus voltage difference.

ratio is controlled by one of the DS1104 pulsewidth-modulation
signals.
A. Balance Function Test
Fig. 10. Discharging energy under different currents for Case S-II. (a) Available energy from the 1.35-Ah battery string. (b) Available energy from the
13.5-Ah battery string.

voltage difference) to support fast balancing of large-capacity
battery packs.
V. E XPERIMENTAL R ESULTS
To validate the analysis and simulation results, a balance
circuit board for a four-cell battery group is designed according
to the parameters listed in Table I.
Twisted multi-strand magnet copper wire is used to make the
multiwinding transformer. The twist process makes the windings coupling tight and a high spatial symmetry is achieved.
Isolation between different windings is attained by the wire
insulation layer. In real production, the isolation stage should
be strengthened for reliability.
For each winding, five strands of magnet wire with a copper
diameter of AWG30 is chosen for the transformer to eliminate
skin effect. The wire can carry 2.5-A current with about 25 ◦ C
temperature rise in still-air condition. The transformer turn
ratios are measured by BK precision 4040 A signal generator
and Fluke 87III True RMS multimeter. The asymmetry is less
than 0.5◦/◦◦ , and the coupling coefficient is greater than 0.999.
The main inductance is 33 μH, and the leakage inductance is
less than 20 nH.
To test the balance circuit, a 0.02-Ω current shunt and TI
INA282 current shunt monitor is added to each cell to measure
the balance current. The balance circuit is monitored and controlled by DSpace DS1104 board. All the battery cell voltage
and current signals are sampled. The MOSFET turn-on duty

To demonstrate the balance function, one battery cell (B4)
was charged to a higher voltage (3.65 V) than the other three
battery cells (3.35 V). Fig. 11(a) and (b) shows the voltage
and current of each cell, respectively, when the balance circuit
is turned on. To generate the largest balance current, the duty
ratio was set to 0.7. The current flows out of B4 and into the
other three lower voltage cells. Also, the balance efficiency is
calculated by (19), and the efficiency versus voltage difference
is shown in Fig. 11(c). The balance circuit has more than 85%
efficiency when the voltage difference is from 0.05 to 0.3 V
with the highest efficiency of up to 93%. This means that, in the
whole balancing period, the circuit will have high efficiency
η=

abs(uB1 · iB1 + uB2 · iB2 + uB3 · iB3 )
uB4 · iB4 + Pdrv

(19)

where Pdrv is the power loss of the driver circuit, which is about
40 mW.
In real applications, it is better to know the balance current of
each cell so that the BMS can get accurate current information.
However, using a current sensor for each cell will bring extra
cost and more complexity. Since we have the balance model
in Fig. 3, it is easy to get a balance current estimation from
the cell voltage. Fig. 12 shows the balance current estimation
results under different voltages and duty ratios. The estimated
values agree with the measurements very well.
Fig. 13 shows the MOSFET drain–source and gate–source
voltages under a duty ratio of 0.1–0.7. Soft switching is
achieved at 0.4–0.7. The lithium-ion battery cell voltage difference in normal operation is less than 0.5 V. Most of the time, the
circuit works at 0.7 duty ratio to get a higher balance current.
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Fig. 12. Estimated balance current in comparison to measured balance
current.

Fig. 14. Cycles without and with balance for pack1. (a) Cell voltages without
balance. (b) Cell voltages with balance. (c) Balance current for each cell.

Fig. 13. Experimental waveforms of MOSFET switching voltage. (a) duty =
0.7. (b) duty = 0.5. (c) duty = 0.4. (d) duty = 0.3. (e) duty = 0.2.
(f) duty = 0.1.
TABLE III
ACTUAL C APACITY OF E ACH C ELL

B. Balance Performance for Series-Connected Battery Strings
Two battery strings composed of valence IFR-18650EC have
been tested with and without the balance circuit. The nominal
capacities of battery String 1 and String 2 are 1.35 and 32.4 Ah,
respectively. The actual capacities are measured and listed in
Table III. For smaller capacity String 1, the balance ability of
making more utilization of each cell’s capacity is demonstrated.
The four cells are selected with big difference to show the

balance effect under different capacities. For larger capacity
String 2, the balance ability of making cell voltage equalization
is demonstrated.
For String 1, we first discharged each cell individually to
empty, so the initial status is balanced. Then, we charged and
discharged the battery pack for three cycles. The charging
strategy was the same as mentioned in the simulation. The
discharging currents were C/2, 1C, and 2C for each cycle. The
battery voltages are shown in Fig. 14. When the cell capacities
are unequal, even with the initial voltage balanced, the cell
voltage can have a big difference without the balance circuit.
When the balance circuit is applied, the voltage difference
becomes much smaller. With the balance circuit, more energy
can be charged into the battery string at the charging stage.
When discharging, weaker cells are always charged by other
cells. So, the battery string capacity can be increased. Table IV
shows the improvement obtained by the balance circuit.
For String 2, we first discharged each cell individually to
empty. After that, we charged 2.6 Ah into cell4 separately to
purposely make the initial SOC different. Then, we charged and
discharged the battery pack for several cycles. The charging
current is 20 A, and the discharging current is 24 A. In cycle
0, the balance circuit is off. In cycles 1–3, the balance circuit
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TABLE IV
D ISCHARGED E NERGY FOR PACK 1

A 12-cell balance circuit has been built and tested in the
laboratory. The experiments on the 12-cell balance circuit have
showed consistent results with the ones obtained for the fourcell circuit discussed in this paper.
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Fig. 15. Cell voltages with balance for pack2.
TABLE V
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