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A Lithium-Ion Battery Balancing Circuit Based on
Synchronous Rectification

Yunlong Shang

Abstract—TIn this paper, a battery balancing circuit is proposed
for the series-connected lithium-ion battery cells based on the prin-
ciple of synchronous rectification. The proposed balancing circuit,
also referred to as an equalizer, mainly includes a buck-boost con-
verter (BBC), a multiport half-bridge converter (MHBC), and a
driving circuit. The MHBC is coupled with a multiwinding trans-
former. Compared with the conventional congeneric methods, the
number of transformer windings is almost reduced by half, lead-
ing to a more compact size and lower cost. Moreover, the secondary
MOSFETs of the MHBC are synchronously driven by the primary
half-bridge converter (HBC) without the need of additional isolated
MOSFET gate drivers and power supplies, dramatically reducing the
circuit cost and complexity. In addition, the proposed equalizer can
realize the module-to-multi-cell (M2MC) equalization under severe
imbalance conditions to improve the balancing speed, and work at
the any-cell-to-any-cell (AC2AC) self-balancing mode under slight
imbalance conditions to improve the balancing efficiency and effec-
tiveness, which achieves a good trade-off between balancing speed
and effectiveness. The expressions of the equalization current and
efficiency are derived and verified by experimental results. The
proposed equalizer is experimentally evaluated for a string with 12
series-connected lithium-ion cells.

Index Terms—Electric vehicles, equalizers, half-bridge convert-
ers, lithium-ion batteries, multiwinding transformers, synchronous
rectification.

1. INTRODUCTION

ITHIUM-ION batteries are widely used in electric vehi-
cles, laptop computers, and medical equipment, which are
connected in series to meet the voltage and power requirements.
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However, no two battery cells are entirely identical [1]. In other
words, battery cells always have slight differences in capacity,
impedance, self-discharge rate, etc. [1]-[2]. These differences
lead to a divergence of the cells’ voltages over time and sig-
nificantly reduce the available battery capacity and accelerate
battery degradation. Therefore, many battery balancing meth-
ods have been proposed to extend battery run time as well as
battery life [2], which are generally divided into passive and
active balancing types.

The passive solution employs one bleeding resistor for each
cell to dissipate the excessive energy when the cell has a higher
voltage [3], [4]. Due to the compact size, this structure can be
easily integrated into the integrated circuit (IC), which is favor-
able in low-cost applications [3]. However, the passive method
cannot be used during battery discharging since the energy loss
by the balancing resistors will dramatically shorten the battery
run time and, at the same time, create additional heat that has to
be dissipated from the battery pack.

Active balancing method utilizes capacitors [S]-[9], inductors
[10]-[12], LC resonance circuits [13]-[15], transformers [16]—
[24], or their combination [25], [26] to transfer energy to where
it is needed. Therefore, this solution is significantly more effi-
cient, but needs more components with a higher cost and larger
size. Apparently, the active balancing method is preferable in
efficiency-conscious system applications.

Ye et al. [7] proposed a switched-capacitor (SC)-based cell
balancing circuit, which can automatically and simultaneously
balance all cells with a fast speed and high efficiency. How-
ever, two MOSFETs and corresponding isolated gate drivers are
required for each cell, contributing to a large size and high
cost. Mestrallet e al. [10] introduced an any-cell-to-any-cell
(AC2AC) equalizer using buck—boost converters (BBCs), which
achieves a fast equalization speed. However, its size and cost are
also high because m — 1 inductors, 2m — 2 MOSFETS, and corre-
sponding gate drivers are needed for m series-connected cells.
Moreover, the m — 1 BBCs need m — 1 independent pulsewidth
modulations (PWMs) with different duty cycles to realize the
multiphase equalization, resulting in a complex control and low
reliability. Lee e al. [15] proposed an LC-based balancing topol-
ogy [16], which can directly deliver energy from one cell to
another cell regardless of the cell position, resulting in a high
efficiency. However, the equalization speed is still lower for a
larger battery string because only two cells are balanced at the
same time. Moreover, this method has the key disadvantages
of large circuit size and complex control because it needs four
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MOSFETs for each cell and voltage sensors to find the highest
and lowest voltage cells.

Chen et al. [18] introduced a direct cell-to-cell (DC2C)
balancing topology based on forward or flyback operation.
However, it employs 2m MOSFETs and m windings for m series-
connected battery cells with a large volume and high price.
Further, Park er al. [19] improved the DC2C equalizer with the
need of m/2 windings based on buck—boost and flyback con-
versions, reducing the size and cost of the equalizer. However,
it still requires two MOSFETs and two corresponding isolated
gate drivers for each cell. Imitiaz and Khan [20] introduced a
cell-to-module (C2M) balancing topology based on time-shared
flyback conversion. Nonetheless, this equalizer uses many MOS-
FETs and diodes and requires cell voltage monitoring to identify
the highest voltage cell and, therefore, has the disadvantages of
bulky size, sophisticated control, and low reliability.

In order to reduce the quantities of MOSFETs and isolated
divers, Uno and Kukita [9] proposed the simultaneous module-
to-multi-cell (M2MC) equalizer based on voltage multiplier only
using two MOSFET switches. However, this approach uses two
diodes for each cell to achieve the automatic equalization, which
causes a low equalization efficiency because of the voltage drop
across the diodes. Analogously, Gottwald er al. [22] proposed
a charging equalizer based on a ramp converter with fewer
MOSFETs. Soft switching is realized to reduce switching losses,
increase the switching frequency, and minimize the size of the
heatsinks and reactive components. Particularly, the number of
the secondary windings of the transformer is reduced by 50%,
which provides an important circuit simplification. However,
this topology is based on the passive rectification using diodes,
which is appropriate for the series-connected battery strings with
high cell voltages, e.g., 11.5-15.5 V. When this equalizer is ap-
plied to a low-cell-voltage battery string, e.g., 2—4.2 V, the bal-
ancing efficiency will become very low because of the higher
voltage drop across the diodes, i.e., 0.4-0.8 V. In addition, the
ramp equalizer [22] can only realize charging equalization, it
cannot achieve battery self-equalization due to the unidirectional
converter used. In addition, Shang ef al. [23] proposed an au-
tomatic AC2AC balancing topology based on forward-flyback
conversion with a high efficiency. The design highlight is that
only one MOSFET and one isolated gate driver are required for
each cell, reducing circuit cost and size.

In summary, most of the existing active equalizers have the es-
sential problems of high circuit cost, large size, complex control,
and low reliability due to the requirement of a large number of
MOSFETs and isolated gate drivers. Besides, the automatic equal-
izer [23] has a slow balancing speed due to the limited balancing
current that entirely relies on the cell voltage difference.

Driven by the purpose of reducing the numbers of MOSFETS
and gate drivers, and improving the balancing speed and
efficiency, this paper proposes an automatic equalizer with a
reduced number of driving circuits based on synchronous rectifi-
cation. Specifically, three original contributions are made in this
paper. First, a multiport half-bridge converter (MHBC) based
on synchronous rectification is proposed to significantly reduce
the number of automotive-grade isolated gate drivers for the
MOSFETs and simplify the control. Second, the proposed equal-
izer can realize M2MC equalization for a larger cell voltage
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difference to improve the balancing speed, and achieve AC2AC
self-equalization for a smaller cell voltage difference to improve
the balancing efficiency and effectiveness. Therefore, the pro-
posed equalizer achieves a good trade-off between balancing
speed and effectiveness. Finally, the mathematical models of
the balancing current, magnetic current, and efficiency are
derived and verified by experimental results.

II. PROPOSED EQUALIZER
A. Circuit Configuration and Operation Principles

Fig. 1(a) illustrates the proposed automatic equalizer based on
synchronous rectification for 12 series-connected cells, which
consists of a BBC, a MHBC, and one driving circuit.

The MHBC is coupled with a multiwinding transformer (i.e.,
T,) with one primary winding and six secondary windings. The
primary HBC is connected to the BBC, and the secondary HBCs
are connected to the cells, which forms the M2MC balancing
topology. Moreover, the total balancing current can be adjusted
by controlling the BBC according to the cell voltage difference,
which provides the potential to improve the balancing speed. It
is important to note that the secondary windings should have the
same turns number to achieve balancing among the odd/even
cells. The turns ratio of the primary winding to the secondary
winding, i.e., n1, is determined by the output voltage of the BBC
and the cell voltage.

It is important to note that the proposed MHBC should be
synchronously driven by a pair of complementary PWM sig-
nals, but this requires one isolated gate driver and one isolated
power supply for each MOSFET, leading to a very high cost. For-
tunately, under the control of a pair of complementary PWM
signals, the primary HBC can also generate an ac square-wave
voltage, which can be easily used to synchronously drive the sec-
ondary HBCs. Therefore, one driving transformer (i.e., 7%) with
one primary winding and twelve secondary windings is used to
connect the primary HBC with the gates and sources of the sec-
ondary MOSFETS, as shown in the blue line in Fig. 1(a). Itis worth
mentioning that in order to alternately drive the odd and even
MOSFETs, the odd and even windings should have opposite po-
larities. The detailed driving circuit is presented in Fig. 1(b) [27].

The proposed equalizer needs two pairs of complementary
PWM signals to drive the MHBC and BBC, respectively. As
shown in Fig. 2, the proposed MHBC has two working states
within one switching period. For ease of illustrations, the cell
voltages are assumed tobe Vg > Vg > - - > Vi1 > Vpia.
However, the cell voltages can be in any order in real appli-
cations, which does not affect the operations of the proposed
circuit. Fig. 3 presents the corresponding operating principles
of the proposed driving circuit in the two working states. Fig. 4
presents the key waveforms of the proposed equalizer, including
the ac voltage of the primary HBC Vpp, the driving voltage of
MOSFETSs Vg, the primary current i p, the secondary current i g,
and the magnetic current i ,,,.

State I: As shown in Fig. 2(a), MOSFET (), is turned ON.
The dotted terminals of the balancing and driving transformers
are positive (See Vrp in Fig. 4). As shown in Fig. 3(a), the
transistors of the odd cells are turned OFF and the ones for even
cells are turned ON, charging the gate-source capacitors of the
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Fig. 2. Operational principles of the proposed MHBC under the assumption of

odd MOSFETs and discharging the gate-source capacitors of the
even MOSFETS (see Vi s(g1) and Vigs(g2) in Fig. 4). As a result,
the odd MOSFETSs are turned ON and the even MOSFETs are turned
OFF. Energy is transferred from C},; to the odd cells based on
forward conversion (see the primary current ¢ p in Fig. 4). If the
cell voltage is higher than the voltage of the secondary windings,
the balancing current will flow from the cell to the secondary
winding, e.g., 151 (see i1 in Fig. 4). The higher the cell voltage,
the larger the balancing current. If the cell voltage is lower than
the voltage of the secondary windings, the balancing current will
flow from the secondary winding to the cell, e.g., igo—ig¢ (see
159 in Fig. 4). The lower the cell voltage, the larger the balancing
current. It is worth mentioning that the magnetic current iy, is
a triangle waveform due to the large magnetic inductance, as
shown in Fig. 4.

State 1I: As shown in Fig. 2(b), MOSFET ()2 is turned ON.
The dotted terminals of the balancing and driving transformers
are negative. As shown in Fig. 3(b), the gate-source capacitors
of the even MOSFETs are charged and those of the odd MOSFETS
are discharged, turning ON the even MOSFETs and turning OFF
the odd MOSFETs. Energy is transferred from C to the even
cells based on forward conversion.

(®)

Proposed automatic equalizer based on synchronous rectification for 12 series-connected cells. (a) Balancing topology. (b) Driving circuits for even and

Regst Legst

(b)

VB1 > Vpa >--- > Vp11 > Vpia. (a) State L. (b) State II.

It can be seen that the secondary MOSFETs can be directly
driven by the primary HBC, which achieves the synchronous
rectification. In addition, the equalization between the odd and
even cells can be achieved based on the buck—boost and flyback
conversions through the two complementary states. Therefore,
the proposed equalizer realizes the M2MC balancing for the
battery string. It should be noted that if the voltages of the ca-
pacitors Cj1 and Cjo are not equal, the voltage equalization
between the odd and even cells will not be achieved. In fact,
according to the working principle of the half-bridge converter,
the voltages of Cj; and C},2 are mainly dependent on the duty
cycle of the half-bridge converter. Therefore, the duty cycle of
the half-bridge converter should be optimally set as D = 50% to
achieve Vop1 = Vope.

In summary, the proposed equalizer based on
chronous rectification has the unique characteristics
follows:

1) One cell only needs one MOSFET and two cells share
one transformer winding. Compared with the conventional
congeneric methods, the proposed topology only requires
almost half of the transformer windings, significantly re-
ducing the circuit volume and cost.

syn-
as
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(b)
Fig. 3. Operating principles of the proposed gate driving circuits. (a) State L.
(b) State II.
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Fig. 4. Key waveforms of the proposed equalizer.
2) The secondary MOSFETSs of the MHBC are synchronously

3)

driven by the primary HBC without the need of additional
isolated gate drivers and power supplies, contributing to a
low cost and ease of control.

The balancing current can be adjusted by controlling
the BBC according to the cell voltage difference, which
achieves a good trade-off between balancing speed and
effectiveness. Particularly, when the cell voltage differ-
ence is small, the proposed equalizer can also operate at
the AC2AC self-equalization mode without energy trans-
ferred from the battery module to the cells, achieving a
high efficiency and good effectiveness.
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B. Modeling and Analysis of the Primary and Secondary
Balancing Currents

According to the forward conversion and Kirchhoff’s voltage
law (KVL), the voltage across the magnetic inductor is equal to
the average value of the input voltages of the MHBC [24], i.e.

ni- 312 . D-VBas .
Vi = 121 V1131+2 3 _ (n1+?4) VBat’ 0<t< %
Vim = — (ny +?4)<VBac

., L<t<T
(I

where Vp; is the voltage of cell B;. ny is the turns ratio of
the primary winding to the secondary winding of the balancing
transformer. D - V3,4 is the output voltage the BBC. Vg, is the
total voltage of the battery module, i.e., Veat= 2;2:1 Vpj. D
is the duty cycle of the BBC. It can be seen that the average
magnetic voltage is zero in a switching period, which ensures
the energy balance of the transformer.

Based on Kirchhoff’s current law (KCL), the magnetic current
during one switching period can be expressed as

ditym _ _ Rpm g Vim T

dt - Lim tLm + Lim’ O < t < 2 (2)
dipm — Rpm | j _ Vim T

At T Low M T T g <t<T

where L ,, is the magnetic inductance, 7'is the switching period,
and Ry, is the equivalent resistance of the primary winding.
The positive and negative peak values of the magnetic current

are equal, i.e.
. . T
1Lm (O) = —1Lm <2> . (3)

According to (2) and (3), the magnetic current during one
switching period can be derived as

TLm (t) = L

Rpm
T
, g, 0<t< 3
1= ~_FRr, € T ’
1+e 2Lom f
- 1%
izm (t) = 7o
R L<t<T
2 _Lm (¢ T
T Rp, © i 2)7]‘ ’
14+e 2Lpm f
“)
where fis the switching frequency, which can be expressed as

f=1)T.

At t = T/2, the maximum magnetic current can be given by

; | <T) Vim 2 )
m(max) — Lm | =7 | = . : — .
Frnanas) 2 Rem 67% +1

It can be seen that the magnetic current is directly proportional
to the voltage across the magnetic inductance but in inverse pro-
portion to the equivalent resistance and the magnetic inductance.
Particularly, decreasing the switching frequency can improve the
amplitude of the magnetic current.

According to KVL, the primary and secondary balancing cur-
rents during the first half period can be expressed, respectively,
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di .
LeqP . % +ip- ReqP

_ D-Vgay _ (n1+D)Viay
- 2 14

T
dia . 0<t<—  (6)
Legs - Ttk +is,, - Regs 2

_ (ni+D)-Vias
- Tdn, = VB

where 7 p is the primary balancing current. 7g, is the secondary
balancing current of the kth winding. k is the winding number,
ie, 1,2, ..., 6. Vp,, , is the voltage of the odd cell Baj_;.
R.qp represents the primary equivalent resistance, including the
on resistance of one MOSFET, the connecting resistance, and the
winding resistance. . s represents the secondary equivalent
resistance. L, p is the primary leakage inductance. L,s is the
secondary leakage inductance.

Analogously, the balancing currents during the second half
period can be expressed, respectively, as

di :
LeqP . df +p - ReqP

_ (ni4+D)VBat  D-Vpas
= 14 2 T
: ,—<t<T (7)
dlsk . 2
LeqS CTdL +1g, - ReqS
— (m4D)-Viar
= Vb, — Tdn,

where Vp,, is the voltage of the even cell By,

Because the proposed equalizer mainly works at forward con-
version, the initial balancing currents at each half period are
approximately zero, i.e.

T
ip(0) = ip (2) ~0 (8)
T

By solving (2)—(5), the primary and secondary equalization
currents can be solved, respectively, as

(6D—n1)-V -z
- 1) VBat L
lp(t) = T 14R.. .~ 1Reqa . 1l —e eqP 5

T
0<t<§

ip(t) = (m=6D)Vear (1 _ o Tegp 7

T
TRr T <t<T

(10)

. . (n1+D)-Vpat—14n1-Vi,,
/LSk( ) - Tdn; Regs

T
0<t< 5

_ Begs
. 1 — e LeqS :

)

(11)

. _ 14n1Vp,, —(n1+D)-Vgar
LSy, (t) - 14n1-Regs

7R.:qst
L
. 1 — e eqS s

L<t<T
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Based on (10) and (11), the average primary current /p and
the average cell current /z; can be expressed, respectively, as

) Regp T
[y — [6D—n)Vou| |y _ 2Legr (] _ o "Togp T
P = T4Rcqp T Reqp
. _ . Fegs T
Ip:= |(n1+D)-Viar—14n4 VBj‘ 1= 2Lcqs 1—e L::S )
J T4n; Regs T-Regs
(12)
where j is the cell number, i.e., 1,2, ..., 12.

From (10) to (12), it can be observed that the primary current
Ip is in inverse proportion to the primary equivalent resistance
Rcqp. The secondary cell current Iz is in inverse proportion to
the secondary equivalent resistance I2.4s and the turns ratio. The
cell current is also dependent on the cell voltage. Particularly,
decreasing the switching frequency or leakage inductance can
improve the average equalization currents, nevertheless which
are independent of the magnetic inductance.

C. Analysis of the Balancing Loss

The balancing loss mainly consists of four parts, i.e., the con-
duction loss, the core loss of the balancing transformer, the gate
driver circuit loss, and the switching loss.

The conduction loss owing to the equivalent resistance in cir-
cuits can be expressed as

12
Pr=1IpRegp+ Y _Ip; - Regs. (13)
j=1

It can be seen that the conduction loss will increase with the
decrease of switching frequency due to the increased balanc-
ing current according to (12). However, due to the skin effect,
the equivalent resistance will also increase with the increase of
switching frequency, resulting in an increasing of conduction
loss.

The core loss of the balancing transformer can be calculated
using Steinmetz equation [28], [29], i.e.

Lml b
—=ml AT,
Asi - Npy fmt

Pg=ky-f" - AB" =k - f* - (

(14)
where f is the switching frequency, i.e., 1/T. ABj is the peak-
to-peak flux density of the balancing transformer. k1, a1, and by
are the Steinmetz coefficients, which can be determined from
the manufacturers. Ag; is the cross-sectional area of the mag-
netic core. L,,; is the magnetic inductance of the balancing
transformer. Np; is the turns number of the primary winding.
Al is the peak-to-peak magnetizing current, which can be
achieved according to (1)

(n1 + D) - VBat

AILml = 2%, - f

(15)
Substituting (15) into (14) yields a further core loss expression
as follows:

by
(nl +D) 'VBat> . (16)

P =k - for .
5=k f ( 284, - Npy
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Normally, we have a; < by; thus, a higher switching fre-
quency leads to a lower core loss. The core loss will also de-
crease with the increase in the cross-section area and the turns
number. However, the cross-section area is limited by the size of
the transformer; therefore, the turns number should be as large
as possible to get a lower core loss.

The gate driver circuit loss mainly includes the core loss of
the driving transformer and the charging loss for the gate-source
capacitors of the MOSFETs, which can be given by

D - Vs > "
4A5 - Npo
12 2
1 D - Vpat
+ —f-Cas- | ——— 17

Z (2 [ Cas < T a7

i=1
where ko, as, and by are the Steinmetz coefficients of the driving
transformer. N po is the turns number of the primary winding of
the driving transformer. ns is the turns ratio. Ags is the cross-
section area of the magnetic core. C'g is the MOSFET gate-source
capacitance.

It can be seen that a large turns number Np- is favorable to
decrease the core loss of the driving transformer. Decreasing the
switching frequency or increasing the turns ratio no will decrease
the charging loss for the drain-source capacitors.

The switching loss of the MOSFETs can be represented as
(301, [31]

Pp =y f*27b2. (

12

Ps=Y_ (;f -Cps - VE; + %f Vg, - Ip; -tf) (18)
j=1

where Cpg is the MOSFET drain-source capacitance. ¢ is the

MOSFET fall time. Apparently, a lower switching frequency leads

to lower switching loss.

Based on (13) to (18), the overall balancing efficiency can be

expressed as

Pout
Pouwt + Pr+ Pg + Pp + Py

where P, is the output balancing power. To summarize, a
higher switching frequency leads to lower conduction loss and
core losses, while a lower switching frequency leads to lower
driving loss and switching loss. Therefore, the switching fre-
quency should be optimized to achieve a lower overall loss.

x 100%

n= (19)

D. Design Consideration of the Balancing and Driving
Transformers

According to the analysis in Section II-C, there are six key
design parameters, namely, the switching frequency, the turns
ratio, the turns number, the cross-section area of the wire,
the core size, and the air gap of the balancing and driving
transformers.

1) Switching Frequency: Because the secondary MOSFETS
are driven by the primary HBC, the secondary driving signals lag
slightly behind the primary ones. Therefore, in order to achieve
a good synchronization of the primary and secondary HBCs,
the switching frequency cannot be too high. However, a lower
switching frequency will lead to a larger transformer.
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2) Turns Ratio: The turns ratio of the transformers is a crucial
design factor, which is governed by the output voltage of the
BBC. The total voltage of a 12-cell battery module is about
30-44 V. Due to the buck conversion, the dc voltage should
be less than 30 V. Therefore, the turns ratio of the balancing
transformer should be 3—4 to achieve a large current and high
efficiency. The turns ratio of the driving transformer should be
1-2 to achieve 7-15 V driving voltages.

3) Turns Number: According to (16), the core loss can be
significantly reduced by increasing the turns number. Moreover,
the larger the turns number, the better the consistency of the
transformer windings. However, a large turns number will cause
a higher copper loss and a larger transformer size.

4) Cross-Section Area of the Wire: The cross-section area
of the wire is determined by the wire resistance, which limits
the power of the transformer. On the one hand, the resistance
of the windings will cause the secondary winding voltages to
drop at higher balancing currents. On the other hand, the ohmic
loss of the windings will heat up the transformer. Therefore, the
resistance of the windings must be kept as low as possible to
make the transformer with a high-power rating and efficiency.
As a result, the thicker wires can be chosen to reduce resistance,
nevertheless, which will result in an increase of the core size. In
summary, the cross-section area of the wire can be reasonably
designed to achieve a good trade-off between the power loss and
the core size.

5) Core Size: The core size only limits the number of the
windings and the cross-section area of the wire, but does not
determine the power of the transformer. A large core gives more
space for the windings with thicker wires to reduce the resis-
tance. Moreover, a larger core area can increase the flux by re-
ducing the number of turns and can better dissipate the heat
caused by the power loss. Generally, 2.5-3 times the calculated
core size should be chosen to do with the wire insulation, air
between the turns, and a coil former.

6) Air Gap Length: Because the power of the balancing
transformer is large, and the equalization works partially at the
buck—boost and flyback conversions, the balancing transformer
needs a certain air gap to store energy. However, the power of the
driving transformer is lower. Therefore, in order to reduce the
leakage inductance and delay in the secondary driving signals,
the air gap of the driving transformer is better to be 0.

III. EXPERIMENTAL RESULTS

In order to verify the proposed balancing method, an exper-
imental prototype was built for 12 series-connected LiFePOy
batteries with 1100-mAh capacity. According to the forward
and flyback operations, the secondary windings should have the
same turns number (or turns ratio) to achieve the fine voltage
equalization among cells. Nevertheless, the consistency of the
battery internal resistance, the MOSFET ON-resistance, the par-
asitic capacitance, and the leakage inductance only affect the
balancing current, not the final balanced cell voltage. Therefore,
in order to achieve a good consistency of the transformer, twisted
multi-strand magnet copper wires are used to make the multi-
ple windings. Table I presents the parameters of the balancing
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TABLE I
PARAMETERS OF THE BALANCING CIRCUIT

Symbol Parameter
01-0n2 MOSFETSs, BUK7KSR7-40EX, Rps(o<8.5 mQ
On-Omw MOSFETs, BUK7K8R7-40EX, Rps(on=<8.5 mQ
Cin-Cia Electrolytic capacitors, 220 uF
Chpa Film capacitors, 3.3 uF
Ly Inductors, 100 uH
Opi-Om MOSFETs, BUK9Y 12-100E,115, Rpson=<12mQ
Cin Film capacitors, 1 uF
851-S1i2 Transistors, NMB2227AF, PNP, V¢z0<40V, <600 mA
Dy-Dy» Diodes, BAT54GW]J
Rii-Ri2,1 Resistors, 100Q
Ri-Riap Resistors, 10kQ
Ri3-Rias Resistors, 1 kQ

Note: Rps(on): Static drain-source on resistance of MOSFETs. Vogo: collector—emitter voltage of transistors. I collector current of transistors.

TABLE II
PARAMETERS OF THE BALANCING TRANSFORMERS WITH DIFFERENT
TURNS NUMBERS

No Mo i G R o e
20 5 985.4 15.3 1.0 113 24
32 8 2524 16.1 1.0 116 24
40 10 3939 34.7 2.1 119 24
60 15 8798 23.0 09 172 26

Note: Np and Ng are the primary and secondary turns numbers, respectively. Lcqp
and L5 are the primary and secondary leakage inductances, respectively. R, p and
R, s are the primary and secondary winding resistances, respectively.

TABLE III
PARAMETERS OF THE DRIVING TRANSFORMERS WITH DIFFERENT
TURNS NUMBERS

Lo Legp Legs Ryp Rys
N, N: q q
S (1)) (uH) (uH) (mQ2) (mQ)
3333 2793 0.6 0.6 615 615
45 30 5340 4.9 22 980 194
66 33 11608 1.9 0.6 1510 598

circuit. Tables II and III present the parameters of the balancing
and driving transformers with different turns numbers and air
gaps, respectively.

Fig. 5 presents the experimental waveforms of the driving
voltage, the driving current, and the magnetizing current of the
driving transformer with the MHBC working at 10 kHz. It can
be seen that the driving voltage for the odd cells follows the ac
voltage of the primary HBC in the first half period. Due to the
leakage inductance of the driving transformer and the series-
connected resistor R;1, the driving voltage lags slightly behind
the ac voltage. When the ac voltage jumps from negative to
positive, the peak charging current for the drain-source capacitor
of the MOSFET is about 0.24 A, which is limited by the series-
connected resistor R;;. When the ac voltage jumps from positive
to negative, the peak discharging current of the drain-source
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Fig. 5. Experimental waveforms of the driving voltage, current, and magne-
tizing current of the driving transformer with the MHBC working at 10 kHz.

capacitor is up to 0.4 A because of the short circuit of the drain-
source capacitor. It is worth mentioning that the magnetizing
current is approximately a triangle waveform. However, due to
the charging of the drain-source capacitors, a 0.2-A spike is
added in the magnetizing current when the ac voltage jumps.
Fig. 6 further presents the experimental waveforms of the
winding currents and the magnetic current with the MHBC
working at 10 kHz. It can be observed that because the balanc-
ing is mainly based on the forward conversion, the balancing
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Fig. 6. Experimental and theoretical waveforms of the winding currents and
the magnetic current at 10 kHz.

currents exponentially increase from near zero during each one
half period due to the effect of the leakage inductance and the
equivalent resistance. The peak primary and secondary balanc-
ing currents are 0.7 and 2.56 A, respectively. In addition, the
measured magnetic current is approximately a triangular wave-
form with an amplitude of 1.2 A due to the larger magnetic induc-
tance and smaller equivalent resistance. It is important to note
that the calculated primary/secondary currents and the magnetic
current match well with the experimental ones, which verifies
the effectiveness of (4), (10), and (11).

Fig. 7 illustrates the measured efficiencies of the MHBC
with different driving and balancing transformers. As shown
in Fig. 7(a), the efficiency can be dramatically improved by in-
creasing the turns ratio of the driving transformer. On the one
hand, a higher turns ratio leads to a lower driving voltage, de-
creasing the driving loss. On the other hand, the core loss of the
driving transformer is reduced by increasing the primary turns
number. As shown in Fig. 7(b), when the primary turns num-
ber of the balancing transformer increases from 20 to 32, the
efficiency increases dramatically due to the reduced core loss
of the balancing transformer. However, when the turns number
increases from 32 to 60, the efficiency increases slightly due
to almost the same core loss. From Fig. 7(c), we can observe
that the peak efficiency, i.e., 93%, is achieved at 10 kHz. When
the switching frequency is lower, the efficiency at lower power
dramatically decreases because of the increasing core loss of the
transformer, but the efficiency increases instead at higher power.
When the switching frequency is higher, the efficiency decreases
significantly, particularly at higher power because of the larger
switching loss and copper loss of the transformer.

Fig. 8 shows the balancing results with the fixed duty cycle
of the BBC for 12 series-connected cells at 10 kHz. It can be
observed from Fig. 8(a) that all the cells are balanced toward the
average cell voltage. The higher voltage cells are balanced by
discharging and the lower voltage cells are balanced by charging.
As shown in Fig. 8(b), the cell balancing currents have a similar
evolution tendency. The cell current is dependent on the cell
voltage. Atthe beginning of balancing, the maximum cell current
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Fig. 7. Measured efficiencies of the MHBC with different balancing and
driving transformers. (a) With different turns ratios of the driving transformer.
(b) With different turns numbers of the balancing transformer. (c) At different
switching frequencies.

is about 1.3 A and the total balancing current is about 6 A for
12 cells. After about 800 s, the cell voltages are balanced to
about 3 V. As shown in Fig. 8(b), it is important to note that
when the cells are balanced at 800 s, the cells still have a 0.35-A
charging current, which is the loop current caused by the M2MC
equalization.
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Fig. 8. Balancing results with the fixed duty cycle of the BBC for 12 series-connected cells at 10 kHz. (a) Cell voltage evolution. (b) Cell current evolution.
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Fig. 9. Balancing results with varying balancing currents for 12 series-connected cells at 10 kHz. (a) Balancing current versus the cell voltage difference at
different duty cycles of the BBC. (b) Cell voltage evolution. (c) Cell current evolution.

Fig. 9(a) presents the balancing current versus the cell volt-  voltage differences. However, the effect of the duty cycle on
age difference at different duty cycles of the BBC. It can be the balancing current becomes less and less with the decrease
noted that the larger the cell voltage difference, the larger the of the cell voltage difference. Therefore, in order to reduce the
balancing current. Particularly, the balancing current can be sig-  loop current flowing from module to cells, the duty cycle of
nificantly improved by increasing the duty cycle D at larger cell ~the BBC should be reduced with the decrease of the cell voltage
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TABLE IV
A COMPARISON OF THE PROPOSED EQUALIZER WITH THE CONVENTIONAL ANALOGOUS SOLUTIONS [22], [23]
. Winding Diode MOSFET or driver . Balancing .
Topologies number number number Balancing mode Speed Efficiency
. . Low — 50,
Ramp equalizer [22] m/2+1 m 2 M2MC balancing Adjustable <75%
Forward-flyback equalizer AC2AC self- Low o
[23] m 0 m balancing Non-adjustable 89%
M2MC balancing and Hich
Proposed equalizer m/2+1 0 4 AC2AC self- e 88%
. Adjustable
balancing

difference. Fig. 9(b) shows the balancing results with the varying
duty cycle of the BBC according to the cell voltage difference.
It can be seen from Fig. 9(c) that the cell currents decrease con-
tinuously with the decrease of the cell voltage difference. All
the cell currents almost decrease to zero when the cells are bal-
anced. However, the total equalization time increases to 1200 s
because of the reduced balancing current.

Fig. 10 shows the AC2AC self-balancing results for 12 series-
connected cells when no energy is transferred from module to
cells. As shown in Fig. 10(a), because the balancing current
is dependent on the cell voltage difference, the equalization
time increases significantly, which is up to 5000 s. As shown
in Fig. 10(b), the maximum balancing current for the lowest-
voltage cell is 0.9 A. It is important to note that the cell currents
gradually decrease to 0 with the decrease in the cell voltage
difference without loop current.

Table IV presents a comparison of the proposed equalizer
with the conventional methods in terms of the numbers of com-
ponents, balancing speed, and efficiency.

The ramp equalizer [22] is based on the passive rectifica-
tion using diodes, which uses fewer MOSFETs and isolated gate
drivers, leading to a small size and low cost. However, its ef-
ficiency will become very low, i.e., lower than 75%, for low-
voltage cells, e.g., 2-3.65 V, due to the higher voltage drop across
diodes, e.g., 0.4-0.8 V. Moreover, because the ramp equalizer
[22] is a unidirectional converter, it only works at the M2MC

balancing mode and has a low balancing speed due to the voltage
drop across diodes.

The forward-flyback equalizer [23] uses m MOSFETS and m
transformer windings to achieve the AC2AC self-equalization
with a balancing efficiency of 89%. However, the balancing cur-
rent is nonadjustable and completely dependent on the cell volt-
age difference, leading to a slow equalization speed for a large
battery string.

In fact, the proposed equalizer is an improvement of the
forward-flyback conversion [23], which reduces the number of
windings by half based on buck—boost and forward operations,
significantly reducing circuit volume and cost. Moreover, the
secondary MOSFETs are directly driven by the primary HBC
without the need of additional isolated gate drivers and power
supplies, contributing to a low cost and ease of control. The pro-
posed equalizer works at two modes, i.e., the M2MC balancing
for larger cell voltage differences and AC2AC self-balancing
for smaller cell voltage differences. Particularly, the balancing
current can be adjusted by controlling the BBC according to the
cell voltage differences, effectively improving the equalization
speed and effectiveness. Considering the loss of the BBC, the
total efficiency of the M2MC balancing is approximately 88%,
which is comparable to the forward-flyback equalizer [23].

In order to show the advantages of the proposed driving
scheme based on synchronous rectification, Table V further
presents a cost comparison of the proposed driving method with
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Driving method Component Parameter Unit price ($) Quantity Cost ($) Total cost ($)
Transformer core E20/10/11 Ferrite 0.283 1 0.283
Transformer skeleton E20/10/11 Skeleton 0.5 1 0.5

Proposed method Transistor NMB2227AF 0.05 7 035 1413
Diode BAT54GWJ 0.02 14 0.28
Driver IC (pair) UCC21520QDWRQI 331 6 19.86

Traditional method [23] Bootstrap diode for driver PMEG40T30EPX 0.129 12 1.548 22.74
Blocking diode for driver SBR1A20T5 0.111 12 1.332

the conventional solution [23] for 12 series-connected cells. It
can be seen that the total cost for the proposed driving scheme is
only $1.413, which is much lower than the conventional solution
[23], i.e., $22.74.

IV. CONCLUSION

This paper proposed a battery balancing circuit based on syn-
chronous rectification with a reduced number of gate driver cir-
cuits. On the one hand, the number of transformer windings is
almost reduced by half, and thus, the circuit cost is significantly
lowered. On the other hand, the secondary MOSFETs are directly
driven by the primary HBC, significantly reducing the cost of
the MOSFETs and isolated gate drivers. It is worth mentioning
that the equalization current can be adjusted by controlling the
BBC, which makes the proposed equalizer capable of working in
either M2MC or AC2AC balancing modes according to the cell
voltage differences. The analytical expressions of the balancing
currents and efficiency were derived. The design considerations
of the proposed equalizer are discussed. An experimental pro-
totype for 12 series-connected cells was built. Through detailed
analyses of the experimental results for 12 series-connected Li-
ion batteries, some conclusions can be obtained.

1) The balancing current is mainly determined by the input
voltage of the BBC, the equivalent resistance, the leakage
inductance, and the switching frequency, but independent
of the magnetic inductance.

2) The balancing efficiency can be improved by increasing
the primary turns number of the balancing transformer.

3) The loss of the gate driver circuit can be reduced by in-
creasing the turns ratio of the driving transformer.

4) In order to achieve a higher efficiency, a higher switching
frequency is favorable at lower balancing power while a
lower switching frequency is favorable at higher balancing
power.
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