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Abstract—This paper proposes an automatic any-cells-
to-any-cells battery equalizer, which merges the forward and
flyback converters through a common multiwinding trans-
former. The windings of the transformer are divided into
two groups, which have opposite polarities. The principles
of the proposed equalizer are that the equalization in one
group is achieved based on forward conversion and the
balancing between the two different groups is based on
flyback conversion, by which the magnetic energy stored
in the transformer can be automatically reset without us-
ing additional demagnetizing circuits. Moreover, only one
MOSFET and one primary winding are required for each
cell, resulting in smaller size and lower cost. One pair of
complementary control signals is employed for all MOS-
FETs, and energy can be automatically and directly deliv-
ered from any high-voltage cells to any low-voltage cells
without the requirement of cell monitoring circuits, thereby
leading to a high balancing efficiency and speed. The pro-
posed topology can achieve the global equalization for a
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long battery string through connecting the secondary sides
of transformers without the need of additional components
for the equalization among modules, which also overcomes
the mismatching problem of multiple windings. The validity
of the proposed equalizer is verified through experiments,
and the balancing efficiency can reach up to 89.4% over a
wide range of conditions.

Index Terms—Electric vehicles, equalizers, flyback
conversion, forward conversion, lithium batteries, multi-
winding transformers.

I. INTRODUCTION

S ONE of the most widespread rechargeable batteries,
A the lithium-ion battery is widely used in many fields, e.g.,
electric vehicles, because of its low self-discharge rate, high cell
voltage, efficient charging, no memory effect, and high energy
density [1]-[3]. Many cells are connected in series—parallel to
form a battery string in order to achieve a high output voltage
and large capacity [4]-[6]. However, manufacturing tolerances
result in the differences of the battery capacity and internal re-
sistance from cell to cell [7], [8]. Moreover, these differences
will be aggravated with battery aging, leading to the voltage im-
balance among cells. When the battery pack is charged or dis-
charged, none of the cells can be overcharged or over-discharged
because of the risks of battery performance degradation, even
explosion or fire [9]. Therefore, the charging or discharging pro-
cess has to be interrupted when any of the cells in the battery
pack reaches the charging or discharging cut-off voltage, which
makes the other cells not being fully charged or discharged and
reduces the available capacity of the battery pack [10]. There-
fore, battery equalizers are necessary in order to ensure that all
cells in a series-connected battery string are fully and safely
charged and discharged.

However, the equalizer design for a long battery string is very
challenging, which needs to satisfy the high efficiency, ease of
control, low voltage stress on MOSFETs, small size, low cost,
and easy modularization [11]. Many battery equalizers are pro-
posed during the last few years, which can be classified into
two categories: the passive methods and the active ones. The
passive balancing method [12] is based on energy dissipation,
which employs one dissipative element for each cell as a shunt
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to drain excess energy from a high-voltage cell. The advantages
of this method are low cost, simple control, and small size. Nev-
ertheless, the excess energy of battery cells is converted into
heat rather than be transferred to the low-energy cells, reducing
the available capacity of the battery pack. On the other hand,
active equalizers present a higher efficiency as they are based
on energy transfer. Generally, the active methods are using ca-
pacitors [13]-[21], inductors [22]—-[26], transformers [27]-[36],
or their combination for transferring energy from strong cells
(cells with high voltages) to weak ones (cells with low voltages).
Among these topologies, transformer-based solutions [27]—[36]
have the inherent advantages of easy isolation, high efficiency,
and simple implementation. Chen et al. [29] propose a bidirec-
tional cell-to-cell equalizer using a multiwinding transformer.
The method can transfer energy directly from the source cell to
the target one based on flyback or forward conversion, achiev-
ing a high balancing speed. However, this equalizer needs two
MOSFET switches and one transformer winding for each cell,
resulting in a bulk size and high cost of the balancing system.
Moreover, the control is very complex due to the requirements
of cell voltage sensing circuits and multiple control signals and
the judgment of working modes. Hua and Fang [31] propose
a charge equalizer based on a modified half-bridge converter,
which achieves soft switching and improves the reliability of the
equalizer. However, the equalizer needs one winding and two
diodes for each cell, as well as one secondary winding and two
MOSFET switches for the battery pack. This system still has
the disadvantages of high cost and large volume. Moreover, the
turns ratio is also extremely high for a long battery string, lead-
ing to a low conversion efficiency. In addition, the components
in the secondary side of the transformer suffer from high voltage
stress, requiring more expensive semiconductor devices. Due to
energy transferred from the pack to the least-charged cell, there
may be repeated charging and discharging phenomena, resulting
in a low balancing efficiency and speed. Lim ez al. [34] propose a
modularized equalizer based on flyback conversion, which does
not need cell-voltage-monitoring circuits. The proposed method
utilizes the magnetizing energy of the multiwinding transformer
for the equalization among modules without the requirement of
additional components, leading to a small size and low cost.
However, the modularized method is not suitable for more than
two battery modules. Zhang et al. [35] propose a hierarchical
active balancing architecture, which consists of two balancing
layers, i.e., the bottom layer and the top layer. The bottom layer
employs a buck—boost converter for every two adjacent cells,
resulting in a bulk size. Moreover, energy is only transferred
from one cell to the adjacent one, leading to a low balancing
efficiency and speed. The top layer using a multiwinding trans-
former is employed to achieve the voltage equalization among
battery modules. However, it is definitely difficult to apply
one single multiwinding transformer into a long battery string
with multiple battery modules because of the high complex-
ity implementation of the multiwinding transformer. Moreover,
the mismatched multiple windings cause the natural imbalance
of module voltages during the balancing. Li er al. [36] pro-
pose a simple structure of battery equalizer using multiwinding
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Fig. 1. Battery-balancing circuits using a single multiwinding trans-
former. (a) The equalizer based on forward conversion [36]. (b) The
proposed equalizer based on forward—flyback conversion.

transformers based on the same EMF induced in different wind-
ings. As shown in Fig. 1(a), one MOSFET and one winding of
the transformer are set for each cell. Only one control signal
is employed for the equalizer, and energy can be automatically
and directly delivered from strong cells to weak ones within
the battery string [36]. However, this method need additional
demagnetizing circuits to reset the magnetic energy stored in
the transformer when the MOSFETs are turned off. A suitable
capacitor is added for each winding to form a resonant LC
converter with the magnetizing inductance of the transformer,
resulting in the mismatching, high cost, bulk size, and complex
design of equalizers. Moreover, this equalizer is only operated
in the specific range of switching frequencies and duty cycles
to achieve soft switching, leading to more complexity in con-
trol and design of the balancing circuits. Although the equalizer
only uses one magnetic core and fewer active switches, the im-
plementation is still complicated for a long series-connected
battery string due to the mismatching, bulk size, large leakage
inductance, and high complexity implementation of the multiple
windings.

To improve these defects, this paper proposes an automatic
equalizer using multiwinding transformer without the needs of
additional demagnetizing circuits and cell monitoring circuits.
The proposed battery equalizer merges the forward and flyback
converters through a common multiwinding transformer. Only
one MOSFET and one winding of a transformer are set for each
cell. All MOSFETs are controlled by one pair of complemen-
tary pulse-width modulation (PWM) signals, and energy can be
automatically and directly transferred from any higher voltage
cells to any lower voltage cells. Meanwhile, the magnetic en-
ergy stored in the transformer is automatically reset due to the
complementary structure and control of the proposed equalizer.
Moreover, the global equalization among modules can be easily
achieved through connecting the secondary sides of multiwind-
ing transformers without the demand of additional components,
by which the mismatching problem of multiple windings is
solved. The inherent advantages of the proposed system are the
small size, low cost, ease of control, high efficiency, fast speed,
and easy modularization.
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Il. PROPOSED EQUALIZER

In this paper, an automatic cell equalizer is presented us-
ing multiwinding transformers without additional demagnetiz-
ing and cell sensing circuits, which is an improvement of the
work in [36].

A. Configuration of the Proposed Equalizer

Fig. 1(b) shows the schematic diagram of the proposed equal-
izer applied to a long battery sting, which is divided into two
groups, Group I and Group II, and x cells in each group. Each
battery cell is connected by one MOSFET and one primary
winding of the multiwinding transformer. As shown in Fig. 1(b),
the windings in each group have the same polarities, which
are implemented by the conventional forward converter. How-
ever, they exhibit opposite polarities compared with these in
the other group, which are implemented by the conventional
flyback converter. The MOSFETs in the two groups are respec-
tively controlled by one pair of complementary signals, i.e., the
MOSFETsS in Group I controlled by PWM+, and those in Group
II controlled by PWM—.

The critical characteristics of the proposed equalizer are sum-
marized as follows.

1) The proposed equalizer is a hybrid type of forward and
flyback converters, which takes full use of the magnetic
core, improving the power density.

2) The new combined forward—flyback equalizer needs only
one winding and one MOSFET for one cell. Com-
pared with the conventional equalizers using multiwind-
ing transformers, the MOSFET number of the proposed
equalizer is reduced by at least half. Moreover, the corre-
sponding floating drive circuits are also reduced greatly.
Therefore, the proposed equalizer is smaller and cheaper,
and has lower weight.

3) The control for the proposed equalizer is very simple.
Only one pair of complementary PWM signals with a
fixed frequency and duty ratio are employed to control
all MOSFET switches, by which automatic voltage equal-
ization is achieved without the need of cell monitoring
circuits.

4) The balancing operation among cells in each group is
based on forward conversion, while the balancing oper-
ation between the two groups is based on flyback con-
version, by which the magnetizing energy stored in the
transformers is automatically reset without using addi-
tional demagnetizing circuits. This is also beneficial to
the size and cost of the equalizer.

5) Due to the effective demagnetization and low turns ratio
of the primary windings, low voltage stress on the power
devices is achieved, contributing to achievement of high
efficiency and low cost.

6) Energy can be transferred automatically, directly, and si-
multaneously from higher voltage cells at any position to
lower voltage cells at any position, i.e., the any-cells-to-
any-cells equalization, leading to a high balancing effi-
ciency and speed.
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Fig. 2. Operating modes of the proposed equalizer.
(b) Mode 1.

(a) Mode |I.

7) The global equalization for a long battery string can be
achieved through connecting the secondary sides of mul-
tiwinding transformers without using additional compo-
nents for the equalization among modules. By using this
modularization concept, the equalizer design is easier
without the mismatching problem of multiple windings.

B. Operation Principles

The automatic balancing among cells can be obtained by
driving the MOSFET switches using one pair of complemen-
tary PWM signals. The proposed equalizer works on the forward
and flyback operations. The forward operation is employed to
achieve the voltage equalization among cells in one group. The
flyback operation is employed to achieve the voltage equaliza-
tion between the two groups, and reset the magnetic energy
stored in the transformer when some switches are turned off.
In order to simplify the analysis for the operation modes, the
following assumptions are made.

1) As shown in Fig. 2, the concept is applied to a battery
string of four cells, which is modularized into two groups
and each group consists of two cells. Fig. 2 shows the
equivalent circuit of the proposed equalizer. L,,; and
L,,» represent the magnetizing inductances of Group I
and Group II, respectively. Leq;j, i = 1,2, j = 1,2, rep-
resents the leakage inductances on a primary winding.
Reqij,t=1,2,j = 1,2, represents the equivalent resis-
tance on a primary winding. Thus, the transformer 7} can
be seen as an ideal transformer.

2) APWM signal PWM is applied to all switches in Group
I, and the complementary PWM signal PWM— is applied
to all switches in Group II.

3) The relationship among the battery cell voltages is Vpo2
> Vpar > Vpi12 > Vpii.

4) The windings in each group have the same turns num-
ber due to the forward operation for each group [36].
N represents the turns number of the primary windings
of Group I, and N, represents the turns number of the
primary windings of Group II.

5) It is specified that the current flowing into a battery cell
is positive; otherwise, it is negative.

In the steady state, as shown in Figs. 2 and 3, the proposed
equalizer has two operating modes during one switching period,
i.e., Mode I and Mode II.
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Fig. 3. Magnetic flux analysis. (a) Mode I. (b) Mode II.
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Fig. 4. Key waveforms of the proposed equalizer.

Mode I (ty — t1): At ty, switches in Group II (2; and
()22 are turned off and switches in Group I (), and Q- are
turned on simultaneously.

As shown in Fig. 4, the balancing currents in the primary
sides of Group II drop to zero instantaneously at ;. According
to Faraday’s law, the balancing currents in the primary sides of
Group I are built up to keep the magnetic flux in constant, which
resets automatically the magnetization energy in Group II, re-
ducing dv/dt of MOSFETSs Q1 and (2. As shown in Fig. 3(a),
the magnetic flux continues to flow counterclockwise, which
means the energy stored in the transformer during last mode is
transferred to Group I through the flyback converter, achieving
the voltage equalization between the two groups.

According to Ampere’s law, the magnetic flux can be
expressed as

A ) )
®=DB Ag ~ MOTSNl(an +ip12) (D

where g is the length of the air gap. B is the flux density. i is the
permeability of the air gap. Ag is the cross-sectional area of the

magnetic core. N; is the turns number of the primary windings
of Group L.
At t(, the magnetic flux in the transformer is expressed as

O(ty) = u();ls Ni{ip11(to) +ip12(to)}

A
= Mog 5N, {ipa1(t2) +ipaa(ta)}. )

Thus, the initial balancing currents in the primary sides of
Group I are achieved by

N.
VZ {ip21(t2) +ip22(t2)}. ()
1

The flux linkages of the primary windings of Group I can be
expressed as

ip11(to) +ip12(to)=

A . . . .
A1 =N @ = Hog SN12(ZBl1 +ip12) = L1 (i1 +ip12)
4

A . . . .
Ag = N1 @ = Hog SN12(ZBl1 +ip12) = L1 (ip11 +ip12)
(5)
where L, is given by

HoAg

Lm 1= N; 1 ? . (6)
Equation (6) shows the magnetizing inductance is inversely
proportional to the air gap.
Based on Faraday’s law, the terminal voltages of the primary
windings of Group I during Mode I are calculated as

dr di di dr
Vrpu(I) = 7d;1 = Ly ( 5;1 + 5;2) = d;Z
= Vrpia(I). @)

Equation (7) shows the identical primary voltages will
bring the cell voltages to the average value based on forward
conversion.

As shown in Fig. 2(a), the charging currents for By, and B,
can be represented as

. ) \%

ip11(t) :lBll(tO)_ﬁ(t_tU) ()
m eq

. ) \%

ip12(t) = ip12(to) — LA (t—to) 9

Lm 1+ Leql?

where Vi1 and Vp1o are the cell voltages of By and Bjo,
respectively. Due to Vp12 > Vi1, ip1o is smaller than ipqq,
which also proves the voltage equalization between B;; and
By can be achieved by the forward transformer.

The balancing between the two groups is based on flyback
conversion. Because the voltage of Group II is higher than
the voltage of Group I, energy is transferred from Group II
to Group I. The relationship between the primary voltages of
the two groups is determined by [37]-[39]

Vips(II) _ N, D
Vepi(I) ~ N1 - D

(10)
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where D is the duty cycle for Group L. Vi p (I) represents the
uniform primary voltage of Group I during Mode 1. Vi p, (1)
represents the uniform primary voltage of Group II during
Mode I1. Vrp (I) and Vr po(IT) can be given by

Vrp1(I) = Vep1i (D)= Vrp12(1)

Vrpa(IT) = Vrpor (I1)= Vrpaa (11). (11)
Equation (10) can be deduced as
I
D_ N1 Vrpo (1) (12)

N1 Vrpa(ID) + NoVppi (1)

In order to achieve the voltage equalization for the battery
string, the primary voltages of Group I and Group II should
satisfy

Vrp1(I) = Vrpa(IT) = Viyg (13)
where V,,, is the average voltage of the battery string.
By (12) and (13), the duty cycle D can be obtained as
N
D=_"1 (14)
N1+ Ny
The magnetizing currents iy,,,1 and ¢y,,,2 are expressed as
. , Vavg
inm1(t) =ipm1(to) — i3 £t —to) (15)
m1
. . N2 ‘/;ng
m2(t) = 1rmalty) — t—1to). 16
irm2(t) = ipma(to) N1Lm2( 0) (16)

The relationship among the magnetizing currents and the
balancing currents in the primary windings of Group I can be
expressed as follows:

) Ny . )
1Lm1 + 77 Lm2 = tB11 + 1B12-
N,

a7

The main function of this mode is to balance the cell voltages
of Group I, deliver the energy stored in the magnetizing induc-
tors L,,; and L,,» to Group I, and achieve the demagnetization
of the second group when the switches (021 and Q95 are turned
off.

Mode IT (¢; — t5): At ty, switches in Group I Q11 and Q1
are turned off and switches in Group II ()5, and ()5, are
turned on simultaneously.

As shown in Fig. 4, the balancing currents in the primary
sides of Group I drop to zero instantaneously at #;. Accord-
ing to Faraday’s law, the balancing currents in the primary
sides of Group II are built up to keep the magnetic flux in
constant, which resets automatically the magnetizing energy
stored in Group I, reducing dv/dt of MOSFETs Q11 and Q1,.
As shown in Fig. 3(b), the magnetic flux flows counterclock-
wise, which means the energy of Group II is stored in the
transformer.

The mathematical derivation of Mode II is similar to Model I,
thereby not described in detail here.

The initial currents in the primary sides of Group II can be
expressed as

N
ip21(t1) +ip2a(ty)= F; {ip11(t1) +ip12(t1)}. (18)

The terminal voltages of the primary windings of Group II
during Mode II are calculated as

d di di di
Vrpa1 (IT) = lel = Ly» ( 5;1 + 5;2) = diQ
= Vrpao (H). (19)

The discharging currents from By and Bsy are given by

: iy Vi1
ZB21(t) = ZBQl(tl) - m(t - tl) (20)
: iy Voo
ip22(t) = ipaa(ty) — (t—11) 2D

Lm? + Leq??

where Vpoo and Vpoo are the cell voltages of Bs; and Bao,
respectively. Due to Vipao > Viao, ip9; is smaller than ipso,
which also proves the voltage equalization between By; and
Bys is achieved through the forward transformer.

The magnetizing currents iy,,1 and iy,,,2 are expressed as

. . Nl‘/avg

m1(t) = tpm1(t t—1 22
irm1(t) =i 1(1)+N2Lm1( 1) (22)
. . Vavg
iLm2(t) = ipma(ty) + Tg(t —t1). (23)

The relationship among the magnetizing currents and the
balancing currents in Group II can be represented as

) ) Ny . )
—ip21 —1B22 = FZLml +tLme2-
2

(24)

The main function of this mode is to balance the cell volt-
ages in Group II, deliver energy of the cells in Group II into the
magnetizing inductors L,,; and L,,,, and achieve the demag-
netization of the first group when the switches Q11 and Q15 are
turned off.

According to the operating modes mentioned earlier, the mag-
netizing currents ¢7,,,,1 and iz, can flow naturally between the
two groups without the requirement of additional demagnetiz-
ing circuits, by which the effective balancing among all cells is
achieved.

C. Modularization of the Proposed Equalizer

Fig. 5 shows the modularization method of the proposed
equalizers applied to an eight-cell series-connected battery
string, which is divided into two separate four-cell mod-
ules. The equalization between modules is easily achieved
through connecting the secondary sides of the two trans-
formers. Contrary to the conventional modularized equaliz-
ers using additional components for the equalization among
modules, the proposed modularization method shares a sin-
gle equalizer for the equalization among cells and mod-
ules, leading to smaller size, lower cost, and reduced loss
with respect to the modularization. This modularization
method also overcomes the mismatching problem of multiple
windings.
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TABLE |
COMPARISON OF SEVERAL BATTERY EQUALIZERS
Balancing performance Components Pt Py, P3 Py Py Ps P; Ps Py Pig P11 Pia Payg
SW R L C D T
Dissipative method [12] n n 0 0 0 0 5 1 1 1 1 5 1 5 5 3 5 1 2.83
Switched capacitors [13] 2n 0 0 n—1 0 0 5 3 5 5 1 2 4 5 5 3 5 4 3.92
Chain structure of switched capacitors [15]  2(n 4+ 2m) 0 0 n+m 0 0 4 4 5 5 2 3 3 4 4 2 5 4 3.75
ZCS switched capacitors [18] 2n 0 n—1 n—1 0 0o 3 3 5 5 1 3 3 4 3 3 5 5 3.58
LC series resonant circuit [19] 2(n+ 5Sm) 0 m m 0 0o 3 4 2 5 2 2 3 2 3 2 1 5 2.83
Buck-boost converter [22] 2n 0 n—1 0 0 0 4 3 5 5 2 2 3 3 3 5 5 2 3.50
Multiphase interleaved method [23] 2n—1) 0 n—1 0 0 0 4 4 5 5 4 4 3 4 3 2 3 2 3.58
Optimized next-to-next balancing [24] 4n—-1) 0 2n—-1) 0 0 0 3 3 5 5 2 2 2 4 2 4 5 1 3.17
Flyback or forward conversion [29] 2n 0 0 0 0 m 2 3 5 5 3 3 3 2 3 3 5 3 3.33
Flyback conversion [32] 2n—m) O 0 0 2m—m) m 3 4 2 1 3 3 2 2 3 3 2 2 2.50
Wave-trap [33] 2m 0 n n n n 2 3 1 1 3 3 1 1 2 1 1 5 2.00
Forward conversion [36] n 0 0 n 0 m 3 5 5 5 5 5 5 3 4 5 4 5 4.50
Proposed equalizer n 0 0 0 0 m 4 4 5 5 5 5 5 5 5 5 5 4 4.75

n is the number of cells in the battery string. m is the number of battery modules in the battery string.

Ou PWM+
B, L = TPI%
On E'?E
+
Bu == B TP12§
O dehqy PWM: ’%_ TS,
¥l P,
By—— I TPZI:
0, €l
¥l
Byp—— = ¥ TPzzi
0 PWM:+
By = +---4 TP3;
Qupen |
T
By—— L TPSZ;
Ou fieh §_TS2
T P.
By — .. TP41:
O, d€h
+ INT
342:1_— = e TP%
PWM-

Fig. 5. Modularized structures of the proposed equalizer for a battery
string of eight cells, which are divided into two modules.

D. Comparison with Conventional Battery Equalizers

In order to systematically evaluate the proposed scheme,
Table I gives a comparative study with conventional battery
equalizers focusing on the components and the balancing per-
formances. “Components” mainly focuses on the numbers of
switches (SW), resistors (R), inductors (L), capacitors (C),
diodes (D), and transformers (T). In addition, 12 parameters
are employed to evaluate the balancing performances. Each
parameter is fuzzified into five fuzzy scales, for which “l1,”
€2 %3 “4” and “5” represent the worst, bad, neutral, good,
and best performances, respectively. The balancing performance
parameters consist of cost (Py), efficiency (P,), whether au-
tomatic balancing (P;), whether bidirectional balancing (P, ),

energy flow (P;), speed (Fs ), implementation feasibility (P;),
control simplicity (Ps), size (Py), modularity (Pyg), switch
voltage stress (P;1), and switch current stress (P;5). The bal-
ancing efficiency is evaluated according to the average energy
conversion efficiency for one switching step and the average
switching steps to transfer energy from the source cell to the
target one. The energy flow is evaluated according to the bal-
ancing paths, e.g., 1: adjacent cell-to-cell, 2: direct cell-to-cell,
3: pack-to-cell or cell-to-pack, 4: cell-to-pack-to-cell, and 5:
any-cells-to-any-cells. The equalization speed is determined by
the equalization power, the number of cells involved in balanc-
ing at the same time, and the average switching steps to complete
the charge transportation from the source cell to the target one.
Implementation feasibility is evaluated according to the prac-
tical application possibility of the equalizer for a long series-
connected battery string in electric vehicles. Control simplicity
is evaluated according to the number of the control signal, the
complexity of the control signal generation, and the necessity
of cell voltage monitoring. Modularity is evaluated according
to the number of elements for the equalization among modules
and the expandability. A comparison can be carried out based
on the average score P,,. It can be observed that the proposed
equalizer has the highest score, and has the advantages of low
cost, small size, high efficiency, high speed, low voltage stress,
and easy modularization, due to which the proposed topology
has very good implementation possibility to be applied to a long
series-connected battery string. In Table I, the average score is
calculated based on the same weight for each parameter. In fact,
the parameter weight should be modified according to different
practical applications.

In order to further verify the advantages of the proposed
equalizer, Table II presents a quantified comparison between the
proposed equalizer and the forward one [36]. Due to all cells
connected to the same magnetic core, the balancing power of
the two methods is mainly determined by the voltage difference
among cells. Thus, they have the same balancing power rating.
These two solutions can transfer energy directly and simultane-
ously from any higher voltage cells to any lower voltage cells.
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TABLE Il
COMPARISON OF THE PROPOSED EQUALIZER WITH THE FORWARD SOLUTION [36]
Equalizers Number of ~ Number of Operation Demagnetizing Balancing Speed Balancing Size Cost
MOSFETs Windings Principles Circuits (Stepayg) Efficiency
Forward equalizer [36] n n Forward conversion Need 1 Simultaneous balancing Nfw Large  High
Proposed equalizer n n Forward and flyback conversion No need 1 Simultaneous balancing M Small  Low

Note: 7., is the efficiency of the forward conversion. 7, is the efficiency of the flyback conversion.

Theoretically, it only takes one balancing step for these two
methods to complete the charge transportation from the source
cells to the target ones without intermediate steps. Moreover, the
balancing speed is independent of the number of battery cells
and the initial cell voltages. Therefore, the proposed equalizer
has the same balancing speed compared with the forward equal-
izer [36]. Due to the direct and simultaneous any-cells-to-any-
cells equalization, the balancing efficiency is mainly determined
by the average energy conversion efficiency. The equalizer in
[36] is based on forward conversion, while the proposed solution
is based on forward—flyback conversion. The forward converter
transfers energy instantly across the transformer and does not
rely on energy storage in the transformer, while the flyback con-
verter stores energy in the magnetic field before transferring to
the output of the converter. Therefore, the forward converter is
generally more energy efficient than the flyback one. In addition,
in [36], as shown in Fig. 1(a), the energy of magnetizing reset
is regenerated into the capacitors connected in parallel with the
windings. In contrast, in the proposed method, the regenerative
energy can be routed to the lower voltage group automatically,
thereby achieving an effective cell equalization. Nevertheless,
the equalizer in [36] achieves soft switching, which is beneficial
to the improvement of the equalization efficiency. Overall, the
balancing efficiency of the proposed equalizer is slightly lower
than that in [36]. In fact, the proposed equalizer has the advan-
tages of smaller size, lower cost, and easier control due to the
absence of demagnetizing circuits.

Ill. EXPERIMENTAL RESULTS

To show the feasibility of the proposed equalizer, a proto-
type for four lithium-ion cells connected in series was im-
plemented. Fig. 6 shows a photograph of the experimental
setup. STP220N6F7 MOSFETSs with 2.4-m{2 drain—source on-
resistance were used for all MOSFET switches. dSPACE was
used for the digital control, which can generate a pair of comple-
mentary PWM singles to control the MOSFETSs in the two bat-
tery groups, and receive the cell voltage information by analog-
to-digital converters. Eight 2600-mAh LiNiMnCoO- battery
cells and eight 1100-mAh LiFePO, battery cells were used
during experiments. The parameters of the multiwinding trans-
formers are summarized in Table III.

A. Consideration for Transformers

The key design parameters of the transformer consist of the
duty cycle D, turns ratio N, switch frequency f, magnetizing
inductance L, , and air gap g.

dSPACE

Fig. 6. Experimental setup.

1) Duty Cycle D: 1t is assumed that the input voltage
Vinmax 18 4.2 V in the extreme condition, the output voltage
Vomin 18 3 V in the extreme condition, the peak equalizing cur-
rentipear < 1A, and the switching frequency is set for 15 kHz.

To prevent a reverse current flow from the weak cell to the
transformer, the flyback converter should be operated in contin-
uous current mode, then

Vin max Vvo min
D[—— - (1-D)T——— >0
Lm + Leq ( ) Lm + Leq o
Vi Vo (25)
1 _ D T mmax _ DT O min > O
( ) Lm + ch Lm + ch -
where T is the switching period.
By solving (25), the duty cycle D can be derived as
41.7% < D < 58.3%. (26)

Due to the complementary structure of the transformer, the
desired duty cycle is 50%.

2) Turns Ratio N: According to (14), with D = 50%, the
turns ratio is calculated as

N:N1:N2:121. (27)

3) Magnetizing Inductance L,,: To make full use of
the energy of the transformer and prevent the core saturation,
the peak discharging current during any mode was limited to
—1 A. Moreover, it is assumed that the initial discharge current
in each switching cycle iy is —0.1 A. According to (23), the
magnetizing inductance of the multiwinding transformer can be
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TABLE Il
PARAMETERS OF THE MULTIWINDING TRANSFORMERS

Transformer [

Transformer II

TP, TP, TPy TPy TS, TPy TPy, TPy TPy TS,
L, (uH) 1581 1576 1577  157.5 2460 1572 1573 1571 1572 2480
Leq WH) 024 023 022 021 367 029 028 034 034 396
Req () 052 051 052 051 753 051 051 0.51 052 782
Np 17.5 17.5
Ns 69.5 69.5
Note: Np is the turn number of the primary windings. Ns is the turn number of the secondary winding.
obtained as follows: 3 oo @l  pwhe ——
9V/div turned ON i
Vi turned ONeeee
Ly, > — =2 DT = 155.6 pH. (28) }/TPH
|lpcak — i " 9V/div PR
e
——— e
In fact, a large magnetizing inductance will weaken the effect VOuns
of flyback conversion and enhance the effect of forward con- - OV/div 2 —]
version, resulting in a reduction in the balancing performance. - T — i ——
. . . . . BL
Thus, the magnetizing inductance is set as the marginal value of ‘*“"“‘"—‘4 e s i
155.6 pH. K b 20us/div
4) Air Gap g: The proposed equalizer merges the flyback (a)
and forward converters through a common transformer. The for- - PWME oo, QrQn ’
ward converter does not rely on energy storage, thereby, does not 9V/div turned ONmed ON
need air gap in the t.ransformer. Nevertheless, the ﬂyb'ack con- i : ;/Tm IR
verter stores energy in the transformer before transferring to the - 9V/div e
output of the converter, which needs air gap. Therefore, air gap E ov/div V0yips
should be carefully designed while considering the trade-off et
between the forward conversion and flyback conversion. Ac- [, P
cording to (6) and (28), a reasonable air gap can be achieved b \ . \
g ( ) ( )7 gap y 400mA/div 20us/div
0As (b)
g <M (29)
LTIL

B. Experimental Waveforms and Balancing Efficiencies

Fig. 7 shows the experimental waveforms for Group I and
Group IT at f = 15 kHz. All of the switches in Group I are driven
by PWM+, and all of the switches in Group II are driven by
the complementary signal PWM-. Since the voltage of Group II
is higher than the voltage of Group I, energy is automatically
transferred from Group II to Group I. Fig. 7(a) shows the ex-
perimental waveforms for Group I. It can be seen that when
the MOSFETs Q11—Q)12 are turned on, igy; flows from the
multiwinding transformer to B;;. Due to the magnetic energy
stored in the multiwinding transformer during the last mode,
ip11 increases rapidly and then decreases linearly. The root-
mean-square (RMS) balancing current regenerated to Bip is
approximately 370.1 mA. When the MOSFET switch @1, is
turned off, the maximum voltage stress on ()11 does not exceed
8 V, even in the voltage spikes, greatly reducing dv/dt of the
MOSFETs. This shows that the effective demagnetization for
Group I is achieved when switches Q11—Q)12 are turned off.
These results agree well with the theoretical waveforms shown
in Fig. 4.

Fig. 7(b) shows the experimental waveforms for Group II
at f = 15 kHz. When the MOSFETSs Q91 —(Q)22 are turned on,
ip2o flows from the battery cell By to the multiwinding trans-

Fig. 7. Experimental waveforms of the primary voltages, balancing
currents, and switch voltage stress at the frequency of f= 15 kHz. (a)
Group . (b) Group II.
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Fig. 8. Measured balancing efficiency 7. as a function of power at
different frequencies.

former. During this mode, energy is stored into the multiwinding
transformer from the battery cells. The RMS balancing current
flowing out of B»s is approximately 343.7 mA. When the MOS-
FET switch Q29 is turned off, the maximum voltage stress on
(222 does not exceed 8 V, greatly reducing dv/dt of the MOS-
FETs. This shows that the proposed complementary structure
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Fig. 9. Experimental results for four LINIMNnCoO- cells at different fre-
quencies. (a) f = 10 kHz. (b) f = 15 kHz. (c) f = 25 kHz. (d) f =
40 kHz.

achieves the effective demagnetization for Group II when the
switches Q11 —Q2 are turned off.

Fig. 8 shows the measured efficiency 7. as a function of
power at different frequencies. At the frequency of f = 10 kHz,
when the input power increases from 0.31 W to 0.96 W, 7,
increases from 71% to the maximum of 85.8%. However, when
the input power continues to increase to 2.63 W, 7, decreases
from 85.8% to 83.1%. At f = 15 kHz, 7. reaches up to the

TABLE IV
BALANCING RESULTS AT DIFFERENT FREQUENCIES

Frequency (kHz) f=10 f=15 f=25 f=40

Balancing time (s) 4300 5100 5200 5300
Balanced voltage (V) 3.460 3.469 3.465 3.455
Voltage gap before balancing (mV) 566 581 573 559
Voltage gap after balancing (mV) 5 5 4 6

maximum of 89.4% at the power of 1.26 W, and then decreases
to 85.6% at the power of 2.66 W. At f= 25 kHz, . reaches up to
the maximum of 88.6% when the input poweris 1.12 W. At f =
40 kHz, the highest efficiency of 82.7% is achieved at the input
power of 1.10 W. These results show that the proposed equalizer
can work with a high efficiency at different frequencies, and
achieves the highest efficiency of 89.4% at f = 15 kHz.

C. Cell-Balancing Results

Fig. 9 shows the experimental results for four LiNiMnCoO,
cells at different frequencies. The initial cell voltages are 3.052,
3.279,3.592, and 3.637 V, respectively. B, has the lowest volt-
age, B9 has the highest voltage among the four cells, and the
initial maximum voltage gap is 0.585 V. Table IV summarizes
the balancing results in terms of the balancing time, balanced
voltage, and voltage gap before and after balancing. It is impor-
tant to note that the higher balanced cell voltage represents the
higher equalization efficiency. It can be observed that the equal-
ization at the frequency of 15 kHz has the highest efficiency,
which agrees well with the measured efficiency results shown
in Fig. 8. The fastest balancing is achieved at the frequency of
10 kHz. The best equalization with 4-mV voltage gap among
cells is achieved at the frequency of 25 kHz. It can be con-
cluded that the proposed equalizer can work at a wide range of
frequencies.

Fig. 10 shows the equalization results with different initial
voltages compared with Fig. 9. It can be observed that the equal-
ization for the two imbalanced situations is well executed by the
proposed equalizer. This proves that the proposed balancing op-
eration is independent of the cell initial voltages and positions in
the series-connected battery string, showing the good robustness
of the proposed equalizer.

In order to prove the validity of the proposed scheme in
terms of the dynamic equalization, Fig. 11 shows the balancing
results during the constant current charging and discharging of
the battery pack. As shown in Fig. 11(a), all the cells are almost
identically charged with the proposed equalization method, and
the maximum voltage difference is reduced greatly from 492 mV
to 8 mV. As shown in Fig. 11(b), a similar situation occurs
when the battery pack is discharged. It can be observed that the
consistency and the available capacity of the battery pack during
charging and discharging are greatly improved by the proposed
equalization scheme.

Fig. 12 shows the experimental results for LiFePO, batteries
with unequal cell numbers in different groups at f = 15 kHz.
As shown in Fig. 12(a)—(d), the voltage equalization is well ex-
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ecuted by the proposed equalizer even though there are unequal
numbers of cells in the two groups. It can be concluded that the
balancing performance is not affected by the unequal cell num-
bers in different groups and the combining forms of forward
and flyback converters, which demonstrates that the proposed

bers in different groups at f = 15 kHz. (a) Two cells in Group | and two
cells Group Il. (b) Two cells in Group | and one cell in Group Il. (c) One
cell in Group | and two cells in Group II. (d) One cell in Group | and One
cell'in Group Il.

equalizer is easy to modulate and has no limit on the numbers
of battery cells in different groups.

Fig. 13 shows the modularized equalization result for eight
LiNiMnCoOs cells at f = 15 kHz. The initial cell voltages are
3.566, 3.530, 3.216, 3.022, 3.647, 3.635, 3.421, and 3.311 V,
respectively. The initial maximum voltage gap among cells is
0.625 V. After about 6900 s, a balanced voltage of 3.463 V is
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Fig. 13.  Modularized equalization result for eight LiINIMNnCoO- cells,
which are divided into two separate four-cell modules at f= 15 kHz.

achieved, and the voltage gap among cells is 9 mV. This verifies
the validity of the proposed modularized equalizer.

IV. CONCLUSION

An automatic any-cells-to-any-cells battery equalizer
using multiwinding transformers is proposed based on
forward—flyback conversion, and a prototype for four cells is
implemented. The configuration of the proposed equalizer,
the operation principles, the modular design, the comparative
studies, and the cell balancing results are presented in this
paper. The practical implementation presented in this paper has
shown that the proposed equalizer achieves efficient voltage
equalization regardless of the battery working state (rest,
charging, or discharging) without the needs of cell monitoring
and additional demagnetizing circuits. Moreover, the proposed
topology has a high balancing efficiency of 89.4% and obtains
a low voltage stress on all MOSFET switches, thereby ensuring
the equalization scheme high reliability. In addition, this
method is easily modularized and is not limited to the numbers
of the battery cells in modules. Since this topology requires a
minimum number of passive components and has outstanding
balancing performances, it promises to solve the dilemmas of
battery equalizers applied to a long series-connected battery
string to be used in electric vehicles.
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