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Multicell-to-Multicell Equalizer With Hybrid
Pulsewidth Modulation and Phase-Shift Modulation
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Abstract—In this article, an any-cells-to-any-cells equalizer
based on the multiwinding transformer is proposed to reduce
the component number and increase the balancing speed. Every
two adjacent cells only require two MOSFETs and one transformer
winding to construct a buck-boost converter, and several two-cell
groups construct a multiactive bridge converter, which achieves
a low component number. By modulating the duty cycle and
phase-shift ratio, the equalization between different cells can occur
simultaneously, which achieves fast balancing speed. In addition,
a current distribution strategy is designed in detail, which ensures
that the balancing current of each cell is under modulation during
the equalization process. Finally, a prototype, including six lithium-
ion cells, is established. The experimental and comparative results
verify the correctness of the theoretical analysis.

Index Terms—Any-cells-to-any-cells (AC2AC) mode, fast
equalizer, multiwinding transformer, phase-shifting modulation.

I. INTRODUCTION

ITHIUM-ION batteries are widely used in energy storage
L systems and electric vehicles [1]. They have the advantages
of high-power density, long cycle life, and low self-discharge
rate. However, the terminal voltage and capacity of a lithium-ion
cell are limited. In large-capacity and high-voltage applications,
it is necessary to connect numerous cells in series and parallel
to form a battery pack [2]. However, the energy mismatch
between the serial cells will occur because of the manufacturing
tolerance. In addition, repeated charging and discharging of
the battery pack will aggravate the energy mismatch. Energy
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mismatch leads to reduced performance, shorter lifespan, and
even safety hazards [3]. Hence, the battery equalizer is required
to inhibit the energy mismatch between series cells to prolong
the service life of the series battery pack [4].

Generally, battery equalizers are divided into dissipative and
nondissipative equalizers according to balancing methods [5].
Dissipative methods use dissipative elements, such as resistors,
to convert excess energy in high-voltage cells into heat for
dissipation. Their advantages are simple topology, easy imple-
mentation, and mature technology. However, the mismatched
energy is wasted, reducing the available capacity of the battery
pack. In addition, the excess heat generated may accelerate the
aging rate of nearby cells [6].

Nondissipative methods transfer the mismatched energy from
the high-voltage cells to the low-voltage cells. They can achieve
more efficient and rapid energy equalization. According to the
balancing modes, the nondissipative methods can be divided
into five categories: adjacent cell-to-cell (AC2C) [7], [8], [9],
[10], [11], direct cell-to-cell (DC2C) [12], [13], [14], [15],
[16], cell-to-pack (C2P) [17], [18], [19], pack-to-cell (P2C)
[20], [21], [22], and any-cells-to-any-cells (AC2AC) [23], [24],
[25], [26], [27], [28], [29], [30], [31], [32], [33], [34].

In the AC2C methods, energy is transferred between one pair
of adjacent cells based on buck—boost and switched-capacitor
converters. Phung et al. [7] proposed a balancing topology
with the switched-capacitor structure, which removes all sen-
sors but suffers from a large inrush current. To eliminate the
inrush current, Yuanmao et al. [10] designed an equalizer using
the quasi-resonant switched-capacitor converter. For the AC2C
methods, when target cells are not adjacent, other cells are
repeatedly charging and discharging, which affects the over-
all balancing efficiency [11]. In the DC2C method, energy is
directly transferred from the highest voltage cell to the lowest
to avoid repeated charging and discharging. A balancing circuit
based on forward or flyback operation is proposed in [12]. It
achieves fast equalization and high balancing efficiency with
low complexity. To reduce the number of transformer windings,
a winding-shared equalizer is proposed in [13]. However, the
DC2C methods usually need a large number of switches [16].
In the C2P and P2C methods, the energy is transferred between
the cell and battery pack. They make a tradeoff between cost
and performance by reducing the number of switches at a slight
performance sacrifice. An equalizer with time-shared flyback
converter is proposed in [18]. In this circuit, energy transfer is
realized through a few switches, but diodes in the path reduce
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the balancing efficiency. To improve balancing efficiency, an
equalizer based on an isolated bidirectional dc—dc converter
is proposed in [19], which can improve efficiency through
quasi-resonant operation and reduce diode count. To further
improve the performance, Wei et al. [22] designed an LCC-based
equalizer with simplified constant current control, which can
effectively mitigate the inconsistency of battery strings in a fast
manner. For P2C and C2P methods, the backflow energy reduces
the balancing efficiency [32].

For the above four methods, the energy is only transferred
between several target cells simultaneously. When all cells need
to be balanced, the equalizer balances the target cells, and others
need to wait for equalization. This process results in a slow
balancing speed.

To solve this problem, some AC2AC topologies have been
proposed. Liu et al. [29] proposed an automatic parallel resonant
switched-capacitor equalizer, which achieves any cell balance
simultaneously. However, 4n MOSFETs are required for n cells. To
reduce the switch number, Liu et al. [30] designed an equalizer
combining buck-boost and switched-capacitor converter, which
realizes switches multiplexing; however, even though the switch
is reduced, it still needs high number of magnetic components.
To reduce the magnetic component number and also provide
the possibility to achieve soft switching, some multiwinding
transformer topologies are studied. Shang et al. [31] designed a
battery equalizer based on the forward—flyback converter, which
is compact and simple to control. However, when the switch
is closed, there is no continuous current circuit for leakage
current, and the waste of leakage inductance energy reduces the
transmission power. To utilize the leakage energy, Shang et al.
[32] proposed an optimized automatic equalizer with coupled
half-bridge converters, which also share one magnetic core. In
these topologies, the device components are reduced. However,
the balancing current is dependent on the voltage difference. A
low-voltage difference results in a slow balancing speed. In order
to increase the balancing speed, Dam and John [33] proposed
a fast cell-to-cell voltage equalizer. This method realizes the
simultaneous energy equalization with a controllable balancing
current between any cells through phase-shifting modulation,
which achieves fast energy transfer. However, 2n MOSFETs and
nlow-frequency passive components are needed for z cells in the
equalizer, resulting in high component number and large size.

To reduce the component number and also increase the balanc-
ing speed, a multiwinding transformer-based battery equalizer
with pulsewidth modulation (PWM) and phase-shift modula-
tion is proposed in this article. Compared with the automatic
equalizer [29], [30], [31], [32], the switch number is the same
and even lower, but the balancing current will not decrease
with equalization to achieve fast balancing speed. Compared
with the fast equalizer [33], the number of switches is halved,
but the balancing current also will not reduce as the battery
voltages approach. In the proposed topology, a group consists of
two adjacent cells, two MOSFETS, and one transformer winding,
which realizes the compact size and low component number.
The two cells in a group form a buck—boost converter and can
achieve internal equalization by adjusting the duty cycle. Each
two groups can constitute a dual active bridge (DAB) converter
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Fig. 1. Proposed equalizer. (a) Topology structure. (b) Equivalent model for
four cells.

and the cells in different groups are balanced by adjusting phase
shifting. Hence, the energy path is flexible, and equalization
between different cells can occur simultaneously, which in-
creases the balancing speed.

The rest of this article is organized as follows. The proposed
equalizer and its operating principle are given in Section II.
The operating principle and current distribution strategy of the
proposed equalizer are given in Section III. In Section IV,
parament designs are presented, and the experimental results
are shown to verify the effectiveness of the proposed equalizer.
Section V shows the comparison with the existing equalizers.
Finally, Section VI concludes this article.

II. PROPOSED EQUALIZER AND OPERATING PRINCIPLE
A. Proposed Equalizer

The proposed equalizer is shown in Fig. 1(a). The battery
pack, which includes n cells, is divided into n/2 groups, and
each group consists of two adjacent cells, two MOSFETs, and one
winding of the multiwinding transformer. Due to the structure
of the equalizer, it cannot work properly for an odd number
of cells. The magnetizing inductor is used to transfer energy
between two adjacent cells in a group and the leakage inductor
is used for equalization between different groups. The duty cycle
of the driving signals is determined by the voltage of the cells
in a group, and the phase of the driving signals is determined by
the terminal voltage of different groups.

B. Operating Principles

To clearly illustrate the operation principles of the proposed
equalizer, taking four cells as an example, and similar analysis
can be carried out in other situations. For the convenience of
analysis, the following assumptions are given.

1) The two-winding transformer can be represented by a
cantilever model, as shown in Fig. 1(b). The turns number
of each group of windings is the same. Ly;, L,,, and
R; are the leakage inductance, magnetizing inductance,
and equivalent resistance of multiwinding transformer,
respectively.
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Fig. 2. Theoretical operating waveforms.

2) V, (n=1,2,3,4) is the cell voltage of B,,. The initial
voltage of the cell meets Vi > Vo > V3 > V,. In a
switching cycle, the terminal voltage of the cell is constant.
vap and vop are the voltages applied to the primary and
secondary windings of the transformer. i, is the current
of magnetizing inductor L,,,, and i and iy are the currents
of the inductors Ly and Ly, respectively.

3) Gs,, is the driving signal of switch S,,. D is the duty cycle
of S1, D5 is the duty cycle of S35, switches S; and S5 are
complementary driven, and same are switches S3 and S.
o is the angle between the center lines of the Gs; and
Gss. All devices are ideal, and the parasitic capacitance of
power switch is ignored.

For different battery voltage conditions, there are many com-
binations of duty cycle and phase-shift angle. Take the waveform
in Fig. 2 as an example for analysis. In this condition, energy
is transferred from B; to B4. According to Fig. 2, there are four
working stages in a switching cycle. Fig. 3 shows the equivalent
circuit of each working stage. When studying the relationship
between the transmission power of DAB converters and the
phase-shift angle, the winding resistance can be ignored due
to its relatively small influence on power transmission.

Stage 1 19, 1] [see Fig. 3(a)]: At#y, S1 and S, are turned ON.
Under the joint action of By and By, the current iy, increases
linearly due to the negative voltage, and i, decreases linearly
due to the positive voltage, and the following relationships are
obtained:

Vi -V
inm(t) = irm(to) + —7— (t = to) (1)
o “Vi-Vi
19 (t) =19 (to) + Tri+ Lo (t to) . 2)

Stage 2 [11, t2] [see Fig. 3(b)]: At#, S1 and S35 are turned ON.
Under the joint action of B; and Bj, the current iy, increases
linearly due to the negative voltage, and i, decreases linearly
due to the positive voltage, and the following relationships are
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obtained:
. . Vi+ V-
iLm(t) = izm(ty) + 57— (t = 1) 3)
) -Vi+Vs
t) = T ). 4
iz (t) =iz (1) Lk1+Lk2( 1) “)

Stage 3 [12, t3] [see Fig. 3(c)]: At 19, So and S5 are turned ON.
Under the joint action of By and Bs, the current iy, decreases
linearly due to the positive voltage, and i, increases linearly
due to the negative voltage, and the following relationships are
obtained:

. . -V + V-
izm () = ipm(t2) + #(t — 1) (5)
. . Vo+ Vs
t) = t —(t —t9). 6
io (t) Z2<2)+Lk1+Lk2( 2) 6)

Stage 4 [13, t4] [see Fig. 3(d)]: Atts, Se and S, are turned ON.
Under the joint action of By and By, the current iz, decreases
linearly due to the positive voltage, and iy increases linearly
due to the negative voltage, and the following relationships are
obtained:

VeV,
Z‘Lm (t) - iLm(t3) + ;T4(t - t3) (7)
. Vo—Vy
ig (t) = iz (t3) + NS (t—t3). (8)

It can be noted that the equalization between the two adjacent
cells By, By and Bs, B4 is automatically realized based on the
buck—boost conversion during the two complementary states,
and the energy equalization between the two groups is realized
through the phase-shift angle.

III. OPERATING MODE AND CURRENT DISTRIBUTION
STRATEGY OF THE PROPOSED EQUALIZER

By using the superposition theorem, the cell equalization can
be divided into two modes: cell equalization in a group and cell
equalization between groups. Based on this analysis, the relevant
current distribution strategy is formulated. Taking four cells as
an example, and similar analysis can be carried out in n cells,
which will be further analyzed in Section III-D.

A. Cell Equalization in a Group

Based on the assumption in Section II, when four cells are
balanced, energy is transferred from the highest voltage B; to
the lowest voltage By. Its equivalent circuit can be disassembled,
as shown in Fig. 4.

When the target cells are in a group [B; and B, are target
cells, which is shown in Fig. 4(a), or B3 and By are target cells,
as shown in Fig. 4(b)], only the buck—boost converter composed
of two cells and the magnetizing inductor works to achieve
energy equalization. The power transmission between groups is
stopped, which means that the phase-shift angle is 0°. The duty
cycle of group 1 and group 2 can be adjusted by the voltage of
the two cells. According to (1)—(8) and the volt-second balance
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Fig. 3.
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Fig. 4. Disassembly of equivalent circuit of four cells equalizer. (a) Equaliza-
tion between B and Bs. (b) Equalization between B3 and By. (c) Equalization
between groups.

of L,,, duty cycles are expressed as follows:

_ Vot R
Dy = VitV )

Doy — VatliioR

2 Vi+Vy
The magnetizing inductance of the transformer is significantly
higher than the leakage inductance, so the leakage inductance
can be ignored. In (9), I and Iy are the average currents
flowing through the magnetizing inductor in group 1 and group

2, respectively.

B. Cell Equalization Between Groups

When the target cells are in different groups [B; and By are in
group 1 and group 2, respectively, which is shown in Fig. 4(c)],
the DAB converter composed of two two-cell groups works to
achieve energy equalization. It is assumed that the voltage of
two cells in each group matches, and no energy is transferred
between them. By applying the ampere-second principle on cell

Bs, it has
1 [T
— o (£) =0
T/ ia (1)

Substituting (1)—(8) into (10), is(#) is derived as (11), where
A =Vi+Vy, B=V3+Vy, C= Vyo—Vy, G = 2nfs (Lk1+Li2),
and f; is the switching frequency.

(10)
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Equivalent circuits of switching stages in forward mode. (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4.

Based on (11) shown at the bottom of the next page, the
current I ps flowing through cell B3 is expressed as (12) shown
at the bottom of the next page, Ip4 is the opposite of Ip3, where
A= V1+V2, B = V3+V4, C= VQ—V4, F= V1+V4, G= 27Tf5
(L1 +Li2), and H = 87%f (Lg1+Li2).

The power transferred from group 1 to group 2 can be ex-
pressed as follows:

P = (—1Ip3) x V3 + Ips x Vy. (13)

The relationship between transmission power and phase-shift
angle can be obtained under the condition of a fixed duty cycle,
as shown in Fig. 5. In this figure, it can be obtained that the
magnitude of transmission power is determined by the phase-
shift angle ¢, and the direction of energy transfer depends on
the positive or negative phase shift. With the joint adjustment of
phase-shift angle and duty cycle, the energy transfer of cells in
different groups can be realized.

C. Current Distribution Strategy

According to the previous analysis, it can be found that
the path of energy transmission is very flexible. To reduce
the impact of polarization characteristics, the equalizer only
balances the cells with the highest and lowest voltage. After
collecting the voltage of each cell in real time, the balanc-
ing current is distributed according to the relationship of cell
voltage. Then, the duty cycles and phase shifts can be cal-
culated according to the circuit parameters, cells voltage, and
balancing current. Finally, the switches are driven until the
voltage difference between cells decreases to a certain extent
A. The control strategy of the proposed equalizer is shown in
Fig. 6.

For highest voltage cells, they need to achieve equalization by
discharging, the balancing current is shown as (14). For lowest
voltage cells, they need to achieve equalization by charging, the
balancing current is shown as (15)

N

Ipe = N X I (14)
Ndc

I. = I 15
N X (15)

where /4. is the balancing current of discharging cells, and /..
is the balancing current of charging cells. I can be adjusted



4404 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

Cell voltage
measurement

Fig. 5. Power curves versus phase-shift angle .

artificially according to the actual situation. N, is the amount
of charging cell. Ny, is the amount of discharging cell.

As shown in Fig. 4, the balancing current of four cells can be
divided into two parts by applying the superposition theorem

I1;5, 1s the internal current of group i and related to I7,;; and I p,, is
the transmission current on the leakage inductor, reflecting the
transferred energy between groups.

According to (16), the balancing current of four cells in two
groups can be listed as follows:

Ip1 =Ip1+ D1l
Iy = —Ips — (1 —D1) 11y
Ipz = Ip3 + Dalps
Ipy = —Ips — (1 = D2) I

a7

where IDl = _[D2 = ID12 and IDS = _[D4 = _ID12-
The specific process of calculating the duty cycles and phase
shifts from the given balancing current is given as follows.
1) Combining (9) and (17), the duty cycles for each group
can be obtained as follows:

{Dl _ Up1—Ip2)xR+Vs

Fig. 6. Control strategy of the proposed equalizer.

Vi+Va 18
Dy = (Ups—Ipa)XR+Vs (18) Groupl balancing [buck-boost] DAB
Va+Va current | converter | converter

2) According to the balancing current of cells, the trans- ( B, IA fO‘SIA 0.51 A
mission current between each two groups (/pi2) can be m .y
determined. Gmupz 0.57 | B 0 -0.51 A 0.5 A
3) From (12), the phase shifts can be expressed by transmis- B; 0 r 0.5 A _0.51 A

sion current, and then the phase shifts can be calculated
according to the constraint relationship of the phase shifts.

To clearly illustrate how the duty cycles and phase shifts
are obtained, a detailed example is shown in Fig’ 7. When Fig.7. Energy transfer of equivalent circuit of four-cell equalizer.

el ( m B, IA \‘-0.51 A -0.5 A

A (27TD1 — WD%) + B (7TD1D2 + DQSO - 27TD2) —Cr

iz (to) = — a (11)
DoTs A (992 +72D? + 72D2 + 272Dy Dy — 27Dy — 27 Do — 47r2D%D2)
Ips = */ = — 7
(47TD ©+ 471'2D1D2 471'2D§) C (471'2D1D2 — 472Dy + 47‘1’D2(p) (12)

H H
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balancing four cells, the duty cycles D, and D» can be obtained
from (18). As shown in Fig. 7, the transmission current /pj2
is 0.57 according to the balancing current of cells. Finally, by
substituting D1, D5, and Ip12 = 0.57 into (12), ¢4 is obtained.

D. Application in n Cells

When balancing n (n > 4) cells, the current distribution
strategy still can be applied. The internal balance in each group
is the same as the above analysis, and the duty cycles D, can be
obtained by (19) and (20), which is the extension of (9) and (18)

V,+ 1R
D; = 4oLt 19
Vo1V, (19)
Ipy = Ipy; + Dl
20
{IBy =—Ipy — (1= D;) Iy, (20)

where x and y are the odd and even cells in group i, respectively.
I, is the average current flowing through the magnetizing
inductor in buck—boost converter.

However, several groups construct a multiactive bridge
(MAB) converter, which is more complex than DAB converter.
As shown in Fig. 1(a), the proposed equalizer consists of n/2
half-bridges, which are magnetically coupled through an n/2
winding transformer. According to De Doncker et al. [35], the
transmission power equation of DAB converter can be extended
to MAB converter. Therefore, the transmission power between
two-cell group i and group j of MAB converter is given by the

following equation:
|‘Pi ] |
©Oij (1 J

where V;/ and V; are the dc voltages of the port; L;; is the
equivalent inductance between ports i and j; f; is the switching
frequency; and ;; is the phase-shift angle between two square-
wave voltages at the corresponding transformer terminal.

To analyze the transmission power between ports, the delta
MAB equivalent power flow model is needed, which helps in
calculating the equivalent inductance (L;;) between the two ports
[36]. The equivalent inductance L;; between group i and group
J can be expressed as follows:

PO

Y 27Tstij @1

"1
> I

P

Lij = Lsi+ Lsj + Loi Ly (22)

Combining (12) and (21), I p;; can be expressed as (23) shown
at the bottom of the this page, where A = V1 + V2, B=V;1 +V;2,
C= VZ'Q —ng, F= Vi1+Vj2, G = 27TfSLZ'j, and H = 87T2stij,
and the expression of leakage inductor current of each group i
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Fig. 8.  Energy transfer of equivalent circuit of six-cell equalizer.

is given as follows:

Z Ip,,.

jen,j#i

(24)

When balancing more than four batteries, a similar method
can be used. Unfortunately, the control complexity will increase
with increasing the cell count. Take six cells as an example, at this
time, there are three two-cell groups and three phase shifts (12,
13, and (23). A detailed example is shown in Fig. 8 to clearly
illustrate how the duty cycles and phase shifts are obtained.

1) The duty cycles D1, D, and D3 can be obtained from (20).

2) According to (16) and (24), the transmission currents for

groups where the highest voltage cell and lowest voltage
cell locate can be expressed as follows:

{IDI =Ipio+Ipia=1—Dil1y

25
Ip3s = Ip13 + Ipo3 = —D3lps. 25)

3) According to (23), when the duty cycle and voltage are
known, p130<Ip13, 9120¢Ip12, and w230 pas. I1,1 and
I1,3 can be obtained from (19). And then by adding the
constraint relationship of ¢13 = @12+2s, the three un-
known phase shifts can be solved from three equations.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The prototype of the proposed equalizer for six cells is shown
in Fig. 9. Its parameter design and experimental results are
introduced as follows.

A. Parameter Design

To achieve a compact structure, transformer is used as the
medium of energy transmission. To avoid the bad equalization
effect caused by the difference in the turn number of windings,
it is necessary to ensure consistent winding turns and reasonably
adjust the phase angle. The turns ratio is chosen as 4:4:4:4 to
ensure equal voltage distribution and balanced power transfer

A ((,012] + 7T2.Di2 + 7r2D]2, + 27T2DiDj — QWDZCPZJ — 47T2D142Dj — 27TD]‘()01']‘)

Ip = —

tJ

B (477Dj2'§0ij + 47T2DiDj2-

— 471'2D]2-)

H
C (47T2D,L'Dj - 47T2Dj + 47TDj(pij)

H

7 (23)
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Fig. 9.

Experimental prototype, including six lithium-ion cells.

across all windings. The key design parameters of equalizer
include magnetizing inductance L,, and leakage inductance Ly.
For magnetizing inductance L,,, to reduce hysteresis loss and
no-load loss, in any case, when the switching frequency is set to
60 kHz, the ripple current is limited to 0.3 A. The magnetizing
inductance of multiwinding transformer is given as follows:

Lo > Ymex g5 r — 11111 pH.
Lrip

(26)

Although a large magnetizing inductance can reduce the rip-
ple current in any case, the size of the transformer will increase.
Hence, the magnetizing inductance is set to 120 pH.

For leakage inductance L , by analyzing the power curve
(shown in Fig. 5), it can be seen that when (27) is established,
the maximum transmission power and maximum current are
shown as (28) shown at the bottom of the this page and (29)
shown at the bottom of the this page, respectively

 —Bx27D3 — C x 21D,

(pm— A +’/T.D1+7TD2

27)

The voltage range of the used battery (ICR18650-26F) is
2.75-4.2 V. Considering the voltage margin, transformer pa-
rameters, and other factors, the voltage range used in this article
is 34.1 V.When V; =V, =41V and V3 =V, =3V, the
required transmission power from DAB converter is the largest.
At this time, energy transfer is stopped between cells within a
group and is realized only through the phase-shift angle, that is,
Dy = Dy = 0.5. Substituting D; = Do = 0.5 into (27)-(29),
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TABLE I
DESIGN PARAMETERS OF THE PROPOSED EQUALIZER PROTOTYPE

Circuit Parameters Ratings
Magnetic inductance (L,,) 120 uH
Leakage inductance (L) 7.4 uH
Np:Ngi:Ng:Ng 4:4:4:4
Switching Frequency (f;) 60 kHz
Power MOSFET TK4R3A06PL

Pmax> Pmax, and I,ax are derived as follows:

. (VLWs+WiVw
Pm = ViFVa)(VatVa)
_ ViVaVaVy
Prnax = 2(Vi+V2)(Va+Va) fs Ly (30)
I _ ViVoVsVy )
MaX T o(Vi+Va) (Va+Va)® fo L

It can be seen from (24) that the transmission power increases
with the decrease of leakage inductance. To achieve good conver-
sion efficiency, set the balancing current as 0.5 A (not exceeding
the maximum charging current), then Py, must be greater than
or equal to 3 W (when the two lowest voltage cells are 3 V), so
the leakage inductance is less than 8.54 pH. In addition, since
the maximum current allowed for the cell is 2.6 A, the leakage
inductance is greater than 1.63 pH.

To reserve a certain margin for power transmission and to
avoid high currents, taking into account a variation in leakage
inductance within a range of 10%, Ly, is ultimately designed as
7.4 uH. Due to the small leakage inductance of the transformer
under the parallel winding structure, the required leakage value
is considered to be provided by the transformer and the external
inductor. The leakage inductance of each winding is 0.4 uH
and the inductance of inductor is 3.3 pH. The multiwinding
transformer is composed of multiple twisted coils. The improved
twisted winding method makes the windings evenly distributed
and realizes a high spatial symmetry, which helps to realize
consistent windings [37].

The parameter summary is shown in Table I.

B. Waveforms and Conversion Efficiency

Fig. 10 shows the key waveforms for four cells. When the cells
with the highest voltage and lowest voltage are in the same group,
no energy needs to be transferred between two groups [such as
Fig. 10(a) and (b)], and energy transfer is only realized through
the duty cycle. Fig. 10(a) shows that, in the same group, one cell
is discharging and one cell is charging (one-cell-to-one-cell);
according to the current distribution, the distributed discharging
and charging currents are 0.5 A. Fig. 10(b) shows the situation
of two-cell-to-two-cell.

BD
Prax = TA7 Z {A%D? 4 [Vo + DoV + (D2 — 1) Vi] [Vi — DoVi + Vo + D3Vs + (D2 — 1) DoV — 2AD4] ) (28)
sk
D
Inax = 5o {A2D? + [Va + DoV + (Dy — 1) V4] [Vi — DoVi + Vo + D3Vs + (Dy — 1) DoVy — 24Dy ] L. (29)

2Astl~c
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Fig. 10.  Experimental waveforms for four cells. Without phase-shift angle: (a) Nqc = N, = 1 and (b) Nqgc = N, = 2. With phase-shift angle: (¢) Ngc =N, = 1;
(d) Ngc = 1l and N, = 2; () Ngc = N. = 2; and (f) Ngc =3 and N. = 1.

When voltages of the two batteries within each half-bridge kY, 7 3OV
structure were similar, but there was a significant voltage differ- S LT T B0V
ence between different half-bridge structures. Energy transfer is . L] LA/
only realized through the phase-shifting angle. Fig. 10(e) shows T ] NN
the situation of two-cell-to-two-cell; the distributed discharging L 1A/di
and charging currents are 0.5 A. L ‘ wa “ L

When the cells with the highest voltage and lowest voltage are S T 1Ay
in different groups, energy is required to be transferred between _n i d
two groups [such as Fig. 10(c), (d), and (f)]. At this time, energy | Bk o Aldiv
transfer is realized through the combined effect of duty cycle ip A/div
and phase-shifting angle. Fig. 10(c) shows the situation of one- B4\ I . A / d31
cell-to-one-cell, and the distributed discharging and charging ﬂ(ffjr - L
currents are 0.5 A; Fig. 10(d) shows the situation of one-cell-to- I 10us/div 1A/div
two-cell, and the distributed discharging current is 0.5 A and the (a)
charging current is 0.25 A. There are similar waveforms in the S o B Vid iﬂ
situation of two-cell-to-one-cell; Fig. 10(f) shows the situation : [ fr:t o
of three-cell-to-one-cell. A

In addition, Fig. 11 shows the key waveforms for six cells. g It
Fig. 11(a) shows waveforms in the situation of one-cell-to-one- : IEA/ a_v

s . . . LA/div--
cell, and the distributed discharging current and charging current G e 0 e WO W s YOO s 0 o s W ot
are 0.5 A. Fig. 11(b) shows the situation of two-cell-to-one-cell. ;; 1"‘11 ‘,b"j, C" ., ;ﬂ/f
Similar results are obtained in other cases. im iA/div ]

The above only lists the key waveform of some working ipy Ll 1Ay
modes; Figs. 10(b) and (d)—(f) and 11(b) belong to the situation .ifBS e —*}AA;gJZ
of “multicell-to-multicell.” The above key waveforms validate L o (g
the theoretical analysis and prove the feasibility of the current g A N At 1V A
distribution strategy. However, due to the limited filtering con- Ous/diy

ditions employed, there are high-frequency pulse components ®)

present in the battery current waveform, which may have adverse Fig. 11. Experimental waveforms for six cells. (a) Ngc = Ne = 1. (b) Nge = 1
effects on the battery’s performance and lifespan. and N, = 2.
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TABLE II

COMPARISON OF EQUALIZER FOR BATTERY STRING CONSISTING OF N CELLS

Topologies E;i‘;ﬁsg Ref [30] | Ref.[31] | Ref.[32] | Ref.[33]
MOSFETs n n n n 2n
Windings n/2 n/2 n n/2 0
Number of Capacitors 0 /2 0 0 n
Inductors n 0 0 0 n
sensors n 0 0 0 n
E“etr}ifegow AC2AC AC2AC AC2AC AC2AC AC2AC
. Balancing Voltage- |\ iomatic | Automatic | Automatic Voltage-
balancing basis based based
performance | - Balancing Excellent Good Good Good Excellent
speed
Conversion 92 96 89.4 95 90.8
efficiency
100 3.834, 3.826, 3.852, and 3.851 V, and the maximum voltage
gap is 26 mV. To show as many working modes as possible, the
nr equalizer operates in one-cell-to-one-cell mode at the beginning.
2 S~ It would be faster if it works in two-cell-to-two-cell mode from
s r the beginning. Fig. 13(b) shows that the initial voltages are
g 4.087,3.705, 3.608, and 3.607 V. After 80 min, voltages become
=7 ek vl i s 3.721,3.724,3.738, and 3.734 V, and the maximum voltage gap
o " ::::::5:.‘:??::2::&:1 st ane-celbto-onecll ) is 17 mV. Fig. 13(c) shows that the initial voltages are 4.103,
el Mg, 4.102,3.997,and 3.612 V. After 88 min, voltages become 3.955,
- i i ; ; y ; . 3.952,3.95, and 3.956 V, and the maximum voltage gap is 6 mV.
0 05 ! T mission Power (2":‘,) 3 35 4 The slope of the equalization curve shows that the balancing
current does not decrease with the decrease of voltage difference,
Fig. 12. Measured power conversion efficiencies. and the magnitude of balancing current also conforms to /4.

Furthermore, the measured power conversion efficiencies for
the above six modes in four cells are shown in Fig. 12. Phase-shift
angle is abbreviated as PS angle. When no energy is transferred
between groups, the peak efficiency for one-cell-to-one-cell is
93.6% at 1.3 W, and the peak efficiency for two-cell-to-two-cell
is 96% at 1.5 W. When energy is required to be transferred
between two groups, the peak efficiency for one-cell-to-one-
cell, one-cell-to-two-cell, two-cell-to-two-cell, and three-cell-
to-one-cell is 96% at 1.6 W, 87.2% at 1.9 W, 95.3% at 1.5 W,
and 93.2% at 1.6 W, respectively. When the converter works with
the situation of one-cell-to-two-cell, the circulating current and
the loss of ZVS cause the low efficiency. As shown in Fig. 12,
the proposed equalizer has a satisfactory conversion efficiency.

C. Balancing Results

Fig. 13(a)—(c) shows balancing results for four cells and the
change of balancing current of each cell when initial conditions
are Ngc = N¢, Nge> N, and Ng.< N, respectively.

In Fig. 13(a), the initial voltages of cells are 4.095 V, 3.906 V,
3.816 V, and 3.607 V, respectively. The equalization goes
through three processes: one-cell-to-one-cell, two-cell-to-one-
cell, and two-cell-to-two-cell. After 73 min, voltages become

= I«*N/Ng4. and I. = I*N4./N. (I is set to 0.5 A). In addition,
relevant experiments were also carried out in the case of six cells,
and the equalization process is shown in Fig. 13(d). The initial
voltages of cells are 4.09 V, 4.016 V, 3.916 V, 3.827 V, 3.722 V,
and 3.618 V, respectively. The equalization goes through five
processes: one-cell-to-one-cell, two-cell-to-one-cell, two-cell-
to-two-cell, three-cell-to-two-cell, and three-cell-to-three-cell.
After 83 min, voltages become 3.875, 3.858, 3.853,3.853, 3.863,
and 3.854 V, and the maximum voltage gap is 22 mV. The
balancing results of four cells and six cells show that multiple
(more than two) cells are equalized at a time. The proposed
equalizer is capable of transferring energy between multiple
cells, thus achieving a faster balancing speed.

V. COMPARISON WITH THE EXISTING TOPOLOGIES

The equalizer proposed in this article has the advantages of
compact size, low component number, and fast balancing speed.
A relatively comprehensive comparison is conducted between
the proposed equalizer and several previous equalizers [30],
[31], [32], [33], which are selected according to the equalization
performance and application scenarios. As described in Table II,
it is evaluated according to the number of components and
the balancing performance, which is divided into balancing
basis, balancing speed, and conversion efficiency. To make a fair
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Fig. 14.  Balancing results for two modulation strategies. (a) Complementary

PWM. (b) Hybrid PWM and phase-shift modulation.

comparison, the scores are evaluated at the same cell voltage and
cell count. The balancing basis includes automatic [30], [31],
[32] and voltage-based [33] mode. For automatic mode, sensors
are not needed, and the balancing current is related to voltage
difference. For voltage-based mode, all cell voltages are sensed
to keep the required balancing current. The balancing speed of
a battery equalizer depends on the balancing current and the
method of energy transfer. In Fig. 14, the balancing results of
the equalizer using complementary PWM and hybrid PWM and
phase-shift modulation under similar voltage differentials are
compared. In the equalizer using complementary PWM, after
200 min, the maximum voltage difference is reduced from 474 to
17 mV. In the equalizer using hybrid PWM and phase-shift mod-
ulation, after 73 min, the maximum voltage difference is reduced
from 488 to 26 mV. The comparison revealed that the proposed
equalizer achieved the equalization of cells with similar voltage
differentials in a shorter time. In addition, compared with the fast
equalizers [33], the proposed equalizer requires fewer magnetic

40 60 80
Time / min

(d

20 100

Experimental results for cells with different initial voltages. For four cells: (a) Ngc = N, = 2; (b) Ngc = 1 and N. = 3; and (¢) Ngc =3 and N, = 1.

Balancing ——Proposed equalizer
speed Ref [30]
——Ref [31]
—Ref [32]

Ref [33]

Conversion s
efficiency Cost
5
Size
Fig. 15. Performance comparison chart.

components, which provides cost advantages. The conversion
efficiency is defined as the ratio of output and input powers.
The input power is the total power of the discharging cells,
and the output power is the total power of the charging cells.
The maximum efficiency value obtained during the entire power
transfer process is taken as the basis for comparison. The use
of phase-shift modulation will correspondingly bring about the
effect of circulating current, which will have a certain impact on
the efficiency.

To intuitively show the performance of each equalizer, a
comparison diagram, as shown in Fig. 15, is drawn based on
the above comparison results. Each parameter is fuzzed into five
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fuzzy scales in which “1,” 2, “3.” “4,” and “5” represent the
worst, worse, neutral, good, and best performance, respectively.
Compared with automatic equalizers [30], [31], [32], the
balancing current of the proposed equalizer in this article is
controllable and does not decrease as the voltage difference be-
tween the cells reduces. To achieve a faster balancing speed, the
proposed equalizer makes certain tradeoffs in terms of control
complexity and the requirement for voltage sensors. Compared
with the fast equalizer [33], the proposed equalizer reduces the
number of switches by half to achieve less cost and size.

VI. CONCLUSION

A multiwinding transformer-based battery equalizer with
PWM and phase-shift modulation is proposed in this article,
which has the advantages of low component number and fast
balancing speed. By two cells with respective MOSFET sharing
one transformer winding, the number of components is reduced.
By adopting the PWM modulation and phase-shifting modula-
tion, the internal balance of each group and the balance between
each group are realized, respectively, and the energy can be
transferred between any cells simultaneously to achieve fast
balancing speed. The experimental results verify the theoretical
analysis and system feasibility of the method and show that
the equalizer can realize fast and accurate AC2AC equalization,
and the balancing currents of each cell are adjustable during
the equalization process. As the number of batteries increases,
the complexity of controlling and constructing multiwinding
transformers becomes more demanding.
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