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Abstract

This paper proposes an improved modularizable high-frequency battery equal-
izer with multi-winding transformer for energy storage systems. The involve-
ment of parasitic components in circuit resonance, along with the addition of a
resonant network, enables soft-switching for the power switches to reduce the
switch voltage stress due to high frequency switching operation. The proposed
circuit is designed to operate at switching frequency of 1 MHz. The detailed
analysis of circuit operation is provided. At last, the feasibility and performance
of the proposed battery equalizer are demonstrated through the system imple-
mentation and experimental tests of a prototype circuit. Experimental results
have shown zero voltage switching (ZVS) is achieved on the switches.
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1. Introduction

Due to abnormal climate changes, countries worldwide have begun to focus on
climate change issues. To reduce greenhouse gas emissions, renewable energy and
electric vehicles have become key areas of concern. However, due to the instability
of renewable energy, energy storage systems are needed as complements in lots of
applications. The primary power source for electric vehicles is battery system. In
battery applications, such as lithium iron phosphate single cells, with voltages typ-
ically ranging only from 2 to 4.3 V, they need to be connected in series to achieve
the required voltage for electric vehicles or energy storage systems. However, in-

dividual cells in a series-connected battery pack may experience mismatch issues
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due to manufacturing errors, battery aging during use, and other factors. This
mismatch can lead to the “bucket effect,” causing a decrease in the overall capacity
of the battery pack and affecting its lifespan. In the worst-case scenario, it may
result in overcharging, leading to accidents such as explosions or fires. Therefore,
the use of a battery equalizer is necessary to balance individual cells within the
battery pack, and there has been significant research on battery equalizers over
the years. Technologies related to charge equalization are continually being ex-
plored and actively developed [1]-[11].

The simplest structure for dissipative equalization is to parallel resistors with
the same resistance value for each battery cell unit, maintaining the same terminal
voltage for each battery unit. The drawback of this approach is that the energy of
the batteries is dissipated in the form of heat through the resistors, reducing the
available energy and causing a significant temperature rise on the resistors [12]-
[16]. To reduce energy losses in batteries, resistive components can be replaced
with zener diodes because energy balancing only occurs when the zener diodes
undergo reverse breakdown. This effectively reduces the energy loss in the batter-
ies. However, this structure can only prevent overcharging and does not address
the issue of overdischarging [16].

To mitigate the continuous losses brought by the resistive dissipative equaliza-
tion structure, an active-switch-based resistive dissipative equalization structure
has been developed [16]. Its control strategy is more flexible than the zener diode
equalization structure, but it requires more feedback detectors, making the imple-
mentation of the energy balancing control strategy more complex.

Due to the significant energy losses in the analyzed dissipative equalization
structures, the development of an efficient non-dissipative equalization structure
becomes crucial. The non-dissipative equalization structure is based on the con-
cept of energy transfer and can effectively reduce energy losses in batteries.

Switched capacitor equalization is a method that operates by high-frequency
switching, temporarily storing energy from battery cells with higher charge in ca-
pacitors, and then transferring it to cells with lower charge to achieve equalization
[13] [17] [18]. This equalization method has simple control and does not require
circuit detection for feedback control. However, the energy transfer occurs
through extremely high-pulse currents, and the equalization time is closely related
to capacitor capacity, potential difference between batteries, and switching fre-
quency, leading to potential issues of prolonged equalization time. The global
buck-boost converter equalization structure works by evenly distributing the en-
ergy of battery cells with higher charge to other cells, reducing the complexity of
control strategy. However, it can only provide real-time protection for batteries
with high charge, preventing overcharging, and cannot offer immediate protec-
tion for the battery with the lowest charge [19]. The adjacent buck-boost converter
equalization structure can only balance neighboring battery cells. While it can
provide real-time protection for the battery with the lowest charge, it cannot uni-

formly distribute energy throughout the battery pack, leading to longer equaliza-

DOI: 10.4236/0japps.2024.1412243

3732 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2024.1412243

C.C.Huaetal.

tion time [14]. The bidirectional adjacent buck-boost converter equalization
structure is an improved version of the adjacent structure and can more effectively
distribute energy among individual cells. However, its drawback is the increased
complexity of control strategies [14] [20].

The multi-winding flyback converter equalization topology is based on the con-
cept of Faraday’s law of electromagnetic induction windings with the same num-
ber of turns can induce the same electromotive force, reducing the number of de-
tection units and the complexity of system control. However, the volume of the
transformer core in the flyback circuit is closely related to the performance of bat-
tery equalization, making this topology not suitable for a large series-connected
battery packs. The secondary multi-winding flyback converter equalization struc-
ture distributes the total energy of the battery pack to cells with lower energy to
prevent over-discharge during battery discharging interval. It is suitable for dis-
charge scenarios because the system has only one active switch, simplifying the
control strategy [13] [21]-[23]. The primary multi-winding flyback converter
equalization system releases the energy of the battery cells to be overcharged and
returns it to the battery pack to prevent overcharging of the specific cell. It is suit-
able for the charging process of the battery pack [15] [24]. To address the limita-
tion of applying the multi-winding flyback converter to a large number of batter-
ies, a modular design is adopted in [25] to reduce the transformer volume and
enhance flexibility. The multi-flyback converter equalization system uses a sepa-
rate flyback converter for each battery cell to evenly distribute voltage and current
stress. However, the drawback is that the circuit cost is quite high [12] [15].

The multi-winding transformer equalization system is similar to the multi-
winding flyback converter system, with the difference that the transformer in the
multi-winding transformer equalization system is used to transmit energy rather
than store it. When the transformer operates in bidirectional mode, it can increase
the power density of the transformer, making it suitable for high-voltage and
high-power applications.

The half-bridge multi-winding transformer equalization system in [1] [16]
[26] operates with a duty cycle of fifty percent for each of the two active
switches, exhibiting zero voltage switching (ZVS) characteristics during turn-
on to reduce switching losses of the switches. The rectifying diodes exhibit zero
current switching (ZCS) during turn-off. On the other hand, due to the pres-
ence of two forward voltage drops across diodes in each rectification path of
the secondary-side bridge rectifier, this bridge rectifier introduces higher
power loss in low-voltage output scenarios. In other words, when the load cor-
responding to the secondary winding of the multi-winding transformer equal-
ization system is a single battery cell, a bridge rectifier may not be suitable as
the secondary-side rectification system.

Applying the E-class converter to the multi-winding transformer equalization
system provides the advantages of flexible switching, reduction of switching losses

and electromagnetic interference on the switches [27]. Because this topology in-
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volves only one active switch, it significantly simplifies circuit topology and con-
trol for the system. However, due to the high voltage and current stresses on the
active switch, the E-class converter is not suitable for applications in high-volt-
age/high-power scenarios, such as electric motorcycles. On the other hand, using
a full-wave voltage multiplier as the rectification scheme can reduce the number
of transformer secondary windings by half compared to a bridge rectifier scheme.
Additionally, this scheme has only one diode per rectification path, reducing the
forward voltage drop by half [27]-[29].

The selective isolated converter equalization system features only one iso-
lated converter, significantly reducing the complexity of the equalization cir-
cuit [1] [26]. Because this topology uses only one isolated converter, there is no
problem of mismatch between multiple converters or multi-winding trans-
formers. However, the control strategy for the selection switches must be ex-
tremely rigorous to avoid irreversible damage to the batteries, as simultaneous
conduction of the selection switches corresponding to each battery cell would
lead to a short circuit.

Since the adoption of a lot of batteries in a battery energy system is becoming a
trend, a high-frequency multi-winding transformer battery equalizer is proposed
in this paper. The proposed converter is based on the advancements presented in
[23] and incorporates the principles of high-frequency circuit design [30] [31].
Increasing the switching frequency enhances the power density of the equalizer,
effectively minimizing the circuit volume. Furthermore, the adoption of a modu-

lar design enhances versatility of the system.

2. Proposed Battery Equalizer
2.1. Proposed Circuit

A high-frequency battery equalizer with multi-winding transformer for battery
energy systems is proposed as shown in Figure 1. In the proposed converter, the
L-C, network in parallel on both sides of the switch is connected to reduce the
impedance of the second-order harmonic, which increasing the impedance of the
third-order harmonic in the off state. Consequently, the voltage on the switch can
be expressed as the sum of the first-order harmonic and the third-order harmonic,
resulting in a quasi-trapezoidal waveform, as shown in Figure 2 [32].

The terms used for the proposed equalizer are defined as follows:

Iis the module number.

jis winding number.

Vi is the voltage of battery B;

Ljis the winding leakage inductance.

Ty is the winding number.

Sy is the switching number.

Ciyis the switch parasitic capacitance.

C,7 Resonant Network Capacitance.

L,;Resonant Network inductance.
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L., is the magnetizing inductance.
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Figure 1. The proposed high frequency equalizer with multi-winding transformer.
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Figure 2. Half-wave quasi-trapezoidal waveform.
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2.2. Equilibrium Mode of Operation Analysis

To simplify the circuit analysis, a single module is examined for the proposed sys-
tem, as shown in Figure 3. Since each module is identical, the analysis of operation
for a single module is provided. The circuit adopts symmetrical pulse width mod-
ulation (PWM), leading to two distinct modes in its operation. For the analysis of

operation, Vg > Vg > Vs> Vp,is assumed.

Ly, T,
Y
L o :
Vi1 =f b Su i T?
_| C’sII
Cir L,
L,y ~A
Vei2 = l’r‘r Sz iL_I; T}
CS12
[
riz L.z Lys
—>
C513
b
ri3 Lr13 L14
Y'Y
—
Veia= Jm Si4 2L T1§
Csl4
—”__M
Cr14 Lr14

Figure 3. The simplified battery equalization circuit.

Mode I(#rt;): During this mode, as shown in Figure 4(a), the switch for the
positive half cycle is activated. In this configuration, the two loops associated with
Vs and Vp facilitate charge equalization in the forward direction, effectively
transferring the energy from the high-voltage battery in the magnetizing induct-

ance L, The voltage across the winding during this mode can be represented as

follows:
12 T
Vig =Vrp, =VT1(t):§ZVBa'O<t<E' @
a=1
The charging current of the battery is
. . V,,, —V.
la11 (t) =gy (to ) +M(t1 _to)
L11 + I-m T
,0<t<—. (2)
VBlZ _VT12

Ig12 (t) =l (to) (t1 _to)

+
L12+Lm

From (2), if the battery current is positive, the battery is discharging, otherwise,

the battery is charging. The magnetizing current 7z, is
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T

it (1) = {iggy (1) + e (t)}~NT1,O<t<E. (3)
where Ny, is the turns ratio of transformer 77
N _ NTll _ NT12 (4)
1= = .

NT15 NT15

Mode II(#-t;): In the mode shown in Figure 4(b), the negative half cycle is ac-
tivated. During this mode, the two loops corresponding to Vz; and V3, are en-
gaged, facilitating forward equalization for both loops. Simultaneously, the energy
stored in the magnetizing inductance L, is released to the low-voltage battery

through the flyback operation, completing the transformer reset.
13 T
Vi =V =VT1(t)=EZ\/Bb,E<t<T. ©)
b=3

The charging current of the battery is
Viis —Vris

iBlS(t)ziBl3(t1)+ L, +L (tz —t1)
v 3 Vm ,—<t<T (6)
i514 (t) = iBl4 (H)"‘ﬁ(tz _ti)
Hence, the magnetizing current 7y, is
. . . T
i (1) = {iggs (1) + g (t)}-NT2,5<t<T. 7)
where N7y, is the turns ratio of transformer 75
N N
N — T13 — T14 . (8)
r NT15 NT15

From Equations (3) and (7), it is obvious that energy transfer occurs through
the magnetizing inductance of the transformer during the equalization process
between positive and negative half cycles. Equations (2) and (6) reveal that for-

ward equilibrium is adopted during both the positive and negative half cycles.

2.3. Bi-Directional Resonant Mode Analysis

The proposed converter incorporates parasitic components into resonance by in-
tegrating them into the L-C, network, as illustrated in Figure 5. Similar to the
equalization mode, bidirectional resonance occurs in both modes. The parasitic
components include transformer leakage inductance (L;), switch parasitic capac-
itance (C), and the elements L,; and C; of the resonant network. The circuit is
simplified and the operation analysis is given.

Mode I(#-t;): During this mode, switch S, is turned on, and $;; is turned off.
Components L;;, L;3 Csi3 and the resonant network Z,;> Cy3 engage in resonance.
The resonance involving Cs;; ends when Vegs drops to zero.

Mode II(#- 5): In this mode, L,;;and C,;5ensure ZVS for the activation of switch
815 Simultaneously, switch S;; is turned off, and components Z;;, Lz Csis, Lris and

C4; participate in resonance during this mode. Similar to Mode I, the resonance
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Figure 4. Battery equalization mode analysis. (a) Mode I; (b) Mode II.
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Figure 5. Parasitic elements participate in resonance. (a) Mode I; (b) Mode II.

involving Cj;3 ends when Vg, falls to zero.

3. Experimental Results

Three types of experiments, as shown in Table 1, will be carried out for compari-

son in this research. In these experiments, a series of tests were conducted to in-
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vestigate the performance of the high-frequency battery charge equalization cir-
cuit. First, a basic circuit, consisting of battery, switching elements, and trans-
former, is used. The resonant elements in this circuit are composed of the Miller
capacitance of the parasitic switch and the leakage inductance of the transformer
winding. This configuration allows observation of voltage spikes and current
waveforms on the switch.

Next, an external switch bypass capacitor is connected in parallel with the Mil-
ler capacitor, to achieve circuit resonance. Finally, an Z- C resonant branch is in-
troduced to the circuit. To obtain accurate impedance values from Laplace trans-
formation for a multi-winding converter with an added Z- Cresonant branch is
relatively complex and challenging. Therefore, the formula in [8] is used to obtain
the numerical values of the Z- Cresonant components. In the experiments, param-
eters were adjusted and designed through trial and error, and the goal of charge
equalization is achieved. The system performances with high-frequency operation

and different configurations are investigated and provided.

3.1. Charge Equalization without Additional Component

The experiments of charge equalization for the converter without any additional
components are carried out. The switch bypass capacitance is the parasitic output
capacitance of the switch, and the inductance is the leakage inductance of the
winding. The measured waveforms are shown in Figure 6. It can be observed that
there is significant interference in the Drain-Source (DS) terminal of the switch,

and the transient voltage spike reaches up to 40 V.

3.2. Charge Equalization with Additional Bypass Capacitor
Resonance

In the proposed circuit, in addition to the original components, an additional by-
pass capacitor is connected to the DS terminal of the switch. The components in-
volved in resonance include the leakage inductance of the transformer winding, the
parasitic capacitance of the switch, and the externally added bypass capacitor. The
measured waveforms, shown in Figure 7, show that the voltage waveform on the
switch exhibits a quasi-trapezoidal shape, with a peak voltage of 20 V. Although
the voltage stress on the switch has been reduced, it is still unable to achieve soft-
switching for all switches. The charge equalization results are shown in Table 2,

indicating that the proposed circuit can achieve charge equalization for batteries.

Table 1. Experimental types and parameter specifications.

Experimental types Parameter specifications
Switch: IRLMLOO30TRPbF
Battery: PHET-SP1100
No additional component

Magnetizing inductance (L) = 1 pH
Leakage inductance (L) = 0.27 pH
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Continued
Introducing switch bypass capacitor Bypass capacitor = 1.8 nF
Bypass capacitor = 1.2 nF
Implementing Z- Cresonance L=1.77 uH

C=0.47 nF
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®» VGsy

ﬁ

VDs4
(24 &%

—

B iy
L ]

]

(d)

Figure 6. Charge equalization without additional component. (a) S; (b) S5 (c) S5 (d) S«
(ves: 20 V/div, vps: 20 V/div, ips: 1 A/div, iz 0.5 A/div Time: 200 ns).

(b)
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Figure 7. Charge equalization with additional bypass capacitor. (a) Sz (b) S5 (c) S3 (d) Ss
(e) Battery energy balancing curve. (ves: 20 V/div, vps: 20 V/div, ips 1 A/div, iz 1 A/div
Time: 200 ns).
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Table 2. Results of charge equalization with additional bypass capacitor resonance.

Battery number Initial voltage (V) Final voltage (V)
Cell 1 3.28 3.17
Cell 2 3.74 3.18
Cell 3 2.03 3.09
Cell 4 2.10 3.11
Voltage Difference (V) 1.71 <0.1

3.3. Charge Equalization with L-C Resonant Branch

The resonance operation can be performed by paralleling Z- C components across
the switch terminals. The charge equalization components in this configuration
include the switch bypass capacitor, transformer winding leakage inductance, and
the Z- Cresonant branch, all participating in resonance. The switch waveform is
shown in Figure 8. It can be observed that all switches achieve soft switching, and
the maximum voltage on the switch is 20V, effectively reducing the peak voltage
on the switch. The charge equalization results are shown in Table 3, indicating

consistent charge equalization is achieved for the system.
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Figure 8. Charge equalization with L-Cresonant branch. (a) S: (b) Sz (c) S5 (d) 84 (e)
Battery energy balancing curve. (ves: 20 V/div, vps 20 V/div, ips: 1 A/div, iz 1 A/div
Time: 200 ns).
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Table 3. Results of charge equalization with Z- Cresonant branch resonance.

Battery number Initial voltage (V) Final voltage (V)
Cell 1 3.32 3.15
Cell 2 3.74 3.15
Cell 3 2.00 3.04
Cell 4 2.22 3.04
Voltage Difference (V) 1.74 <0.1

4. Conclusion

This paper has proposed a battery equalizer for evaluating the feasibility of achiev-
ing high frequency switching operation in battery energy applications. The main
objective of this research is to increase switching frequency, reduce system cost,
enhance soft-switching performance, and achieve battery charge equalization for
the battery system with a lot of batteries. The proposed equalizer has the potential
for development in applications for electric vehicles and energy storage systems.
Experimental results show that using a bypass capacitor or an L-C resonant
branch for the converter, the voltage spike on the switch is significantly reduced,
and ZVS for the switch is achieved. The performance of the proposed converter is

verified by the experimental measurements.
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