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Abstract. With the increasing deployment of energy storage devices in electric
vehicles and distributed renewable power network, the extensive research on bat-
tery charging systems has shown a growing significance. This paper focuses on
developing a new charging method which aims at extending the lifespan of lith-
fum-ion battery by using bipolar current pulses. A battery charging system em-
ploying a phase-shift controlled dual active bridge and battery elements has been
studied and its small-signal average model is established to investigate the dy-
namic control of the proposed bipolar pulse charging approach. Furthermore, the
influence of the negative pulse on eliminating the polarization effect and inhibit-
ing the ageing of the lithium-ion battery has been analyzed in detail. Finally, an
advanced four-stage battery charging strategy is proposed to achieve the suppres-
sion of the ageing effect and potentially extend the battery life, which also shows
a 7.58% reduction of the total charging time compared with the traditional charg-
ing method.

Keywords: Battery Charger, Power Converters, Battery Charging Approach,
Bipolar Pulse, Battery Lifespan.

1 Introduction

Electric-driven transportation is to be in extensive use due to its high efficiency and the
potential benefits in terms of reduced carbon emissions [1, 2]. Lithium-ion batteries are
widely used in electric vehicles (EVs) as critical energy storage devices due to their
high energy density, low self-discharge rate, and good repeated charge and discharge
characteristics [3]. At present, a large quantity of research is devoted to improving the
charging rate and efficiency of the charging system from the perspective of the topolo-
gies and control strategies of the power converters as well as the modelling and char-
acterization of the battery [4-9]. However, in addition to charging rate and efficiency,
it is essential to investigate the advanced charging approach to extend the lifespan of
the battery because this significantly affects the battery’s service life for EVs. In other



words, the extension of the durability of the battery can effectively increase the actual
battery capacity after hundreds of charge and discharge cycles, and reduces the system
maintenance cost.

In terms of the battery charging strategies, the constant current constant voltage (CC-
CV) charging is a classical method that has been widely used in the industry because
of its simplicity and ease of control. Many other charging approaches have been pre-
sented in recent years. A multi-objective optimal charging approach is developed to
decrease the charging time and relieve the battery degradation [10], which is mainly
focused on the trade-off between charging duration and battery aging process. A varia-
ble frequency and variable duty cycle pulse charging method based on the AC imped-
ance characteristics of the battery has been proposed to maximize the energy conversion
efficiency [11], but this method shows the limits on the high cost of the devices gener-
ating high-frequency current pulses as well as the challenges of obtaining different bat-
tery frequency characteristics. To measure the open-circuit voltage of batteries in a
short time, a one-cycle bipolar-current pulse method is proposed in [12] However, this
approach is mainly developed for the rapid estimation of state-of-charge (SOC) of bat-
tery which is not designed for excessive charging process. In [13], a constant-tempera-
ture constant-voltage charging technique is proposed to help reduce battery ageing
caused by overheating, whereas the damage to the battery caused by the large charging
current in the low state of charge (SOC) region has been neglected in the study. More-
over, to cope with the issue of polarization voltage in batteries, a constant polarization
voltage charging method is proposed in [14] and the relationship between polarization
voltage and SOC has been discussed. Also, this method reveals that the polarization
voltage is an approximate external manifestation of the battery's chemical reaction rate
and charge acceptance.

In this paper, a novel four-stage charging strategy with bipolar current pulses is pro-
posed to prolong the lifespan and to increase the charging capability of the lithium-ion
battery. A battery charging system utilizing a dual active bridge (DAB) DC-DC con-
verter has been developed and analyzed in detail, and the obtained small-signal model
is used to study the system dynamic control. The effect of the negative pulse on reduc-
ing the polarization effect is examined using an equivalent battery model, and the pro-
posed charging approach cannot only reduce 7.58 percent of the charging time com-
pared to the traditional CC-CV charging, but also be beneficial to prolong the battery
life.

2 Theoretical Principle

2.1  Battery model

From the perspective of the external characteristics of the battery, a universal equivalent
model of the lithium-ion battery is composed of an open-circuit voltage (OCV) source,
an ohmic resistance, and a resistance-capacitance network that reflects the polarization
phenomenon [14], as is shown in Fig. 1. A first-order Thevenin equivalent model can
be adopted for the analysis of the negative pulse on eliminating polarization effect since
the attenuation time constant of an RC pair is substantially larger than the possible



negative pulse adopted. If a higher precision is required, a second-order Thevenin
equivalent model can be used in the modelling of the battery pack.
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Fig. 1. A universal Thevenin equivalent model of battery

The influence of the charge and discharge current on the polarization effect is ana-
lyzed as follows. The battery model can be expressed as
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where U, , is the terminal voltage of the battery, U, is the battery internal potential
OCV, U, is the ohmic internal potential which is proportional to the charge and dis-
charge current, and U, represents the polarization potential that has a gradual decay
process after the removal of charge and discharge current; R, R,, and Cp are the
equivalent parameters of the battery; i, refers to the total charge or discharge current,

and p,  refers to the total power loss on the internal resistance of the battery.
By solving (1), the time domain expression of the polarization voltage is obtained as
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In practice, a continuous charging or discharging process can be regarded as a series
of CC segments applied to the battery in every short period of time, thereby the differ-
ence model can be obtained by discretizing from (2) as
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where T, is the incremental time during iterations.



Due to the negative current pulse serves as a critical component in the bipolar pulse
charging strategy, its effect on the elimination of polarization voltage after a positive
pulse is explained as follows. The loss of the RC pair is proportional to the square of
the current flowing through the polarization resistance, that is, proportional to the
square of the polarization voltage. As a result, in order to reduce polarization, the opti-
mal magnitude of the negative pulse should be reduced to 0 as quickly as possible,
which is shown in the following

1

—T

R,C, ‘U k
i [K]= e—vl[] 4)
T,

R(1—e %)
This can be obtained by setting {7 [ k + 1] equals zero in (3). Besides, the result of
p

(4) should be cut off within the acceptable discharge rate of the battery.

2.2 System-level Modelling
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Fig. 2. Schematic of the charging system
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The dual active full-bridge DC-DC converter with a battery load is presented in Fig. 2.
This topology has the following advantages that is regarded as one of the best solutions
for EV’s battery chargers. Firstly, in comparison to non-isolated DC-DC converters, a
high-frequency transformer in the topology creates electrical isolation between the in-
put and output terminals, which improves the converter's safety and reliability for elec-
trified transportation[15, 16]. Second, this topology is capable of transmitting high
power for fast charging technique. In contrast, the power capacity of the Forward [17],
the Flyback [15], and the Push-pull DC-DC converter [18] is limited due to the high
switch voltage stress. Thirdly, the DAB DC-DC converter can achieve rapid bidirec-
tional power transmission and ease to realize soft-switching under phase shift control.
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Fig. 3. Key operation waveforms of the DAB DC-DC converter

In a typical phase-shift controlled DAB DC-DC converter, the two power switches
on the same side of each bridge arm turn on and off complementary with a phase dif-
ference of 180°, and the diagonal switches of each full bridge are normally turned on
and off at the same time as is shown in Fig. 3. There is a voltage applied to the leakage
inductor which is generated by the operation of the active switches at the primary and
secondary sides. The transmitted power and power flow direction under steady-state
can be controlled by the values of phase shift angle and the leading/lagging relationship
of the voltages across the leakage inductor respectively. The power transmission can
be determined by using the equation as follows:

n. . aUU,
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where U, is the input voltage, U, is the output voltage, # is the winding ratio of the

transformer, f is the switching frequency, L, is the total leakage inductance, and D,
is the phase shift ratio, which is the phase-shift angle divided by .

From (5) it can be seen that the direction of power transmission can be quickly
switched by changing the polarity of the phase shift angle, , i.e., when D, >0 which
means the forward power transmission from primary to secondary side, vice versa,
when D, <0, it indicates the reverse power transmission.

The small-signal average model of the system is obtained by applying small disturb-

ances to the steady-state model. Considering that the input and output currents are both
alternative currents due to the leakage inductance of the circuit, the periodic average

value of the power side current and the battery side current is denoted as 7, and [

avg 2avg
. And the expressions of the currents can be obtained as follows according to (5),
nU
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By applying the small disturbances and utilizing the first-order Taylor formula, the
mathematic formulation of the small-signal average model of the DAB DC-DC con-
verter can be obtained as follows:
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voltage, the battery side voltage, the periodic average input current, the periodic

and Qw refers to the small disturbance of the supply side



average output current, and the phase shift ratio. In addition, g2d=%(l—2D) ,
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Thereby following the small-signal average model of the DAB DC-DC converter
with lithium-ion battery pack, the dynamic model of the system can be drawn as Fig. 4.
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Fig. 4. The small-signal average model of the DAB DC-DC converter

Hence, the output transfer function is shown as (10), which can be used for controller
design.

~ 1+R C s ~
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where R, equals R, +Re[Z,,,,], C, equals Im[Z, ] /s, and C, is the capaci-

tor at the battery side.

2.3  Charging Strategy

It was found that pulsed current can reduce concentration polarization and interface
resistance [19], which helps improve the discharge capacity and cycle life of lithium-
ion batteries. In addition, by adding negative pulse, the bipolar pulse charging method
is capable of uniformly depositing lithium, limiting the growth of lithium dendrites
[20].

Charging with mixed positive and negative pulses has a significant effect on inhib-
iting battery ageing and weakening the polarization effect. The three-stage charging
method is widely used in the industry, which is composed of the pre-charging stage, the
constant current stage, and the constant voltage stage (PC-CC-CV). Based on this, a
novel four-stage charging method is proposed with a tradeoff among the total charging
time, charging efficiency, and anti-ageing, which consists of a pre-charging stage, a
constant current stage, a bipolar pulse stage, and a constant voltage stage (PC-CC-BP-
CV). The flowchart of the proposed four stage PC-CC-BP-CV charging strategy is
shown in Fig. 5. The bipolar pulse charging stage is employed in the middle and late
periods of the charging process in order to minimize the extra loss produced by the
negative pulse in the ohmic resistance. Also, it should be considered that the polariza-
tion effect is more dramatic in the high SOC area.
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|
|
|
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| - VS3: voltage sensor outside the breaker
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L ——| e the converter stops energy transmission Uref: reference voltage of the controller
e the DC breaker is off Iref: reference current of the controller
Istd: standard charging current for battery
Mag_pos: magnitude of the positive pulse
P_pos: transmitted power of the positive pulse
P_neg: transmitted power of the negative pulse
Fig. 5. Flowchart of the proposed PC-CC-BP-CV charging strategy
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Fig. 6. Flowchart of the proposed PC-CC-BP-CV charging strategy

The whole charging schematic is presented in Fig. 6. The pre-charging stage uses a
small charging current (usually 0.1 of the recommended maximum charging current) to
smoothly raise the battery internal voltage OCV because of the large gradient to the
SOC at this stage; Compared with the classical three-stage charging method, in the
proposed charging strategy, bipolar current pulses replace most of the charging time in
the CV stage, which is to attenuate the polarization voltage, to inhibit the precipitation
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and adhesion of lithium crystals on the surface of the battery plate, as well as uniform
the distribution of the electrolyte. The magnitude of the positive current pulse is de-
signed to decay proportionally to the cycle time of State 4.1 and State 4.2 considering
the reduced current acceptance of the battery at the end of the charging process; The
final short-time CV stage is also needed due to preventing voltage overshoot.

3 Simulation evaluation

3.1 Dynamic control of the Power converter

To achieve a fast transient state control of the DAB DC-DC converter, a discrete incre-
mental PI controller is used. A Bode diagram of the system is constructed according to
the small-signal average model proposed earlier, as illustrated in Fig. 7. By increasing
30 dB of the static gain and accelerating the decrease of the magnitude response at the
mid frequency band, the controller contributes to the elimination of steady-state error
and the enhancement of dynamic response.

Fig. 8 shows the dynamic performance of the converter using the designed control-
ler, which can demonstrate that the system can quickly switch the direction of energy
transmission and stabilize within 500 us. Also, the waveforms of the transient voltage
and current are given to show how they perform at the fast transients.
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Fig. 7. Bode diagram of the system the power flow

3.2 Analysis of depolarization effects

The RC parallel network of the battery is numerically simulated in Matlab/Simulink in
order to determine the amplitude and duration of the optimal negative pulse current.
The loss and the optimal negative pulse current amplitude are calculated according to
(3) and (4), and the results are shown below. Fig. 9 (a) shows the decay curve of the
polarization voltage under negative pulses with different amplitudes, which verifies the
significant effect of the negative pulse on reducing the polarization effect. Fig. 9 (b)
illustrates that a large pulse amplitude is beneficial to eliminate the polarization effect
within a given time, and before the polarization voltage reaches zero, the maximum



negative pulse current allowed is inclined to be selected. Fig. 9 (c) shows that the neg-
ative pulse current reduces the loss of the internal polarization resistance during the
whole process. Compared with the loss without a negative pulse, the loss on the RC
pair is reduced 28.28%, 49.11%, 62.53% and 70.45% in the case of 1 CC, 2 CC, 3 CC,
and 4 CC respectively. However, given the battery's durability and the loss of negative
pulse current due to ohmic resistance, setting the amplitude and length of the practical
negative pulse as large as feasible is not recommended.
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Fig. 9. Effect of negative pulse current on the elimination of polarization voltage

3.3  Bipolar pulse charging

Fig. 10 shows a full diagram of the battery charging system with control, including a
DAB DC-DC converter, a charging management system, and a second-order battery
pack model. The parameters of the converter and battery pack model are shown in Table
1 and Table 2, respectively. The second-order Thevenin equivalent battery model is
used to provide precise polarization effect simulation, and the parameters of the com-
ponents in the battery model are obtained using the hybrid pulse power characterization
(HPPC) test. To run the simulation efficiently, the battery model is built to include a
simulation acceleration capability that works in tandem with the power conversion

stage.
Bridge 1 Bridge 2 ,
+ L] L]
sl

it

Phase-shift and Drive Module

Discrete Incremental PID Controller
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Fig. 10. Diagram of the battery charging system with control
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Table 1. Parameters of the DAB DC-DC converter

Maximum power transmission 12.5 kW
Switch frequency 20 kHz
Total leakage inductance 20 pH
Supply side voltage 200V
Battery side voltage 150V
DC Capacitor 100 pF

Table 2. Parameters of the NCR18650B battery pack model

Cell nominal voltage 3.6V
Rated capacity 3350 mAh
Standard charging current 1625 mA
Number of batteries in series 35
Number of batteries in parallel 35
Initial SOC 20 %
Romic 0.076 Ohm
Rpl 0.022 Ohm
Rp2 0.0151 Ohm
Cpl 2674.5 Farad
Cp2 95695.4 Farad
S 160 T T 190 S 160 T T T T 190
@ 150 156 _ 150 156 _
140 1228 S0 1228
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Fig. 11. Waveforms under different charging methods

The PC-CC-CV charging and PC-CC-BP-CV charging approaches are implemented
in the developed simulation model, and the key waveforms of which are shown in Fig.
11 (a) and Fig. 11 (b) respectively. Table 3 shows the converted charging time and
energy loss. Compared with the PC-CC-CV charging method, the charging time of the
proposed method is reduced by 7.58%. Because the bipolar pulse current flows through
the battery internal resistance during the positive and negative pulses, it causes a 3.37%
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increase of the total energy loss. However, because the bipolar pulse can inhibit the
precipitation of lithium crystals and prolong the battery life, the slight increase in loss
is worthwhile. In summary, the simulation results verify the effectiveness of the control
strategy and demonstrate a good performance of the proposed charging strategy.

Table 3. Charging time and energy loss after conversion

Charging method PC-CC-CV PC-CC-BP-CV
Charging time (h) 2.019 1.866
Battery loss (kWh) 0.557 0.602
Converter loss (kWh) 1.044 1.053

4 Conclusion

This research presents a full charging scheme utilizing bipolar pulses aimed at prolong-
ing the lifespan of lithium-ion batteries. A small-signal average model of the DAB DC-
DC converter with battery load is developed to investigate the dynamic control of bi-
polar charging pulses, which indicates that it can generate bipolar current pulses effec-
tively without the need for additional circuits. The study of the negative pulse effect
demonstrates the advantages of bipolar charging in terms of reducing the polarization
effect and anti-aging. Finally, a novel PC-CC-BP-CV charging strategy is proposed to
suppress the ageing of the battery, which also saves charging time by 7.58% compared
with the typical CC-CV charging approach. This method can be directly deployed in
EV chargers that employ a DAB structure without modifying the hardware or adding
additional sensors.
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