energies

Article

Balanced Control System Based on Bidirectional Flyback

DC Converter

Dongchen Qin, Shuai Qin *, Tingting Wang, Hongxia Wu and Jiangyi Chen

check for
updates

Citation: Qin, D.; Qin, S.; Wang, T.;
Wu, H,; Chen, J. Balanced Control
System Based on Bidirectional
Flyback DC Converter. Energies 2022,
15,7226. https://doi.org/10.3390/
en15197226

Academic Editor: Alberto Reatti

Received: 26 July 2022
Accepted: 26 September 2022
Published: 1 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechanical and Power Engineering, Zhengzhou University, Zhengzhou 450001, China
* Correspondence: 18738172859@163.com; Tel.: +86-187-3817-2859

Abstract: The inconsistency of the battery pack will cause the “barrel effect” when the battery pack
is working. The battery with lower power will first reach the discharge cut-off condition, resulting
in the battery pack not being fully discharged, reducing the battery utilization rate. This paper
uses the state of charge (SOC) as an equilibrium variable and the forgetting factor recursive least
square—extended Kalman filter (FFRLS-EKF) method to estimate the SOC. Using a balanced topology
based on a bidirectional impact direct current (DC) converter, the energy transfer can occur between
any battery and only between batteries that need to be balanced, increasing energy utilization and the
effect of equalization. The equalization system is simulated under various conditions, which proves
the effectiveness of the equalization control system.

Keywords: lithium-ion battery; bidirectional flyback DC converter; balanced control strategy; availability
energy

1. Introduction

The battery management system is the power battery control unit, which is an impor-
tant part of the power battery to ensure the stability of battery performance. The research
on the battery management system promotes the improvement of battery performance and
affects the development of power battery. Balance control is the core technology of the
battery management system, which directly impacts the power performance and battery
life of the vehicle. Battery inconsistency will lead to the “barrel effect”; the battery pack
will be due to the problem of battery reaching the cut-off conditions early, reducing the
performance of the battery. The battery equalization control function can improve the
inconsistency of the battery, so that the battery can generate an energy transfer between
the inconsistent batteries during the working process, avoid the above adverse results, and
improve the energy utilization rate of the battery pack [1,2].

The equalization method can be divided into two kinds. The first is dissipative
equalization. By adding the energy dissipation components in the circuit, the battery cell
with higher power consumes energy through energy dissipation components to achieve an
equalization effect. The second is non-dissipative equalization, which uses components that
can temporarily store and release energy to achieve equalization through energy transfer.
The active equalization method can transfer the energy of inconsistent batteries without
additional energy consumption. The core devices in this equalization circuit are mainly
capacitors, inductors, transformers, etc. [3].

At present, the main research direction for an equilibrium control system is non-
dissipative equilibrium. Many scholars have conducted research in this direction and
provided scientific research results for reference. Ji Xiang proposed a modular battery bal-
ancing scheme for multiple transformers with double secondary windings, with secondary
windings in each module connected to each other. Each module can be balanced individ-
ually by a transformer at the same time, or the energy can be balanced across modules
by connecting the secondary windings to each other. This scheme can balance multiple
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batteries at the same time and improve the equalization speed of the battery [4]. Yang
Daiming uses multiple bidirectional flyback DC converters to establish an equalization
topology, which can realize the energy transfer from a single battery to a battery pack
and the energy transfer from a battery pack to a battery cell. The average equalization
current is determined according to the resistance value connected to the MOSFET, and
the equalization control experiment is carried out by using an equalization control chip,
which controls multiple batteries. The voltage difference can be reduced from 24.1 mV to
13.3 mV, and it is proven that the voltage cannot have a good equalization effect due to
polarization [5]. Li Jun adopts the equalization topology based on a flyback DC-DC con-
verter, combined with PID control and fuzzy control theory, and proposes a “peak clipping
and valley filling” battery equalization system based on fuzzy PID control. The simulation
analysis of six batteries in a charge and discharge state is carried out. Compared with
the equalization method without fuzzy control, the equalization speed can be increased
by more than 40% [6]. Guo Xiangwei uses an equalization topology based on a flyback
DC-DC converter, so that the equalization energy can be transmitted between the battery
pack and any battery. Using a dual-objective hybrid control strategy, by balancing the
highest voltage battery and the lowest voltage battery, the number of equalization batteries
is reduced, and the equalization speed of the battery is improved. The effectiveness of the
equalization scheme is proven by simulation and experiment [7]. Zhao Chuanting proposed
a balanced topology structure based on a reconfigurable converter, used an inductor as the
balanced element, and designed four working modes, so that the battery could transfer the
energy between modules. The simulation results proved that this scheme could effectively
improve the balanced speed [8]. Arzu Turksoy compares a variety of equalization circuits
based on inductors and DC converters. By analyzing and comparing the equalization
time, equalization efficiency, and cost of each scheme, it is found that most equalization
schemes based on flyback DC converters use SOC as an equalization variable. Compared
with the DC-DC equalization scheme, the equalization efficiency is higher, and the time
used is shorter [9]. Li Yu adopts the unitized equalization method of the multi-winding
transformer and uses the principle of forward converter and flyback converter at the same
time. When the battery pack transfers the energy to some battery units, the principle of the
forward converter is used for equalization. When some battery units are equalized to the
battery, the principle of the flyback converter is used. This scheme reduces the number of
components and can balance multiple battery cells at the same time to obtain higher time
efficiency. Through the analysis of the experimental results, the equalization efficiency can
reach 84.8% [10].

Through a study of the research status of equalization control, it is found that the
equalization strategy based on the equalization topology of the bidirectional flyback DC-
DC converter is generally the “peak clipping and valley filling” type equalization. In
this equalization process, the low-power battery needs to be discharged as part of the
battery pack. At the same time, it is also charged as the balanced object, resulting in
additional energy consumption; at the same time, this method can only achieve the balance
between the single battery and the battery pack and cannot make the equalization process
occur between any batteries. Based on the bidirectional flyback DC-DC converter, this
paper proposes an active equalization topology, which can realize the movement of energy
between any batteries and make the equalization process only occur between batteries with
inconsistent power. With SOC as the equilibrium variable, the FFRLS-EKF algorithm is
used to improve the accuracy of SOC estimation. The model of the equalization control
system is established in the software, and simulation analysis is carried out.

The first chapter of this paper analyzes the research status of the battery equaliza-
tion control system, finds out the shortcomings of the “peak clipping and valley filling”
equalization strategy used in other kinds of literature, and explains the research direction
and research purpose of this paper. In the second chapter, the working principle of the
“peak clipping and valley filling” equilibrium strategy is introduced in detail, and the
shortcomings of this method are analyzed. The third chapter classifies the inconsistent
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states of the battery and describes the working principle of the equalization control system
of each inconsistent state in detail. In the fourth chapter, the process of selecting SOC as the
equilibrium variable and the process of determining the equilibrium threshold are analyzed,
and the strategy of the equilibrium control system is determined by combining the SOC
estimation algorithm. In the fifth chapter, the simulation model of the equalization control
system is built, and the model structure is described. The sixth chapter simulates and
analyzes the “peak clipping and valley filling” equalization strategy and the equalization
method used in this paper and compares the results to illustrate the advantages of the
equalization control system used in this paper from multiple perspectives.

2. Equilibrium Principle Based on “Peak Clipping and Valley Filling”
Equilibrium Strategy

In the research based on flyback DC converter, many equalization systems use the
“peak clipping and valley filling” equalization strategy. Under this strategy, the battery will
have different equilibrium processes under different working conditions. In the charging
process, the battery with higher power transfers the energy to the battery pack through the
flyback DC converter to ensure that the battery pack will not stop charging because of the
high power of a single battery. This process is called “peak clipping”; during the discharge
process, the battery pack transfers the energy to the low-power battery through a flyback
DC converter to ensure that the battery pack does not terminate the discharge in advance
because of the low power of a single battery. This process is called “valley filling”. In the
static state, the battery will determine the inconsistent state of the battery and select the
“peak clipping” or “valley filling” equalization method. This paper uses the topology of six
batteries for analysis.

The equalization process in the “peak cutting” state is shown in Figure 1. The battery
B1 has high power, and the battery transfers the energy to the secondary winding of the
converter through the MOSFET Q2. The converter’s electromagnetic induction causes the
battery’s primary winding to generate voltage after the MOSFET Q1 is turned on. The
primary winding transmits the energy to the battery pack, reducing the power of the target
battery and keeping the battery pack’s energy balanced. The equalization process in the
“valley filling” state is shown in Figure 2. The battery B6 has low power, and the battery
pack transfers the energy to the primary winding through the MOSFET Q1. The converter’s
electromagnetic induction causes the battery’s secondary winding to generate the current,
and the conduction MOSFET Q7 transmits the energy to the low-power battery cell, thereby
increasing the power of the target battery and maintaining the energy balance of the battery
pack [11].

By studying the equilibrium process of “peak load shifting”, it can be found that
in the “peak load shifting” state, the high-capacity battery first discharges to the battery
pack and is then charged as part of the battery pack; in the “valley filling” state, the
low-power battery is discharged as part of the battery pack and is then charged as a
balancing target. It can be found from the above that the balanced battery not only acts as
an equalization party but also becomes an equalization party, which increases the energy
loss and reduces the equalization effect. Therefore, given the above problems, this paper
improves the equalization control system based on a flyback DC converter, so that the
energy transfer only occurs in the battery that needs to be balanced and reduces the loss
during energy transfer.
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Figure 1. “Peak cutting” equilibrium process. (a) “Peak cutting” equilibrium process I. (b) “Peak
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Figure 2. “Valley filling” equalization process. (a) “Valley filling” equalization process I. (b) “Valley
filling” equalization process II.
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3. Topology and Working Principle of Equalization Control System
3.1. Topological Structure of Equilibrium Control System

This chapter uses a balanced topology based on a coaxial multi-winding bidirectional
flyback DC converter, and the structure is shown in Figure 3. In the figure, B1-B6 are the
power batteries; Q1-Q7 are the MOSFETs, which are responsible for the conduction of the
corresponding battery and the secondary winding; D1-D7 are the diodes, accountable for
cutting off the current of the corresponding circuit; K1-K12 is a controllable switch, which is
responsible for the energy transfer from the primary winding to each battery. Each battery
is connected with a MOSFET, a secondary winding, and a controllable switch. Through the
MOSEFET and the secondary winding, the energy of the battery can be transferred to the
secondary winding. Through the controllable switch, the energy can be transferred from
the primary side winding to the battery. This structure allows energy transfer only between
the batteries that need to be balanced.
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Figure 3. Balanced topology based on bidirectional flyback DC converter.

K1-K12 are controllable switches controlled by the control part of the equalization
system. After the control part obtains the position of the battery SOC maximum value,
the corresponding MOSFET is controlled to turn on, so that the battery with the largest
power discharges to the secondary winding. The secondary winding generates the current,
and the energy is transmitted to the primary winding through electromagnetic induction.
When the MOSFET of the secondary winding is disconnected, the diode of the primary
winding is turned on, and the primary winding generates the current. At this time, the
control part obtains the position of the SOC minimum value and controls the corresponding
controllable switch, so that the current of the primary side winding flows into the low-
power battery. When an energy transfer cycle ends, the controllable switch is disconnected.
The controllable switch is controlled by the control part of the equalization system. By
detecting the position of the minimum value of the battery SOC, the control command is
sent to the controllable switch corresponding to the battery. When the extreme value of the
battery pack meets the consistency requirement, the equalization control system no longer
sends commands to the controllable switch, and the switch remains disconnected.
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3.2. Working Principle of Equilibrium Control System

Because there is a variety of battery inconsistencies, and different inconsistency states,
the battery has different working principles.

The inconsistency types of batteries are classified according to the number of bat-
teries that need to be balanced. The inconsistency types of batteries can be divided into
three categories:

1. A battery has high or low power;

2. One battery is high, and the other battery is low;

3. Multi-cell battery power is high, and multi-cell battery power is low. The above
three types basically cover all battery inconsistencies. Based on these inconsistencies,
an analysis of the battery’s working principle can be performed [11,12].

Because the battery with inconsistent power may be a single-cell or multi-cell battery
at any position in the battery pack, other batteries with normal power cannot form a re-
constructed battery pack to supply the power to this inconsistent battery, so in response to
the inconsistency of multi-cell batteries, two single high- and low-power battery equaliza-
tion groups are randomly matched, and multiple equalization groups work alternately to
complete the equalization of multi-cell batteries. The following is the working principle for
each type of inconsistency.

1. Balanced mode 1: this mode is for a single cell to a single cell energy transfer.
Assuming that the power of battery Bl is high, and the power of battery B3 is low, the
equalization system detects that the power difference between the batteries satisfies the
inconsistency condition, and the equalization system is turned on. This process is the
energy transfer between battery Bl and battery B6. Firstly, the MOSFET Q2 is turned on,
and the secondary side winding produces the working current. Part of the electric energy of
battery Bl is stored in the secondary side winding, and the primary side winding generates
voltage due to electromagnetic induction. The working process is shown in Figure 4a. Then,
the MOSFET Q2 is turned off, and the controllable switches K11 and K12 are connected
with the MOSFET Q7 of the primary winding, and the energy of the primary winding is
transferred to battery B6. The working process is shown in Figure 4b. The equalization
process is completed when the power difference between B6 and Bl is reduced to meet
the requirements.

2. Equilibrium mode 2: energy transfer from multi-cell high-capacity batteries to
low-capacity battery cells. Battery B2 has the lowest battery power, and batteries B1 and B6
have relatively high and equal power. When the power range of the battery pack meets
the equalization opening condition, the equalization function is turned on, and the energy
is transferred from battery B1 and B6 to battery B2. Since the inconsistent battery is in
the middle position, the equalization group needs to be randomly matched during the
equalization process. First, battery B6 and battery B2 form an equalization group, and the
energy is transferred from battery B6 to battery B2. The MOSFET Q7 is turned on, and
battery B6 transfers the energy to the secondary winding. After the secondary winding
generates the current, the primary winding generates the voltage due to electromagnetic
induction, and the working process is shown in Figure 5a; the MOSFET Q7 is turned off, Q1,
K3, and K4 are turned on, and the power of the primary winding is transferred to battery
B2, as shown in Figure 5b. At the next moment, batteries Bl and B2 form an equalization
group to transfer the energy between the two cells. First, battery Bl transfers the energy to
the secondary winding, and the secondary winding generates the voltage to the primary
winding through electromagnetic induction. The primary winding transfers the energy to
battery B2 through Q1, K3, and K4. The working process is shown in Figure 3b,c. Batteries
Bl and B3, in turn, form an equalization group with battery B2 for energy transfer until the
battery power range meets the inconsistency requirement, and the equalization function is
turned off.
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Figure 4. The working process of equalization mode 1. (a) Battery B1 discharges to primary winding.
(b) Primary winding discharges to battery B6.

3. Equilibrium mode 3: this mode is suitable for energy transfer from multi-cell
high-power batteries to multi-cell low-power batteries. It is assumed that the power of
batteries B1 and B6 is high and the same, and the power of batteries B2 and B3 is low and
the same. Firstly, two batteries are randomly selected from the high-capacity battery pack
and the low-capacity battery pack to form an equalization group. Firstly, battery Bl and
battery B2 form an equalization group. The equalization method is similar to the energy
transfer method of the single battery to the single battery in equalization mode 1. The
equalization process is Q2 turn-on, the battery Bl discharges to the secondary side winding,
and the voltage is generated in the primary side winding due to electromagnetic induction.
Disconnected, Q1, K3, and K4 are turned on, and the primary winding transfers the energy
to battery B2. The equalization process is shown in Figure 6a,b. At the next moment, the
equalization group composed of B3 and B6 performs the energy transfer. The equalization
process is Q7 conduction, and battery B6 performs the energy transfer to the secondary
winding. Because the electromagnetic induction primary winding generates the voltage,
Q7 is turned off, Q1, K5, and K6 are turned on, and the energy on the primary winding is
transferred to battery B3. The energy transfer equalization process is shown in Figure 6¢,d.
When the batteries satisfy the consistency condition, the equalization system is closed.

For each battery inconsistency, the equalization system uses a corresponding equal-
ization mode, and the above three equalization modes are also applicable to the battery
charging state, discharging state, and shelving state.
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Figure 5. Working process of equalization mode 2. (a) Battery B6 discharges to primary winding.
(b) Primary winding discharges to battery B2. (c) Battery Bl discharges to the primary winding.
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Figure 6. Working process of equalization mode 3. (a) Battery Bl discharges to primary wind-
ing. (b) Primary winding discharges to battery B2. (c) Battery B6 discharges to primary winding.
(d) Primary winding discharges to battery.



Energies 2022, 15, 7226

10 of 25

4. Equilibrium Strategy Design of Equilibrium Control System

The above three equilibrium modes apply to the battery charging, discharging, and
shelf state. For each battery inconsistency, the equilibrium system will use different equilib-
rium modes.

4.1. Selection of Equilibrium Variables in Equilibrium Control System

The inconsistency of the battery mainly refers to the inconsistency of the remaining
capacity of the battery, so the variables of the equalization control system are the parameters
reflecting the battery’s remaining capacity. The terminal voltage and SOC of the battery can
reflect the residual state of the battery [13]. Now, the two battery parameters are analyzed:

1. As shown in Figure 7, the battery voltage plateau exists in the A-B period. The
terminal voltage change is relatively gentle. Even if the SOC changes greatly, the terminal
voltage change is still relatively small. When the SOC is 60% and 55%, the equilibrium
opening condition is satisfied, but the terminal voltage in this state is 3.22 V and 3.215V,
respectively, and the voltage difference is only 5 mV, which does not meet the equilibrium
opening condition. Therefore, if the terminal voltage is used as the equilibrium variable at
this stage, the equilibrium effect will be reduced.

3.4 : :
3.2 B .
SOC60% SOC55%
S 3k '
en
3
5
>
28+
26+ .
1 1 1 1 1 1 1 1 1
100 9 8 70 60 50 40 30 20 10 0

SOC/%

Figure 7. Voltage variation under constant current discharge condition.

2. The voltage also frequently changes under the condition of frequent current changes,
which makes the voltage range of the battery pack unstable and also affects the accuracy
of the equalization control system in judging the state of the battery pack. The change of
S0C is gentle under the condition of frequent change in the current, which can ensure
the stability of the SOC range [14]. The voltage variation under the UDDS condition is
shown in Figure 8a. The part in the frame fluctuates greatly, and the voltage variance is
0.0021. The change of SOC under the same working condition is shown in Figure 8b. The
part change in the frame is relatively gentle, and the variance of SOC is 0.0012. It can be
seen from the curves and data in the figure that SOC can maintain a stable trend under
complex conditions.

3. Using the appropriate estimation algorithm for SOC estimation can obtain a higher-
precision SOC value. Taking SOC as the equalization variable, the SOC estimation algorithm,
and equalization control system combined can improve the equalization control effect.

In summary, SOC can more accurately reflect the remaining capacity of the battery
during the voltage platform period of the battery, can maintain a certain stability when the
current fluctuates greatly, and can obtain more accurate results through the SOC estimation
method. This paper chooses SOC as the equilibrium variable.
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Figure 8. Voltage SOC changes under UDDS conditions. (a) Voltage under UDDS condition. (b) SOC
under UDDS condition.

4.2. The Setting of Judgment Threshold of Balance Control System

The equilibrium threshold is the condition of equilibrium opening and closing. The
equilibrium threshold with SOC as the equilibrium variable can be composed of the extreme
value, average value, and variance of SOC. When the battery works, the equilibrium
threshold is determined by the state of each parameter.

1. The battery in different SOC state terminal voltage is not the same, as shown in
Figure 9. When the battery is in a non-voltage platform, the voltage changes faster. In
the range of 0-20% SOC, 10 points are selected to observe the voltage change. It can be
seen from the data in Table 1 that when SOC > 10%, the voltage change of the adjacent
two points is less than 13 mV, and when SOC < 10%, the voltage change of the adjacent
two points is above 26 mV. For example, the SOC of A battery is 10%, and the SOC of
B battery is 8%. At this time, the voltage difference between the two batteries is 23 mV.
To reduce the voltage difference, an energy balance between the two batteries is needed.
Considering the acquisition accuracy, the SOC range threshold is 1%. That is, when the
battery SOC range is greater than 1%, the battery meets the inconsistency conditions.

2. Itis shown in Section 3.2 that the battery has different working principles under other
consistency states. The relationship between SOC extremum (SOCmax, SOCmin) and SOC
mean is set to determine the conditions for using different equalization working principles.
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Figure 9. Voltage variation under constant current condition.

Table 1. The terminal voltage of the battery when the SOC is 0-20%.

SOC/% 20 18 16 14 12 10 8 6 4 2
Voltage/V 3.144 3.137 3.129 3.121 3.112 3.099 3.076 3.038 2977 2.874
Voltage variation/mV 7 7 8 8 9 13 23 38 61 103

This paper uses six batteries for equalization simulation, which is calculated in the
case of six batteries. The above analysis determines the SOC range threshold, according to
this threshold, to determine the degree of dispersion of SOC. Assuming that the SOC value
of battery B1 is SOC1, let the SOC value of the other batteries be the critical state when the
battery is balanced. That is, let the other batteries be the value when the SOC range of the
battery pack is 1%, and the SOC value of batteries B2-B6 can be SOC1 + 1% or SOC1 — 1%.
According to the value of the equilibrium opening critical condition, the average value of
the battery satisfying this critical strip is obtained, namely the inequality

socl+soc1+soc1+s6oc1+socl+soc1+5°/o > 50C :
socl+soc1+soc1+Sé)c1+socl+soc1—5°/o <30C @

By solving this inequality, we can obtain
|SOC; — SOC| < 0.8%

The results show that when the difference between the battery SOC extreme value
and the SOC average value is less than 0.8%, the battery SOC extreme value threshold is
satisfied. Considering the equalization effect, the threshold between the battery SOC range
and the SOC mean is set to 0.5%. When the battery turns on the equalization function, it
is judged whether the difference between the SOC maximum value, the minimum value,
and the SOC mean value is greater than 0.5%, and the inconsistency state of the battery is
determined according to the judgment result [15].

4.3. SOC Estimation Method

After determining the use of SOC as an equilibrium variable, the SOC estimation
method of the battery is discussed. Based on the current understanding of the current
research status of SOC and the inspiration brought by the literature of this research direction,
the battery SOC is estimated using a model-based estimation method. Firstly, the FFRLS
method is used to identify the model parameters, and then, the EKF method is used to
estimate the battery SOC.
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1.  Equivalent circuit model

The Thevenin model of the second-order RC network is selected as the battery equiva-
lent circuit model, as shown in Figure 10.

Rs Rp

RO |

Ccs I
Us Up Ut
Uoc—=

m |

Figure 10. Equivalent circuit model of second-order RC network.

The system state equation of the model is obtained according to Kirchhoff’s law:

- U,
U, = L — —&

PTG T KRG

7 1 _ Us (2)
Us = ¢ — R

Ut = Uoc — Up — Us — IRy

Uoc is the open circuit voltage, Uy is terminal voltage, I is the working current, Ry, Ry is
the polarization resistance, Cp, Cs is the polarization capacitance, Ry is the ohmic resistance,
Up, Us is the polarization voltage. The ohmic internal resistance, polarization resistance,
and polarization capacitance need to be identified by a certain method, and the open circuit
voltage needs to be obtained by the battery SOC state [16].

2. Model online parameter identification

The internal resistance and open circuit voltage of the battery will change with the
different working environments of the battery, thus affecting the parameters of the battery.
In this part, the least squares with forgetting factor (FFRLS) algorithm is used to identify
the parameters of the equivalent circuit model in real time to enhance the anti-interference
of the battery parameters to the external environment.

The parameter matrix 6 and the observation variable matrix @} can be obtained by the
data during the battery operation. After initialization of some parameters in the algorithm,
the iterative calculation of the FFRLS method can be carried out.

-1
Ky =P @y T[® Py — 1P, + 1]
A A\ A (3)
Ok = O + Ky [y —PucBy — 1]
Py = /ull — K@y Py ¢

In the formula, p is the forgetting factor, Ky is the algorithm gain, and Pk is the error

. . T
covariance matrix. Because 8(k) = [(1—¢; —)Upe xk €1 < 3 ¢4 cs5] , the value
of the parameter matrix is only the intermediate variable in the parameter calculation
process, not the battery parameter. It is necessary to continue to calculate the value in the
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parameter matrix. The calculation method is as follows (4), and Ry, Rp, R, Cp, C; can be
obtained [17].

— “C+tC —¢C5
RO_ 1+cp—¢
_T(l+c— o)
= v 1)
— _ T+l
T+ Tp = — oy ) 4)
— — €@ —C —¢C5
Ry +Rs + Ry, = ero——
RoTs + RoTp + RyTp + RpTg = L& =€)
0ts T ROTp T Rs'lp T Bpls = 7 ¢ —¢,

3. SOC estimation algorithm

The battery parameters obtained in the “2. Model online parameter identification”
section above are applied to the EKF algorithm to estimate the battery SOC. The required
data are the current and terminal voltage when the battery is working. The following is the
iterative calculation process of the EKF algorithm.

X = Ax-1Xx-1 + Bro1uk 1
P~ = AP AT + Qg
€k = Yk - h(s\(]:/uk)
Ky =P " CT(CPCL + R )
XK = )A(lz + Kyex
Py = (I - K Cy)Py

-1 )

In Formula (5), %, is the prior state value of the state vector, X is the posterior state
value of the state vector, P~y is the prior state error covariance matrix, Py is the posterior
state error covariance matrix, and ey is the innovation.

Before the calculation, some parameters in the EKF algorithm should be initialized.
The parameters that need to be initialized are the system state vector a, the error covariance
matrix Py, and the system noise error covariance matrix Qy. Let the error covariance matrix
Py = 011, 01 = 107#, Tis the unit vector. Let the system noise error covariance matrix Py = o05l,
07 = 10°. The system state vector is composed of polarization voltage Us, Uy, and battery
SOC at time k, and the initial value is assigned to the system state vector according to
the actual situation. Through iteration, the system state vector Xy can be obtained, which
includes the SOC estimation results.

The system state vector Xy can be obtained through iteration, which contains the SOC
estimation result [18].

4.4. The Formulation of Equilibrium Control System Strategy

After the equilibrium variables and thresholds are determined, the equilibrium strat-
egy is formulated. First, the SOC of each battery is calculated, the inconsistency state of
the battery is judged, and the balance mode of the battery is selected according to the
inconsistency state of the battery [19]. The flow chart of the balancing strategy is shown in
Figure 11.

First, the SOC estimation method based on FFRLS-EKEF is used to estimate the SOC of
each battery, and the SOC of each battery is obtained. Then, according to the SOC value
of each battery, the SOC extreme value and the SOC average value of the battery pack
are calculated, and it is judged according to the balancing threshold whether the turn-on
condition of the balancing system is satisfied.

1. When the battery SOC maximum and the difference between the SOC minimum value
and the SOC average value is greater than 0.5%, and the battery with the SOC value
of the maximum and the minimum value is a single cell, the equalization of the single
cell to the single cell is started, and the equalization process is equalized.
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2. When the difference between the minimum SOC value and the mean SOC value of
the battery is greater than 0.5%, and the battery with the minimum SOC value is a
single cell, the equalization of multiple high-power batteries to low-power battery
cells is opened, which conforms to the equilibrium mode 2.

3. When the difference between the battery SOC maximum and the SOC average is
greater than 0.5%, the difference between the battery SOC minimum and the SOC
average is also greater than 0.5%, and the battery that takes the SOC maximum and
the battery that takes the SOC minimum is multiple, the inconsistency of the battery
conforms to the equilibrium mode 3.

Estimating per-cell SOC using the
FFRLS-EKF method

Calculate the battery pack
SOCmax, SOCmin and SOC
mean

SOCmax-SOCmin>1% No

SOCmax-SOC average >0.5%
Or the
SOCaverage-SOCmin>0.5%

SOC=SOCmax or
The number of batteries with
SOC=SOCmin>1

A

Open equilibrium mode 1,
Balance between cells

Number of equalized cells > 1

A
Open equilibrium mode 3,
Balance between multiple

batteries and multiple batteries

Open equilibrium mode 2, Balance
between multiple batteries and cells

SOCmax-SOC mean < 0.5 %
OC mean - SOCmin < 0.5 %

Yes

y
Meet equilibrium conditions.
Balance system shutdown

Figure 11. Balancing strategy flow chart.

5. Model Construction of Power Battery Balance Control System

According to the above equalization control system topology, equalization control
strategy, and SOC estimation method, the equalization control system is built in Mat-
lab /Simulink.
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5.1. Bidirectional Flyback DC Converter Module

As shown in Figure 12, this module is the execution part of the balanced topology,
which is responsible for generating the working current, completing the battery energy
transfer, controlling the controllable switches and switches, outputting the battery current,
voltage, SOC, and other functions. The left side of the diagram is a coaxial multi-winding
transformer and controllable current source, and the right side is the battery pack and
control element. The battery pack consists of six battery SOC estimation modules connected
in series. Each battery is connected to the secondary winding of the transformer by
a MOSFET and to the primary winding of the transformer by a controllable switch [20].
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Figure 12. Bidirectional flyback DC-DC converter module.

5.2. Battery SOC Estimation Module

As shown in Figure 13, this module consists of three parts, namely: the battery
equivalent circuit part in (a), which receives the external current, calculates the battery
terminal voltage, output current, and terminal voltage through the parameters of FFRLS
and open circuit voltage [21]; (b) this is the online parameter identification part of the
FFRLS method, which receives the battery current and terminal voltage for parameter
estimation and transmits the parameters to the equivalent circuit model part and the EKF
estimation part [22,23]; (c) is the EKF estimation part, which receives the current, terminal
voltage, and battery parameters. SOC estimation is then performed.

The battery parameters are set according to the data in Table 2.
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Table 2. Battery parameters.

Type Voltage Rated Working Standard Charge
M Range Capacity Temperature Discharge Current
lithium iron 25V-42V 60 AH —20-50 °C 30A

phosphate battery

6. Simulation Verification and Result Analysis of Balanced Control System

After completing the construction of the battery equalization system model, the model
is simulated under multiple operating conditions; at the same time, the equalization control
system using the “peak clipping and valley filling” equalization strategy is simulated under
the same working conditions. The simulation results of the two equalization systems are
compared to prove the advantages of the battery equalization system used in this paper.

The initial SOC of the battery is set, and the two equalization control systems are
simulated under charging, discharging, standing, New Europe Drive Cycle (NEDC) and
UDDS conditions.

6.1. Equalization Simulation Verification and Result Analysis of Charging State

Set the initial battery SOC according to Table 3, simulate the two equalization schemes,
and set the charging current to 30A.

Table 3. Initial SOC of battery.

Battery B1 B2 B3 B4 B5 Bé
Initial SOC/ % 70 60 50 40 30 20

Firstly, the equalization scheme of this paper is used for equalization simulation. The
equalization process is shown in Figure 14. Battery B1 takes the maximum value of SOC,
and B6 takes the minimum value of SOC. Battery Bl charges battery B6, which conforms to
equalization mode 1. When battery B1 discharges to point A, battery Bl and battery B2 have
the same SOC value, both of which charge to battery B6, conforming to the equilibrium
mode 2; when battery B6 is charged to the C point, the SOC of battery B5 is the same as
that of battery B5, and both batteries are balanced. Batteries B1 and B2 charge to B5 and
B6, which conforms to the equilibrium mode 3; after the B point, batteries B1, B2, and B3
transfer the energy to BS and B6. At the time t = 1990 s, the SOC range is less than 1%, and
the equilibrium is completed.

100
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30k |
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Time/s

Figure 14. Equalization process in charging state.
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To prove the advantages of the method used in this paper, the equilibrium system
using “peak clipping” equalization strategy is simulated. The “peak clipping” equalization
strategy is used in the battery charging state, which can avoid the maximum capacity
battery from first reaching the charging cut-off condition and stopping charging. It can
be seen from Table 1 that battery Bl takes the maximum SOC. According to the “peak
clipping” equalization strategy, the energy transfer from battery Bl to the battery pack is
required. The equalization process is shown in Figure 15. Battery Bl transfers the energy to
the battery pack through the DC converter. The power of battery Bl decreases, the battery
pack receives the energy of battery Bl and is charged, and the power of the other batteries
in the battery pack continues to increase. At time t = 2320 s, the SOC range of the battery
pack meets the requirements, and the equalization is completed.

100
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80
70
60

SOC/%

50
40
30

20

0 500 1000 1500 2000 2500

Time/s

Figure 15. Equilibrium results of peak clipping scheme under charging condition.

The simulation results are analyzed to obtain balanced data, as shown in the Table 4.
In the scheme of this paper, the energy released when the equalization is completed is
27 Ah, the energy charged is 21.3 Ah, and the equalization efficiency is 79%; after peak
shaving equalization, the consumed power is 60 Ah, the charged energy is 45 Ah, and the
equalization efficiency is 73%. In contrast, in the charging state, compared with the “peak
clipping” equalization, the proposed scheme consumes 55% less power, has 8% higher
efficiency, and 18% faster equalization time [24].

Table 4. Equilibrium result of charging state.

Power Consumed at

SOC Equilibrium Baliar'lcmg Time
Range . Efficiency
/% Completion /% /s
/Ah
Scheme of this article 0.44 27 79 1900
Peak shaving equilibrium 0.48 60 73 2320

6.2. Equilibrium Simulation Verification and Result Analysis of Discharge Phase

The initial SOC of the battery is set according to Table 1, and the two equalization
schemes are simulated. The discharge current is set to 30 A.

The scheme of this paper is as follows: battery Bl takes the maximum value of SOC,
B6 takes the minimum value of SOC, and the maximum value of SOC is greater than 1%.
Battery B1 is balanced to battery B6, which conforms to the state of equilibrium mode 1.
When battery Bl discharges to point A, the SOC values of battery B1 and battery B2 are
the same, and the two batteries charge to battery B6, which conforms to equilibrium mode
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2. When balancing to point C, battery B5 and battery B6 become balanced objects, and
batteries B1 and B2 charge to batteries B5 and B6, conforming to the balanced mode 3; at
point B, batteries B1, B2, and B3 simultaneously transfer the energy to batteries BS and
B6. The battery SOC range is less than 1%; the equalization process is completed. The
equalization process is shown in Figure 16.
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Figure 16. Equalization process in discharge state.

After completing the equilibrium simulation of the equilibrium method in this paper,
in order to compare the equilibrium method of the equilibrium method and the “valley
filling” equilibrium strategy, the equilibrium system of the “valley filling” equilibrium
strategy is simulated. The “valley filling” equalization strategy is mainly used in the
discharge state in order to avoid the lowest power battery first reaching the discharge
end and causing the battery pack to stop discharging in advance. It can be seen from
Table 3 that battery B6 has the lowest power. According to the “valley filling” equalization
strategy, the energy transfer from the battery pack to the low-power battery is required.
After the equalization begins, the battery pack transfers the energy to battery B6 through a
DC converter, and battery B6‘s power increases until it is the same as the other batteries in
the battery pack. The equalization process is shown in Figure 17. At time t = 2800 s, the
range of the battery pack meets the requirements, and the equalization is completed.
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Figure 17. Equilibrium results of filling valley scheme.

The simulation results are analyzed to obtain balanced data, as shown in the following
table. In the scheme of this paper, the energy released when the equalization is completed is
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33.6 Ah, the energy filled is 27 Ah, and the equalization efficiency is 80%. After valley filling
equalization, the consumed power is 65 Ah, the filled energy is 40 Ah, and the equalization
efficiency is 61.5%. In contrast, in the charging state, the proposed scheme consumes 25%
less power, has 74% higher efficiency, and 27% faster time than the valley filling balancing
scheme [25]. The results of the two equalization methods are shown in Table 5.

Table 5. Equilibrium result of discharging state.

SOC Power Consumed at Balancing Time
Range Equilibrium Efficiency Is
1% Completion/Ah 1%
Scheme of this article 0.49 33.6 80 2050
Valley filling equilibrium 0.5 65 61.5 2800

6.3. Equilibrium Simulation Verification and Result Analysis in Standing Phase

The initial SOC of the battery is set according to Table 1, and the two equalization
schemes are simulated. This state is static, and the current is zero.

In the equalization strategy of this paper, the batteries with the maximum value and
the minimum value of SOC form an equalization group to complete the equalization. In the
beginning, the single battery discharges to the single battery, conforming to the equilibrium
mode 1; at point A, battery Bl and battery B2 discharge to battery B6, which conforms
to equilibrium mode 2; at point B, battery B1 and battery B2 discharge to battery B5S and
battery B6, which conforms to equilibrium mode 3. At the t = 1800 s, the SOC range is
0.47%, complete with equalization. The equalization process in the static state is shown in
Figure 18.
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Figure 18. The equilibrium result of the static state.

According to the initial SOC state, the “peak clipping” method can be selected for
balance. In the “peak clipping” equilibrium state, because the SOC of battery Bl is the
maximum value, battery Bl discharges to the battery pack, the battery pack receives the
energy of battery B1, and the power gradually increases. At 2620 s, the SOC range of the
battery is 0.49%, and the equilibrium is completed. This equalization process is shown in
Figure 19.
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Figure 19. Equilibrium results of peak clipping scheme under Standing condition.

Because the secondary winding of the DC converter model is 2:1, when the power
of the transformer is constant, the ratio of the primary winding current to the secondary
winding current is 1:2, and the current is larger, so the high-battery battery releases the
energy faster, and the low-battery battery receives the energy slower. When the SOC is
about 70%, the equalization process is completed.

The simulation results are analyzed to obtain balanced data, as shown in the following
table. In the scheme of this paper, the energy released when the equilibrium is completed
is 35.4 Ah, the energy filled is 29 Ah, and the equilibrium efficiency is 82%. After peak
shaving equalization, the consumed power is 58 Ah, and the charged energy is 40 Ah, and
the equalization efficiency is 69%. In contrast, in the charging state, the power consumption
of this scheme is 39% lower, the efficiency is 19% higher, and the time is 32% faster [26].
The equilibrium results of the two equilibrium methods are shown in Table 6.

Table 6. Equilibrium result of static state.

sOC Power Consumed at Balancing

Range Equilibrium Efficiency Tllrsne

1% Completion/Ah 1%
Scheme of this article 0.47 35.4 82 1770
Peak clipping equilibrium 0.49 58 69 2620

6.4. Equilibrium Simulation Verification and Result Analysis under Different Conditions

In order to prove the effectiveness of the equalization system, two working conditions
of UDDS and NEDC are loaded in the equalization system. After setting the initial SOC
of the battery, the extreme value of the battery SOC satisfies the equalization opening
condition, and the equalization function is turned on. In the equilibrium process of the
two working conditions, at point A, batteries Bl and B2 transfer the energy to battery
B6; at point B, the SOC of battery B5 is the same as that of battery B6, which is balanced
by a high-power battery. At point C, batteries B1, B2, and B3 transfer the energy to the
low-power battery together. The equalization process under UDDS condition is shown in
Figure 20, and the equalization process under NEDC condition is shown in Figure 21.

At 1980 s, the equalization process under the UDDS condition is completed, and the
SOC range of the battery pack after discharge is 0.5%. The SOC of the high-power battery
is reduced by 36 Ah due to equalization, and the SOC of the low-power battery is increased
by 28.2 Ah due to equalization, and the equalization efficiency is 75%.

At 1970s, the equalization process under the NEDC condition is completed, and
the SOC range of the battery pack after discharge is 0.49%. The SOC of the high-capacity
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batteries decreases by 34.2 Ah due to equalization, and the SOC of the low-capacity batteries
increases by 26.4 Ah due to equalization. The equalization efficiency is 74%. Table 7 shows
the equilibrium results under the above two working conditions.
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Figure 20. SOC change process under UDDS condition.
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Figure 21. SOC change process under NEDC condition.

Table 7. Equilibrium results under NEDC and UDDS conditions.

More Energy Released

SOC : Power Consumed  Balancing .
than without SIS . Time
Range Equilibrium at Equilibrium Efficiency /s
1% 9 Completion/Ah 1%
/Ah
UDDS 0.5% 72 Ah 36 Ah 75% 1980s
NEDC 0.49% 63 Ah 34.2 Ah 74% 1970s

The equalization scheme used in this paper has advantages in many aspects compared
with the “peak clipping and valley filling” type equalization method and can achieve the
equalization effect under complex working conditions. Through the equalization results,
it can be found that the efficiency, time, and energy consumed by the equalization of this
method are improved, which can better meet the equalization effect.
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7. Conclusions

Based on the equalization topology of the bidirectional flyback DC-DC converter, this
paper proposes an active equalization topology, which makes the equalization process only
occur between batteries with different power and can realize the equalization between
any batteries. Combined with the SOC estimation algorithm, the simulation model of the
equalization control system is built and verified under various conditions. By comparison
with the “peak clipping and valley filling” type equalization and analyzing the simulation
results, the equalization efficiency of the battery equalization system in the charging state,
discharge state, and shelving state can reach about 80%, which is higher than the “peak
clipping and valley filling” type equalization; the energy consumed in the equilibrium is
lower than that in the “peak load shifting” equilibrium; the equilibrium time is faster. By
comparing the simulation results, it can be proven that the equalization control system
has a better equalization effect and can better solve the inconsistency of the battery at
different stages.
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