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Abstract: As a bi-directional converter, the Buck-Boost converter, which has the advantages of simple
structure and taking the SOC of the battery as the balance variable, is adopted as the balance topology
in this paper. In view of the shortcomings of traditional balance topology, which can only balance two
adjacent batteries, resulting in a long balance time and insufficient balance accuracy, a cascade active
balance charging topology that can balance in intra-group and inter-group situations simultaneously
is proposed. At the same time, the fuzzy control algorithm and model predictive control are used as
the balance control strategies, respectively, to control whether the MOSFET is on or off in the balance
topology circuit. The duty cycle is dynamically adjusted to the size of the balance current to achieve
the balance of the battery pack. The results show that the cascade Buck-Boost balance topology based
on model prediction control can accurately control the balancing current and improve the accuracy
and speed of the balance, and it is more suitable for the actual working process.

Keywords: buck-boost converter; active balance charging; cascade balance topology structure; model
predictive control; balance control strategy

1. Introduction

As the core of electric vehicles, the performance of power batteries has become the main
factor restricting the development of electric vehicles [1]. Due to the influence of factors
such as the manufacturing process, storage environment, and ambient temperature during
use, each battery in the battery pack will decay at different rates, resulting in differences
between batteries and affecting the inconsistency of its performance [2,3]. Under dynamic
working conditions, the consistency of battery pack deterioration is an inevitable process,
which makes the battery’s “effective energy storage” always lower than the “theoretical
maximum energy storage” [4]. Therefore, how to equalize the whole power battery pack
and make the SOC (State of Charge) state of each battery converge to the maximum extent
is the key to prolonging the battery’s service life, which is also the focus and difficulty of
this research [5,6].

At present, research into battery balance technology mainly focuses on the balance
topology structure and balance control strategy. Active balance charging based on a
converter, which is a widely used balance topology, has the advantages of simple structure
and reasonable cost, and its balance ability is not affected by the voltage difference between
cells [7]. Xu et al., proposed a direct cell-to-cell balanced circuit based on LC resonant
transformation [8], which can realize the direct and zero current switching balance of
the cell with the highest voltage to the lowest voltage, and obtain high balance efficiency.
However, this method can only achieve the balance between two cells at the same time,
which is not suitable for large battery packs with many cells. However, this method can
only achieve the balance between two cells at the same time, which is not suitable for
large battery packs with many cells. ]. Sahoo [9] have designed a balance topology based
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on the Buck-Boost transformation, which can realize the simultaneous balance of any
cells to any cells and has high balance efficiency and speed. However, a large number
of switching switches are required, and there are problems such as large circuit volume,
complex control, and low reliability. Therefore, the active equalization topology based on
a converter is suitable for energy transfer between adjacent batteries [10,11]. When it is
applied to a battery pack with many cells, it will lead to slow equalization speed and low
equalization efficiency.

In terms of a balance control strategy, Wu designed an intelligent fuzzy balance control
algorithm to balance the voltage of two adjacent single batteries [12]. Liao L proposed
a battery equalization controller based on fuzzy control [13], and the designed balance
scheme has the ability to maintain the equalized current between the cells in a series battery
pack under different conditions. Wu T. et al. [14] designed a variable domain fuzzy control
on the basis of DC/DC converters to improve the energy efficiency and time efficiency of
the lithium battery balance system. Wang B. et al., studied the realization of balance control
technology by combining neural networks with fuzzy controllers [15], and the team also
proposed the PSO and the variable universe fuzzy control algorithm to control the battery
balance [16]. However, these methods can only control the balance of two adjacent cells
and do not consider the coordination of equalizers in the battery balance system from the
perspective of global optimization [17].

Therefore, based on the Buck-Boost balance structure converter type, a cascade Buck-
Boost balance topology is proposed in this paper, which improves the disadvantage that
the traditional Buck-Boost circuit can only equalize two adjacent batteries. The cascade
structure not only enables the cells of each layer to balance within the layer, but also can
balance with other layers, and the balance speed and efficiency can be improved. At
the same time, the model predictive control algorithm is applied to the balance control
system. The inherent robustness of model predictive control is used to solve the uncertainty
problem in dynamic working conditions, to obtain the minimum optimization performance
in the finite time domain and to achieve the balance of the battery pack with the minimum
number of energy transfers as the goal. The simulation and experimental results show that
cascade active balance charging based on model prediction control can accurately control
the balance current and improve the balance accuracy and speed, and it is more suitable for
the actual working process.

2. Cascaded Active Balanced Topology

This paper uses a bi-directional Buck-Boost converter with a simple structure as a
balance topology circuit. The speed of energy transfer is adjusted by adjusting the PWM
duty cycle.

2.1. Principle of Operation

The cascade Buck-Boost balance topology adopts the hierarchical structure of the
series battery pack. The adjacent single cells form a set of topologies, and the adjacent two
groups form a new set of structures. As shown in Figure 1, Bl and B2, and B3 and B4, form
a set of balanced structures, respectively, and B1 + B2 and B3 + B4 form a set of balanced
structures, and so on.
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Figure 1. Cascaded Buck-Boost balance topology.

When the number of single cells is high, a ring-like structure is formed, which can
be simultaneously balanced within and between groups, with multiple balanced circuits
independent of each other.

Taking a four-cell single-cell series structure as an example, the cascaded Buck-Boost
balance structure works as follows: Assume SOCB1 > SOCB2, SOCB4 > SOCB3, and
SOCB1 + SOCB2 > SOCB3 + SOCB4.

In the inner ring, SOCB1 > SOCB2 allows Q1 to turn on and Q2 to disconnect, and
at this time the single cell B1 to the energy storage inductance L1 charging; then, Q1 is
disconnected, Q2 is turned on, and the inductance L1 charges the single cell B2. The two
MOSEFET driving signals of adjacent single cells complement each other and join the dead
time at the same time. During the dead time, the inductor L1 continues to charge B2 by
renewing the current through the anti-parallel diodes of B2 and Q2, which finally realizes
the SOC balance of two adjacent single cells. Similarly, the balance between single cells B3
and B4 is achieved.

Meanwhile, in the outer ring, since SOCB1 + SOCB2 > SOCB3 + SOCB4 make it
conductive and disconnect, Q1 and Q2 jointly charge inductor L3; then, this makes Q5
disconnect and Q6 conductive, at which time inductor L3 charges Q3 and Q4 simultaneously.
The topology circuits of the outer and inner loops work simultaneously to achieve the
balance of the four single cells.

In any ring, when the two adjacent cells” SOC values or the average SOC are detected
as equal, the corresponding two switching tubes are disconnected. For example, when
SOCB1 = SOCB?2 is detected, Q1 and Q2 are disconnected at the same time, at which time
B1 and B2 are equalized with other cells as a whole.

If the number of single cells on both sides of a set of the topology is inconsistent, the
SOC values of the two batteries are compared to determine whether the balance is needed.
If three single cells are equalized, a group of balanced circuits is formed between single
cells B1 and B2, and a group of balanced circuits is formed between SOCB1 + SOCB2 and
B3. When SOCB1 4 SOCB2> SOCB3 meets the balance conditions, B1 + B2 (as a whole)
and B3 are equalized.

2.2. Main Parameter Calculation of Balanced Topology Result

The frequency and duty cycle of the switching tube need to be taken into account
because overcharging will saturate the inductor, resulting in an excessive inductor current.
If the discharge time is short, then too little of the energy stored in the inductor is transferred,
which will affect the balance speed of the battery pack. Therefore, the size of the inductance
is the core of this scheme. The corresponding inductance can be calculated based on the
control signal period and the maximum balance current.
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The circuit works in the current discontinuous mode, to fully transfer the energy
accumulated on the inductor and achieve zero energy accumulation. When the switch tube
is turned on, part of the energy of the single cell will be stored in the inductance in the form
of current, and the current in the inductance will increase linearly to the maximum value.
The inductance current formula is as follows.

I(t) = /OT uhT(t)dt )

where U}, represents the battery terminal voltage, L represents the inductor, T represents
the switching tube on-and-off cycle, duty cycle D is set no greater than 50%, and when the
time is DT, the current on the inductor reaches its maximum value. The change of current
on the inductor in one cycle can be expressed as:

Up
I=—T 2
: @
Imax - %DT (3)

Balanced circuit PWM control signal frequency f is set to 50 kHz, then the cycle T is
20 ps, the duty cycle is up to 45%, the balance maximum peak current is 2 A, and battery
cell voltage up to 4.2V, so each cycle to the inductor charging time is 9 ps and discharge
time is 11 ps. Combining the above formulas, it can be derived that the inductor L is about
22 uH.

3. Balance Control Strategy of Power Battery Based on Model Prediction Control

To improve the balance speed and efficiency, the size of the balance current is dynami-
cally adjusted according to the difference and mean value of the SOC between cells, which
reduces the balance energy consumption and improves the balance efficiency.

3.1. Basic Principles of Model Prediction Control

The basic idea of model predictive control is to solve a finite time-domain open-loop
optimization problem to obtain a control sequence based on the system state obtained
from measurements at the current moment; however, only the first element of the control
sequence is applied to the system, as shown in Figure 2 [18]. At the next moment, the
process is repeated based on the new measured state. The online repetition of solving the
open-loop optimization problem while predicting the time domain rolls forward to infinity.
Closed-loop control is obtained by solving the relatively easy open-loop optimization
problem. The process mainly consists of a prediction model, rolling optimization, and
feedback correction.

Past [ Future

s=====7"" horizon

A\S Predict Output
Output Variable "

Control Variables Wmal Control Variable

1 1
k K+l K+m K+p
L Control Time |
r 1
Predict Time

Figure 2. Model Predictive Control Schematic.
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3.2. Balance Control Strategy Based on Model Prediction Control

The system dynamics model and the current SOC state of the battery are used to
predict the state of the system and control the corresponding switching tubes for balance
purposes. The difference between the SOC of each cell and the average value of the SOC of
the series-connected battery pack is less than the set threshold in the shortest time.

3.2.1. Model Building

Assume that the battery pack of the balanced system is composed of n cells in series,
with m balanced channels. The variables covered in this section are defined in Table 1.

Table 1. Variable Declaration.

Symbol of Variable Meaning
T Battery self-loss rate
Qc Capacity of Section 1 to Section n of a single battery
T Energy transfer of n series batteries and m equalization channels
Qu The maximum carrying current at equilibrium
At Unit equalization time, related to the switching frequency of
the MOSFET
xn/X SOC value of the battery
uy /U The balance current of each channel after normalization
k Predicted step size

The n-dimensional state vectors x = [x1, X2, X3, ..., xn]T and u = [uy,up, us,..., um}T

represent the SOC of n individual cells in the battery pack and the balance current after
normalization, in which the balance current represents the current supplied by the 1-th
balanced circuit to the i-th individual cell.

The system input is the SOC of each battery, and the output is the balance current. The
number of the input is equal to the number of batteries, and the number of outputs is equal
to the number of balanced circuits.

The standard state-space model expression of the balanced system is expressed as:

x = Ax+ Bu
{ y=Cx @

In Equation (4), A, B and C are all n x n matrices, as shown in Equations (5) and (6).
A= (1—-1)I )

T describes the self-loss rate of the battery and takes a very small value. When 7 =0, it
means that the self-loss of the battery is neglected in the balance process. I;;x,; means n X n
unit matrix.

B = Q:'TQuAt (6)

Qc is a diagonal matrix representing a single cell’s capacity from 1 to n.

C; 0 -+ 0
0 C -+ 0

Q=|. . | e R )
0 0 - G,

T represents the relationship between n series batteries and m balanced channels to
describe the transfer amount during balance in a series battery pack. K represents the
number of equalization layers, and the specific matrix form is selected according to the
number of battery equalization segments. In the design matrix, it is also necessary to ensure
that the sum of battery equalization coefficients in each column is 0. Where T € R"*"", the
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balanced transfer matrix T is written according to the modified Buck-Boost balance circuit,
as follows.

1
- e
2 4 2 ‘The number is
1 1 .
1 - 3 : P
L
4
1

2
I f =
1 1
! 2 4 7
1 . The number is
Z N } zkf\
1 1
4 o2
_1 1
2 4 T
1 1
- 2 3
1
2
1 1
2 4 2
1 1 1
2+ 2 7
. . . The number is
1 1t 1t S
nmod g* -2 nmod g* -2 nmod 2_* -2+ The number s
1 : : : nmod 2~ -2
0 . I S, .
nmod2* =2+ nmod2* — 2" nmod 2" —2*" |

Establishment Condition: Li > 2kt
2 8

Among them, a = 2k % [%],b = {Z”—k}

Qy represents the maximum balance current from channel 1 to channel m, in which

m=2(n—1). u=[uy,uus,..., um]T represents the balance current of each channel after
normalization, and the actual balance current can be expressed as:

Qu *u(t) € R™ ©)
Among them,
L 0 --- 0
0 L -~ 0
Qu=1|. . . .| eR™ (10)
0 0 - I

At represents the unit balanced time, related to the switching frequency of the MOSFET.u(t)
indicates the current battery status. u(f) > 0 means to charge the battery, #(t) < 0 means to
discharge the battery, and u(t) € {u e Rm*1 ] —1<u< 1} means that the balance current
of each channel is limited. C = I;;xy, y represents the SOC state change.

{ x(k) = Aix(k—1) + Byu(k—1) 1)
y(k) = Crx(k—1)

where, t( is the sampling time, A; = I, + Atp, By = Btg and C; = Ct,.
For discrete systems, the balance ends when the final state of the balance satisfies
Equation (12).
x1(K) = x2(K) = ... x4(K) (12)
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To further explain the process, take the discharge of four batteries. Where n =4, m =3,
and K = 2, the current T-matrix can be obtained as:

(13)

Then, we can obtain the B matrix, which is the balance change amount of the SOC.

- 0 -—in
L 0 -ip 1
B= 2731 At 14
0 -L 1L Qc (14)
0 L iL

From the Equations (13) and (14), we can see that the current I; in channel 1 balanced
battery 1 and 2; the current I, in channel 2 balanced battery 3 and 4; and the current I3
between the two channels also completes the balance between channels.

However, Equation (12) can only be taken as an ideal state because of factors such as
the acquisition error in the balanced system and the inefficiency of the balance transfer
between the monomers.

The battery balance problem can be converted into a problem of minimizing the value

of the battery SOC difference ‘ ‘x(k) —x(k) ‘ ‘, which denotes the average value of battery
SOC; therefore, the objective function is set as (13).

min Y (x(k) - x(6) (15)

The balanced end threshold is set to y(t) :‘ ‘x(k) —x(k) ‘ ‘S 0.5%, which uses the L2
norm. The expression that outputs y(t) is as follows:

X1 X0t Xy

vy il " 1 ' 1 %_ 1 .. % zl
w=| T Tl=| T T erm g
SR I O N |
System constraints are (17).
min](x(k), Au(k), m,n)
0<x(k+1)<1
s.t. Lu(k) =0 (17)
lu(k)] <1
Among them, k =1,2,---K,L=1[1,-1,1,-1,...,1, =1}, ..

x(k + 1) because the SOC is between 0 and 1; LU (k) = 0 because we expect the current
of each channel to be 0 after equalization; u represents the normalized current magnitude,
and absolute value is used to consider the direction.

The linear MPC design uses quadratic optimization, including the cost functions
x;'Qxy for state variables and u;’ Ruy for control variables.

Jny = miny  (x¢'Qxr + s’ Ruy) (18)
=k
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y(k+1k)
y(k+2[k)

y(k+.N|k)

At time t, the optimization objective function of the rolling horizon step is N, and the
purpose is to make the state quantity x and the control quantity u as small as possible. It
can be achieved by using the least amount of energy to stabilize the system state quantities
to zero as soon as possible.

3.2.2. Rolling Optimization

The rolling time-domain method replaces the future state variables and controls the
balanced system. The predictive state expression of the balanced system is (19).

A B(k|k) 0 0 u(k|k)
A? AB(k|k) B(k + 1|k) 0 u(k + 1[k)
-yl + : : . ' : (19)
AN ANfl.B(k|k) AN*ZB{k+1|k) B(k+N—1|k) u(k+N—1|k)
System constraints are (20)—(22).
0<Y(k+1)<1 (20)
LU(k) =0 (21)
Uk <1 (22)

Among them, L= diag{L1, Ly, ...,Lx}. The future state quantities after the trans-
formation are substituted into the optimization objective and can be solved. Replace the
optimization objective function with all expressions about the optimization objective u;
and the current state yy.

Jixn) = minY’QY + U'RU (23)

Y represents the predicted battery SOC, as shown on the left of Equation (19). U
represents the output balance current, as shown on the right of Equation (19).

Q and R are the optimized cost coefficient matrices after augmented transformation.
The quadprog function is used for quadratic optimization in MATLAB.

[y, foal,exitflag] = quadprog(H, f, A,b, Aeq, beq, 1b, ub, yo, options) (24)
minly'Hy + f'x (25)
y 2
Ay <b
s.t.{ Aeqxy = beg (26)
Ib<y<ub

The quadprog function converts the optimization equation into a standard quadratic
form for solution, as shown in Equation (25). The function is to find the magnitude of
the required equalization current when the difference between the battery SOC and the
average value of the whole group SOC is close to 0.

Substituting x(t) into the expression yields.

Jixn) = (A + B u)/Qf(AJ/ ¢+ BU) + U'RU 27)
= U'(B'QsB + Ry)U + 2y, A'QBU + y, A'Q Ay,

U is the optimization objective, and the third term is not related to the optimization
objective, so it can be omitted. o

H=2(B'QB+R) (28)

f = (24, A'QB) (29)

The flow chart of the balance control strategy and the model prediction process is

shown in Figure 3. First, the SOC value of each battery is obtained. Secondly, it is judged
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whether the SOC difference between adjacent batteries is greater than 0.5%. When the
difference is greater than 0.5%, model predictive control is used to balance the batteries.
The specific method is the output SOC value of each moment under N steps, and the SOC
value of the first step is taken as the return value. Then, the output SOC value is constantly
corrected by controlling the equalization current.

K=0

Get SOC
values

v <0.5%

N

Solving the programming problem with
constraints gives u(k)

Equalization
current control

Y
K=K+1 Equilibrium
N =N-1 End

Figure 3. Flow chart of the balance control strategy.

The size of the balance current is achieved by controlling the duty cycle of the MOSFET.
The duty cycle is calculated by first calculating the difference between the current inductor
current and the current obtained by the MPC, and then dividing the difference by the
maximum current the inductor can carry to obtain the duty cycle required. This method
can quickly change the value of the balance current.

4. Experiments and Result Analysis

The static balancing of four series batteries, ignoring the battery self-discharge effect
with a short time, and online access to the SOC value, are the balanced quantitative
indicators of the balance control strategy and the input variables of the balance system. The
initial values of SOC of every single cell were set to 51.5%, 50.5%, 49.5%, and 48.5% under
the condition of battery resting, and other related parameters were as shown in Table 2.
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Table 2. Relevant parameters in the balance control design.

Category Value
Battery Capacity Qc 2600/mAh
Nominal Voltage V 3.7/V
Maximum Balanced Current I 2/A
Balanced Inductance L 22/uH
Switching Frequency f 50/KHz
Maximum Duty Cycle D 45%
Sampling Time t 1/s
Balanced Objective 0.5%

Four single batteries were connected in series to the cascade Buck-Boost balance
topology based on fuzzy control and model prediction control for simulation. Figures 4
and 5 show the simulation results, where the abscissa represents the equalization time and
the ordinate represents the SOC value of the single battery.

51.5

51

50.5 [--

50

SOC(%)

49.5

49

Lo

48.5

200

s

300 400
Timels

500

Figure 4. Simulation of cascaded Buck-Boost balance circuit based on fuzzy control.

52

100

B1
rrrrr B2
B3
......... B4

200

1

300 400 500

Time/s

Figure 5. Simulation of cascaded Buck-Boost balance circuit based on MPC.

The MPC algorithm and simulation model are built according to each parameter index.
The parameters of the MPC algorithm are described as follows.

10 0 0 —1x107°

01 00 1x10°°
A= 001 0|87 0

0 0 0 1 0

0
0
—1x107°
1x107°

—5x 106
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0.9 100 0
10 0
0.8 010 0
H0=1071'L= 10 0 1 0 'R[g é (1)]
0.6 000 1
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The simulation results show that before the balance starts, SOCax — SOCppin = 3%. The
remaining power of each cell with large differences in the initial state gradually converges
during the balance process. From the simulation time analysis, when the balance time
is T = 358, the SOC of the cascaded Buck-Boost balance circuit based on fuzzy control is
highly consistent, and the balance stops; and in the cascaded Buck-Boost balance circuit
based on model prediction control, when the balance time is T = 151 s, the SOC of the four
batteries in series reaches a high degree of consistency, and the balance is over. At this
time, both algorithms can enable the system to achieve the desired goal of balance. From
the simulation effect analysis, the balance scheme based on model predictive control can
flexibly estimate the balance current and then accurately control the duty ratio of MOSFET.
The single battery does not repeatedly charge and discharge, the balance curve is well
fitted, and the balance efficiency and speed meet the expected indicators.

From the balance efficiency analysis, at the beginning of the balance, the SOC of the
series battery pack is displayed according to the average value of the SOC of the cells
in this group. Due to the ‘bucket effect’, the available capacity of the four-cell battery is
determined by the cell with the lowest energy. At this time, the actual SOC is 48.5% and
the actual available capacity is 1261 mAh, resulting in the driver being unable to accurately
provide the remaining battery power. After the cascaded Buck-Boost balance circuit based
on fuzzy control, the SOC = 49.7%, the available capacity is 1292.2 mAh, and finally the
available capacity is increased to 31.2 mAh. After the cascaded Buck-Boost balance circuit
based on model predictive control, the SOC = 49.66% and the available capacity is 1291.16
mAh, with a final boosted available capacity of 30.16 mAh.

Under the condition that the balance efficiency is basically the same, the cascaded
Buck-Boost balance circuit based on model prediction control has a significantly faster
balance speed and is more suitable for the actual working process.

Combined with the simulation circuit, the schematic diagram of the balance circuit
is designed. As shown in Figure 6, the MOS tube with small conduction impedance and
a large working voltage and current—IRF3205—is selected. According to the conduction
voltage drop and the maximum freewheeling requirements, we selected a 16 CTQ100
diode. Through the TLP250 optocoupler isolation of the power circuit and control circuit,
we effectively avoid interference from the power circuit to the control loop; the selected
magnetic ring inductor has an operating current up to 2 A, which can efficiently store
energy to achieve energy transfer. The model predictive control was transplanted to STM32
to complete the equilibrium experiment.

pari FL__
—
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1 C2
n T
| : —
PWM UP | s Kol ;Rl = =
:‘ ANODE VO (’_I ] D2
N ———— GATHODEVO -2 SR ) )
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L1
Header 3 F2
TN R — SL2a
P2 ”
PWM UP
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[ PWMD vz ——C3——C4 [
Header 2 : vcc -2 . ‘
PWM DN 2 :Q’ODF \58 7 ! - |
L+ GatHopEvo e T i
O | ’

@
D4
C  GND 2
Bats B
T

Figure 6. Hardware schematic of the balanced circuit.

To further verify the flexibility and accuracy of the cascade active balance method
based on model prediction control, several possible inconsistencies are simulated. That
is, the inconsistencies in different SOC stages, the uniformity of SOC differences between
any monomers, and the non-uniformity of SOC differences between any monomers. The
specific simulation is shown in Figure 7.
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Figure 7. Battery SOC curve at different states of balance.

Figure 7a—e said the battery under the MPC from different SOC to balanced and
consistent. In order to further describe the equilibrium process in the experiment, the SOC
range before the balance was set as SOCmax-SOCmin and the average SOC of the series
battery pack was SOC. The balance results under different states are shown in Table 3.

Table 3 shows the comparison of the battery pack information before and after balanc-
ing for the five groups of inconsistent batteries at rest. It can be found that the maximum
SOC difference among the listed cells is 13% and the minimum is 0.6%. The size of the
difference affects the balance speed: the smaller the difference, the faster the balance speed,
and vice versa. At the same time, the larger the range, the more the battery capacity can
be improved after the balance; the smaller the range, the less the battery capacity can be
improved after equilibrium. The balance control method designed in this paper can effi-
ciently improve battery pack inconsistency in different states, effectively improve battery
pack capacity utilization, extend range, and increase battery life.
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Table 3. Battery balance results under different states.
Battery SOC (%) Useﬁ.ll Increas.ing
Battery State Time (s) Capacity Capacity
Battery1  Battery2  Battery3  Battery 4 Range Mean (mAh) (mAh)
Before
a balanced 9 98 97 %6 3 97:5 237 2496 32.708
After
97.261 97.259 97.259 97.155 0.006 97.258 2528.708
balanced
Before
b balanced 75.8 75.4 75.3 75.2 0.6 75.425 7 1955.2 440
After 75.374 75.37 75.37 75.368 0.006 75.37 1959.62
balanced
Before 51.5 50.5 495 485 3 50 1261
c balanced ’ ’ ’ ’ 233 30.42
After
49.67 49.67 49.67 49.67 0 49.67 1291.42
balanced
Before
27 1 1 14 1 2 4
d balanced 9 0 3 0 1618 36 122.72
After 18.723 18.72 18.72 18.718 0.005 18.72 486.72
balanced
Before 9 6.4 6.3 6.1 29 6.95 158.6
e  balanced ’ ’ ’ ' ’ 625 ’ 14.04
After
6.642 6.640 6.640 6.638 0.004 6.64 172.64
balanced

5. Conclusions

In this paper, aiming at the deficiency that the traditional balance topology can only
balance two adjacent single cells, an improved balance topology is designed, and model
prediction control is used as the balance control strategy to control the MOSFET duty
cycle in the balance circuit. By building a simulation model and actual balance circuit on
the Simulink platform, the balance circuit and control strategy designed in this paper are
verified theoretically and experimentally. The results show that model prediction control
reduced the balance time by 207 s compared with the fuzzy control algorithm, reaching
the same balance value with a maximum error of 3% in the SOC. Moreover, the improved
Buck-Boost balance topology based on model prediction control increased the available
capacity of the battery by 122.72 mAh when the maximum SOC difference of the four
batteries was 13% and the minimum SOC difference was 0.6%. Compared with the fuzzy
control method, this method is faster, effectively improves the available capacity of the
battery pack, and prolongs the battery range and service life.

In this study, external factors (such as the ambient temperature and humidity of the
working battery) may have affected the efficiency of the balanced battery, but this paper
gave priority to the influence of battery working current and working voltage—the two
most important factors for balance efficiency. The subsequent work will gradually take into
account the influence of external factors on balance efficiency. An electric vehicle drives in a
complex and dynamic “human-vehicle-road” closed-loop system, and it is difficult to meet
the needs of modern intelligent electric-vehicle technology to balance power battery control
with a fixed control strategy. This will be the main direction of this paper’s future work: to
balance the battery pack with the driver’s intention, vehicle condition and road condition
data obtained from online intelligent identification, and to realize the optimal management
of battery packs under different operating conditions under the unified framework of
“person-vehicle-road”.
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