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Abstract: Assessing the performance of active balancing methods poses a significant challenge due to
the time required to replicate the equalization of various balancing techniques under identical initial
cell conditions. Conventional circuit simulation methods, designed for high-frequency switching
behavior, impose a considerable computational burden when applied to the long-term equalization
of battery cells. To address this challenge, this paper presents an efficient performance evaluation
method employing an average equivalent model of the equalizers. By representing the charge transfer
mechanism inherent to the equalization process, the proposed approach is compatible with the most
widely used switched-energy-tank equalizers. The validity of this method is confirmed through
simulation and experimental results. In the case of four series-connected battery cells, our proposed
approach can assess the performance of a three-hour equalization process in just one minute of
execution time. The use cases in the paper highlight the practical feasibility of the AM in facilitating
performance comparisons of SET-Es under various initial conditions.
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storage systems (BESSs), since they take over 50% of the cost breakdown analysis [1]. To
make a battery pack, battery cells are connected in parallel to enlarge the pack capacity and
in series to increase the operating voltage of the battery pack. For illustrative purposes, an

EV battery pack consists of various modules connected in series. For one battery module,
if m cells are connected in parallel to form a group or a brick and n groups are docked in
series, this configuration is called an nSmP module. While these cells undergo screening
and classification for their characteristics before assembly [2—4], inherent manufacturing
tolerances result in performance disparities [5,6]. As time elapses, the influence of aging
exacerbates these discrepancies, thereby raising the risk of partial overcharging or over-
discharging within individual cells [7,8] in both series and parallel connections. Since the
number of series connections is much higher than the parallel connection number, the cell
inconsistency in series connections is more serious [9].

Many research efforts have observed the importance of battery equalization for the
performance of the series battery string. The equalizing techniques are classified into
passive and active methods [10-12]. Although passive methods are widely adopted in
industrial applications, the energy dissipation scheme suffers from poor equalizing speed
Attribution (CC BY) license (https:// ~ and efficiency [13-16]. On the contrary, various active equalization methods have been
creativecommons.org/licenses /by / introduced to overcome the disadvantages of passive methods. Active methods transfer
40/). energy from high-voltage cells to low-voltage cells via an energy tank. Such an energy tank
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can be a converter [17-23], an inductor in the switched-inductor equalizer (SI-E) [24-26],
a capacitor in the switched-capacitor equalizer (SC-E) [27-31], or a resonance circuit in
the switched-resonance equalizer (SR-E) [32-34]. Due to their high equalizing capabilities
and efficiency, as well as the similarity of their operations, they can be referred to as
switched-energy-tank equalizers (SET-Es).

Performance assessment by simulation is a critical step before hardware implementa-
tion in order to minimize the trial and error in achieving a good equalizer design [35,36].
In order to ensure a fair comparison for various equalizers, the simulations are preferred
to the actual battery experiments since it is difficult to completely exclude the extraneous
effects in the actual experiments [37—-40]. Additionally, the simulation is most effective
when testing multiple scenarios with different cell voltage distributions in order to verify
the performance consistency and reliability of the equalizers.

In general, the charge transfer of SET-Es is steered by high-frequency switching of the
equalizer. Thus, the switching-model-based simulation of SET-Es usually requires a small
simulation time step size [41]. Therefore, a long execution time is needed to complete the
hours of the equalizing process [42]. In addition, large computation and memory resources
are required to process the simulated data [43—45]. Therefore, exact switching simulations
in the most popular circuit simulators such as PSIM, Plecs, or MATLAB are not so effective
in assessing a long-term battery equalizing process [46—48].

Two viable approaches to mitigate the issue are battery capacity scale-down and
hardware-in-the-loop simulation. The most simple approach is the scaling technique,
where the battery capacity is scaled down to accelerate the equalizing process; thus, the
execution time can be reduced [33,49]. For a similar purpose, the battery is replaced by
a capacitor with a large capacitance value to simplify the battery behavior to reduce the
overall computational burden. However, the behavior of the equalizer in the miniaturized
system deviates from the original one [50].

On the other hand, real-time simulation based on hardware-in-the-loop (HIL) equip-
ment, such as Typhoon HIL, RT-box, or OPAL-RT, can be an alternative way to accelerate
the equalizer simulation [42,51,52]. By virtue of their strong computation power, without
capacity scale-down, the execution time exactly reflects the simulation time. However,
the equipment is costly, and the number of circuit components to be simulated is usually
limited by the number of computational cores in the HIL equipment. Furthermore, the
real-time simulator only guarantees an execution time equal to the simulation time, which
remains inefficient for testing multiple cell balancing scenarios and prolongs the develop-
ment process. For an illustration, the following assumptions should be taken into account.
If 1 A constant current equalizes 100 Ah battery, days of execution time are required to
finish a single process, and more time is essential for the multiple test scenarios.

Like the state-space average model that substitutes the switching cell in the DC/DC
converter, it is necessary to represent the switching elements in the equalizer by an average
model to accelerate the simulation for evaluating the long-term equalizing performance
under various scenarios [53-57]. Furthermore, the average model should be universal,
such that it is compatible with the most popular SET-Es. Although conventional studies
of the dedicated models for the individual equalizer topology exist, a versatile average
model should be developed to fairly compare their performance under different scenarios
with a fast execution time. Therefore, this paper introduces an average model (AM)-based
simulation that will accelerate the long-term simulations for effective evaluation of the
equalizing performance. This paper proposes an accelerated performance assessment for
the switched-energy-tank equalizers. In the remainder of this paper, Section 2 describes the
proposed AM simulation, Section 3 verifies the feasibility with several comparative tests,
Section 4 provides the use cases of the AM to assess the equalizing performance in various
test scenarios, and Section 5 draws the conclusions.
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2. Accelerated Performance Assessment of the Long-Term Operation
2.1. Model Configuration

As mentioned, the SET-Es are the most effective methods among active balancing
catalogs. Although various topology configurations and control principles for SET-Es have
been introduced, they have a similar energy exchange mechanism. For illustrative purposes,
the following topology configurations are assessed in this paper: the switched-inductor
equalizer (SI-E) [24], the switched-capacitor equalizer (SC-E) [27], the switched-resonance
equalizer (SR-E) [32], and the switch-matrix capacitor equalizer (SMC-E) [31]. Based on the
step-by-step operation in Figure 1a—d, the energy exchange mechanism of the SET-Es can
be presented as the simplified circuit for two adjacent cells in Figure 2a, where an energy
tank acts as an energy carrier. Assuming that cell By has a higher energy level than cell B,,
one equalizing cycle is divided into two phases.

e  Phase A: In Figure la—c, the switches S;H and S;H are turned on, and thus, the
energy tank is charged from cell B;. By the same token, the switches S1H and S;L are
activated for the SMC-E, as in Figure 1d. In the sense of average, the energy tank is
charged by an average equalizing current, I;;1.

e  Phase B: The switching pattern is changed to transfer the energy from the energy
tank to cell By. In Figure la—c, the switches S1L and S, L are activated while the other
switches are turned off. Similarly, the switches S, H and S, L of the SMC-E in Figure 1d
are turned on to do the same task. Likewise, cell B; is charged by an average current,
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Figure 1. Operation principle of various equalizers: (a) SC-E [27], (b) SR-E [32], (c) SI-E [24],
(d) SMC-E [34].
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Figure 2. Evolution of average model of SET-Es: (a) simplified circuit for SET-Es, (b) conventional
equivalent resistance model, (c) proposed AM.
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By alternating phase A and phase B, energy is gradually transferred from the high-
voltage cell to the low-voltage cell. Depending on the control algorithm, the energy transfer
process can be executed either in an autonomous or governed way.

In order to average the circuit in Figure 2a, the equivalent resistor, Rpg, model is
proposed in [58,59]. In this model, the switching block SET-E enclosed by the dashed box
in Figure 2a is replaced by an equivalent resistor in Figure 2b, so that the energy exchange
occurs due to the voltage difference between the two cells. However, the average balancing
currents of two cells are arranged to be the same in this model, which is far from the
operation principle of the SET-Es. Since the average value of the tank current, iy, is not
completely zero, the balancing currents of the two cells can be different from each other.
Furthermore, the R model only considers conduction losses; it fails to accurately describe
the equalizing process [54,60].

Instead, the equalizing process should be represented by the amount of charge that
flows into or out of two cells. In the proposed average model (AM) shown in Figure 2¢, two
controlled-current sources, I;,¢1 and 5,42, are utilized to emulate the energy exchange. The
direction of two dependent current sources in the model denotes the discharging current
for each cell. Hence, the actual direction of the equalizing current will be determined by the
sign of the voltage deviation between two cells. A detailed analysis is provided in Section 2.2.

Since one AM block represents just one equalizer block consisting of two switches and
one energy tank, the topological configuration and control strategy determine the required
number of AMs. For the purpose of illustration, the AM is applied to the various SET-Es, as
shown in Figure 3. For the single-tier autonomous equalizer types, such as SI-E, SC-E, and
SR-E in Figure 3a, a string of N battery cells requires (N — 1) blocks of the AM to represent
the equalizing process between the adjacent cells. On the other hand, the governed SET-Es
are replaced by just one AM block and a switch-matrix to route the energy transfer path, as
in Figure 3b. In this case, the energy is transferred directly from the highest-voltage cell to
the lowest-voltage cell by virtue of the switch-matrix function.
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Figure 3. SET-Es and their AM representations: (a) single-tier SI-E, SC-E, and SR-E; (b) SMC-E.

2.2. Average Model Derivation

A critical step in constructing an AM is identifying the average current flowing in
or out of the cell during the equalizing process. In this subsection, the average current is
formulated for various balancing schemes.
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2.2.1. Switched-Capacitor Equalizer (SC-E) and Switch-Matrix Capacitor Equalizer (SMC-E)

In terms of the operation principle, both SC-Es and SMC-Es have a similar switching
scheme, which can be represented by the equivalent circuit in Figure 2a. In more detail,
the theoretical waveform in Figure 4 shows the voltage and current of the capacitor. We
denote Rj and R; as the total circuit resistance, including the wiring resistances, the battery
internal impedance, the ESR of the energy tank, and the on-resistance of the MOSFET. Since
the energy tank in the SC-E and SMC-E is a capacitor, we can denote 71 and 1, as the R — C
time constants and v.(t) as the instantaneous voltage of the capacitor at ¢. Please note that
fo to t; demonstrate phase A of the equalizing process, f; to t3 reflect phase B, while t; to f,
and t3 to t4 are the deadtime between the two phases. Therefore, the instantaneous current
in cell #1 is expressed as

= Rlcl (1)
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t) = . 2
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Figure 4. Theoretical waveform of the SC-E and the SMC-E.

Next, the amount of charge stored in the capacitor from cell #1 is calculated by

ty
Qin :/ iy (t)dt

fo

= (Vi ~ welt0) |1 - exp (2 )| ®)

fszl

where f;, is the switching frequency of the switches and D; is the duty cycle ratio of the
phase A (t =ty ~ t1).

Similarly, the instantaneous current and the charge increment of cell #2 are calculated,
respectively, by

T = RyC, (4)

ia(t) = ey (2 ®)
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t3 )
Qout :/ lz(f)df
5]

= C(vc(t2) — Vpa) [1 - exp<fstT22>}exp<2f::T2)

where D is their duty cycle ratio of the phase B (f = t; ~ f3). In most cases, the time
constant 73 and T, are much larger than the period of one equalizing cycle. Hence, the
average capacitor voltage is approximately equal to the duty weighted time average of two
cell voltages.

(6)

D1V + D2 Vg
Vc_avg = Dl T DZ . (7)
Furthermore, if the duty ratio of phase A and phase B of the SC-E and the SMC-E are

equal, D; = Dy, the average voltage becomes V. g = M. Therefore, the averaged
balancing current of cells #1 and #2 are calculated by

ﬂvgl anfsw = CfSZU(VBl — VBZ) |:1 _ exp( —Dy >:| (8)

fszl

and

Lavga = =Qout fsw = Cfsw(VBz — Vp1) [1 —exp <fsz22 > } exp <2f:w1T2 ) 9)

By applying (8) and (9) to the AM in Figure 2c, the equalizing process can be simulated.
The direction of the equalizing currents, I;ye1 and Iyy42, is decided by the voltage difference
between the two cells. Hence, cell #1 is discharged by I;,,1 while cell #2 is charged by
Ipyg2- The amplitude and the direction of the average equalizing currents are continuously
updated by (8) and (9) during the simulation.

2.2.2. Switched-Resonant Equalizer (SR-E)

The SR-E is an extension of the SC-E, where one additional inductor, L, is connected in
series to the equalizing capacitor for the resonant operation. The charge transfer process is
similar to the SC-E. Note that the damped resonant frequency for the m-th cell is

/1
Wym = E - ﬁZm (10)

R
where B, = ﬁ with (m =1, 2), and R, is the loop resistance. Then, the charge increment

and decrement in the capacitor are calculated by

Qun = C (Vi = Vewg) |1+ exp (L7 )] an
Qout = _C(chavg - VBZ) {1 + €XP< aljzz )} (12)

By the same token as the SC-E in Section 2.2.1, the average equalizing currents of the
cells are expressed by

laogt = 5Cfoul Vit — Vi) [1 +exp (_ﬁl”)] (13)

Wr1

Lovgo = %Cfsw(VBz — Vp1) {1 +exp (_‘an)] (14)

W2
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2.2.3. Switched-Inductor Equalizer (SI-E)

In the SI-E, two switches and one inductor operate as a buck-boost converter. The
average inductor current is studied in [24] and is summarized as follows:

DVp; — (1 —D)Vp,

D2(Ry 4+ Rp) 4+ (1 = D)?(Ry + Ry) (15)

Ir =

where D is the duty ratio of phase A; Ry and R; are the total series resistance, including
on-resistance of the switch and the battery internal resistance for each cell, respectively; R}
is the internal resistance of the inductor. Therefore, the equalizing currents of two cells are
calculated, respectively, by

Iuvgl = DI, (16)
Im}g2 = _(1 - D)IL' 17)

3. Model Verification

In Section 3.1, to test the accuracy of the proposed AM, the cell voltage profiles obtained
by three different methods—hardware experiments, a switching model implemented on a
real-time simulation system (RTSS), and a proposed model implemented on PSIM—are
compared for SMC-E topology. In Section 3.2, the AM is applied for various topological
configurations, and the simulation results of the proposed model are compared with those
of other conventional methods.

3.1. Validation of Model Accuracy

To assess the accuracy of the proposed average model, the cell voltage profiles are
compared for the SMC-E. The profiles are observed from the equalizing process by the
hardware experiment, by the switching model using the RTSS, and by the AM using
the PSIM. In every test, 4 h (14,400 s) of the equalizing process for a 4S1P battery string
(four cells are connected in series) is evaluated, and the test setups of each platform are
illustrated in Figure 5a. In the tests, the RTSS is implemented by the Typhoon HIL 602+
system, which provides the battery model and the switching model of the equalizers.
One second of simulation in the RTSS corresponds to one second in real time. Thus, the
execution time of the RTSS can be used as a reference for the speed comparison. The battery
models in the RTSS and AM are configured based on the characteristics of the 18650 NMC
3.6 V/2.6 Ah cells. In the hardware experiment and the RTSS, the cell voltage profiles are
recorded by a data logger and then are plotted by MATLAB software, version R2022B.
Similarly, the cell voltage profile of the AM is plotted directly by the PSIM simulation
software, version 2022.2.

In every test, the switching frequency is 20 kHz, the duty ratios of two phases, D1 and D,
are evenly set to 0.45, the equalizing capacitance, C, is 2200 pF, and the series circuit resistance
in two phases, Ry and Ry, is 0.2 (). In addition, the initial SOC levels of the cells are set to
SOCy, 2, 3,4 = 65, 58, 40, 70 [%]. To set the initial SOC levels of the cells in the hardware
experiment, the cells are fully charged and then discharged to those SOC levels.

The cell voltage profiles obtained from the hardware experiment, RTSS simulation,
and AM simulation are illustrated in Figure 5b—d, respectively. The trend lines of the
profiles show a homogeneous equalizing pattern of the SMC-E, where the voltage deviation
between the highest-voltage cell and the lowest-voltage cell reaches less than 50 mV after
nearly the same amount of time for each case. For clearer visualization, the cell voltage
deviation profiles are calculated and illustrated as shown in Figure 5e. The cell voltage
deviation profiles show just a trivial difference between the three methods, which verifies
the accuracy of the proposed model. From the perspective of the execution time, both the
hardware experiment and the RTSS test require approximately 4 h to finish the equalizing
process, while the AM simulation only needs 60 s to do the same task. Therefore, the
proposed method can dramatically accelerate the equalizer simulation.
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Figure 5. Operating profiles during the equalizing process of a 4S1P battery string: (a) test setups of
three platforms; (b) the hardware experiments; (c) the switching model on RTSS; (d) the AM on PSIM;
(e) voltage deviation profiles from three platforms.

3.2. Performance Comparison with the Rpg Model for Various Equalizer Topologies

Once the model’s accuracy of the AM-based simulations for the SMC-E is verified, the
AM-based simulation is also compared with the conventional average method, the Rgg
model, for three other autonomous single-tier equalizers (SI-E, SC-E, and SR-E). Because
the switching model in the RTSS and the hardware experiment show similar performances,
the RTSS-based simulation is utilized as a reference for the other tests.

The main idea of the Rgg model is to average the equalizer as an equivalent resis-
tor [49,59,61]. In this method, the series connection of the cells is transformed into a parallel
connection [62], as shown in Figure 6. The Rgg formula for the various equalizer structures
is inherited and is summarized as follows:

e  The SC-E and the SMC-E [31]:

Dy Dy
1 efmefn —1

Reg = 5 5
PR (A

where the parameters are defined in Section 2.2.1.

(18)



Energies 2024, 17, 631 90f18
e TheSR-E [55]:
1 161 n) ( 1 /3271) ]
Rpg = tanh| —= +tanh| — = 19
e fswc[ ( 2 wn 2 wpp 19)
where the parameters are defined in Section 2.2.2.
e  TheSI-E [24]:
REQ = Ry + (1 — D)Rl + DRy, (20)
where the parameters are defined in Section 2.2.3.
YWW A% - A%
Req 1 Req_» Req_nv-1)
=8 35, ==8; ==Bu

Figure 6. Implementation of the Rgg-based model for the simulation of the equalizing process.

Four equalizers are implemented for a 451P battery string (18650 NMC cell 3.6 V/2.6 Ah)
by the RTSS, Rgg model, and AM simulations. In addition, the circuit parameters are
summarized in Table 1, where f;;, is the switching frequency; L is the equalizing inductance;
C is the equalizing capacitance; Ry and R; are the series resistances, including the parasitic
resistances of the components and wiring; D and D; are the duty ratio for phase A; D,
is the duty ratio for phase B. In every test, the initial voltage of the balancing capacitor,
vc(ty), is set to zero. For the SI-E, SC-E, and SR-E, energy can be exchanged between two
adjacent cells, and thus, the switches are controlled by a complementary PWM signal-pair
to autonomously transfer energy, as in Figure 3a. On the contrary, the SMC-E can directly
transfer energy from the highest voltage cell to the lowest voltage cell by switch-matrix
routing, as in Figure 3b. Considering the inherent speed difference, the total simulation
time is set to 2 h for the SI-E and 3 h for the others.

Table 1. Simulation settings.

Topology SI-E SC-E SR-E SMC-E
fsw =20kHz fsw =20kHz fsw = 15 kHz fsw =20kHz
L =400 pH C = 2200 pF C =200 pF C = 2200 pF
Circuit Parameters R; =R, =0.15Q Ri =R, =015Q L =047 pH Ri =R, =015Q
Ry =0.01Q D; = D, =045 Ri=R;=0150 Dy =D, =045
D =0.5 Dy = D, =045
Initial SOC SOCy,2,3,4 =70, 80, 95, 85 [%]

The cell voltages, SOC levels, and current profiles of the equalizing process by the
switching model on the RTSS, Rgg model, and AM on PSIM are compared in Figures 7-9,
respectively. It is observed that the Rpg model fails to describe the equalizing operation of
the SI-E because its operation profiles are different from the other platforms. In addition,
the Rgg model also shows inaccurate simulation results for the other equalizers (SC-E,
SR-E, and SMC-E), where the performances are undervalued compared to the actual results
of the switching model on the RTSS-based simulation.
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Figure 7. Voltage profiles of the cells during the equalizing by RTSS,
(b) SC-E; (c) SR-E; and (d) SMC-E.

R

£Q model, and AM: (a) SI-E;

* [——soc,——sog, 506, —— 500 [—— o5, ——sog, SOC, mmmm 50C, * [—— o, ——sog, SOC, e 50C, [— o5 ——s05, Eopmm—y
100] 100] 100 100y -
ASOC~ 10% ASOC=10% ASOC=10% AT
%0 —— e L e N R s B, 90|
’w/ p— S
. %\ - L— ” /—7 & —x
70 —— 70 — 70 — T 70 —
Execution time: 2h Execution time: 3h Execution time: 3h Execution time: 3h
60 60 60 60
0 05 1 15 2 0 05 1 15 2 25 0 05 1 15 2 25 3 0 05 1 15 2 25
Simulation Time (h) Simulation Time (h) Simulation Time (h) Simulation Time (h)
SOC1 SOC2 SOC4 SOC1 SOC2 SOc4 SOC1 SOC2 SOC4 SOC1 SOcC2 SOCc4
100] 100 100 100 ASOC= 10%
ASOC=10% N~ ASOC~ 10% P ASOC= 10% M~ -
QOF S -mmmemoy L — O S -meeen 90 ———y
80| R — 80 80 80
70/ _ 70 70 70
Execution time: 45s Execution time: 60s Execution time: 60s Execution time: 60s
60 60 60 60
0 05 1 15 2 0 05 1 15 2 25 0 05 1 15 2 25 3 0 05 1 15 2 25
Simulation Time (h) Simulation Time (h) Simulation Time (h) Simulation Time (h)
SOC1 SOC2 SOC4 SOC1 SOC2 SOC4 SOC1 SOC2 SOC4 SOC1 SOoc2 SOCc4
100 100 100 100 ASOC= 10%
ASOC~10% ASOC= 10% ASOC=10%: | kel
———— I [~ N gl T ~—
90| s Sy 90| — [l S — 9 ~Y
—— frmmr e ——
o — ® — " —— @
o e 70/ 70/ 0 /
Execution time: 45s Execution time: 60s Execution time: 60s Execution time: 60s
60 60 60 60
0 05 1 15 2 0 05 1 15 2 25 0 05 1 15 2 25 3 0 05 1 15 2 25
Simulation Time (h) Simulation Time (h) Simulation Time (h) Simulation Time (h)
(@) (b) © (d)

Figure 8. SOC profiles of the cells during the equalizing by RTSS, Rgg model, and AM: (a) SI-E;

(b) SC-E; (c) SR-E; (d) SMC-E.

In contrast, similar equalization profiles can be obtained in both the AM-based simu-
lation and the RTSS-based simulation. The voltage and SOC deviations of the RTSS and
AM in Figures 7-9 are so similar that they confirm the accuracy of the AMs. Although the
equalizing currents in the AM only represent the averaged value of the switching waveform

of RTSS, the current profiles from both simulations have a similar pattern.

In terms of the execution time, the AM requires only about 60 s to simulate 3 h of
the equalizing process, while the RTSS needs exactly 3 h to perform the same task. It is
also observed that the Rpg model-based simulation has a similar execution time to the
AM-based simulation, but it is not as accurate as the AM. Therefore, the AM can evaluate

the performance of the equalizer with an accelerated speed as well as good accuracy.
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Figure 9. Current profiles of the cells during the equalizing by RTSS, Rgg model, and AM: (a) SI-E;
(b) SC-E; (c) SR-E; (d) SMC-E.
4. AM Case Study
The proposed AM is especially useful in the performance assessment of battery equal-
izers. During the development, a lot of tests under various conditions are essential to ensure
the consistent and reliable performance of the equalizers. In addition, various equalizer
topological configurations should be compared together under the same initial conditions.
As the first use case, the AMs can be utilized to assess the performance of SI-E, SC-E,
SR-E, and SMC-E under various scenarios, as illustrated in Figure 10. In this example, the
same circuit parameters and the battery capacity in Table 1 are adopted, while the initial
SOC levels of the cells are intentionally distributed as follows:
Scenario #1: The SOC levels of cells #1 to #4 are descending, as in Figure 10a.
Scenario #2: The SOC distribution exhibits a convex shape, where the high—SOC cells
are located in the middle of the battery string, as in Figure 10b.
e  Scenario #3: The SOC distribution exhibits a concave shape, where the high—SOC
cells are located at two ends of the string, as in Figure 10c.
e  Scenario #4: The number of cells is increased from Scenario #1 to assess the dependency
on the number of cells.
. . . #1: 95%
#1: 95% #1: 80% #2:95% 0 Equatizing [ Dose Equaliing
k #2: 90% Capability DoVE Speed
#3:83%
#2: 85% #2: 95% #2: 80%
#4:78% Evaluation Coulombic
Criteria Efficiency
#5: 6%
#3:80% #3: 85% #3:70%
#6:74%
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count Scenarios
#4: 70% #4: 70% #4: 85% #8: 7096 < Number of el
@ (b) © () ©)

Figure 10. Initial SOC distribution of the cells in: (a) scenario #1; (b) scenario #2; (c) scenario #3;

(d) scenario #4; (e) evaluation criteria.
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Under the four SOC distribution scenarios, the equalizers have been assessed by
the evaluation criteria in Figure 10e, including equalizing capability, equalizing speed,
Coulombic efficiency, scenario dependency (performance consistency), component count,
volume, and cost.

4.1. Equalizing Capability

In terms of the equalizing capability, the degree of SOC (DoSE) or voltage equalizing
(DoVE) is assessed.
ASOCinitiar — ASOCfipng

DoSE =
ASOCiyitial

(21)

or
AVinitial — AVfinal

AVinitial
where ASOC;jtiqr and AVyiia1 are the initial SOC deviation and the initial voltage deviation
between the cells, and ASOCy;p, and AV, are the deviation levels after a given elapsed
time. A higher DoVE or DoSE indicates higher equalizing capability.

Based on the voltage and SOC profiles in Figures 11 and 12, SMC-E shows the best
performance by virtue of the switch—matrix routing algorithm, achieving over 96 % DoVE
and DoSE in all test scenarios. However, it requires a monitoring circuit to detect the highest
voltage and lowest voltage cells, and the number of control signals is also larger than that of
the other equalizers. Meanwhile, the autonomous single—tier SR-E and SC-E achieve more
than 80% DoVE and DoSE in all test scenarios, showing that the equalizing capabilities are al-
most similar. Since the energy equalization is autonomously processed, the sensing circuits
can be omitted. On the other hand, SI-E shows poor performance under the autonomous
control scheme. Thus, SI-E usually requires a sophisticated duty—control algorithm.

DoVE =

(22)
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Figure 11. Voltage profiles of the cells by: (a) SI-E; (b) SC-E; (c) SR-E; (d) SMC-E.
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Figure 12. SOC profiles of the cells by: (a) SI-E; (b) SC-E; (c) SR-E; (d) SMC-E.

4.2. Equalizing Speed

When the number of cells increases from four to eight, the equalizing performance
of the autonomous single—tier SR-E and SC-E becomes the worst among them, as shown
in Figures 11 and 12. This is because the energy is only exchanged between two adjacent
cells in those structures. The required time for equalization is much longer than that of the
four—cell case. On the contrary, SMC-E shows a trivial performance degradation thanks to
the switch—matrix configuration. The energy level of the cells is also equalized within 3 h,
as in the four—cell case.

The equalizing speed of the equalizers can be assessed by the slew rate of the voltage
equalization (SRy: mV /h) or the slew rate of the SOC equalization (SRsoc: %/h), which
are defined by

(23)

or
ASOC,‘nit - ASocfimzl

tprocess

SRsoc = (24)
where AV},;; and ASOC;,,;; are the initial voltage deviation and the initial SOC deviation of
the cells; AVy;y, and ASOCy;y, are the final voltage deviation and the final SOC deviation
of the cells; tprocess is the total equalizing time.

Based on voltage and SOC profiles, the slew rates have been calculated to assess the
equalizing speed of the equalizers. The slew rates of voltage and SOC equalization of SI-E
are very low. In contrast, SC-E, SR-E, and SMC-E show a higher slew rate, and SMC-E
achieves the highest slew rate (80 mV/h SRy and 8%/h SRgoc). The detailed slew rates of
the equalizers are summarized in Figure 13 for comparison.



Energies 2024, 17, 631 14 of 18
DoVE (%) == Scenario #1 DoVE (%) == Scenario #1
100.0 =)= Scenario #2 100.0 =)= Scenario #2
) Scenario #3 Scenario #3
66.7 =@=Scenario #4 =@=Scenario #4
SRsoc @ 1h (%/h) DoSE (%) SRsoc @ 1h (%/h) DoSE (%)
ML(JO.O 10:0. 6 100.0
SRV@ - (%) SRV@ - (V/h) Neou (%)
(@) (b)
DoVE (%) =@=Scenario #1 DoVE (%) =@=Scenario #1
100.0 =)= Scenario #2 100.0 =)= Scenario #2
Scenario #3 7y AN Scenario #3
=@)=Scenario #4 - == Scenario #4
SRsoc @ (/M DoSE (%) SRsoc @ m (/M)  DoSE (%)
10:0, 00.0 10:0: 400.0
\ y
SRV@ 1h (V/h) Meou (%) SRV@ 1h (V/h) Meou (%)

(c) (d)
Figure 13. Performance consistency under various test scenarios of: (a) SI-E; (b) SC-E; (c) SR-E; (d) SMC-E.

4.3. Coulombic Efficiency

To assess the effectiveness of the equalizer, the Coulombic efficiency of the balancing
process is introduced. Figure 14 describes the basic principle of charge transfer among cells.
The Coulombic efficiency is calculated based on the amount of transferred charge during
the equalizing process. Since the energy level of the battery cell can be represented by
the amount of charge, the total exchanged charges in a specific cell during the equalizing
process are calculated by

dx = (SOCt_init — SOCx_finar) Qks (25)

where SOCy_jp;t is the initial SOC level of the cells before the equalizing process; SOCy_final
is the final SOC level of the cells after the equalizing process; Q is the full capacity of the
cell at the current condition; and k is the index of cells (k =1, 2, ..., N). When SOCy ;i
is higher than SOCy_fina, dy is positive. The positive dis are summed to set the total charge
decrement, Quischarge-

if dp >0, Qdischarge = de (26)
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Figure 14. Charge exchange between the cells during the equalizing process: (a) capacity level of the
cells before and after the equalizing process; (b) amount of change in charge of the cells.

Vice versa, Qcjarge Tepresents the charge increment of the cells, which is obtained by
the summation of the negative dys.

if dp <0, Qcharge = de~ (27)

Due to the loss in the equalizer circuit, Qgischarge is always larger than Q 4/, and the
Coulombic efficiency is expressed as

Heow = Qcharge . (28)
Qdischarge

Therefore, the energy loss of the equalizers can be assessed. The higher the #o,, the
lower the loss will be.

4.4. Performance Consistency

Finally, the scenario—dependency of the equalizers is assessed by the spider chart in
Figure 13. The performance indices of the equalizer under the four worst—case scenarios
are plotted for each method. As can be seen from the results, SMC-E shows consistent
performance across the test scenarios, as in Figure 13d. On the other hand, the performance
of the other equalizers (single—tier SI-E, SC-E, and SR-E) in the three test scenarios is heavily
dependent on the initial voltage distribution of the cells. For example, the performance of
the autonomous single-tier SET-E shows good performance when the high-voltage cell and
low-voltage cell are adjacent; otherwise, the energy from the high-voltage cell should be
transferred to the low-voltage cell through multiple intermediate equalizers and battery
cells. In addition, the voltage and SOC profiles in Figures 11 and 12 also reflect the impact
of the number of cells. It is observed that SI-E, SC-E, and SR-E have difficulty equalizing
the cells within the limited time when the number of cells is large. On the contrary, the
performance degradation of SMC-E is insignificant.

5. Conclusions

This paper presents an efficient performance evaluation method, employing an aver-
age equivalent model of the equalizers. The proposed method is fully compatible with the
most widely adopted switched-energy-tank equalizers and has had its efficiency evaluated
through comprehensive simulations. Notably, when applied to four series-connected bat-
tery cells, the AM provides a precise evaluation of a three-hour equalization process in a
one-minute execution time. Compared to the switching model on the real-time simulation
system, the AM achieves both accuracy and execution time reductions and thus enables
accelerated testing of the battery equalizers. The use cases in the paper highlight the
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practical feasibility of the AM in facilitating performance comparisons of SET-Es under
various initial conditions.

With its verified advantages, this paper provides an effective method to assess the perfor-
mance of various equalizer topologies. The following practical applications are suggested:

To choose a suitable equalizer topology to fit the purpose.
To verify and optimize the design parameters of an equalizer through various design
options and initial test conditions.

e  To reduce the cost and effort by minimizing trial and error tests.

In future research, other topological configurations will be explored and considered to
be embedded into the proposed method.
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