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Abstract - Battery systems consist of multiple parallel-
connected modules to ensure reliability and expand the
capacity. However,
modules causes non-uniform current distribution among
branches and results in over-charge or over-discharge
issue. To overcome the inconsistency issue, conventional

inconsistency between battery

switch-based sequencing or dynamic resistance equalizer
regulates the branch current, but it causes increased power
losses both in the circuit and inside the battery. This paper
proposes a dynamic capacitance modulation scheme that
balances the module voltages in the idle mode and
regulates the branch currents during the non-idle mode in
an efficient way. The operation principle is discussed
theoretically and verified by hardware-in-the-loop tests
for 4 parallel-connected battery modules. The results
show that SOCs are equalized within 1% in the idle mode
and the inconsistency is eliminated during the non-idle
mode.

Keywords: Dynamic Capacitance Modulation, state of
charge (SOC), switched-capacitor (SC) equalizer, parallel-
connected battery, SOC equalization.

1. INTRODUCTION

Battery modules are connected in parallel to expand
the storage capacity. In the idle mode where there is no
energy exchange between battery and external source or
load, current flows through parallel branches to stabilize
the DC bus voltage. However, the load is distributed to
battery branches unequally in the non-idle mode due to
the different characteristics of battery cells in capacity,
self-discharging rate, impedance, and calendar aging,
which is called as cell-inconsistency in parallel
connection. It is reported that the unequal current sharing
between branches potentially increases the risk of over-

charge and over-discharge issue. The investigation in

External
Charger

[1, 2] shows that the inconsistency in paralleled modules
causes more critical issues than in series configuration.

In a parallel connection of batteries, every open-circuit
voltage as well as branch impedance should be identical
to distribute the currents evenly. Thus, battery modules
are usually binned and screened before the assembling
process and only modules with similar characteristics are
assembled in direct connection as in Fig. 1(a). However,
it requires extra labor and the balancing performance is
not always guaranteed due to additional impedance drifts
by battery aging. The other conventional method in
Fig. 1(b) utilizes sequencing switches per each battery
module to adjust the number of modules that are
connected to the dc bus [3, 4], but it allows unequal
current sharing between branches. Another work in
Fig. 1(c) introduces a dynamic resistance equalizer to
adjust the branch current [5]. Although it provides an
effective way to equalize the SOCs, the power loss in the
balancing resistance is its drawback.

In order to solve the inconsistency with reduced power
dissipation, this paper proposes a reactive balancing
circuit utilizing dynamic capacitance modulation. The
topology and working principle are described in section 2,
the performance is verified by hardware-in-the-loop (HIL)
tests in section 3, and conclusion is made in section 4.

2. PROPOSED EQUALIZER AND OPERATION
PRINCIPLES

The proposed equalizer is illustrated in Fig. 2, where
it is applied to mSnP configuration such that each battery
module consisting of m-series battery cells is connected
to a switched-capacitor (SC) cell, and then the outputs of
n-SC cells are connected in parallel. The switches are
controlled by a complementary PWM signal pair with a
variable duty or variable frequency. By applying different
gating patterns, the proposed circuit provides two
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Figure 1: Conventional methods of paralleling battery: (a) direct connection, (b) switch-based sequencing method,

(¢) dynamic resistance equalizer.
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Figure 2: Topology of the proposed method

different functions: an autonomous voltage balancing in
the idle mode and an active current sharing in the non-idle
mode.
2.1. Variable resistance emulator: Operation

analysis

The SC circuit serves as a variable resistance emulator,
which is modeled in Fig. 3(a). When the battery modules
are modeled as a voltage source, Vi, and Ryx (k= 1, 2, ...,
n) denotes the total sum of ESR of the capacitor and on-
resistance of the switches, the SC cell can be regarded as
a two-port network, where the voltage between two node
x and y is denoted by A4V in (1).

AV =V — VDCﬁlink (1)
The switches S; and S, are controlled by a

complementary PWM pair as in Fig. 3(b) with two
different duty cycles D; and D while the pulse period is
regarded to be T in this analysis. The operation phase is
divided into phases A (to ~ t1) and B (t2 ~ t3) with a small
deadtime interval is inserted between the two phases. In
phase A (to ~ t1), the switch S; is turned on while S is kept
off. By transforming the circuit into the s-domain, we
have the equivalent circuit in Fig. 4(a), where v, is the
capacitor voltage. Considering 7; = R,C and 1, = R,C
as the time constants, f; as the switching frequency, and C
as the capacitance, the current through the switches in
phase A are calculated by (2) and the energy loss in the
resistance R; is expressed by (3).
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Figure 3: Operation analysis (a) Model of dynamic capacitance

equalizer, (b) complementary PWM control signal.

Figure 4: Equivalent circuit in s-domain: (a) phase 4 (ty~t;),
(b) phase B (t; ~ t3).

Meanwhile, the in-coming charge to the capacitor
during phase A and the capacitor voltage increment is
given by (4) and (5), respectively.
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In phase B (t; ~ t3), the switch S; is turned off while S
is turned on and the equivalent circuit in the s-domain is
illustrated as Fig. 4(b), where the capacitor energy is
discharged to the DC link. The current flow through the
switch S, is calculated by (6). Thus, the energy loss in the
resistance R, is derived as (7).
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Similarly to phase A, the out-going charge during
phase B and the capacitor voltage decrement is calculated
by (8) and (9), respectively.
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With the assumption that the switched capacitor
converter is operating in the quasi-steady state condition
due to the slow-varying battery voltages, the total charge
into the capacitor can be regarded as equal to the charge
out of it, Qin = Quu, Which also means that the capacitor
voltage is assumed to be unchanged during the deadtime
period: ve(t;) = ve(t2) and ve(t3) = ve(ty). Thus, the average
capacitor current, /. ug, is expressed as (10) with T'= 1/f;.

Lo avg = Oints = Qou ]
D,
= AV,Cf (1-e/7 )
-1 -D,
= AV,Cf, e (1-e/72 )
Accordingly, the voltage difference AV; and AV, are
derived as (11) and (12).

(10)

AV _ Icﬁavg
I D, (11)
f.Cd-e"")
_ 1 Iciavg
AV, =— > (12)

edsm2 fXC(I—eE)
Substituting (11) and (12) into (3) and (7), the energy

loss in the series resistance in phases A and B becomes
(13) and (14).
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Finally, the total power loss in the circuit is calculated
from the total energy loss (E;+E>) by multiplying it with
the switching frequency, f;, as in (15).

Ploss N (EI +E2 )f?
D D
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On the other hand, by denoting R., as the equivalent
resistance of the SC cell that has seen from the x-y
terminal in Fig. 3(a), the power loss in the SC circuit can
be expressed by (16).

By =1’

0ss cavg €4

(16)

By equating (15) and (16), the equivalent resistance of
the SC circuit, Req, is derived as (17) which is a function
of duty ratio (D;, D), capacitance, C, and switching
frequency, f;.

Figure 5: Equivalent resistance of SC cell R., as a function of f;
and D (C = 2200uF).
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When it is further assumed that D;=D,=D and t;,=1=1,
the equivalent resistance can be further reduced to (18),
which also matches with formula in [6]. Fig. 5 illustrates
that the equivalent resistance of SC cell can be regulated
by changing the switching frequency, f;, and duty ratio, D,
with a specific capacitance, C, and is inversely related to
duty ratio, D, and switching frequency, f;. In this paper,
the switching frequency control is adopted to modulate
the Reg.

2.2. Non-idle mode operation: Active current
sharing

The variable-resistance feature of the SC cell can be
utilized as a current sharing circuit in the non-idle mode
operation of the paralleled battery configuration as in Fig.
6(a). By controlling the SC equalizer with the different
switching frequency, the branch currents are regulated.
The lower switching frequency or duty ratio, the higher
branch resistance is achieved to reduce the branch current.

In discharge mode, based on the measured voltages of
battery modules, the SC cell of the lowest voltage module
is operated by the minimum switching frequency. On the
contrary, in charge mode, the highest voltage module is
operated by the minimum switching frequency to increase
the equivalent branch impedance and reduce the branch
current. Because the role of the lowest/highest voltage
module is dynamically changed during the operation
process a scanning algorithm, SOCs of modules are
gradually equalized by adjusting the switching frequency.
unhealthy, the
corresponding SC cell switches are totally turned off to

Furthermore, if one module is
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Figure 6: Operation principle: (a) operations in the non-idle mode, (b) operations in the idle mode.

isolate the faulty module from the battery bank which is
an additional feature of the proposed scheme.

2.3.
balancing

Idle mode operation: Autonomous voltage

In the idle mode where there is no current flow
between the battery and load, the proposed circuit works
as a SOC balancing circuit that transfers energy from
higher voltage module to lower voltage module. Based on
the open-circuit voltage of modules, the highest and the
lowest voltage modules are detected, and only the
switches of those modules are activated by a
complementary PWM signal pair as in Fig. 6(b). In this
case, the duty ratio is kept as close as 50% and the
switching frequency is properly selected to minimize the
equivalent resistance, so as to increase the balancing
speed. The on-duty is set with a small deadtime to prevent
shoot-through. As the charge is transferred directly
between two battery modules, the voltages of the modules
are gradually equalized. After a few cycles, another
highest-lowest voltage module pair is detected and the
process repeats. The gate signal will be stopped when
every module voltage becomes similar, and the whole
module SOC is eventually balanced within a certain level
because the battery voltage is closely related to the SOC
level.

3. VERIFICATION

3.1. Experimental setup and performance indices
for comparison

To verify the proposed method, HIL tests are
performed for four Li-ion battery modules in the 8S4P
configuration, where 8§ cells are connected in series as a
string and then paralleled in four. The switching
frequency of the complementary PWM signal is set to
10kHz with a 45% on duty and 5% deadtime duty for each
operation phase. The balancing capacitance is designed to
be 2200uF with ESR of 0.1Q, and the on-resistance of

IRF8313 MOSFET is regarded as 21.6 mQ. In the
implementation of the conventional resistive balancing
scheme in Fig. 1(c), the equalization resistors, R;, and Ry,
are set to 0.1Q and 0.5Q, respectively, which is claimed
to be optimal in [5].

In the non-idle mode test, battery modules are
discharged by a 4A constant current and charged by a 4A-
4.2V CC-CV method, and the switching frequency for the
reactive balancing circuit of the highest voltage module
(in charging mode) and the lowest voltage module (in
discharging mode) is adjusted to 1kHz. The test is stopped
when any module becomes fully charged or discharged.
While the conventional and the proposed methods are
tested during the same operation time and under the same
condition, the equalization performance is evaluated by
the degree of SOC equalization (DoSE) and the degree of
voltage equalization (DoVE) as defined in [5]. Meanwhile,
the equalization speed of equalizer is evaluated by the
required time for SOC level difference to be less than 1%.

To investigate the impact of the pulsating current
waveform, the total power loss is decomposed into the
total external loss (in the circuit) and the total internal loss
(inside the battery). Based on the HIL test results, the
external loss of the conventional resistance equalizer, and
the proposed method is calculated by (19). On the
contrary, the external loss of the switch-based sequencing
method in Fig. 1(b) is expressed by (20).

t
§ i 19
Plossiexternal =X ] lm(t)Zm(t)dt (19)

m=1t3 0

N Ji 13 2
Plossiexternal =X =] ’m(t)R dt

) on (20)
m=1°3 0

where in(?) is the measured current flowing each branch,
Zn(t) is the branch impedance, which is determined by
either R.q pign (When it is not playing the role of the

lowest voltage module) or R.q 4, (during the role of the
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Figure 7: Equalization process in idle mode (a) SOC profiles, (b) module voltage profiles, (c) branch current profiles.
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Figure 8: Operation waveform in the idle mode: (a) branch currents, (b) battery voltages, (c) capacitor voltages.

lowest voltage module), and Ry on is the on-resistance of  seconds to reach a 5% SOC difference as in Fig. 7(a).
MOSFET. Besides, the module voltages are equalized within 0.4V

Similarly, the internal power loss of batteries is as in Fig. 7(b). The equalization speed becomes slower
calculated by (21), where R; is the total internal DC  after 3200 seconds due to the small voltage difference
impedance of battery in series strings, which is provided  between modules. In fact, the SOC of modules can be

in the datasheet [7]. equalized further but it takes much time due to the small
N equalization current.
Pl ternal = > I’ R (19) The current profile in Fig. 7(c) and the operation
0SS_1nierna m=1 -

waveform in Fig. 8 represent the equalization strategy of
the proposed method. Because only two modules are
equalized at the same time, module #1 and #4 takes the

In the idle mode, the initial SOCs of battery modules  role of the highest and the lowest voltage modules in the
are set to be different as SOCiui 234 = 100, 80, 90, 70%. ~ beginning. When the SOC; equals SOC; and the SOCs
The equalization process is stopped after 7200 seconds ~ €quals SOCs, module #3 and module #2 take over the
and the SOC, voltage, and branch current profiles of the ~ roles of the highest and the lowest voltage module. As a
proposed method are illustrated in Fig. 7. The SOC profile ~ result, energy is transferred between module #3 and
in Fig. 7(a) shows that the equalizer requires 3200 module #2 in the next turn. Likewise, the SOCs of all
seconds to achieve a 10% SOC difference and 7200 ~ modules are equalized eventually.

3.2. Test results in the idle mode
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Figure 9: SOC profile in charging mode (a) switch-based sequencing method, (b) dynamic resistance equalizer, (c) proposed method.
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Figure 10: Branch current profile in charging mode (a) switch-based sequencing method, (b) dynamic resistance equalizer, (c) proposed
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Figure 11: SOC profile in discharging mode (a) switch-based sequencing method, (b) dynamic resistance equalizer, (c) proposed method.
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Figure 12: Branch current profile in discharging mode (a) switch-based sequencing method, (b) dynamic resistance equalizer, (c) proposed
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Figure 13: Operation waveform in discharging mode (a) branch currents, (b) module voltages.
3.3. Test results in the non-idle mode For the three different methods, the SOC and the current

profile in charging mode are presented in Fig. 9 and
battery modules are st to be different: F.1g. 10 while Fig. 11 a.nd Fig. 12 1l‘lustrate them in
SOCint1234 = 15, 40, 20, 30% during charge mode and discharge mode, respectively. According to the SOC

SOChin224 = 100, 80, 90, 70% during discharge mode. profiles in Fig. 9 and Fig. 11, the equalization is achieved
U within a 1% SOC difference by all three methods. Besides,

For the tests in the non-idle mode, the initial SOCs of
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TABLE I: PERFORMANCES COMPARISON FOR 85S4P CONFIGURATION

MODE Performance Index sw”d;;l::;i[; sl‘gjpzncmg Dyn:q’z;;ii’;?;nce Proposed method

DoSE (%) 98 98 98

Equ. Time (seconds) 2000 3000 4200

CZAOIlz)g‘E 2 Pioss_externat (W) 0.28 1.37 0.51

2 Puoss_internat (W) 2.6 13 1.32

Total power loss (W) 2.88 2.67 1.83
DoSE (%) 98 98 98

Equ. Time (seconds) 1600 2400 3200

Dlﬁggch 2 Pioss_externat (W) 0.64 2.56 1.03

2 Pioss_internal (W) 5.13 2.41 2.61

Total power loss (W) 5.77 4.97 3.64

battery modules can take a rest during phase B to help to
prolong the lifetime of the battery.

The waveforms of the branch current and the module
voltages in Fig. 13 describe the detailed operation of the
proposed method in the discharging mode. As the voltage
of module #4 is the lowest, the switching frequency of
reactive balancing circuit for module #4 is set to 1kHz
while the others are set to 10kHz. As a result, module #4
is discharged with the lowest current among them and the
SOC is gradually equalized with each other. As the SOCs
change, the role of the lowest module is dynamically
assigned to the modules. When the SOCs of all modules
become similar, the switching frequency of all reactive
balancing circuit is set to 10kHz to minimize the power
loss and distribute the current between branches evenly.

Based on the test results, the external and internal
losses are calculated and summarized in Table 1. The
proposed method is found to be the most efficient method
as the total power loss is the lowest among them. It is
because the external loss of the proposed method is
similar to the switch-based sequencing method while the
internal loss is the lowest due to the switching pattern of
current as in Fig. 13(a). The total loss of the proposed
method is as small as 63.5% (in charging mode) and 63%
(in discharging mode) of the total loss of the switch-based
sequencing method.

4. CONCLUSION

This paper proposes a reactive balancing circuit for
parallel-connected battery modules
capacitance modulation. In the idle mode, the SC cell
exchanges charge between two modules one after another
to gradually equalize SOCs of all modules. In the non-idle
mode, it regulates the current distribution by modulating
the equivalent resistance through frequency control. The
HIL test results show that the equalization performance of

using dynamic

the proposed method is superior to the conventional
methods in view of the total power loss. The design
optimization for the reactive balancing circuit shall be
done and the hardware experiments will be prepared to
further verify the performance of the proposed method.
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1. Introduction: Research motivation

o Battery configuration in BESS and EV:

= Battery cells are connected in series to increase the system voltage and in
parallel to enlarge the system capacity.

= Two common configurations:

- mPnS: m cells in parallel to form a group, n groups are connected in series.

* nSmP: n cells in series to form a module, m modules are connected in parallel.

[+ + ]+ [+ [+ ]+

Bll B12 —— Blm Bll —— BIZ —— Blm ——

T I l l l

+ + + + + +
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Bn Bu== Bm N —— Bu==  Bnm ==
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1. Introduction: Research motivation
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o Cell inconsistency in series battery connection
= The characteristics of battery cells are so different that it may causes:
* Reduction of the available capacitance
» Possible over-charging and over-discharging to the battery cells

—>\Various battery equalizers have been published to solve this inconsistency

ISSUe.
Battery
Equalizer
v v
i Active
Discharging Charging gaosive
-+ -
— f—
Charging Discharging
! } { | 1
Fixed shunting Switching Switched SW&%Tti?N:zg;Ctor/ Converter
resistor shunting resistor Capacitor Transforme? Base
Unbalanced cells Battery equalizer classification
Energy Conversion Circuit Lab., 4
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1. Introduction: Research motivation  Bcce

IEEE ENERGY CONVERSION CONGRESS & EXPO

o Cell inconsistency in parallel battery connection causes more serious
problem than in the series configuration:

= Unequal current sharing between branches in charging and discharging

mode.
’l 4P3S case I 4
L L oL |
A \ /v |
| N |
At wE o E v E I
0 | N S S — 35
- L I |
§ I 0 I 4 (—le% B22+_T st% Bz4+_T — L I, I I|4 ] %
5 AA\I] 5
& a — , Z
1+ 1+ 1+ 1+ 3.5
0 L I B31 -l-I B32 -l-I B33 -l-I B34 -l-I
. ¥ 4 = / \
] I
S N S, b |
i 10A DCC |
2
4 i
0 1000 2000 3000 4000 1 0AI1 2'6V CC CV

0 1000 2000 3000

Time (seconds) Time (seconds)

Charging mode Discharging mode
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1. Introduction: Research motivation

o The cells inconsistency in parallel batteries connection causes the
more serious problem than in the series configuration:

'DETROT, MICHIGAN | OCTOBER 11-15.

IEEE ENERGY CONVERSION CONGRESS & EXPO

* Reduction system capacity

» Over-charge or over-discharge risks for the whole parallel connection

100 ] 100
#1
4P3S case
AN #1
g B e c— c— "

0 Bu T B12 T B3 T Bis | #4 0
S 2
S 100 —— 100 £
” :
3 #1 T ¥ ¥ + Y
5 e #3 /#4 <4—Bu 4|-_| B2z 4|-_| B2 él-_I B ér_l — %)
S (3
:§ 0 0 »§
m N’

100 #3 B31 él-_T B32 él-_:- B33 él-_T B344|-_T w 100
#1 \ \ #3
#2
#4 #1 wd 7
0 10A DCC 0
0 1000 2000 3000 4000 0 1000 2000 3000

Time (seconds)

Charging mode

10A/12.6V CC-CV

Time (seconds)

Discharging mode
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2. Conventional methods

I load | B
lirectional
onverte

V bus External DC/DC
— HL nverter

Charger J» J 1 Col t C *
11 Lt ) Lt tsl sl St !
+ + + + | lA A i Load Si R;S: t RSy fo) SR iz I<IL S ne
******* [ T it e 0a !
B, ; B, | B3 | B4 » Load DC B,—= B, =t B, i,, g: E
e ' = 3R L3R = 2R =T T
L 1L L1l 1 L L 71 L L 37 FE7FS7FE g:
- - - : ; i} e S DA St S |
i SThf SThf ©Tof 1
Micro-Controller <Vb¢ = = = : [
(Battery Management «Jicad | Battery Management System |
System) SOC;
Direct-connection Switch-based sequencing [3,4] Dynamic resistance equalizer [5]

o Conventional parallel-equalizer:
= Direct-connection: battery cell characteristics are screened, and the similar
cells are directly connected together.
= Switch-based sequencing: one additional switch is utilized, which is turned
on and off sequentially.
= Dynamic resistance equalizer: two resistors and one switch are utilized to

regulate the branch current.

Energy Conversion Circuit Lab., 7
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2. Conventional methods ECCE

o Fundamental problems of conventional parallel-equalizers:

= Because of different aging patterns in battery cells, the reliability of the

direct-connection is very poor.

= The switch-based sequencing method balances the SOC but the unequal

current sharing issue is not yet resolved.

= The dynamic resistance equalizer balances the SOC and shares the current,
but the power loss is relatively high.
= The equalization is achieved only when the system is working in non-idle

mode.

=> A reactive equalizer for parallel battery modules, which has high efficiency

and good performance, is required.

Energy Conversion Circuit Lab., 8
School of Electrical Eng., University of Ulsan, Korea
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3. Proposed method

Circuit configuration:

- Each battery module connects to a switched-capacitor equalizer (SC cell).

* Outputs of SC cells are connected in parallel.

nSmP Configuration

an S11 S12
Vbl{ BIZIT C1==

lef SZl SZZ
Vbz{ B = Co

m T N
B f Snl Snz
Vbn BnZ T Cn T
+
Bum T

Bi- Load/
Directional Power
Converter Source

A
Sll, SZI-u DIT |_
| >
|
SIZ, Szz... DZT |
[
— -— | o
Deadtime T

Energy Conversion Circuit Lab.,
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3. Proposed method ECCE
Ll Operating principle: Idle mode
oL ! Deadtime ]
i ct PR B SN e
Bt T | B [ -

|
DT | | :

|

DT | |

|

i l | . | F
L N, to ti 6 ty C.

L] 1

) VM1>VM2>I-->VMn i

Phase A ()~ t;) Phase B (¢, ~ ;) =
= Voltages of modules are scanned. = The right switches of the highest
= The left switches of the highest and lowest voltage are turned ON.

and lowest voltage are turned ON.

Energy Conversion Circuit Lab., 10
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3. Proposed method ECC

1 Operating principle: non-idle mode

g

{. 4=

Req
Deadtime
AV S T I
: iy E ‘ T
X H — ’
A.—Mﬁ—/—._‘/‘—w-:/y Sl DT _
' Ry § S, Rui
kaC) i C==li° : C—) Vocink S, . DT
: : ] | o
oooTemeeTeees | ty ity t3 t

= |n non-idle mode, the SC cell serves as a variable resistance emulator.

= The equivalent resistance of an SC cell is given by:

D D
exp(—Jexp(—2 )~ 1 7, =RC
R = / 1T fTo
eq Ri ZRb +Rd on + ESR
AC{W(@)_JMM D: )—1} — 12,
]FST] ]psz_z 1=1,2,...,1
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3. Proposed method ECCE
[ Operating principle: non-idle mode
// \
-D
I +exp(—
o p( 7 T)
eq —
/€ 1- exp(—D)
T
C=2200uF
R =01Q (=12..n)
D; =D,
T, =1,

= The equivalent resistance can be regulated by changing the switching

frequency, £, and the duty cycle ratio, D.

= The switching frequency control is adopted in this paper.

Energy Conversion Circuit Lab., 12
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3. Proposed method

1 Operating principle: non-idle mode

I > M I":
By = R., : (i D) Load/ ] ]
Vi BlzI+ m ;"’wer Current sharlng equatlon:
! ource
Blm —|—T A
IlReql - IQRGQQ — Vl - VQ
I
lej__—f Rey2 (fin DY LiReqy — I3Req, = V1 — V3
V:{ Bp=F
B2m -|—T A
Ji In > M IlReql —_— InReqn — V]. —_ Vn
Bu T Ras D)
Vo { B2 G 4Bt e By = K
Bum=F

= The load sharing is achieved by the difference between R,’s.

= The SC cell for the highest-voltage module in case of charging mode or the
lowest-voltage module in case of discharging mode is operating in a lower

switching frequency to increase the equivalent resistance.

Energy Conversion Circuit Lab., 13
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4. Verification: Test setup ECCE

IEEE ENERGY CONVERSION CONGRESS & EXPO

o Hardware-in-the-loop tests are implemented for an 8S4P battery configuration
of 18650 Li-ion battery cells (3.6V — 2600mAh).

o The equalization capacitance of the SC cell is set to 2200uF.

I o Battery mOdels mSnP Configuration g |
| <+ SCcells {:ﬁi e | e - I
. . . Vi =5 -1 Diruﬁn:l;l ;’:w 1
|« Charging/discharging loads A Comeit | | Bamn l
I I
I - ® ses mm Ba=ry S g’;—‘ |
I I L1 ——]] 3 7_, [ Vbz{ Bn‘:-_? Cy I
- Bg,.:%
H S11, S2ee
| Typhoon HIL 602+ i [ |
| Bu = Su1 Snz S1a. S ool ! |
\b{ Bomt  Ca . il I

I Buw = Deadtime T l
I 1 |

______________________________ J
:_Vlsuallzatlon Control pattern ... e :
| : il Ed [
I : é.: . |
' - " T 1 |
I : 1 I
| Ve YT ok |
I : TTT e o | == A BRI ———— = I
I [ A iniuinlinl S o TS - [
L e e e e e s i e B s s ) |

Energy Conversion Circuit Lab., 14

School of Electrical Eng., University of Ulsan, Korea



4. Verification: Test setup ECCE

o The duty cycle and dead-time are set to 45% and 5%, respectively.

o The switching frequency is controlled according to the operation modes.

Initial SOC 100, 80, 90, 70%. 15, 40, 20, 30%. 100, 80, 90, 70%.

1kHz for the highest-  1kHz for the lowest-
Switching 10kHz voltage module. voltage module.
frequency

10kHz for the others. 10kHz for the others.

o External loss in the circuit is evaluated differently for three methods of balancing:

N t3 .
Pegternal = D et % 0 im (1) Zm (t)dt  for proposed method, dynamic resistance equalizer

Potornal = Zfri:l % ;3 i2 (t)Rq_ondt for switch-based sequencing method

o Internal loss inside the battery cell is uniformly calculated by:

N 2
Pinternal — Zm:l Ifrms_mRb

Energy Conversion Circuit Lab., 15
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o,
4. Verification: Idle mode of proposed methodiCeE

—_—
é:; 100 —SOC1 —SOC2 SOC3 —SOC4 34
=)
= 90 §
<
® %ﬂ 32

f —
? 80 1 g
D
-
% 700 2060 4060 6060 300 2060 4060 6060

Time (seconds) v Time (seconds)
T 4 F v

o Only two modules are equalized in one cycle.

4
<2
=
% 0
o2p
4 : : :
0 2000 4000 6000
Time (seconds)
G
Equ. cycle

o The SOC comparison algorithm dynamically change the switching pattern

during the equalization process.

o The SOC and voltage differences are equalized within 5% and 0.4V at the end

of the process.

Energy Conversion Circuit Lab.,
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4. Verification: Charging mode

IEEE ENERGY CONVERSION CONGRESS & EXPO

;\? soc soc soc soc,| § ' ;\? ‘

S 100 —S0C, —socC, s——S0C,| | 100 [—soc, —soc, socs_soc"‘ < 100 |—SOC, —S0C, —S0C, —S0C |

o 1= o

= & =

= = =

Q 50 10 50 O 50

< 7 = S e
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] > = ]

S 9 » s s ‘ S 9 - ‘ ‘ - S s - s ‘

@ 0 2000 4000 6000 8000 n 0 2000 4000 6000 8000 «n 0 2000 4000 6000 8000
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o 0 & O

-0.5 ‘ ‘ ‘ ' 0 ' ‘ ' ‘ 0
0 2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000 4000 6000 8000
Time (seconds) Time (seconds) Time (seconds)
Switch-based sequencing Dynamic resistance equalizer Proposed method

o The SOCs of all modules are equalized within 1% and fully charged in the end.

o Proposed method requires about 4200 seconds to achieve 1% SOC difference

equalization.

Energy Conversion Circuit Lab., 17
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4. Verification: Discharging mode

IEEE ENERGY CONVERSION CONGRESS & EXPO

& & &
5100 ‘_socl —S0C, SOC, —SO0C, cf, ‘—SOCI—SOCZ soc, —soc, 5100 ‘_SOC] ——soc, SOC, —s0C,
g0
b X — o0 — =Y
g T14,=1600s 3 T14,=2400s g T,0,=3200s
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T » ? ?
i Q )
g | | | = | , , =
& S 0 Z 0 ‘ : :
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£ g Za

= S e
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Switch-based sequencing Dynamic resistance equalizer Proposed method

o The SOCs of all modules are equalized within 1% and fully discharged.

o Proposed method requires about 3200 seconds to achieve the 1% SOC

difference equalization.
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T
4. Verification: Performance comparison Eces
D
Performance Switch-based y-namlc Proposed
Mode ) Resistance
Index Sequencing ] Method
Equalizer
DoSE (%) 98 98 08
T4o(S) 2200 3000 4200
Charglng ZPIoss_external (W) 0.28 1.37 0.51
Mode
ZPIoss_internaI (W) 2.6 1.3 1.32
Total loss (W) 2.88 2.67 1.83
DoSE (%) 08 98 08
T,o(S) 1600 2400 3200
DISCharglng ZPIoss_external (W) 0.64 2.56 1.03
Mode
2 Pioss_internat (W) 5.13 2.41 2.61
Total loss (W) 577 4.97 3.64

*DoSE: Degree of SOC Equalization after balancing process:
ASOC, .. —ASOC

initial

DoSE = final

ASOC,

initial

Energy Conversion Circuit Lab., 19
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3. Conclusions BCCR

IEEE ENERGY CONVERSION CONGRESS & EXPO

o This paper proposes a reactive equalizer for parallel battery modules.

= The switched-capacitor cells serve as the charge exchanger in case of idle mode and

variable resistance in case of non-idle mode.
* The energy is transferred from any-module to any-module directly in idle mode.
« The branch-currents are regulated by the switching frequency control to balance
the SOCs during the non-idle mode.
o The proposed method generates a lower total power loss than conventional
methods.

= In idle mode, the SOCs and module voltages are respectively equalized within 5% and
0.4V in the end of the equalization process.

= |[n non-idle mode, the power loss of the proposed method is about 63% of the switch-
based sequencing.

= Because the proposed method presents a slower balancing speed than other methods,

a trade-off study will be carried on to find the optimal operation strategy.

Energy Conversion Circuit Lab., 20
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