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Abstract

Abstract—In the battery systems consisting of series connected energy storage cells, such as electric
double-layer capacitors (EDLCs) and lithium-ion batteries (LIBs), over-charging may be triggered
under conditions that voltages of series-connected cells are imbalanced. In addition, the chargeable
and dischargeable energy of the system may decrease. To address the voltage imbalance issues, a
voltage equalizer is necessary in addition to a battery charger, hence increasing the system complexity.
Furthermore, a current sensor is necessary for controlling the charging current in traditional energy
storage systems, and it makes the system expensive.

This research proposes an equalization charger that merges charger and equalizer into a single unit.
The proposed equalization charger operates with a single-switch, achieving the simplified system and
circuit. In addition, the simplified circuit configuration with good extendibility makes it possible to be
used for many purposes.

Based on the derived state-space equation, the influence of component tolerance on the voltage
equalization performance was quantified. In addition, Experimental charging tests were performed
using prototypes of the proposed charger for four LIBs and EDLCs connected in series under voltage-
imbalanced conditions. As results of experiments, all cells were charged with eliminating voltage

imbalance.
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Fig. 1. Energy storage systems based on (a) charger with equalizer, (b) equalization charger.
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Fig. 2. Proposed equalization charger using multi-stacked Superbuck converters.
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Fig. 8. Operating waveforms of the proposed equalization charger under voltage-imbalanced condition.
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Fig. 10. Equalization charger for state-space modeling.
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Fig. 11. Operation modes under voltage-balanced condition in (a) On period, and (b) Off period.
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Fig. 12. Percentage impact of +£10% change in component values on voltage error.
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Fig. 13. DC equivalent circuit of integrated charger for four cells in series.
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54 mm
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Fig. 14. Photograph of 5-W prototype.
Table . Component values used for 5-W prototype.

Component Value
Q N-CHANNEL-MOSFET, R, = 0.075 Q
L, 68 uH, 155 mQ
L-L, 47 uH, 52.8 mQ
Ci Aluminum Electrolytic Capacitor 330 uF
C,-C, Ceramic Capacitor 36 uF
D,-D, Schottky Barrier Diode, V', = 0.84 V
Couti—Cous Ceramic Capacitor 300 pF
Gate Driver L6741
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Fig. 15. Measured waveforms of 5-W prototype.
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Fig. 16. Power conversion efficiency of 5-W prototype.
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Fig. 17. Resultant charging profiles of EDLCs.
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Fig. 18. Resultant charging profiles of EDLCs with (a) different diode forward voltage drop of diode
D (b) different inductor L.
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Fig. 19. Charging profiles of dc equivalent circuit.
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Fig. 20. Photograph of 20-W prototype.

Table II. Component values used for 20-W prototype.

Component Value
Q N-CHANNEL-MOSFET, R, = 0.075 Q
L, 10 pH, 33 mQ
L-L, 10 pH, 33 mQ
Ci, Aluminum electrolytic capacitor 330 uF
C—C, Ceramic Capacitor 36 pF
D,-D, Schottky Barrier Diode, Vp=0.4V
Coutr=Coua Ceramic Capacitor 300 uF
Gate driver L6741
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(a) voltage-balanced condition (b) voltage-imbalanced condition
Fig. 21. Measured waveforms of 20-W prototype with (a) voltage-balanced condition, (b) voltage-

imbalanced condition.

100
V.=168V
;\;‘ 95 r "._4,__,-‘—* e =
E‘\ 4 Lithium-ion batte
g 90 F 4
g
m 85 | Jerr =100V
EDLC
80 L L 1 I I
0 5 10 15 20 25 30

Output Power [W]
Fig. 22. Power conversion efficiency of 20-W prototype.
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Fig. 23. Resultant charging profiles of EDLC.
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Fig. 25. Screenshot of (a) schematic and (b) board for 5-W prototype.
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Fig. 26. Screenshot of (a) schematic and (b) board for 20-W prototype.

Fig. 27 Jumper.

(global)LoLimit=0.001
(global)UpLimit=0.2
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Fig. 28. Screenshot of PSIM for code generation.

9.3. MATLAB * AW T ZERE#M A Ko 5 A%

41 BTROEXG D, KR d 2G50 EROBMNEL % BB LRI ERT 5
L. ROK(T5)%HED,

d J0A (75)
{E (x +Ax) = (A + 52 Ad)(x + Ax) + B(u + &)
y+ Ay = C(x + Ax)
ERIEE 2 RV NEZ RS & RO (76)% 155,
d Ax = AA 04 Ad BA (76)
{d x = AAx + 2d X + BAu
Ay = CAx
77T AEH L VIREBBDOIRICETRT 2 L. ROXINE™FD,
d 94 (77)
{E Ax(s) = AAx(s) + Adx(s) + BAu(s)
Ay = CAx
—Ax(s) = AAx(s) + Adx(s) + BAu(s) # IRDORX(INZEKT 5,
(s — A)Ax = Adx + 22 Adx (78)

ad
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ZIZT, HFHRAATAICR D, (TN DAxEHED,

Ax = (sI — A)"'(ADx + Z—‘;Adx) (79)
E3(79)75:35(77)@%31(0 = CAx(S)IZfRAT D &, OB EED,
Ay = C(sI — A)~'(AAx + g—zAdx) (80)
K(BO)HAEERIHG (s) = Ax/AdIZET 5 &, ROXEBN &5,
G(s) =C(slI —A)-la_AAx (81)

ad

AP OZOELE 5y TRAT 2 LENR D D3, MO, FO=— FIZ L) MATLAB

ETEETE S,

I[=tf(10000000],7); Ills DEFE
sl=[1,0,0,0,0,0,0;0,1,0,0,0,0,0;...;0,0,0,0,0,0, 1]; /sl DEFR
sImA =sl - A;

InvsImA = Inv(sImA); IFATHIDFHE.
x = InvsImA * dAd;

Gs=D *x;

bode(Gs); /IR — R % 77
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