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Abstract — The fuel cell system is one of very useful energy sources. The system has advantages as renew-
able and environmental sources. To obtain AC electricity from fuel cells, inverters are necessary. A multilevel
converter is used as an inverter for a high power fuel cell system. Through harmonic analysis, it is shown
that the harmonic components and THD increase while fundamental component decreases as voltage sag
increases. To solve the voltage sag problems, three different approaches are investigated in this paper; instal-
lation of a boost converter at the fuel cell output, control of pulse widths, and use of ultracapacitors. The
proposed three approaches are analyzed and compared using simulation and experimental results.

Key words: Fuel cell, Inverter, Harmonics

LM B

o AL 1) 32 e, 2) v 289 N4, 3)

dx A7 7L e AR LE sl A8 AA)
£ ovAYes Abgshe A Alage 7]Ee) WA
AM2HE Hoh g HES AP diel o=

AA &89 F7PL e da AR 2 Alx"

*To whom correspondence should be addressed.

School of Electrical Engineering, Chung-Ang University
Tel: 02-820-5290

E-mail: yhkim@cau.ac.kr

37

R S

A= HeFdEA 7k, LPG, HEe, Ve, 4)
Wy e 3, 5) 2RI Sl AR AR 9 Al
Hi7koE Hslel E AY AR Y A
A% Aelel] QA 5 Sl A ol ds A
A A AlzEle) B8, A, AR AR 2
Ly A e AlaRle] S o8] A 3%
P, HE AR AR Alade] 71 84 aiEel ¢
23] g4t Aol AR o|2At A2 £
o] 7H4 84F WF7] A% W A7 Aol HI



38 {3 -

S

gubg oz A Wil AAEe 7|15 98 AR
Reie) DC 28 AHE 7P AC APz Wl A
o}, AY W2 AAge vl$ Fekst e B8l
ol Qed, L FollA 1 AY Sl B IS W
= el Qs d8 ARE AP W Aawle
Hete g Q7T gk, we] H dEle] T &
AL =38 DC H=aF o83 5= 7] Wil Z2e]
AP 294 AY AEHAZ 2 5 9ok Ao
o7& ¥2 DC =ttt Agte] H4d o &3 F93]
o}, de] Hpdl el = S8 EF0) leh 2=y &
E=EelA 2ejsle e slA o] = H-HeEx] He g
W) Qleje] Eljlolel. (g A Ajalelxe) A W
3 A2wle Algk Wiz uby, dds E2le) -84, v
2 29 12}, B2 889 $olT 28 At Al B
A& FHAok gl

A8 AR A2Rle e 2GS 7y glE vk, A
FA i = S B4 e B o] ois whE &
@8 2] F3he A E AR A 9o B8 239 8
T7b e o, 8 AR Al2Rle) e Ak A
AF (VD) EAC w2} W) o 9B AR Alay
oA FEHG Agte] Wsl= & o2 ol F e o
B AA AaE AHe) FA wjFEo|ct. akef /A7)
A8 FFo] b Wl A¢st Aar), ~d 5
o| X9} 7h2 | Ee| xF= F¥ute] Aol HFFE
o)A "otk e A HAS HeiME ds A
Al2'l Al EARG A sfghe] A Alel® A E 2
EAL 7HA o) g} aleld B =EelAME 5¥E DC
YaZ ASE S gle H-uER e Hd Qe S
A8 AR A"l Agsla, o8] ) ddem @
g 4 gle Ak siske BAE 4 e ke A
Al stde). 2 ulbES |8 AR 3¢l FAE A
HEIE AR5 gl BAEG Alojals ikl 2E
AMAHE o] &3l wlalEoln o] 5] AL A5
ol S FaiAM vl FAEIL AFEE F3lA olF #l

ajgiet.

2. HlAAHo|E H-B2|X| HE| ¥ QIHE

2] gl QIwEe) BE5 T2 W E AHES)
A a1, 3 Agkel nxal el A vehp &
< &9 AE 7E 4 Jehl ge] Fdl Qe
= glaAe] =9} NPC, 5 7H4 EF7) sloh. sl
= qI¥El:= NPC oIWEle] el Hatat 294 Ao
bz} Z7}3 gl tlole=o] Algo] HBQ gloe AA
Fol} 25 AL-EC) Fig 12 744 sR2Ao| = H-

OlLiX|=Er M14H NMH1S 2005

First
Fuel cells

aDE

Vout

D cr b Cs t !

Second
Fuel celis

V1

.
| 1
| 834 S44
|

Third
Fuel cells

Fig. 1. A single-phase structure with a 7-level cascaded
H-bridge inverter.
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Fig. 2. Output voltage of the 7-level cascade inverter and output voltages of each converter. (a) final output
and its fundamental wave, (b) first converter output, (c) second converter output, (d) third converter output.
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S
4. "eb Zstel 4

¥ s ms) 24 A7) da Ax Asee) ¢
AR £ o) A A7} 0% 409717 B
Z 92 sl BMslcln. £ BAolE 2E o
2 Aol Ao A A7k Lok A 9w 4
Z shtel . Aol AT A3k e} WA 715
o] ¥oh3 714 shslch. YuHoE A= Al 40%
o2} A sh AR o) AR WA A2y
of £A4E P Z 4 Sl Ak S Aos U
A Q7] dEl B HA AselA B3k A3 40%
2 231 shevha sgakd

41 % W oim mXe| Met 2

WA Fig. 19 9e) A oie) 2ol 30 @
= Ao A A5 e BE ARR. Fig. 4
£ AY APt 71E4F THDE S8k 7|2t

Journal of Energy Engineering, Vol. 14, No. 1 (2005)



40 A3 -

155 o s i i i s i s
15 |
145 poo
135
13
12 : : \ 110
0 10 20 30 40
Tt 25t [%]

Fig. 4. THD with the first fuel cell voltage droops.

THD[%]

133 140

1325 | % 135
S 132 | :zg s
81315 | g
131 1 115 %

13 : : : 105

0 10 20 30 40
et 25t %)

Fig. 5. THD with the second fuel cell voltage droops.

e Aaste AL & 5 U

42 5 W A= Mo Mt Us
s % A AR Xl A AP wAsG e
@2 spgaich Fig st A3t Asl7h 2748 W) THD

7)1 AagE 4 5 Aok A skl a8 F A
A A7 Axe) THD Wzh= 3 WA 8 A=)} THD
Wi sl A8 o 4 9feh 22s FAE E3)
of AY 7Pl F71e W r)Ee) AR Fhashe b
9 T2y} ARs THDE V8. o|#st A& B
Ael7] el A8 A el BAZ|HE A EH
a2} ) Alele) Babde des)t Al £ oleF
ZE 98 Ax| FEghl BA 7S FL5s g4l
At 7st WAA] THD ¥t 7B Zidd A WA <
B AA AlaRleut HA 7S H8381=F g

5. Mgt dsioll st 2A7Y

At ke AR e o 7Bt sl |

oiliX|Z8F M142 H1S 2005

B AA] Al2ee] FHde]] FAE FAWE MRS 7
3 HAF Ao, EEFAA B AR 22 A 7}
A v ge] of =gellA AAl Hl. Ak Al 743
w2 AlEFeldE Bl sl RS Sl A
2 AA 29 Aske] At bl g 2 71 A
S Elsksiet

5-1. #AE ZHE MXE St 24 WY

E =RoME o] EE 98 g HHER A
Hepe Al2"E 7Pt ofd Wk o= 3 29
2] &l £7baoF At Ay} deldeln 71
HAE AWEE ) 28 oy 25 AdAEle] B
AR 4= 9)AIt 370) Hfale]l shiRl AX|FlexE o]l E B
Abe] 7Vs BF=E- slazl g FAE AAWE7} A
§ 2de) At s} dolvke A9 E8olT AA
HA) ¢k 2 R Ao At et AR Aol
= AXY o] HAE AMEIS o] 83l oE HA
& 4 =S sl Fig. 62 Add A% AR A~
gl 85 tlolo]al & Jehdch PI Ale)7|e FAE
ZAWEe7} e SEEAS =S A4 sdo

Fig. 72 A|okEl ¥2E AWelE AXsh= B4 7]
We] Al BHe]d Adto|d}. Fig. T(ay= A WA 48 A
Aol A|zle] 0.15%X 40%2] At 7F5H48 VoM
288 VEYS 71 o &3 A 938 ¥ejEr A7
9 wislel 3 Hgke] W AR AdS 2 =
o}, o]A2 dR AR AlA"AM RAT)e} 2dEe] F
7} B2l E3E o] uh Agte] 7|Ea}l AFe] A
3T THDV} 2715l 718 RoZFc) Fig 7(by= 3 W
A A8 AR Yol AAE F-E el o8] &
g e 7|Ea} o] Bafe] © AL e A
B Ax 9 29 o] At sl A sojetx F
2E AHEe] 93N ek Hgte] RAME o 4 9l
o}, Fig. 7(cy= 0.15%9) 40%2] A 238 2= o

Second, Third
H-bridge converters

| |

Muitilevel
L L 4
Fuel cell — Boost converter Inverter | oad
First
T H-brifige converfer
PWM psrausszcan)
Generater
Pl Error
. «i- Reference
Controller amplifier

Fig. 6. Block diagram of the proposed fuel cell
system with installation of a boost converter.



e AHEIE ol gat du A Alawle]l AHEA FA A 41

150.00
i
| H
100 00 !L| P i AL
50.00 ] .
1
0.00 - J ~| ‘ i
l || ‘“
-50.00 < [ 1 ;
[ !
| i
100 00 ¢ i
-150.00 ) . - ) :
0.05 010 0.15 0.20 0.25
Time (s)
(@
Vout
150.00 - ) <
H I v
ol i I
.
100.00 . .4t
50.00 | ! }
| i |
ooo - | J L.
| [
! 1y !
5000 l S L
{ f Vo
| |
10000 ¢ i '|
[
15000 | o oo
0.05 0.10 0.15
Time (s)
Vo_fuel Vout_boost
50.00 -
Output Voltage of
45.00 i the Boost Converter
40.00 A
35.00 \
y
\\
30.00 -
Output Voltage of the First Fuecl Cells T
with Voltage Droop
2500
2000 :
005 0.10 0.15 0.20 025
Time (s)
©

Fig. 7. Simulation results of the first proposed com-
pensation method. (a) Non-compensated output volt-
age waveform with voltage droop from 48V to
288V (40%), (b) Compensated output voltage, (c)
Output voltage of the first fuel cell and the boost
converter.

= A9 29 A A A9 BAkp] 99 A
AR P AuEe 29 AL ehich

5-2. HAZ XOE S8 24 4y

Ak 7ske] HAE S8 T AR Al A B
2E ANEF AR5 Al 7 H-Be)x] AME9]
=9 Ak IAFE Ajofsl= Aot Zhzhe) H-He]
2] ZANER= Alejd BAFo) o3) Agks} 27 A"l

H-Bridge
B d, Third
H«hr‘;:;; conv:rters COnVerters
-—= Load
Fuel cell H-Bridge
Converter
First
H-bridge converter
PWM IDSP(TMS320C3 nj
H Generater
Calculate Look up
i |voltage droops table  |(4.6,.6,)

Fig. 8. Block diagram of the second proposed fuel
cell system with control of pulse widths.

AL gk A WA A8 AR Ak AFslrt 2y
g AT AR e AW dgshs B
& oA AR

zhzte] ZAwefolA] WA Aake] HHL o8 F 7}
AE a2, 1) 4989 QoM 718 2712 FR18
o} 2) £ Ak F4Fe) THDE 7WAlc) g%
AXzRe R AAksle A2 AAL Al7te] A=) wlela
FAH LR AAFE Al Aol ohiel A st
o] Wgel] M3 FAFE vjE] AA HoHE d= A
o] Br} p2- yelt}. Fig. 82 HAZ Aol & ¥ st
£ F HAZ Ak Al2sle] £5 clolo]aielt. vt
oF Aot 757 iAElvi Ak 7kl wlel ulE) Al
Abel o) 150 HRE 7 Q)E ‘look-up Hlo]
o) At ik FEE 7l PWM BA7)E
‘look-up Elo]E ellA] Q-2 28 HA ZhS AME3)
AM2S Hx el g JHEC g g8 42 Aad"
o] A}t 785 e AT Y AL P =
719] 7188 A FAEH Ha A Aol 3
#aglte]l THDE zH "ol Fig. 9= 5 WA Alatd
B 71e] Al gde]A Ao} Fig. Waye A 7
e st Al WA d8 A E3 AYE el
. AZEE #E el webd Al FHoR e S5 gl
B, 020M 012718 A e 0%, 013204
0.2%71A12] At Zbele & A 7l Wl 40%
o]}, 0.2& o|F2x= A} 73l 20%¢]T). Fig. 9(b)
B A AsE 2 A2 viRAk &9 ke v
R}, A|2wlol|A] Hs) 7)ele) xghe sl dgke
Zo|SX THD: Z7}5 ®}. Fig. 9(c)= A€ =
2Fo] o8] 7 Ago] BAE AL B 4 9o 4
B A=Al RS 7t sl g% Aol
29 2] 7| 8w} k) H4o) THDE FX)3eS

Journal of Energy Engineering, Vol. 14, No. 1 (2005)



42 AEs - IS
vo_fuel
50.00
T
45.00 '
40.00 \
i o T
35.00 )
Voltage Droop
3000 Voltage Droop 40% ‘Iioltage Droop
0% s e e 0%
2500
20.00 .
0.05 0.10 0.15 0.20 0.26
Time (s)
(a)
15°°0Vout
{ y
10000 | o ! 1, [
R !
000 ‘ { . i H [
i | ;
000 ‘ ; 11 : -
I ‘ I
50 00 ! !1 .
. P Yoy | ’[ 1
100 00 ! , .L !
: ' L |
150 00
0.05 0.10 0.18 0.20 0.25
Time (8)
(b)
vout
150 00
ron
100 00 [ ! [
| | [
! [ j
s000- 5 ¢ [ l Vi
i i | b
! | [ ‘
| 1 RN : : ]
000 i | ' . !
(I P (0
-5000 ! T [
bl ,
-100 00 : E . |
' |
-150 00 .
0.05 010 0.15 020 0.28
Time {s)
(©)
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Non-compensated output voltage

Compensated output voltage
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48 V (0%) 10.8°  33.3° 63.9° 138.001 [V] 48V (0%) 10.8°  33.3° 63.9° 138.001 [V]
28.8 V (40%) 10.8° 33.3°  63.9° 120.606 [V} 288V (40%) 9.0° 31.5° 46.8° 137.993 [V]
38.4V (20%) 10.8°  33.3°  63.9° 129.303 [V] 384V (20%) 9.9° 324° 57.6° 138.005 [V]
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Fig. 15. Experiment results with use of the ultra-
capacitors. (a) Non-compensated output voltage wave-
forms with voltage droop from 48V to 288V (40%)
in the first fuel cell systems, (b) Compensated output
voltage, (c) Output voltage of the first fuel cell (chan-
nel 2) and ultracapacitors (channel 3).
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