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Compensation Scheme for Output Voltage Distortion in Fuel Cell Stack with
Internal Humidifier

Keun-Wan Kool, Dong-Gyun Wool, Dong-Myoung Jool, and Byoung-Kuk Leel

Abstract - In this paper, the characteristics of portable fuel cell system are introduced and the dynamic
response of output voltage of fuel cell stack with internal humidifier is analyzed. When the output of the fuel
cell (FC) stack is short-circuited for humidification, the output voltage of the FC stack rapidly drops. In order
to maintain the load voltage in the required range, dynamic compensation methods are proposed: 1) installing a
capacitor behind the output of the FC stack; 2) utilizing the bi-directional converter. Especially, bi-directional
converter is used when short of the FC output is detected or predicted by algorithm using data which is
measured during previous three cycles. These methods are simulated by PSIM 9.0, then experimental results

from the fuel cell system prototype verify the validity of the proposed methods.

Keywords: portable fuel cell system, bi-directional buck-boost converter, internal humidifier stack, proton

exchange membrane fuel cell (PEMFC)
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Table 1 Specification of system

uni—direction conv.| bi-directional conv.
_ Step—up |Step—down|
Input voltage [V] 26~46 11 B
Step—up |Step—down|
Output voltage [V] 12 D 7511
Output power [W] 150 80
ISW frequency [kHz] 150 150
Cooling method Air cooling Air cooling

Table 2 Specification of stack

Fuel cell PEM
number of cell 48
Power rating 200[W]

Voltage & current rating 28[V1@7.2[A]
Range of output power 26[V]~46[V]

Humidifier
consumption of H2

Inner humidifier
2.8 [L1/[min]
40% @ 28[V] at maximum power

efficiency of Fuel cell

Table 3 Specification of battery

type of battery LiFePO,

cell weight [g] 49%
cell capacity [Ah] 196
nominal voltage [V] 3.3

. ol ® 1& Azwle] g e, E 2%
o] AR, I 3 wjElEle) ARFE vhehdch
Fulg draA Azde dudAs W gy

F

of uheh Y 29 2e £ mES Iy 39 2 A
of 22g zhth ol ARAA LY Fa o] F
Baa drAdsde £x @ FEsh wde] A%
A58 AndAzdel Ry Adet s, wee o
SOC7H etH A4 Low lmits AUa 445 FHo|

¢k 4El, High limits @& 495 $4 49
3 Abe], Low limit¥} High limite] Ato]E #j¥

7 kg Apepet s
Fuel cell LC filter = Uni-directional
converter Load
_______________ |
YL
141 H_ J_
SW1 | /|\
T
________ I
I_ Battery
e -
I Y'Y\ I
| Sw2lil [ 1
! Jo Asw3 | T _
_— T
Bi-directional

converter

Fig. 1 System configuration of feul cell system

22 SERE
Case 19 45 Admdxe] Zej7t 449 defolaL
HEf 2] SOC7F o] deash &2 dHd o, dsd
1 Ao E2ke e S Wik Ao E Al9lst
i AudAe] wdnter Fato] d¥s THstd ®
th webA Case 1914= @& AR E O A% A
ofs sl 1¥ 3-(a)ok 22 A7IE Tdsto] W@
ZniE <] MM Wl% Aofs) Az dHRAYE
Ehy OS_EXM

Agde o7ty =
g A7) o7k A3l

$a7h gle HlAe 42 et olut dE
A 2l Fa) wel el

sAlA9) el ol dol glu eele)
A4z e el

Uni-directional Uni-directional
converter Loa converter Load

1 = :E
Ll A=/l
TR

Fuel cell Fuel cell

Battery Bi-directional Battery Bi-directional
converter converter
< Case 1> < Case 2>
Fuel cell ~ Uni-directional Fuel cell  Uni-directional

Load

:

converter

converter Loa

T—

=/
4{:

Battery  Bi-directional Battery  Bi-directional
converter converter
< Case 3 > < Case 4 >
Fuel cell  Uni-directional

1]

Battery

Bi-directional
converter

< Case 5 >
Fig. 2 Operation cases of fuel cell system



The Transactions of the Korean Institute of Power Electronics, Vol. 18, No. 1, February 2013 39

= — o]—7]
gSa wEee SOC7 28 LLHE Case 53} o,
ojuf Az HAA 2R AxHA e} wE st ks
7ol EHEES 2, Case 501]/‘1b 2% 3-(d) ]

s SR B B, ol 2403 A
o2 9la PYF AEY FiE 2917 SWIS W
2e] A olgste] Fake] AL Alojsta, W)

SWIE dHABAZ lofs] ToMW
YAFERS AEeESs Ik W ¥ AWEe &
FEF AHHAA HHEM

50[msec] &<t it 29 4= dAzAA
2Ho S AR Jdd% & HE A9E g
ek olu) V_FCE dsdx~"e 99, LFCe
AzAxxee] £ AFE Jehdth Area A 98
Az FEvte] wdgd o] wel FHAYY FHAF
7} 0ol] FHshE 3SRt

*
Vinain tO — Pl

Vload

IL + - y—‘g’[
I /M 150kHz

(a) control block of case 1

@r'b—'

“ L,
V main %?H L TT —{PI]

Vioad L M 150kHz
* + 1=
| & —{PI]—{=] F'b—'
L si M 150kHz

(b) control block of case 2, 3

1

Vhoos O*>- L % H-H-Hﬁ—’

Vload I /M 150kHz
(c) control block of case 4
. I =
Prc — _’? tT —{PI] =] F’b—' SW1
Vs 1 M 150kHz

Vi1 PTG by a-a-ﬂ%

Vload IL Bi M 150kHz

(d) control block of case 5
Fig. 3 Control block for each operation case

32 B4 7|E1

L o
2
rlr T
rE rfr ol 4%

o

f
= oL o

[

3.2.1 StEZ 0l E ol 8
steglol & ’\}%ﬁﬂ LR 5‘}% W A A 4
42 AbLE An
e duAlE ¥
18] AFAIE (CDoll A7 olqA7}F Falol| Al AH|E
© AU A BT Aokstt}, Fatell A 150[W]e] A&
Aﬂ]sh:}ﬁ 7, A i AsAA &Hd o
g+7F S0lmsec] 5t FF 3
E_supply °lz} & 4 3tk
W%l 71 T AS &4

Hx
L=
H

ke BaY AUAE
AvEe 18

[e]
nels) Fael Faa 7
w)

ojof &= oUAE Ereal olgt & 4 Utk o]
E_real #2 v 2 (D3 2ol Fajxith

E;'E{ll = E;"u,pply X t/77 = 150/005/09 =38.6 [‘]1 (1)
olg]gk ol AUAE T e ArHAA =
de] gedeht Yo Fene Al wAS e
dto] g 7oA &3S At Zad 7
Neze 4 @ F99 & 90

VR -2, (30°-12°)

olwf V_inZ AmndAA2ge] {JEASH Viooutd
Y% Jehdth 34 TR AR AE FEA]
71 918 AMEE 5 dE ATAEY] FRe 7154
Elet wHANAIEZL Ak dAANANEHE AT
A|zEle] Bi7t 94 AAE AL 98 ¢ Qla, F
ANAHE AT =

%=wlﬁw

ZA§-oll= Alzdle] 714 0]

o>'_‘m—§0lﬁ

M Pos: 40,0005

36\1

Tek .M. L] StDI:'+

1 V_FC
 20vidiv

L EC 7.6A
L 2Adiv

CH1 2004 CH2 200 M 250ms
Fig. 4 Waveform of fuel cell

+
Area A
CHz2 /-



7H
A= 7}

=

o

[e)

4 1=

M cont_A_1

5

)

B
=

" A (HX7]

F 2AD|

40

WP T THTTRRPE DY g =< g =
AE QT HUEBERTER O HWo BRTHN 11
OGRS g B iﬁo_e%aﬂﬂqwi
= Nr B B ~ ) .
PR EErgl¥F¥asdh JHaawr oD
ECoCmE T h T RPN EBF
T e WP TS g N ® By N x B
o g L 2 T M oy N 5o N < A g AW~ 0§
I o Mo° — dﬂn | ]6 ]AOL.O = = =]
% Mm KO ~o ‘UI ~s N —~0 w o = T T — b Ny g 5
R0 BN R e X 5 < pXUEE 4 4 , .
UKo yWEHE S maT AWy Ey HT L2, £ B ]
op o e X T o BT S e B T TRk 2
JIPL ~ N K — B W — =0 gz g2 2 9]
%ﬂuﬁBﬂu%%.@r%A_mﬂﬂ ) A@ﬁ%mﬂ{w 28 Il A E
~ o | o e — B = / 2 el B & 5
T EeaeST ELAT ool S IP 7%3
i\ S — - ot - O 85N dﬂu_. oH EOﬂAH_MﬂA oAl = k]
e mﬂCB_HArEidlgnﬂC A <0 T Eﬂ_ﬂ&u 3 z . @2 I 2
s 1 iy s 2 E 2
ok o Mo ol ) umﬁ ol ol :tﬂﬂ Mm Ar e ﬂr‘m_ﬂ i M.Lﬂhln_rm s MH f? 3 g 2c R " :
X Yo 5N g T o D ﬂo_amlmﬂo# N T - E =8 S\ 2
) of C,Drjgmwd7ﬂorA7 <° .8 = 2 = g s E | 3
o e N e d R R EE Y e N EZ £ g 3
o E»:/ionuﬂiaﬁ ]W}LP . Jl,_.&' 7.61&1! 55 © < &
o 5 zuO%_ZHO%ﬂ%%drﬂ%i%%ﬂﬂ% g s = A
o — T %0 %o o = s R oy =G g
OﬁE - E#E ‘Nﬂ ~ O —= ‘_ o Or.c _&.E ﬂn N _ JllmM Y
LoﬂZ_ — N~ o LB K W T = on ok ol o - g w E
< o T AT eSO o o U oF oK gl AW~ 3 £s
BH G99 L0 Q0T m T TR g = & 5 23 R
Ao g g R g o B EERNS X T L Hjl k= 3 £5 <
M8 8P SWMEO K S8R W TR RN ER s
AN 1138 © < =
[T j— : mm:/ I MWcm 4
ﬂ%j%;ﬂﬁ ﬂ_%mm%?ﬁﬂﬁ Hcﬂhu. R 2% o
T . o o= r L - oMz 2 B ——F———k-———-
= o P OB NwET TG g .
TN X o W ol U T 7o o K g 3 = f? g S £
TA o B U FeEANagsr BRES 5 | — : £
g B PRNIFTEFN T HN s f = 10 :
"o O ar WP )%%Ex%im«V =B X ES =) 2
o X nuii) .H_mull‘m.mﬁdlw_,ml.._llﬂo_lhm =y sy N g 58 =
) A R R I g £Z .
:.L _.E o X dﬂﬂjﬂ __A_ﬂ <° q‘.mﬂ‘OI_.Eﬁ éo ~ EO X A.& ry———— m
o B 4™ X o L S T~ A - i z
S — X F<y B O] = 1 S ] 2 3 2
ML C W R g S g ®E M A s S R 3w\~ i _ 3
NF Ul B g m 2 A — o W g g < 4 : 2 > 3
W) ) o1 — N om o n = wode N g g = =
ﬁi,lo |1Jl‘._x W;O‘H.OIa»A ‘Urw_‘.jln‘l = = 2 s E g
A= iy uluxﬁﬁﬂk%c g g5 £y 2 N -
R o T T Y Il s ML R 35
s oM o N D E X Ew 90 e £ g
nm 0 7o <0 R~ g s £ 5 £
EE ‘:L‘lllw_ - Bl N E ‘El‘m N T _— 7L £ 9 0o
- ) Eﬂdr.ﬂ@q%%}ﬁ R e P : N
R ® CAC N WK _ 1,5
H X N __O;OLO HO “mmlﬂrﬂmo X — = 5 1o W
ﬁ@mo_eﬁiﬂﬁ Eoﬂ%&Tga7bmo .%ﬂnMoL 3 g £ =2 /1 e\ |3l
oo Y4 g B om RO A w3 = =g 55 /=1 T\ 18%
s TR 10 =R offy = ~ 00 T ~ Z A 3 = 3o il 5 1= £
P gm0 WALET TRy oS R e E IR
P _ Sk TE _=mT gy T xR E 5y
O T B e TR ms Padhpw R
T X0 T B o I NN TR T s T
yXLA# e ) < il oy
BTG o T4 R HT TN
WA WHERTEE o &Moo NIFENF  EF R

Fig. 6 Concept of predicting compensation method



The Transactions of the Korean Institute of Power Electronics, Vol. 18, No. 1, February 2013 41

Uni-directional conv.

E ? PWM_BD_1

|

| * I [T;l . fﬁ\_'ﬂfm -

| 28 £ % ' ==400u E

I i

|

| : ‘

B0 PWM_BD

2
S
-
z

BU PWM_BU

E I ? PWI_ME

- - 1] PWW_NMB

ton I I

a ==200u
18 I

BD

BU

Lpad I

DLL
-
pe
"3
-3
L

I

Bi-directional conv.

Fig. 7 Simulation platform

4. g0l M
oA ARBARE B B IS AEH
7] Sle PSIM £ZESOIE ALga] AEdHS 1Y
stk 19 7e ABdOE JREE ekt A8
dolde] TS wuF AoEs PYF Ane, 17
2 DLLE 459t ARdAe) geage wejs)
7] 93] DLL #20 332914% A3 Slms]
=]

AZFEE ANS BRFANH Y Fels
A549E

lo 4 lo

r2 2

S

A9l Ae oA ARAAL AgaRen AriA
gl Audon ugAnEl A9s Fie
=5 mdgaign. a3 8 AndAe] Wbkt
Y] shdete Eas dEhla, 2" 9 A4
HE olgd B[S AT A2 ojul AHEH A
A 2= 23[mEolvh AsdAe g G ol
BAst AsjAIH AgEol AW dUAE &8
FHAGS FAGAE AT 2 5 ARed, AN
A oagel wek Eeagto] A4 2 wet 57
e AL 2 5 AT 19 109 A9E wEe) o
WA E S o] &3 Y BA7IRola, a2 119
B dE7Ige] AHEEE A AlEYeA 9
eat shan e el wElelE ol&w nab o
Al AlzEl FE QNS BASS glo] gt itk
V_FC Vout |_batt
12 1 {——Outputvo tage
6 b Abnormal period State of F
0 + Battery cufrent
I '
6 i~
12 \J"
PWM_MB
o _ ]
PWM
0.4
0
0.04 0.06 0.08 0.1 0.12

Time (s)

Fig. 8 Uncompensated simulation waveform

V_FC Vout |_batt
12 —__\\I__Output voltage
8 Abnormal period
4 p State of FC
0 Battery-current
-4
PWM_MB PWM_BU
Main switch
0.7 PWM
0
0.04 0.06 0.08 0.1 0.12

Time (s)

Fig. 9 Compensation simulation waveform with capacitor

V_FC Vout |_batt
20
Output voltage
10 W= -
Abnormal period — State of FC
0 ¥ “ Battery-current
-10 \\
fA
20 s
PWM_MB PWM_BU
08 Main switch
PWM
o4 Bi-directional
0 Boost PWM
0.04 0.06 0.08 0.1 0.12

Time (s)

Fig. 10 Compensation simulation waveform with
detecting control methode

Output voltage

——— State of F
T Battery-cugrent

Prediction compensation period

Abnormal period

PWM_MB PWM_BU
Main switth
PWM

Bi-directignal
Boost PWM

0.7

0

0.04 0.06 0.08 0.1 0.12
Time (s)

Fig. 11 Compensation simulation waveform with
predicting control methode



42 Wi 7hEE dsdA 2

Aorst wA7IHe HEe dd v 22 sh=dl
ol& AlFstel AP %

W ZAWEHE AMEY H
W EAE ANEE AT BT
g BRSS9 gl 23[mFle] A A =
71 98 wWER ddsisien 745%31%

DSP320F280355 A&-3tSi Tt

Uni-directional converter

Gate driver controller

Fig. 12 Hardware set

out

batt
batt

\
N

. Abnormal period 5V/div] 50ms/di

PameanF) * PodelayCVET
sw

Neasure PImeanic)  PIreaniC) — PImeaniCy  PemeaniCl
value B24Y 128097 ariny 839 A
v v v v

Abnormal period
V_FC
s
i
I_FC
V_out
i 5V/div] 10Qms/di
I
Measure Prirms(Ct; P2rear(C2) P3msiCy) ParTs(Cy Pamea¥En PBarpl(C4)
i Soey Tomy ey o5 Sory 3a
Sotus v v v
LeCroy - 72017 5261 W

Fig. 14 Compensation waveform with

capacitor

V_batt

) / ‘ I_batt
Case 1 normal

V-out shows
Abngrmal period
_compensation SV/div I 50¥s/div

voltage drop
Measure P1Iimean(C1) P2Zmean(C PImean(C3)  P4rms(C4) P5rpwr(C3,C) PB:- PT---  Peifreq(Cl)
E 529 T wEw

value
£ v v
500V
0V ofsel

E2i) nAsdol

I tt
V_out shows  ba L

voltage drop —>1 €
Case 1 predict

Predict
=D
Abnormal perio
compensation 5V/div | 50rps/div

compensation
P1. mzan(ct) szean(CD szean(CQ Pums(c‘) Fsmwv(cn) PB--- PT---  PBireq(C1)

(b) Predicting compensation waveform
Fig. 15 Waveform of case 1

i VIC
LA L 'I Y_out,
Y..batt.

V4 I_batt «
V_out shows
voltage drop

Abnormal pgl iod
5V/div I Sﬂgs/div

Case 2 normal

_compensation
Measure P1. mean(m) szean(Cﬂ P3mean(€3 vams(c‘) PSpwI(C3,0) PB--- P7--- Pgifreq(C1)
viue i 2w =
s i i 4 e
T
o oo
LeCroy 91412012 1:34:58 AW

(a) Detecting compensation waveform

T 4% HeMOIA E2 CAEHO ANSE TAME B
) 1
ST // V out
g:
2
N V_batt
wwﬂ
) / I batt
V_out shows /
voltage drop —> &
Predicty 1 >
. €
compensation{ Apnormal perlod
Case 2 predict
compensation | 5V/div | 50¥s/div
Wesswe | PrmesnCl PImean©d PImesncy PAmMSCH PSTWEIS) P PTO.  Pemeion
vlie Sy d7asv  essey 1610 o
o . v ¢

LeCroy a1412012 1:34:11 AN

(b) Predicting compensation waveform
Fig. 16 Waveform of case 2



The Transactions of the Korean Institute of Power Electronics, Vol. 18, No. 1, February 2013 43

BA7IEEe a7 20 YEhd HEE F slgE e
s SYHHAYSE AMESHA e A, S5 ds5dA
of dedntom Hald ALES Fudte A5ol AoA
ZestA "d webA case 1, case 29 g0l t3led]
7S A&t A¥s dAgozA BAATIHo]
WA= &EAdel dis)  gelgity. 19 13~16004

V_FC, LFC, V_out, V_batt, Ibatt®= 77} $15717]¢]
A%, dudAe AR, Ax=de] YAt
Blelol E5dst e dFs vehdd a9
M= case 1 4ol tiste] AMAHE L-&-3)
ol A Holx &

15-(a)¢] %

[
—_ -
SN

1_,
D)
ol
o
e
—
o 2 I ox ot 5 2 E

I~

o] Aol Alxgle] FHAGE Huh o FTHT
T A= Aol Srh 19 16-(a)9] 4F case 20
3fo] o|Z7|Hoe] HE57] Aol ol 18 16-(b)
o A= dS71el Aed
E AR a9 159 A9k 2ol dF
= 1] gl 7)ol o)
F& B V_oute] Zst dibo] o] kA A <]
ot

%

6.2 2

B oERAAE AR OY 43 duad 2de) 7t
ST Bl 2He FHAYS WA Aol
AT W, ARAA Azde] FHAGE 2] 9
S PYES A e B9 o2 AFadt A
b W F SEalelE AEE WuT AlolE Ea)
FAALS BARE P BT AsY FRAUS B
Aste Ao &30} Al e Susdols £ w
A el A%, BUAY RIS g8 2§ A
et BasA S ol AAl Azwe] Rus A,
A 5e 2bIglE adle] frh W Aolg E@
W F 7 7ol AEHE F9E AR
va| Alzgle] 23, A, HAE fASEA A2
FAAGS Y T 5 Atk AW @A AR B
ARAAY FHAAGE AANINAAL AFES Ao
BT Bae] Atk dZvldel AgEE B
NE N2E A4 R AA Eel wEe ned 9
= Aol gtk

= A= 0129 E XAZHF MUz
FoHX7|=g7Hd (KETEP)2| X|@lS ot
Aot 7 oM ik

(No. 20113010030020-12-2-200)

> o

m
o

[ R

[1]1 J. L. Dicks, “Fuel cell system explained,” 2nd ed.
Hoboken, NJ, 2010.

[2] Wei Jiang, Babak Fahimi, “Active Current Sharing and
Source Management in Fuel Cell-Battery Hybrid Power
System,” IEEE Transactions on Indurstrial Electronics,
Vol. 57, No. 2, Feh. 2010.

[3] Dpmg-Hee Kim, Jong-Soo Kim, Gyu-Yeong Choe,
Byoung-Kuk Lee, and Cheol-Hoon Kawk, "Design and
Control Method for Critical Load Supply Equipment
using MCFC Electricity Generation Systems,” 7he
Transactions of the Korean Institute of Power
FElectronics, Vol. 16, No. 1, pp. 20-29, Feb. 2011.

[4] Yu Ruan, Yumei Wen, Ping Li, Weidong Shen, "Design
of Control Methods for a Portable PEMFC Power
System,” [Intelligent control and automation 2005,
WCICA 7th World congress on, pp. 1874-7878, June.
2008.

[56] P. Sridhar, Ramkumar Perumal, N. Rajalakshmi, M.
Raja, K. S. Dhathathreyan, "Humidification studies on
polymer electrolyte membrance fuel cell,” Jowrnal of
power sources, pp. 72-78, Jan. 2001.

[6] N. G. Hingorari "High-voltage DC transmission: a
power electronics workhorse,” Spectrum [EEE, April.
1996.

[7] J. Hamelin, K. Agbossou, A. Laperriere, F. Laurencelle,
and T. K. Bose, "Dynamic behavior of a PEM fuel cell
stack for stationary applications,” [Int. J. Hydrogen
Energy, Vol. 26, No. 6, pp. 625-629, Oct. 2001.

[8] Woong-Hyub Song, Jae-Hun Jung, Jin-Young Kim,
Eui-Cheol Nho, In-Dong Kim, Heung-Geun Kim,
Tae-Won Chun, "Supercapacitor Energy Storage
System for the Compensation of Fuel Cell Response
Characteristics,” 7The Transactions of the Korean
Institute of Power FElectronics, Vol. 16, No. 5, pp.
440-447, Oct. 2011.



44 7R AR

T2 H(ERRE)

19894 2 102M. 2011 Moz MX}
M7lZetm B 2011d~8A S ofste
MR 7| Y FE TSR AAITHY,

S (BEY)

19844 74 29°"<‘£' 20094 Mozt MRt
M7lBetm B9 0124 5 ohsty MAA

SRR ERUMA) 20126 - 3%
RIE7| 24 | 2 Etmh BiAbDbe,

A 108 oM. 2011 Mozt A
HMo|sstnt E¢ 2011d~8™ = oista
X

| FET SR AfADHY,

Ol = (FXFRHE)

19681 128 2524, 19944 stk HM7|S
S E. 1996 = oisty dUisEnt

ZEA(MAD. 2001 o|=2  Texas A&M
University M7|3&tnl Z(3ah). 20024 ~
2003 Postdoctoral Research Associate,
Texas A&M University. 2003 ~2005 sh=X7|od el AFAM 7|
ATCh MHMAIOE MAATA(EE). 2006 ~ 41 Ao72ch
HESAMSERE Rug 20449 ~8™ |EEE Senior Member,
IEEE VPPC2012 General Chair. & &3] =H|0|AL

FHAY 9= B

=]
B



