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sry680910@kepco.co.kr Abstract >> The energy management technology for an independent fuel cell-

_ battery hybrid system is developed for a household usage. To develop an effi-
gzszgzd ESM:F:;T';&? cient energy management technology, a simulation model is first developed.
Accepted 30 April, 2019 After the model is verified with experimental results, three energy management

schemes are developed. Three control techniques are a fuzzy logic control (FLC),
a state machine control (SMC), and a hybrid method of FLC and SMC. As the fuel
cell-battery hybrid system is used for a house, battery state of charge (SOC) regu-
lation is the most important factor for an energy management because SOC
should be kept constant every day for continuous usage. Three management
schemes are compared to see SOC, power split, and fuel cell power variations
effects. Experimental results are also presented and the most favorable strategy
is the state machine combined fuzzy control method.
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Fig. 1. Configuration of PEMFC-battery hybrid system

Table 1. Specification of hybrid power system

Parameter Value/unit Parameter Value/unit
B inal
Fuel cell voltage | 30-38 v | Dauery nominal i, o
voltage
Fuel cell current | 0-43 A DC/DC input 20-72V
voltage
D
Fuel cell power | 12kw | DE/PCOUPUL [0 100y
voltage
Battery capacity | 79 AH | VESTIPUL 100 30y
ety capacity voltage i

Vol. 30, No. 2, April 2019

AR - LA

- E0j=E- 4SH 157
of urehfoia @ Zuket mlmateick of e
olstl mAdx|e] A7]8is wdo] uhe Hokge

=
oF % 9k ARAAL CONL ofii7] &) AES ALE
ahelct.

2.2 H{E{2| 2

HiE| 2] 2] SOCE HiEl2lo] Holdle oluAz=
ofujst ofuA] el Zleel g S8 AR}
Hrh dukr oz HiE 9] SOCE 4 (Y= HHE]

S E=
.
QT_/ [batdt
S0C= Q“ % 100% )
T
o]
AR

SAo A Q= e Y] ol A 4
2 ofdA=FelaL 4= HiE =Y & % GRS
oujslct wiElEle] H& mdll aulr oz #d R
7} FHEjAlE Cco] xFFoz :\wﬂﬂoixlml 2 At
AREEII A= BlE-EEH HiE P A HEe 4
(5)9F At
V, = Voo SOC, T) — R SOC, T) »
P,=V, « I=V,(S0C,T) «

fi;

ul

(hs (chr)
I— R(l/s(dlr (SOC T)

int
®)
w2 9] 524 RS Fig. 33 Zom 4% uf
El2] W5 AR Fig. 49} 2ot A A Edgold »
22 Fig. 59F At

40 * 1600
o Polarization curve experiment
— — Polarization curve si

1400

1200

1000

war (W)

<4800

Pav

Voltage (V)
g

600
25 =400

200

—&— Stack power experiment|
=== Stack power simulation
L L 0
0 5 10 15 20 25 30 35 40 45

Current (A)
Fig. 2. Polarization curve for the fuel cell model

Transactions of the Korean Hydrogen and New Energy Society <<



158 7J8E =

3. OIHX] 2] e

o7 we] dere] FE ZHL AAtoR AR
A 0] Zelat wjele)o] g 245k Ush ¢
B Age gas A AR ande Haw
shan 35k WiE|2] SOCS U §AI3ks Aolch
2 % Jjo] AR T XS ZHe(AR A9} ul
Hel) £ 7o) ofiAge] &9
o). olgfat ofqx) wel Aeke] ZHL sl

S ZATH= Ao

USRS M|

H
A<
T
Zo| ® T2 s 343 drAAel 29 W}
g

stojHe|= A|LEof A whefo] FHfjAle: 4 (6)=
L=l 8

Pj"c+Pbat = })load +Ploss of system

Ploss of system < Pf(: < })fc,max (6)

Fig. 3. Equivalent circuit of battery model

—&— Resistance depended on SOC during discharging
05 —Q— Resistance depended on SOC during charging

Rint (2)
°
&

0 10 20 30 40 50 60 70 80 90 100
SOC (%)
Fig. 4. Internal resistance of battery

A

v
ror
Hl
+
B
ne
i

OlAxste] =24

B A= HAI-HE 2| ot0[22|E U] e 71s T

ouz] e] degkoz ofglo] 37k WS 1
SHAth

3.1 7|A|AERH(state machine control, SMC)

SMC+= tofst Al2g]l o] JHE 23tste] &
o0& ofujx] Pejg AHojhe Wieth?. 2 Ao
Ae e ddn S A7) 9fste]
SOCE F=xsto] sty &, wiele] 44 A
F7F A%l wet ARdA] 9 w3t 2%
Hoixl= ot FA1AQ W Zo
™ SOC2] gk 90% 2|47} 30%2 473t
om AlEF ol AES Fsto] SMCY|
HESITh

3.2 TX[M|0{¥(fuzzy logic control, FLC)

FLCE 581402 Bdgd 4 gl A2 ol
71e] F22 wigo R ofg 29 Al wet =
22 ARHe QFe] FAolIL gk FHH A
of wpiloln] SMCHTH g &7k whaeh?, of i

Energy management system Electrical measurements

Fig. 5. Integrated hybrid model using Matlab/Simulink

No
Stop fuel

| cell

Fig. 6. Flowchart of SMC

H30H X235 20194 48



>

N

g o] mdlo] RAesIr et Alo] A=
o= defA Utk & AFolA FLC= Hf
OC, oJFtollA 838h= 3t A7), A=A
SYHE ARES LHste] dBdA9
277t A w#] &2 Fig. 73} Zow
o] SOC7} VS, o u7}k VS, &4 &8 &
A A TeZt oW tha Ao A 9] =

E—ﬂ.ﬁ% Ifc,ref’]L:.‘ 127]' %E]—

o

jo 2
> rlo
wn &

T S 1
e
)

a o

o

o
A

=>oro & e
U

e

3.3 slo|HE|E X0t

2 Ao A ARESE sho| Bl E Ao SMCO]
23 FLCO] AHS 283k A28 "ot o
WO A7 M%) Hat AF= FLCOA AAlst
AR F4% "l AR7F WEo] A& Alde

H

SMCS] W& o83 Zlolek. & oAl At

—

£

3} SMCHFLC 3lo|Ba|= HMH2 Fig 83} ZHom =L
Al WHe A ()3 Tk

SOC,,;, < SO0C< SOC,,,.

Lipmin < ‘[;c < I, max @)

* . *

]fc = ]fqmax if '[fc > ]fo,max
* . *

]fc = ]fqmin if ]fc < ]fa,min

ASLHSE
BilRsh

S XX AN

0 600 Power800 1000 12(

3 04  05s0c06 07
401

Fig. 8. Hybrid rules combined with SMC and FLC

Vol. 30, No. 2, April 2019

g AEAA= Fig. 99} o] gstglon Amz|
o] QbHgt AL Sl ARHA A mUEHHY
SHEE gl vl AL sk - AR
2 ma syl om NI-USB 6211

ARg3to] dlolElE =38kl A|ofstltt. shol| Ab
=78t em(Fig. 10) =4

A9 Hog fJste] Hdf S 1.2 kW= Agtst9]
=5
A wiEE] A7 Wskel DO/DC AwEet A4
HoJ R WA AU V] A= Figs. 11, 129 2+
t}. Fig. 119]4€} o] SMCE} o] Hejt {2
AlEdlold Axet 2 dX7e & 4= Stk "o
A vl ] MRgho] garolH viE 2] HE oju|st
I e ] ARgke] St 7AW vl 24
olujgic}. AvpE By SMCE sfojHe|= BiyHct
Z71°| wiEle] S-S Wol 87| witol ARHA|7}
o] e M-S EE9he o S7F qiok E3F HAA

=4
e YAHOR AP 27 VE 2 4ATS &

Sy

Vol
I I
HE
By

Fig. 9. Hybrid power experimmental platform

1500

B Power required

1000

Power (W)

5 1 15

o
Time (h)

Fig. 10. Required load power

Transactions of the Korean Hydrogen and New Energy Society <<



160 7138 =g A=TA-HIEE] 510|22|= HUX| &2] 7|s 74
I

o ot SMC7t sto|He| e 27]o W2 W FA| HER so|HeERo] SMCHL} tf £ oy

AYS HAS & 4 Uk Ageolet o 4= Sk

Fig. 13- SMC®} sto]He| =S ARG A ot HEansrs AN 435 Flg 140f A5}
9jo] Rejo] ARH AIE ekl Tgolck el th T1YlH A4 A dranse YL 1y
A Bi= uke} Zho] L= HMH H = Fig, 1004 2715} w(direct programming; )% O]Ur o] Wpo AA7F
= oF AEe & 3ue & o vk ERb e Alojo]l AR 4= gl o] AIQl WHoRA FHa

of THAE AA3| AL S5 & 5 oAk 17 A= AREFe| V|EY) vlashy] HsiM 2

U AdRdAe] &9 Wes PSR SMCE A th DPH2 A4 e AR ==t

ks B stolHe| =L go] MEde & AeEH njF] el Y 8 FHES

et of2gt HIvgh dridx] &9 Wee o o
A=

A At ket 2ol

2,000 Fuel cell output power with SMC
Battery output power with SMC

1,500 General power with SMC

1,000

=TT

Power (W)
o
(=3
o

k State machine control 0
il A — = -Simulation of SMC 500.0
£ 20 \l i ) -800
E 10 ‘ . ] i 0 200 400 600 800 1000 1200 1400 1600
z. ‘ 3 1 n
£ o .1 - ,.(.".l” n,I fl u‘,l‘,
g -10 | ’ 1 “ Fuel cell power of Fuzzy combined SMC
20k J A Battery power of Fuzzy combined SMC
1500 General power of Fuzzy combined SMC
-30 " " =
600 800 1000 1200 1400 1600 %1000 WIS WP, Vo . U T e s
Qo -
S 500
Fuzzy conbined SMC 1 g 0
s == == Simulation of Fuzzy conbined SMC
< } -500 E
H \ -800 L .
210 \' i \ 1A ' W N . 0 200 400 600 800 1000 1200 1400 1600
g | ] V) 14 '\ "H . ||'| A :‘. Time (min)
= -15 . . o g . .
& ! ' / W L Fig. 13. Variation of power split for SMC and hybrid method
20 g - (SMC+FLC)
0 200 400 600 800 1000 1200 1400 1600
Time (min)
Fig. 11. Simulation and experimental results for battery cur- £25
rent 2 e
=20 == =
c 5 -7 h
5 L
215k |- Bt - |
3 0 fe=
310 1347.5 1352.5 1357 ~
30 T 2 = DP strate;
5 > gy
-~ State machine control ©L 8 =l (AT gammmirErat TG LA et A SMC strategy
z = = Simulation of SMC 8 — = Fuzzy conbined SMC strategy
g‘ N I\ ‘ ¥y \ 5 o0 200 400 600 800 10.00 1200 14I00 1600
3 Pl !ll""""' 1*""'“:\'"’ ) Time (min)
26 -,; 4
2N
Fig. 14. Fuel consumption variation
24 < -
0 200 400 600 800 1000 1200 1400 1600
Time (min)
2 . . 80 T T T
-~ o At
z 2s|» I'II" ) ; ; |y ‘“" e S
& IRUE l,,- 10 wlkd*” 8 SMC
v . i
._E 271 '-so., vl \"“" (th uei® .’n’-' N v FD-;:':“:::"hmedsmc
2 ' — = Disred value
=226 ] Fuzzy combined state machine control
= == == Simulation of Fuzzy combined SMC - -
. L L
25 N N
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 ) 800 . 1000 1200 1400 1600
Time (min) Time (min)
Fig. 12. Simulation and experimental results for bus voltage Fig. 15. Battery SOC variation

> ptm AU =2 X303 H2Z 2019 4



AEERS o xalelofA Jo ALt}
49| glE Hjwshz o ARggith 1
Bl ule} Zo] SMCe} sto|HElEHe XA
AmEke]l DPHET ARE v ARV 1
2ol 4.7% =R IokA] E@A] e HALE Kol

El__
o o] SMCU Sto|Re|=me ghuket SRS
alo] SOC7} &4 0% 2AE §A8kL 9o

A goll ARE3E7] At o A] e
ol W A dR ARSEE 2H[S
SOC7} 40% A = Holz]7

O ARgsPlelE et g

o2

rir
@)
g
[» ok

)J]\EIE = Zl\— ME}—

o
=~
=
T Tl
N
AN
ox
ofo
re
u
)
N
=
o
o
o
o
Iz
i
I

=
a
e
2
a
i
&=
O
i
B
i
et
ol
o,
o
|z
Moy
Is
rE
o
i)
ol
o,

o
|z
o
In
E
o
N
O
:‘o

>
=L
o
e
oS
tlo
2
4
%o,
fiul

re
re,
L
7]
o
Q
i
3
X
fru
Jo
)
ol
&
o
re
U
B~
i
KN

This work was supported by the Korea Electric
Power Cooperation (KEPCO-R16EA01).

References

1. X.Luo,J. H. Wang, M. Dooner, and J. Clarke, “Overview of

Vol. 30, No. 2, April 2019

11.

AR - LA

- 20|k - A4S 161
I

current development in electrical energy storage tech-
nologies and the application potential in power system op-
eration”, Applied Energy, Vol. 137, 2015, pp. 511-536, doi:
https://doi.org/10.1016/j.apenergy.2014.09.081.

. P.Thounthong and S. Rael, “The benefits of hybridization”,
IEEE Industrial Electron Magazine, Vol. 3, No. 3, 2009, pp.
25-37, doi: https://doi.org/10.1109/MIE.2009.933885.

. P. Xuewei and A. K. Rathore, “Novel interleaved bidirec-
tional snubberless soft-switching current-fed full-bridge
voltage doubler for fuel-cell vehicles”, IEEE Transactions of
Power Electronics, Vol. 28, No. 12, 2013, pp. 5535-5546,
doi: https://doi.org/10.1109/TPEL.2013.2252199.

. P.H. Huang, J. K. Kuo, and C. Y. Huang, “A new application
of the ultrabattery to hybrid fuel cell vehicles”, International
Journal of Energy Reserach, Vol. 40, No. 2,2016, pp. 146-159,
doi: https://doi.org/10.1002/er.3426.

. W.Jiang and B. Fahimi, “Active current sharing and source
management in fuel cell-battery hybrid power system”,
IEEE Transactions on Industrial Electronics, Vol. 57, No. 2, 2010,
pp. 752-761, doi: https://doi.org/10.1109/TTE.2009.2027249.

. C.Y.Liand G.P Liu, “Optimal fuzzy power control and
management of fuel cell/battery hybrid vehicles”, Journal of
Power Sources, Vol. 192, No. 2, 2009, pp. 525-533, doi:
https://doi.org/10.1016/j.jpowsour.2009.03.007.

. K. Ou, W.W. Yuan, M. Choi, S. Yang, S. Jung, and Y. B. Kim,
“Optimized power management based on adaptice PMP
algorithm for a stationary PEM fuel cell/battery hybrid
system”, International Journal of Hydrogen Energy, Vol. 43,
No. 32,2018, pp. 15433-15444, doi: https://doi.org/10.1016/
j.ijhydene.2018.06.072.

. L. Xu, M. Ouyang, J. Li, F Yang, L. Lu, and J. Hua,
“Application of Pontryagin's Minimal Principle to the en-
ergy management strategy of plugin fuel cell electric ve-
hicles”, International Journal of Hydrogen Energy, Vol. 38,
No. 24,2013, pp. 10104-10115, doi: https://doi.org/10.1016/
j.ijhydene.2013.05.125.

.H. He, R. Xiong, K. Zhao, and Z. Liu, “Energy management
strategy research on a hybrid power system by hardware-
in-loop experiments”, Applied Energy, Vol. 112, 2013, pp.
1311-1317, doi: https://doi.org/10.1016/j.apenergy.2012.12.029.

. C.Bao, M. Ouyang, and B. Yi, “Modeling and control of air

stream and hydrogen flow with recirculation in a PEM fuel

cell system—TI. Control-oriented modeling”, International

Journal of Hydrogen Energy, Vol. 31, No. 13, 2006, pp.

1879-1896, doi: https://doi.org/10.1016/j.ijhydene.2006.02.031.

G.Li,J. Zhan, and H. He, “Battery SOC constraint compar-

ison for predictive energy management of plug-in hybrid

electric bus”, Applied Energy, Vol. 194, 2017, pp. 578-587,

doi: https://doi.org/10.1016/j.apenergy.2016.09.071.

. W.J. Yang, D. H. Yu, and Y. B. Kim, “Parameter estimation

Transactions of the Korean Hydrogen and New Energy Society <<


https://doi.org/10.1016/j.ijhydene.2018.06.072
https://doi.org/10.1016/j.ijhydene.2013.05.125

162

N3&

14.

v
v

of lithium-ion batteries and noise reduction using Hoo filter”,
Journal of Mechanical Science and Technology, Vol. 27, No. 1,
2013, pp. 247-256, doi: https://doi.org/10.1007/s12206-012
-1203-z.

. H. Borhan, A. Vahidi, A. M. Phillip, M. L. Kuang, I. V.

Kolmanovsky, and S. Di Cairano, “MPC-based energy
management of a power-split hybrid electric vehicle”, IEEE
Transactions on Control Systems Technology, Vol. 20, No. 3,
2012, pp. 593-603, doi: https://doi.org/10.1109/TCST:2011.2134852.
J. Wu, X. Z. Yuan, J. J. Martin, H. Wang, D. Yang, J. Qiao, and
J. Ma, “Proton exchange membrane fuel cell degradation
under close to open-circuit conditions: part i: in situ diag-
nosis”, Journal of Power Sources, Vol. 195, No. 4, 2010, pp.
1171-1176, doi: https://doi.org/10.1016/j.jpowsour.2009.08.095.

ror
Hl
+
B
g
>

o3t

ol
rr
Mo
18]

S HRHX|-HiE2] 51022 = WA &2 7s WY

15.

Y. X. Wang, K. Ou, and Y. B. Kim, “Power source protection
method for hybrid polymer electrolyte membrane fuel cell/
lithium-ion battery system”, Renewable Energy, Vol. 111, 2017,
pp- 381-391, doi: https://doi.org/10.1016/j.renene.2017.03.088.

. A. Girault, B. Lee, and E. A. Lee, “Hierarchical finite state

machines with multiple concurrency models”, IEEE
Transactions on Computer-Aided Design, Vol. 18, No. 6,
1999, pp. 742-760, doi: https://doi.org/10.1109/43.766725.

. K. Ameur, A. Hadjaissa, M. S. Ait Cheikh, A. Cheknane, and

N. Essounbouli, “Fuzzy energy management of hybrid re-
newable power system with the aim to extend component
lifetime”, International Journal of Energy Research, Vol. 41,
No. 3,2017, pp. 1867-1879, doi: https://doi.org/10.1002/er.3748.

H30H X235 20194 48


https://doi.org/10.1007/s12206-012-1203-z

