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In this paper, a control strategy for a hybrid PEM (proton exchange membrane) fuel cell/BES (battery
energy system) vehicular power system is presented. The strategy, based on fuzzy logic control, incor-
porates the slow dynamics of fuel cells and the state of charge (SOC) of the BES. Fuel cell output power
was determined according to the driving load requirement and the SOC, using fuzzy dynamic decision-
making and fuzzy self-organizing concepts. An analysis of the simulation results was conducted using
Matlab/Simulink/Stateflow software in order to verify the effectiveness of the proposed control strategy.
It was confirmed that the control scheme can be used to improve the operational efficiency of the hybrid

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Environmental issues, energy crises, and concerns regarding
peaking oil production have spurred research into and development
of various types of hybrid electric vehicles. A fuel cell (FC)-powered
hybrid vehicle is considered in this paper. Fuel cells offer high
power density and low-to-zero emissions. Among the various FC
types available, the proton exchange membrane (PEM) FC is the
most promising for power systems to be used in automobile, resi-
dential, industrial, and other applications. The FC power converter
system, for example, consists of a DC/DC converter to boost the
stack voltage to a higher level, and a DC/AC inverter to drive the
motor. Several variations of power converter architecture have been
proposed in the literature [1-6], each entailing advantages and
disadvantages.

In view of the fact that fuel cells alone might not be sufficient to
satisfy the load demands in vehicular applications, in recent years,
several control strategies for hybrid systems incorporating fuel cells
and energy storage devices, such as super capacitors or/and batter-
ies, have been presented. Meanwhile, intelligent control theory, for
instance fuzzy logic and genetic algorithm, has been introduced
to the control process. Because fuzzy control can readily incor-
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porate human intelligence in complicated control practice based
on human knowledge and experience. It has been demonstrated
that a fuzzy controller is very effective to manage power flows
in fuel cell powered vehicles hybridizing battery or/and ultraca-
pacitors [6-10]. However, frequent load variations and unexpected
driving conditions are inevitably uncertainties. Besides, aging stack
and varying subsystems will cause the unsuitable output value
obtained from pre-given fuzzy rule tables. In those foregoing ref-
erence papers, fuzzy control strategies have been focused on the
pre-defined rule tables and an on-line self-organizing of fuzzy out-
put value has not been considered. Hence, a fuzzy control strategy
for instantaneous fuel cell power management including on-line
self-organizing has been proposed. It is realized by modifying the
fuzzy logic based output power of fuel cell. Moreover, to deal with
the error in estimating the SOC, SOC diagnosis is introduced into
the fuzzy control. That is, the judgment of charge upper limit and
that of discharge lower limit are considered and they are introduced
into fuzzy rule table indicated by very low (VL) and very high (VH),
respectively.

The paper is organized as follows. Section 2 presents the struc-
ture of fuel cell powered vehicular power system. The model of
the fuel cell system is described in Section 3 to properly represent
the slow dynamics of fuel cell associated with the gas flows and
the fuel processor operation. Then, the dynamic modeling of bat-
tery energy system is presented. Section 4 describes a fuzzy logic
based power management strategy. Simulation results and valida-
tion analysis are discussed in Sections 5 and 6, respectively. Section
7 is the conclusions.
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Nomenclature

Fuel cell system

Bg, Cre  constants to simulate the activation over voltage in
FC system [A~1] and [V]

Efes Nernst instantaneous voltage [V]

EXY standard no load voltage [V]
Faraday’s constant

Kan anode valve constant

Ky, hydrogen valve molar constant

Ku,o water valve molar constant

K modeling constant

My, molar mass of hydrogen

No number of series fuel cells in stack

Npep number of fuel cell stacks in parallel

PH, hydrogen partial pressure

PH,0 water partial pressure

Po, oxygen partial pressure

qdo, input molar flow of hydrogen

q}]}z hydrogen input flow

q,?ll;f hydrogen output flow

quZ hydrogen flow that reacts

I FC system current

Rgas universal gas constant

R}?t fuel cell internal resistance

T absolute temperature

U utilization rate

Van volume of anode

Vics DC output voltage of FC system [V]

Nact activation over voltage [V]

Nohmic ~ Ohmic over voltage [V]

TH, hydrogen time constant

To, oxygen time constant

TH,0 water time constant

Battery energy system

Ipat battery current (A)

RL‘:}t internal resistance

Ren internal resistance of charge

Rgis internal resistance of discharge

socC state of charge

SOC;p;  initial value of SOC

Vocv open circuit voltage of battery (V)

n efficiency

Neh efficiency of charge

Ndis efficiency of discharge

Power control strategy

Phqt

Pr

Ploqd

pmin
c

power of BES

power of fuel cell system

demand of vehicular power system
minimum power output of fuel cell system

maximum power output of fuel cell system

minimum power output of BES
maximum power output of BES
net power of fuel cell system
fuel cell stack power output
auxiliary power for BOP

fuel cell power fuzzy value
reference value of SOC
minimum SOC

maximum SOC

diagnoses status of SOC

Ve net mean voltage of each cell based on the net power for
FC system
M medium
S small
1A very small
L low
VL very low
H high
VH very high
N normal
fAEf hydrogen’s high heating value (286 k] mol~1!)
Nfes efficiency of fuel cell system
Tconv time constant of DC/DC converter
Fuel DC/DC DC/AC
Cell Converter Inverter 3@
Batttery
System

Fig. 1. Structure of vehicular power system.

2. Structure of FC-powered vehicular power system

The power system configuration is illustrated in Fig. 1. The FC
system consists of two stacks in parallel. It is connected to a DC
link via a DC/DC converter, the efficiency of which is assumed to be
90%. Directly connected to the DClink s a battery to supply the tran-
sient energy demand and peak loads required during acceleration
and deceleration. Under transient conditions, and because the FC
current dynamics were intentionally reduced, the battery supplies
all other load variations. An electrical traction machine is fed by the
DC bus via a DC/AC inverter, the efficiency of which is assumed to
be 100%. That is only the power converter loss of the DC/DC con-
verter is considered and that of the DC/AC inverter is ignored in this
paper. The power output of DC/DC converter is assumed to be 90%
of fuel cell output power. The vehicular power system as modeled
by Matlab/Simulink/Stateflow software is illustrated in Fig. 2.

3. Performance and modeling of fuel cell and battery
3.1. Dynamic modeling of a PEM fuel cell system

The relationship between the molar flow of hydrogen through
the valve and its partial pressure inside the channel can be
expressed as [11]

IH, _ _ Kan
PH, A /1\/1]_{2

With regard to the hydrogen molar flow, there are three significant
factors: hydrogen input flow, hydrogen output flow, and hydrogen
flow during a reaction [11]. The relationship among these factors
can be expressed as

=Ky, (1)

d RgﬂsT in out r
acPre =y (an, — dny — dny) (2)

According to the basic electrochemical relationships between
the hydrogen flow and the FC system current, the flow rate of
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Fig. 2. Vehicular power system modeled by Matlab/Simulink/StateFlow.

reacted hydrogen is given by

Nolg

ro_

9n, = SF (3)
Using Egs. (1) and (3) and applying Laplace’s transform, the

hydrogen partial pressure can be obtained in the s domain, as in

[11]

= 2Kl

1/ Ky, in
PH, = T‘EHZS(qHZ - 2Kr’fc) (4)
where
Van
= 5
™ = Ko ReasT )

Similarly, the water partial pressure and the oxygen partial pres-
sure can be obtained. In the power system discussed in this paper,
the two FC stacks, as already mentioned, are connected in parallel.
The polarization curve for the PEM FC is obtained from the sum
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Table 1

PEM fuel cell system model parameters [1-2].

By 0.04777 [A71] To, 6.74 [s]

Cre 0.0136 [V] Ko, 2.1 x107° [kmols~! atm™']
Ep 0.95 [V] Kii,0 7.716 x 106 [kmols~! atm~]
No 350 TH, 3.37

Niep 2 K, 422 x 1073 [kmols~! atm™']
Reas 8314.47 [J kmol -1 K] U 0.8

K 9.0688 x 107 [kmols—! A~'] THO 1.168

Rint 0.177 [2] T 343 [K]

of Nernst’s voltage, the activation over voltage and the ohmic over
voltage. Assuming a constant temperature and oxygen concentra-
tion, the FC output voltage is presented as follows [1-2,5].

Vies = Efes + Nact + Nohmic (6)

where

Nact = —Bfe In(Crel) (7)

Nohmic = —R}?tlfc (8)
The Nerst’s instantaneous voltage may be expressed as [5]

Eres = No | + R‘;";T log | 712 VPe, 9)

PH,0

The FC system consumes hydrogen according to the power
demand. The hydrogen required for stack operation is obtained
from a high-pressure hydrogen tank. The Matlab/Simulink-based
FC system model and the parameters of the PEM FC system model
are shown in Fig. 3 and listed in Table 1, respectively. The PEMFC sys-
tem model presented is simple and it does not account for some of
the most important challenges present on PEMFC operation such
as water and heat management. PEMFC stack resistance depends
strongly on the level of hydration of the stack.

3.2. Dynamic modeling of battery energy system

A Nickel-Metal Hydride battery (Ni-MH battery) was modeled
in reference to the R;;; model presented in Ref. [12]. The Ni-MH
battery energy system consists of four 80 Ah sub batteries in series.
In general we know that I, and V4 can be expressed as Egs. (10)
and (11), respectively, when the battery power consumption is P

(&
Ifc_cmd
h 4 h 4 h 4
NorwiFrLy | K o
h
Eﬂ qH2_in ‘_’
h 4
1rH_O >
qH2
q02_in P
4 y
1/KH2 1/KH20 1/KO2
ToH2.s+1 | [ToH20.s+1 |ToO2.s+1 Bfc*log(Cfc*u)
pH2 pH20 p02

No*(Eocv_cell+((Rags*T)/(2*F))*log10((u(1)*u(3)*(0.5)/(u(2))))

Fig. 3. Dynamic model of fuel cell system.
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Fig. 4. Dynamic model of battery energy system.

W. A simple dynamic model of battery energy system is shown in
Fig. 4. As shown in Fig. 4 and Eqgs. (12) and (13), Voey and R};{‘ft are
determined by using look-up tables based on experimental data
presented in Fig. 5. In this paper, SOC is calculated by Egs. (14) and
(15). As shown in Eq. (15), the n in Eq. (14) is calculated depend on
the battery charge/discharge status.

Vocy — Vga, — 4RL‘;&P
Ipqe = ZRL'LE (10)
Vbat = Vocy — R;JI;tthat (11)
where
Vocv = f1(S0C) (12)
gint _ ) Ren =f2(SOC)  charging (13)
bat Ryis = f3(SOC) discharging
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Fig. 5. Characteristic of Ni-MH battery energy system.

SOC = SOC;pi — / LIS‘“ de (14)
Neh = _ Voo charging
Vocy — IbatRch
n= Vo o (15)
Ngis = —L—bat™dis  discharging

VDCI/
4. Fuzzy logic based power management strategy
FC system efficiency can be defined as the ratio between electric-

ity produced and hydrogen consumed, and is expressed as follows
[13].

VCJIE[ VCJIEI
= ot 16
NFcs C AR 2F 1482 (16)
The mean voltage V. _ner can be calculated as
P Pstack — P,
Ve et = fenet _ Tstack BOP (17)

I I

In this paper, Ppop is simply assumed to scale linearly with fuel
cell output current to present the typical efficiency characteristic of
fuel cell system. As a result, the net FC system efficiency is shown
in Fig. 6. Therefore, the purpose of the power management strat-
egy is to control the fuel cell power output at optimal operating
conditions. The V-I characteristic of fuel cell system is shown in
Fig. 7.

06 -

0 I 1 1 1 1 1 1 I 1 )

0 3 10 15 20 25 30 35 40 45 50

Fuel cell net power (kW)

Fig. 6. Net fuel cell system efficiency.
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Fig. 7. V-I characteristic of fuel cell system.

In order to operate the FC system efficiently, low efficient oper-
ating conditions should be avoided, as presented in Fig. 6. Therefore,

under normal state of SOC, the Pffg‘i“ and Pfr.é‘ax for each stack were set

to 4 kW and 40 kW, respectively. However, when the SOC becomes
abnormal, Pf‘;‘m will be set to 0 kW. The method of diagnosing abnor-
mal SOC is described at the end of this section.

This paper makes use of a PEM fuel cell as the main power source
and accordingly BES is the complementary source. The power bal-
ance of system can be expressed as

Pfc +Pbatzpload +Ploss (18)
subject to

PN < Pr, < PR3 (19)
P < Poge < PR (20)

where, Py, is only calculated by the power converter loss of the
DC/DC converter in this paper.

The fuel cell power output Py is calculated based on the SOC of
battery and power demand Pj,qq4 as follows.

SOCyes — SOC

Pre = Pe fuzzy |1+ (SOCmax _ soCmin) /2 (21)

where

Pfc,fuzzy :f(SOC, Ploads socdiag) (22)
0.6 ifSOC<0.5

SOCre = ¢ 0.6 if SOC> 0.7 (23)

SOC otherwise

As shown in Egs. (21), (22) and (23), fuzzy logic is utilized in
the power control strategy and the design variables really being
controlled are mainly Py f,,y and SOCs to achieve the above men-
tioned control goal. This paper proposes a Mamdani type’s fuzzy
logic controller (FLC), in which three inputs are SOC, power demand,
and a diagnoses status of SOC (S0Cgjqg) and one output is Py f,y as
shownin Eq. (22). The fuzzy membership functions of the SOC, Py,
SOC4iqg and Py, 1,7,y, are shown in Fig. 8. A fuzzy rule table for Py 5,5,y
is Table 2. The frame of the power control procedure is shown in
Fig. 9. It can be seen that to operate fuel cell system at optimal
operating conditions, state machine is used in the Py, identification
block. That is, the three states can be explained in the following: (1)
normal model: if P determined by Eq. (21) is within allowable val-
ues, Py is not changed; (2) lower limit model: if P determined by
Eq.(21)is less than Pf‘?i“, set Py, = Pf‘;’i“, as a result, avoiding the fuel
cell system operated at low efficient region; (3) upper limit model:
if P determined by Eq. (21) is large than P}?a", set P = P}?“, thus,
also avoiding the fuel cell system operated at low efficient region.

L M H

05

0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
SOC of battery energy system

I S M B
0.5 -

0

0 10 20 30 40 50 60 70 80 90
Demand of vehicular power system (kW)
VL N VH

1
0.5 F

0 I I I I L I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Diagnosis of battery SOC

VS S M B

05

o

10 20 30 40 50 60 70 80 90 100
Pf. fizzy for fuel cell output(kW)

Fig. 8. Fuzzy membership function.

Table 2

Fuzzy rule table for P fizzy.

No. Logic of judgment rules

1-3 If SOCis L & Pjoqq is S & SOCyiqg is N/VL/VH then Py f,, is SIM/VS
4-6 If SOCis L & Pjoqq is M & SOCyiqq is N/VL/VH then Pf 2, is M/M/VS
7-9 If SOCis L & Pjgqq is B & SOCyiqg is N/VL/VH then Py sz, is BIM/VS
10-12 If SOCis M & Pjoqq is S & SOCyiqg is N/VL/VH then Py f,y is SIM/VS
13-15 If SOCis M & Pjyqq is M & SOCgiqg is N/VL/VH then Py f;, is M/M/VS
16-18 If SOCis M & Pygqq is B & SOCyjqq is N/VL/VH then Py sy is BIM/VS

19-21 If SOC is H & Piogg is S & SOC4iqg is N/VL/VH then Py sy is SIM/VS
If SOC is H & Piogq is M & SOCiigg is N/VL/VH then Py sy, is S/M/VS
If SOC is H & Pioqq is B & SOCiqg is N/VL/VH then Py .,y is M/M/VS
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BEGIN )

Determine Pjq.q and SOC

r

Py is determined by Eq.(22)

[dentification

[Pr>=8kW &
Pr<=80kW

[Pﬁ;>:8kw&
P <=80kW]

normal
Pr=Pg

[Pr<8kW] [Pr>80kW]

[Pfc>80kW] upper limit

— max
Pfc &= Pf c

lower limit

— min
Pfc = Pt‘c

[Plc<8kW]

A

Pyt is determined by Eq.(18)

7
L3

£

END

Fig. 9. Frame of the power control procedure.

The foregoing functions are realized by Stateflow software in this
paper.

The SOC is not always an easy value to evaluate. We deal with
the error in estimating the SOC by using diagnosis table as shown
in Table 3. As shown in this table, two critical states of SOC, very
low and very high, are considered when SOC estimating errors are
cumulated. Moreover, the states are proposed into FLC to diagnose
the battery SOC as shown in Fig. 8.

Sometimes, the fuzzy control rule made in advance cannot effec-
tively satisfy fuel cell operation requirement because of the stack
aging and real-time driving cycle, etc. Therefore, this paper suggests
a self-organizing method to revise the fuel cell output power based
on fuzzy rule to control the SOC between 0.5 and 0.7. The procedure
of deciding SOC,s is shown in Fig. 10. It can be seen that to ensure

Table 3
Diagnosis table to estimate the critical status of battery SOC.

SOC is very high for charge model SOC is very low for discharge model

0 < |Ipac = 1C and Viogute > 14.3V
1C < [Iae| < 1.5C and Vipodute > 14.7V
1.5C <|Ipat| = 2C and Vipoayie = 15.1V
[Ibat| >2C and Vinoqute = 15.5V

0 < Ipae < 1C and Vipoqute < 12.3V
1C<Ipae <2C and Vipoqule < 11.8V
2C<Ipar < 3Cand Vipodure < 11.5V
Ipae >3C and Vipogute < 11V

A w N =

Normal SOC
SOC,s=S0OC

[SOC>0.6 &

[SOC>0.6 & S0C<0.68]

SOC<0.08]

[SOC<0.5] [SOC>0.7]

Lower SOC
SOC,=0.6

Higher SOC
SOC= 0.6

Fig. 10. Logic of SOC, decision.

SOC at expected status, a state machine is also used to realize this
goal by modifying SOCy.

As previously discussed, the power output of fuel cell is con-
trolled to satisfy a slow dynamic variation which is achieved by
multiplying a filter Kger in the Eq. (21). The Kger is used to control
the DC/DC output current and determined as

1

—_— 24
1+ TconwS (24

Kﬂlter =
where Ty is a time constant for DC/DC converter and it is set to 2
in this paper.

5. Simulation result and analysis

To evaluate the proposed control method, a cyclical driving
simulation was conducted using the MATLAB/Simulink/Stateflow
software. The SOC target value can be changed for different appli-
cations, and in the simulation, the range of between 0.5 and 0.7
was selected. A cycle driving load mode was assumed as shown in
Fig. 11. The maximum load power was about 60 kW. The SOC™%* and
SOC™in were assumed to be 0.8 and 0.2, respectively. The simulation
results are presented as follows.

Fig. 12 shows the power profile for the initial SOC of 0.7. As shown
in Fig. 12, the battery discharges rapidly to react to the fast load
changes and to supply the supplementary power, because the out-
put power change of the FC stack is intentionally restricted to a slow
dynamic response in order to extend the lifetime of the FC system.
Meanwhile, the FC power is used dynamically to charge the battery,
thus maintaining the SOC target value when the load power is lower
or zero. Fig. 13 shows the distribution percentage for the fuel cell
output power. It is illustrated that the fuel cell system is operated
at high efficiency scopes.

60
50|
40 b

30 -

Al

0 L
0 400 800 1200 1600 2000 2400 2800

Time (Sec)

Driving load (kW)

Fig. 11. Load profile for single-cycle simulation.
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60 Pbat

Power (kW)

40 L Time (Sec)

Fig. 12. Power profile for initial SOC of 0.7.

Percentage (%)

5 10 15 20 25 30 35
Py (kW)

Fig. 13. Distribution percentage of fuel cell output power.

Fig. 14 shows the power profile for the initial SOC of 0.7. In Fig. 14,
itis evident that, using the proposed control methodology, the SOC
of the battery energy system can be maintained around the tar-
get range. Meanwhile, the battery voltage is changed as shown in
Fig. 15.

Fig. 16 shows the change of SOC considering different initial SOC
of battery energy system. It is obtained from a case of setting a
target SOC of 0.7 during the cycle’s driving simulation. From this
figure, it is apparent that the SOC of the battery can be effectively
maintained around the target value of 0.7 by using the proposed

072 -

0.7

0.66

soc

0.64 |

06 1 1 1 | 1 1 J
0 400 800 1200 1600 2000 2400 2800

Time (Sec)

Fig. 14. SOC profile for initial SOC of 0.7.

400
380
=
g 360|
&
°
e 340
> L
o
£
]
el
300 L L L L L L )
0 400 800 1200 1600 2000 2400 2800
Time (Sec)
Fig. 15. Battery voltage profile for initial SOC of 0.7.
0.8
07 %y_ -
0.6
8 —— SOCini=0.75 —— SOCini=0.7
w2 08 - SOCini=0.65 SOCini=0.6
' — S0Cini=0.55  —— SOCini=0.5
04t
03 L L L L L s )
0 400 800 1200 1600 2000 2400 2800
Time (Sec)

Fig. 16. Change of SOC according to different initial SOC.

fuzzy modification concept to flexibly adjust the fuzzy logic based
FC power output.

6. Validation and analysis

To evaluate the performance of the proposed power control
strategy, some road driving tests were conducted using fuel cell
hybrid vehicle (FCHV) shown in Fig. 17. The FCHV began oper-
ating as part of a 1-year-long Olympic demonstration in Beijing
[14]. The specifications of the FCHV are shown in Table 4. Fig. 18

HEETE

s A
FUELCELL CITY BUS

Fig. 17. Fuel cell hybrid vehicle.
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Table 4

Specifications of FCHV in Beijing.

1 Fuel cell system
Type PEM
Output voltage 360-520V
Cooling mode Water

2 Hydrogen
Type Pure
Rated hydrogen vessel pressure 20 Mpa

3 DC/DC converter
Type Buck
Input voltage 360-520V
Output voltage 300-420V
Cooling mode Water

4 Battery system
Type Nickel-Metal Hydride
Nominal voltage 336V
Capacity 80Ah
No. of modules 28

5 Motor
Type Induction
Rated power 100 kW
Maximum output power 185 kW
Maximum output torque 1100 Nm
Maximum rotate speed 6000 rpm
Cooling mode Water

60

50 E

40t ]

30 E

Speed (km/h)

20 b

1 1 1 1 1 1 1 1 1

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Time (Sec)

Fig. 18. Vehicle speed profile during road test driving period.

shows vehicle speed profile during 2400 s road test driving period.
Figs. 19 and 20 show the test results for the FCHV, where the power
train was controlled by the proposed power management strategy
using fuzzy logic. From Figs. 19 and 20, it can be seen that the SOC

80 T

T T T
Fue cell power

T T
Battery power

—— Motor demand

1 1 1 Il 1 Il 1 L Il 1 1
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Time (Sec)

Fig. 19. Test result of power profile for FCHV.

0.7

0.65

0.6

SOC

055 E

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Time (Sec)

0.5

Fig. 20. Test result of SOC profile for FCHV.

of battery can be maintained around the target conditions through
real-time power flow control.

7. Conclusions

In this paper, a fuzzy logic based power management strategy
that secures the power balance and maintains the SOC in a hybrid
FCvehicular power system is proposed. Simulation results and road
driving tests demonstrate that the proposed method can control the
FC system within a specified high-efficiency region and manage the
system power flows to maintain the SOC of the battery around the
target conditions. The optimal power control including hydrogen
utilization will be discussed in the near future with a regenerative
braking control of fuel cell hybrid vehicle.
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