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Abstract

Three fuel cell city buses of the energy hybrid- and power hybrid-type were re-engineered with three types of drivetrain configuration to optimize
the structure and improve the performance. The energy distribution, hydrogen consumption, state of charge (SOC) and the power variation rate
were analyzed when different drivetrain configurations and parameters were used. When powered only by a fuel cell, the bus cannot recover the
energy through regenerative braking. The variation of the fuel cell power is large and frequent, which is not good for the fuel cell. When the fuel
cell is linked to a battery pack in parallel, the bus can recover the energy through regenerative braking. The energy distribution is determined by
the parameters of the fuel cell and the battery pack in the design stage to reduce the power variation rate of the fuel cell. When the fuel cell and
DC/DC converter connected in series links the battery pack in parallel, energy can be recovered and the energy distribution can be adjusted online.
The power variation rate of both the fuel cell and the battery pack are reduced.
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1. Introduction

The fuel cell powered city bus has attracted attention due
to the benefit of low air pollution and high efficiency. Nearly
every major automobile manufacturer in the world has stated
an intention to introduce fuel cell powered city buses into the
commercial marketplace during this decade [1]. Supported by
the National High Technology Research and Development Pro-
gram of China, Tsinghua University has developed three fuel
cell buses during the past 3 years, collaborating with about 20
organizations of China from the year 2001-2004. These three
fuel cell city buses were named the testbed bus, the practical
bus A and the practical bus B. Fig. 1 shows the three buses. The
design parameters are shown in Table 1.

At the beginning of the development, due to the limitations
of the technology, the fuel cell power was too small to fulfill the
entire vehicle power requirement. The fuel cell only provided
power partially and the surplus power requirement was provided
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by other energy sources such as a battery pack. This kind of
drivetrain configuration is the hybrid type and the testbed bus
belongs to this. The lithium battery pack with a capacity of
100 Ah was used, which had a high specific energy and high
specific power. The advantage of this drivetrain configuration
is that the fuel cell can work in the range of nominal power
with high efficiency, but a larger capacity battery pack is
necessary as the weigh increases and the dynamic performance
deteriorates. Compared with bus A and bus B the acceleration
of testbed bus is the worst partly because the response time of
the motor is slow because of the heavy weight of the battery
pack. Improvement in the performance of fuel cell powered the
practical bus A was due to a larger fuel cell, which was the main
power source and a battery pack which was the auxiliary power
source. The battery pack provided power for the bus when
either the fuel cell was starting or when the bus was climbing or
accelerating. The battery recovered energy through regenerative
braking. This drivetrain belongs to the energy hybrid type
also. A Ni/MH battery pack with the capacity of 80 Ah was
used, which has a high specific energy and specific power. The
practical bus B was equipped with a fuel cell so that its peak
power reached 100kw, and the capacity of the battery was
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Fig. 1. The developed prototype of fuel cell city bus (from left to right that is testbed bus, practical bus A and practical bus B, respectively).

Table 1

Design parameters of the three fuel cell city bus

Parameter Value
Testbed bus

Practical bus A Practical bus B

Length x width x height (mm)

11070 x 2490 x 3420

Tire type 10.00-20-16PR
Gross weight (no load) (Kg) 12349 12791 12592
Passengers 50
Gear box ratio ig1 =3.002 igr=1.862 2.56

ig) =3.562 ig2 =2.036
Main reducer ratio ip=6.83
Fuel cell power (kw) 50 60 100
Battery type Lithium battery 100Ah Ni/MH battery 80Ah Lithium battery 35Ah
Voltage of the battery pack (V) 212 384 336
Motor power (nominal/maximum) (kw) 100/160 60/120 100/120
Motor velocity (nominal/maximum) (r min~!) 1780/6000 2000/6000 1800/7200

decreased. The lithium battery pack in this bus had a capacity
of only 35 Ah. This drivetrain belongs to the power hybrid
type.

Fuel cell powered city bus consists of lots of parts in a com-
plex configuration and has a high safety requirement resulting
in difficulty in matching performance requirements. During the
development process the experiment on the bus with three types
of drivetrain configuration were implemented to optimize the
structure and improve performance. To make comparisons with
different configurations, three kinds of parameters were intro-
duced: hydrogen consumption, power variation rate of the fuel
cell and battery pack and the state of charge (SOC) of the battery
pack. The power variation rate is defined as a ratio of the varia-

tion of the power to the sampling time. It is simple to measure.
The hydrogen consumption and SOC are difficult to measure so
we discuss these next.

2. Measurement method of the hydrogen consumption

When hydrogen with mass M is treated as real gas, it follows
the Van der Waals equation [2]

pyaMal(y, MN_M., (1
u? V2 w)

where P is the gas pressure, V the gas volume, T the gas tem-

perature, R the state constant of ideal gas, while the units of
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Fig. 2. System configuration with the first-type drivetrain configuration.
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gas pressure, volume and temperature are atm, L and K, respec-
tively; R equals 0.0821, a and b are constants, for hydrogen
a=0.2444 atm L2 mol =2 and b=2.65 x 10—5Lmol ™!, j is the
mole mass of hydrogen, ;=2 mol.

For our case P=20MPa=19743atm, V=900L,
T=25°C=298.13K. So the nominal mass of hydrogen
in the tank M =12.663 kg. During the experiment we can mea-
sure the gas pressure and temperature to estimate the hydrogen
consumption by hydrogen mass using Eq. (1). Calculating the
mass of the fuel consumed by the integration of fuel temperature
and pressure can be unreliable due to the inaccuracies of the
sensors involved. To improve the accuracy, the integrated fuel
consumption is checked by calculating the total consumption
from the initial and final values of the temperature and pressure
taken at steady state.

3. Estimation method of state of charge

The SOC of the battery is one of the most important parame-
ters during battery operation and describes the surplus capacity
of the battery. The SOC for electric vehicles (EVs) is similar
to a fuel gauge in the combustion engine powered car. The
voltage, as the criterion, is used to avoid overcharge and over-
discharge in early EV usage strategy, but this method did not
satisfy the requirement in the bus development, since the bat-
tery’s current changes drastically in such hybrid electric vehicles
(HEV). The accurate estimation of SOC of the battery pack is
a key factor in managing batteries with high efficiency. In addi-
tion, an accurate estimation of the SOC is also the basis of the
power distribution strategy for an HEV. The main SOC estima-
tion approaches include discharge test approach, Ah counting
approach, open-circuit voltage approach, load voltage approach,
inherent resistance approach, neural networks approach and a
Kalman filter approach have all been studied in the literature Lin
and Wang [3] and Gregory [5-7]. The Kalman filter approach
provides not only the estimated SOC but also the estimation

error. This approach is especially suitable for the case of an
HEV.

The SOC is a relative quantity that describes a ratio of the
remaining capacity to the nominal capacity of the battery. It can
be written as

P
n(tg(t) dr @)

s =50 - |
0
Where S(¢) is the SOC at time ¢, C the nominal capacity, i() the

current of battery at time 7, and 5 the coulombic efficiency.

3.1. Principle of Kalman filter method

The battery model for a Kalman filter can be written as

Xk = f(Xk—1, Uk—1) + wi 3)
Vi = &(Xk, ug) + vi

where xy, is the system state vector at time k, uy the system input
at time k, the system output yy is the battery working voltage, f
and g the nonlinear functions specified by the battery model, the
system input vector u; contains the battery current iy, the battery
temperature Ty and the battery capacity C etc. wy and vy are the
system and measurement noise, respectively.

‘We constrain the SOC, denoted as S, to be a member of the
system states xi, then Sy can be estimated using the extended
Kalman filter (EKF) method. For HEV, the current is a dynamic
process, and its fluctuating range is very large. Kalman fil-
ter is suitable not only for the batteries in an HEV but also
for those batteries where the current fluctuation is relatively
stable.

3.2. SOC estimation algorithm

The references [5—7] studied the SOC estimation of a LiPB
cell based on a Kalman filter, but the research into the battery
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Fig. 3. System configuration with the second-type drivetrain configuration.
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1208 J.P. Wang et al. / Journal of Power Sources 159 (2006) 1205-1213
Table 2
Experiment results with three types of drivetrain configuration
Parameter Value

Testbed Bus Bus A Bus B
Configuration type 2# 3# 3# 1# 2#
Running time (s) 1200 1780 7394 1500 2975
Average velocity (kmh~!) 26.1 23.3 26.5 39.5 222
Running distance (km) 8.71 11.52 54.38 16.45 18.35
Hydrogen consumption (kg) 0.74 0.8871 4.686 0.8902 0.7919
Top speed (kmh~!) 62.9 67.6 66
Acceleration time with II gear (0-50 km h=1) (s) 51.2 353 30
1# denotes the first-type drivetrain configuration, 2# the second-type drivetrain configuration and 3# the third-type drivetrain configuration.
pack was suitable for the requirement of the vehicle [4,8,11]. The The measurement equation can be written as
Federal Urban Driving Schedules (FUDS) was used to charge % RI K
and discharge the battery pack and the battery’s state space Vi 0~ Mk 2l 3)

model with a single state was built, then EKF method can be
used to estimate the SOC.
The discrete function of Eq. (3) can be written as

i1 At
C

Sk = Sk—1 4)

80
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(d)

T Sk — KaSe + K3In(Sp) + KaIn(1 — Sp) + vk

where R is the internal resistance; Ky, K1, K>, K3, K4 are the
fitting coefficients and the variance of vy is Q.
The measurement matrix can be deduced from Eq. (5)

_ Uk, SK) _ K1/(S1)* — Ka + K3

C
g a8k Sk — K4/(1 = 8p)

(6)
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Fig. 5. Test results of the bus B with the first-type drivetrain configuration: (a) velocity profile; (b) power profile of the fuel cell; (¢) hydrogen consumption; and (d)

the power variation rate of the fuel cell.
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The EKF-based SOC estimation algorithm is described as e Calculating measurement matrix
follows
c K1/(Sk/k-1)* — K2 + K3 @)
k =
(1) Initialization: given initial value Sp, error covariance matrix Sk/k—1 — Ka/(1 = Siyk—1)
po and measurement noise variance Q. E . . d
(2) For sampling time k=1, 2, 3 ..., sampling battery load e Error covariance time update
voltage yi, current Iy, the calculation process is iterated as
follows. Prji—1 = Pr—1/k—1 €))
e State estimate time update . . .
e Calculating filter gain matrix
Sk—17k—1 + nig—1 At
Sk/k—1 = 7 T T -1
k/ k=1 C ) Li = Pijx—1C; [Ck Prjx—1C; + Q] (10
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Fig. 6. Test results of the testbed bus with the second-type drivetrain configuration: (a) velocity profile; (b) power profile of the fuel cell and battery pack; (c) SOC
of the battery pack; (d) mass of hydrogen consumption; (e) the power variation rate of the fuel cell; and (f) the power variation rate of the battery pack.
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e State estimate measurement update

Sk/k = Sk/k—1 + Lilyk — &Uks Skyi—1)] (11)
e Error covariance measurement update
Prk = (I — LiCi) Prji—1 (12)

4. Experiment on the fuel cell city bus with different
drivetrain configurations

Experiments on the fuel cell city bus with three types of driv-
etrain configuration were implemented to optimize the structure
and improve the performance. The first-type drivetrain configu-
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ration is shown as Fig. 2 that the bus was driven by the fuel cell
only. The second-type drivetrain configuration is shown as Fig. 3
that the fuel cell links to a battery pack in parallel directly. The
third-type drivetrain configuration is shown as Fig. 4 that the
fuel cell and DC/DC converter were connected in series with
links to the battery pack in parallel. Table 2 shows the com-
parison of the experimental results and the bus B had the best
performance among the three buses. The fuel economy of bus B
with the second-type drivetrain configuration was tested during
the “2004 Bibendum Challenge” in Shanghai. The bus had run
about 111km with the average velocity of 51.34kmh~!. The
fuel economy value was 5.18 kg (100 km)~! and the equivalent
gasoline consumption was 19.68 L (100 km)~!. So a hybrid fuel
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Fig. 7. Test results of the bus B with the second-type drivetrain configuration: (a) velocity profile; (b) power profile of the fuel cell and battery pack; (c) SOC of the
battery pack; (d) mass of hydrogen consumption; (e) the power variation rate of the fuel cell; and (f) the power variation rate of the battery pack.



J.P. Wang et al. / Journal of Power Sources 159 (2006) 1205-1213

cell city bus has a considerable advantage over the standard ICE
version of a city bus in fuel economy.

4.1. Experiment on the bus with the first-type drivetrain
configuration

This experiment was carried on the practical bus B and the
test results are shown as Fig. 5. The test results show that the
power variation rate is drastic and frequent, so it is not good for
the fuel cell.
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4.2. Experiment on the bus with the second-type drivetrain
configuration

In this configuration the power requirement is fulfilled by a
fuel cell and battery pack together. First we analyze this config-
uration theoretically [9].

The relation between the terminal voltage of the fuel cell Vic
and current Irc is

Ir

C
Vec = Vico — blog (AFC> ~ Reclr (13)
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Fig. 8. Test results of the testbed bus with the third-type drivetrain configuration: (a) velocity profile; (b) power profile of the fuel cell and battery pack; (c) SOC of
the battery pack; (d) mass of hydrogen consumption; (e) the power variation rate of the fuel cell; and (f) the power variation rate of the battery pack.
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Where Vpcg is the open-circuit voltage, b the Tafel slope, Apc The fuel cell links the battery in parallel directly, so Vgc = Vg,
the cross area of the fuel cell and Rgc the internal resistance of we can get
fuel cell.
blog(Irc/A RecIec — (Vrco — Vi
If a simple model of battery pack is used, the relation between I = gllrc/Arc) + ;C Fe = (Vico Bo) (15)
B

terminal voltage Vp and current I of battery pack is
From Eq. (15) we know that the larger the difference between

Ve = Voo — Rl (14) VBo and Vgco, the larger the output current of the battery. While

B BO BB Rp is small, the output current of the battery is large. The energy

distribution is determined by the parameters of the fuel cell and

where Rp is the internal resistance of the battery and Vo the  the battery pack at the design stage, so the distribution is fixed,
open-circuit voltage. which cannot be adjusted online.
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Fig. 9. Test results of the bus A with the third-type drivetrain configuration: (a) velocity profile; (b) power profile of the fuel cell and battery pack; (c) SOC of the
battery pack; (d) mass of hydrogen consumption; (e) the power variation rate of the fuel cell; and (f) the power variation rate of the battery pack.
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This experiment was carried on the testbed bus and the practi-
cal bus B, respectively. The test results are shown as Figs. 6 and 7.
Fig. 6 shows the test results for the testbed bus with the second-
type drivetrain configuration. Fig. 7 shows the test results of the
bus B with the same configuration. The power variation rate was
reduced apparently compared with the case driven only by fuel
cell, but the power variation magnitude of the fuel cell was larger
than that of battery pack.

Compared with the testbed bus, the practical bus B was driven
by a larger power fuel cell and the capacity of the battery pack
was decreased. Under the condition of an approximately similar
amount of hydrogen consumption, bus B has almost two times
the running distance than that of the testbed bus. This is attributed
to the significant improvement of the fuel cell and motor control
technology and to the larger fuel cell with alower average current
density, and hence a more efficient voltage operation. The battery
pack was charged by the fuel cell frequently so the SOC of the
battery increased.

4.3. Experiment on the bus with the third-type drivetrain
configuration

In this configuration, the power requirement was fulfilled by
a fuel cell and battery pack together. The output voltage of the
fuel cell is the input voltage of the DC/DC converter [10]. For
the DC/DC converter in parallel with the battery pack, the out-
put voltage of the DC/DC converter was Vpc = V. The entire
current of the parallel circuit / is
1= Ipe + 220~ Yoe (16)

Rp
where Ipc is the output current of the DC/DC converter. Setting
the output current or voltage of the DC/DC converter, output
current of the battery pack and the energy distribution are carried
out online.

This experiment was carried out on the testbed bus and the
practical bus A, respectively. The test results are shown as
Figs. 8 and 9. Fig. 8 shows the test results of the testbed bus
with the third-type drivetrain configuration. Fig. 9 shows the
test results of the bus A with the same configuration.

The power variation rate of the fuel cell was reduced appar-
ently because of the DC/DC converter. The power variation rate
of the battery pack was also reduced. The SOC of the battery can
be adjusted according to requirements by controlling the DC/DC
converter. The hydrogen consumption was larger in bus A.

5. Conclusions

Three fuel cell city buses were developed, which belong to
energy hybrid- and the power hybrid-type, respectively. Experi-
ments on the fuel city bus with three types of drivetrain configu-
rations were implemented to optimize the structure and improve
the performance. Energy distribution, hydrogen consumption,
SOC and the power variation rate were analyzed when different
drivetrain configurations and parameters were used.

When driven only by a fuel cell, the bus cannot recover the
energy through regenerative braking. The variation of the fuel
cell power in this case is drastic and frequent, so it is not good
to the fuel cell. When a fuel cell is linked to a battery pack
in parallel, the bus can recover the energy through regenerative
braking. The energy distribution is determined by the parameters
of the fuel cell and the battery pack at the design stage. The
power variation rate of the fuel cell was thereby reduced. When
the fuel cell and DC/DC converter are connected in series, and
the battery pack is in parallel, energy can be recovered and the
energy distribution can be adjusted online. The power variation
rate of both the fuel cell and the battery pack were reduced
apparently.
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