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Abstract—This paper provides a two-level energy management
strategy for a fuel cell-battery-ultracapacitor (UC) hybrid system.
In the proposed strategy, the battery and UC packs are seen as an
energy storage system (ESS) at the first level and the equivalent
consumption minimization strategy is used to distribute load
power between this ESS and the fuel cell system. The penalty
factor is tuned based on estimated average load power and
SOC of the ESS. At the second level, the power distribution
between the battery and UC packs is determined using the
equivalent series resistance-based control strategy to minimize
the energy loss. Then, the performance of the proposed two-level
energy management strategy is analyzed in simulation under a
realistic load profile. Finally, detailed comparison results show
that the two-level energy management strategy can achieve lower
hydrogen consumption, compared with the rule-based method.

Index Terms—Battery, Energy management strategy, Fuel cell,
Hybrid sytem, Ultracapacitor

I. INTRODUCTION

With the rapid increase in greenhouse gas emission, the
fuel cell technology can be seen as a good candidate to
replace the internal combustion engine (ICE) due to its high
efficiency and zero emission [1]. Due to the slow response
time of the fuel cell system, fast changing load demand would
lead to fuel starvation phenomenon, which will shorten its
lifespan [2]. One of common solutions is to use an energy
storage system (ESS) as a buffer to isolate the fuel cell system
from the dynamic load demand [3]. Therefore, the fuel cell
system can be designed to supply the constant average power
at its high-efficiency region with low fuel consumption and
long lifespan [4].

Batteries and ultracapacitors (UCs) can be seen as two
promising energy storage devices in the fuel cell based hybrid
system [4]-[6]. Experimental results show that the efficiency
and specific power density of the fuel cell-battery hybrid
system is higher than that of the fuel cell system alone [7].
Because UCs have higher power density and longer cycle life
than batteries, the fuel cell-UC hybrid system shows a lower
cost compared to the fuel cell-battery hybrid system [8], [9].
However, due to the limited energy density of UCs, the fuel
cell-UC hybrid system may malfunction during the fuel cell
start-up time [4]. Therefore, the battery-UC hybrid system is
proposed as the ESS to assist the fuel cell system [4], [9], [10].
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The comparative studies show that the fuel cell-battery-UC
hybrid system has higher fuel economy than fuel cell-battery
and fuel cell-UC hybrid systems [5], [6].

In the fuel cell-battery-UC hybrid system, many energy
management strategies have been proposed. A set of operation
states are defined to determine the output power of each
device [11], [12]. Model predictive control is proposed to
restrict the current slope of fuel cell and stabilize the dc bus
voltage based on its linearized state-space model [13], [14].
A power sharing strategy based on fuzzy logic and wavelet
transform is proposed to distribute load demand among differ-
ent energy devices based on their response times [15]. For a
better fuel economy, the equivalent consumption minimization
strategy (ECMS) is proposed to minimize the equivalent fuel
consumption in the fuel cell based hybrid system [16]. Since it
is a realization of the Pontryagin’s minimum principle (PMP)
for on-line implementation purposes, ECMS with well-tuned
parameters guarantees a near-optimal performance [17]. The
ECMS is first used in the fuel cell-battery-UC hybrid system
to determine the power of the fuel cell system [18]. Since
the SOC of UCs is simply controlled to the predefined value,
the proposed strategy in [18] does not guarantee an overall
optimal performance.

In this paper, a two-level energy management strategy is
proposed for the fuel cell-battery-UC hybrid system. In the
proposed two-level energy management strategy, the load
power is distributed between the fuel cell system and the
battery-UC hybrid system using the ECMS to minimize the
total hydrogen consumption at the first level. At the sec-
ond level, the power flow between battery and UC packs
is determined using the equivalent series resistance (ESR)-
based method. Then, the performance of the two-level energy
management strategy is analyzed in simulations. Finally, the
proposed energy management strategy is compared with the
rule-based strategy in terms of the hydrogen consumption.

II. FUEL CELL-BATTERY-UC HYBRID SYSTEM

A. Fuel Cell System

In the proposed hybrid system, a 100 W proton exchange
membrane fuel cell (PEMFC) system from Heliocentris is
used, in which 20 cells with active surface area (A) of 25



cm? are connected in series [19]. Its hydrogen mass flow rate

™M, 1 approximated as a quadratic function of its output
power P, which is calculated as

T, s = afPF +ag, Py +ay,, (1)

where ay,, ay,, ay, are obtained by fitting the original hy-
drogen consumption model from [19]. Fig. 1(a) shows that
the quadratic hydrogen consumption model is accurate enough
for fuel cell system, and is used in the following system-level
analysis [20]. Then, the efficiency of the fuel cell system 7
is calculated as
Py

i, fLHVy,’

where LHV g, is the low heat value of the hydrogen. Fig. 1(b)
shows that the efficiency of the fuel cell system reaches its
maximum value when its output power Py is 22.6 W.
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Fig. 1. Efficiency and hydrogen mass flow rate rivp, ; of the fuel cell
system. (a) Hydrogen mass flow rate mh g, ¢. (b) Efficiency.

B. Energy Storage System

The ESS combines battery and UC packs using the capacitor
semiactive topology, as shown in Fig. 2.

1) Battery: In this system-level analysis, the Rint model
is used to calculate the power loss of the lithium-ion battery
pack, as shown in Fig. 2. V,,, and R, are the open circuit
voltage (OCV) and the series resistance of the battery pack,
respectively, which are calculated as

Vo = a0+ a1z + asr? + ...+ anG, 3)
Rep = by + b1 + boa? + ... + beab, 4)

where z is a specific SOCy, [21]. The power loss of the battery
pack Pj,ss,5 can be written as

Piossp = Rg iz, )

where i; is the battery current.

2) Ultracapacitor: Again for the system-level analysis, the
Rint model is sufficient to represent the behavior of the UC
pack [see Fig. 2]. Similarly, V;, ,, and R, . are the OCV and
the series resistance of the UC pack. The power loss of the
UC pack Pj,s5,,, can be represented as

IDloss,u = RS,Cii7 (6)

where %, is the UC current.
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Fig. 2. Model of the fuel cell-battery-ultracapacitor hybrid system.

III. TWO-LEVEL ENERGY MANAGEMENT STRATEGY

In the proposed two-level energy management strategy, the
battery and UC packs are seen as an ESS and ECMS is used to
distribute the load power between the fuel cell system and this
ESS at the first level. At the second level, the required power
for the ESS is distributed between battery and UC packs using
the ESR-based control strategy.

A. First level - Equivalent Consumption Minimization Strategy

For the hybrid system, the fuel cell system and ESS jointly
satisfy the load demand. Intuitively, the hydrogen consumption
of the fuel cell system can be reduced when the ESS supplies
more power. Since ESS works as an energy buffer with zero
net energy output, the ESS needs to be charged by the fuel cell
system in the future to reach its initial SOC. This would lead
to an extra hydrogen consumption, which may adversely affect
the fuel economy. Therefore, ECMS is proposed to minimize
the sum of actual hydrogen consumption from the fuel cell
system and the equivalent hydrogen consumption from the
ESS [16].

1) Equivalent Hydrogen Consumption: In the fuel cell
based hybrid system, the total hydrogen consumption is written
as

M, ¢ = T, f + D T, e, (7)

where 7y, . is the equivalent hydrogen mass flow rate due
to the usage of ESS; p is the penalty factor. Due to unknown
operating conditions of the fuel cell system and the ESS, the
average efficiencies of the fuel cell system and ESS are used



to convert the electrical energy into the equivalent hydrogen
consumption, which can be formulated as

P. 1 .
L . TV if Pe,k > 0,
msze — P"]d 770,(177]%2 . Ho 1 (8)
e ke w ———r—— else,
Kle LAV,

where P, j, is the power of the ESS at the time instant k; 14,
and 7)., are the average discharging and charging efficiencies
of the ESS; 7y, is the average efficiency of the fuel cell
system; 775 and 7). are discharging and charging efficiencies
of the ESS, which are written as

Py 1
Nd = ,Re P2 = R.P. 1’ (9)
Pejpt yet I ves
R.P?
P+ Ve.2 <k R.P
Ne = bus.k 1+ 62 e,k, (10)
Pe,k V;)us,k'

where Vi, 1, 1s the dc bus voltage at the time instant k; . is
the ESR of the ESS, which is calculated from (21). Based on
the power balance among the fuel cell system, the ESS, and
the load, the output power of the ESS P, ;. is expressed as

Pex = P — Pk, Y

where Py and P, are the fuel cell power and the load power
at the time instant k, respectively. Then, substituting (1), (8)—
(11) into (7), 1 m, + can be rewritten as

R.K 2R
= <af0 +PVb2;> Pf i — |pK: (‘/bQ ekPl,k + 1)

T, ¢
Re
—ag | Pretap +pEKa P |1+ ——Pik |,
bus,k
(12)
K L P..>0
1+ = o e,k )
Kl — nc,aZZ,aLHng (13)
K- =—" P, <0.
Y ;. LHVy, ¥
Because 7, is a quadratic function of Py and

R.K
(a5 + it

system Py at the time instant k£ can be analytically derived,
as shown in (14). In (14), Pf pq. is the maximum power of
the fuel cell system. For the obtained two points Py and
Py 1, the one with the lower hydrogen consumption is used
as the output power of the fuel cell system.

) is positive, the output power of the fuel cell

2) Penalty Factor: In the ECMS, the output power of the
fuel cell system is related to the penalty factor p, which needs
to be tuned to maintain the SOC of the ESS SOC, around
its initial value SOC, ;. Due to the limited energy density of
UCs, the SOC of the ESS refers to the SOC of the battery
pack [18]. In this paper, the penalty factor p is formulated as

14sy

SOC. — SOC.,; 2
p= p7n+(ph_pm)m © | Pm

1—-sy

ny S0Ce —SOCe,i | 2
P SOC., — SOC..; ’
s =sign(SOC, — SOC.,)

— Pm) (15)

_ ag _ 2af, Pf,max + ag,
ph_Kl( 2R, Hk+1)a pr =
Vb2us,k ’ KI |:V32R.ek (Pl,k - Pfymacc) + 1:|
2a¢, P a
P = Gfotl,a +ay, , (16)
Ky |3 (Puy, —Pz,a)+1}
bus,k

where SOC, ;, and SOC, ; are upper and lower limits of the
SOC of the ESS. The relationship between the output power
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Fig. 3. Output power of the fuel cell system.

of the fuel cell system and the SOC, is shown in Fig. 3. It
shows that Py is equal to the average load power P , when
SOC, is equal to SOC,;, as shown in Fig. 3. If SOC, is
smaller than SOC, ;, Py becomes larger than P, , to charge
the ESS. For the extreme case with a minimum SOC,, the fuel
cell system supplies its maximum power Py 4, to supply the
load demand. Similarly, when SOC, is higher than SOC, ;,
the output power of the fuel cell system Py becomes smaller
than P, and the rest power is drawn from the ESS. Due
to the slow dynamics of the fuel cell system, a first-order
low-pass filter with a time constant 7 is used to smoothen
the output power of the fuel cell system and avoid fuel cell
starvation [22]. Without a prior knowledge of the load profile

pK i+ (VizResz,k + 1) —ay,
Prig = Min | Max nez 01, Pk P.r >0,
2ag, + Ky g P
Py = - on (14)
pK;- (Vbz Py 1+ 1) —ay,
P = Min | Max e P, P P.. <0
2,k 26Lf0 —|—pK1— V}ip sy LE | s 4 fmax ek > Y,




in real applications, a moving average filter is used to estimate
the average load power based on the past N7 seconds, which
is calculated as

1 .
N 7 (Plj\zlek—l (k—=1)+ Pl,k) if K < Ny,
1
l,a, k= 1
N, (Plj,\z{zl,kfl "N+ P — Pz,kal) else.
1

Then, Pl]\glk is used to calculate p,, in (16) for real-time
implementation.

B. Second level - Equivalent Series Resistance-based Control

In this level, the power distribution between battery and UC
packs is determined using the ESR-based approach [23]. In the
ESR-based control strategy, the estimated average load current
is supplied by the battery pack and the remaining dynamic load
current is distributed between battery and UC packs based on
their ESR ratio.

1) Equivalent Series Resistance Ratio: In the battery-UC
hybrid system, a half-bridge bidirectional dc-dc converter is
placed between UC pack and the load and the battery pack
is directly connected to the load, as shown in Fig. 2. Since
the switching frequency of the dc-dc converter is constant, its
switching loss is almost constant and irrelevant to the operating
conditions. Thus, only the conduction losses of the MOSFET
and the inductor in the dc-dc converter are considered. There-
fore, the ESRs of each component are calculated as

Ko = R?; * Hoss,d _ RL + Rmos
T Ry+ Ry T2 (1—dy)2
Ploss b Ploss u Rs c
R = lossb _ o, R ssu _ T
b2 A R

where ds is the duty cycle of the dc-dc converter; Rj
and R,,,s are resistances of the inductor and the MOSFET,
respectively; K5 is the ESR ratio between battery and UC
packs.

2) Current Distribution: In the ESR-based strategy, the
dynamic load current for the battery-UC hybrid system is
distributed based on the ESR ratio and the SOC of the UC
pack. The current distribution is expressed as

1
1+ K,y ’
where @ is the UC energy sustaining factor, which is designed

to force SOC,, to swing around its initial value SOC, ;.
Therefore, @) is written as

Ca=Q A7)

)

S0OC, — SOC, ; o
S0C,., —S0C ZK L a0
@=19 soc,-soC,, 1w
SOCM—SOCuhKﬁ + 1 else,
’ ’ (18)
S0C,; —SOC,, SOC, ; — SOCy
o Ky, Kop = ’ e
2" 7 80C,, —S0C,; %" socul —S0C,,; >
V2
s9 = sign(SOC,, — SOC,,;), SOC, #

where V,, ;. is the voltage of the UC pack at the time instant k;
Viu,min and Vi, 4, are the minimum and maximum voltages
of the UC pack; SOC,, ;, and SOC,,; are upper and lower
limits of SOC,. Similarly, the moving average filter with
window size Ny is used to estimate the average current of
the ESS [ évg i in real applications. Then, the currents of the
battery pack 5 5, and the dc-dc converter 44 are written as

ip g = Ié\,[;,k + Cylier — Ig;,k), ik = fek — bk (19)
where i j, is the current of the ESS and is VP; The power
loss of the ESS P,k 1s calculated as

Pioss,e.k =i,27 w Il + iﬁ,k(RZ + Ry),
2
= 122 o+ Caliew — 12| B
+ (1= Ca)* (e — 120 ) (Ry + Ry),  (0)
and the ESR of the ESS R, is expressed as
2
POSS € Iévj
Re =—2%>% = |Cy+ (1 - Cp) 222 | Ry
tek lek
AN
+ (1 = Cy)? (1 - Z“) (R, + RY). 1)
e,k

Then in the proposed energy management strategy, R, calcu-
lated at the time instant k¥ — 1 is used to calculate the output
power of the fuel cell system Py in (14) and penalty factor
p in (15). The block diagram of the two-level energy man-
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Fig. 4. Block diagram of the two-level energy management strategy.

agement strategy is shown in Fig. 4. Based on the estimated
average load power Pz x> the penalty factor is calculated
using (15). Then the fuel cell power P is calculated from
(14). To avoid fuel cell starvation problem, its reference output
power Py ,.;; is obtained by using a first-order low-pass
filter [18]. Thus, the current of the ESS ¢, j is calculated and
distributed between battery and UC packs based on the current

distribution C; and estimated average current [, évj o

IV. SIMULATION AND DISCUSSIONS

In simulation, three consecutive repetitions of the scaled
new European driving cycle (NEDC) test cycle is used as the
load profile. Fig. 5 shows the downscaled power profile of
the NEDC, which is calculated based on the vehicle dynamics



TABLE I
PARAMETERS FOR FUEL CELL-BATTERY-ULTRACAPACITOR HYBRID SYSTEM.

Fuel cell system

afo 6.7033¢™8 aj 4 1.2487e=°% ago 4.0458e =5
Battery pack

ap 12.38 ai 29.02 az -129.51
ae -59.23 bo 0.49 b1 -4.72

bs -94.10 be 27.67

UC pack DC-DC converter

Cu 66F Rs.c 15mQ Rios 15m®

T 7s Nf,a 0.45

as 299.09 a4 -366.81 as 231.77

bo 28.51 b3 -83.27 by 125.62
Energy storage system

R, 10 mQ2 Neya 0.93 Nd,a 0.93

and scaled down to match the power capability of the proposed
hybrid system. The model parameters are listed in Table 1. For
the ESS, SOC. 5, SOCe,;, and SOC,; are set to be 0.80, 0.55,
and 0.30, respectively. For the UC pack, SOC, ;, SOC,, ;,
and SOC,,; are set to be 1.0, 0.5, and 0, respectively. The
total hydrogen consumption over the load profile mpg, ; is
calculated as

N
mH%t = ZmHQA,f,kTS + mH2767
k=1
N
AE. =) (Voprivk + Vouriuk) Ts (22)
k=1
AFE
£ if AE, >0,
m o nd,anc,anf,aLHVHz ¢
Hj,e AEenc,aT]d,a ,
—_— else,
T}fyaLHVH2

where AFE, is the net energy output of the ESS; mpy, ¢ is
the hydrogen mass flow rate of the fuel cell system at the time

instant k; my, . is the equivalent hydrogen consumption due
to AE,.
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Fig. 5. Downscaled power profile of the NEDC.

A. Influence of Window Size

The total hydrogen consumptions of the fuel cell-battery-UC
hybrid system using the proposed two-level energy manage-
ment strategy are shown in Fig. 6. Due to the relative low
efficiency of the fuel cell system, the influence of V; is larger
than that of N,. Note that the nonlinear relationship exists
between mpg,, and the window size. This means accurate
estimated average values of P, and I., with large window
sizes does not guarantee low hydrogen consumption. At the
same time, the optimal window sizes N7 and Ny are 1400 s
and 1200 s, respectively, which are close to the length of the

NEDC test cycle. It indicates design of the window size based
on the length of the typical load profile can effectively reduce
the fuel consumption.
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Fig. 6. Total hydrogen consumption as a function of window sizes N1 and
No.

B. Comparison with Rule-based Strategy

For comparison purposes, the performance of the proposed
two-level energy management strategy is compared with the
rule-based strategy. In the rule-based strategy, the output power
of the fuel cell system is determined based on the SOC of the
battery pack and the load power, as shown in Table II [24].
Similarly, a first-order low-pass filter is used to restrict the
power slope of the fuel cell system. The power distribution
between battery and UC packs is determined based on the
SOC of the UC pack using a look-up table [25].

TABLE 11
RULE-BASED CONTROL STRATEGY.
If SOC, < 0.53 Pf:Pf,ma:c
If SOCe C (0.53, 0.60) and P, > 160 | Py=Pf maa
If SOC, C (0.53, 0.60) and P, <160 | Pr=Pr opt
If SOCe > 0.60 Pr=0

TABLE III
RESULTS OF THE PROPOSED TWO-LEVEL AND RULE-BASED STRATEGIES.

Control strategy | mpg,[g] ASOC, ASOC,
Two-level 1.723 0.060 0.878
Rule-based 1.782 0.048 0.908

The performance of the proposed two-level energy manage-
ment strategy is compared with the rule-based strategy under



three consecutive repetitions of the scaled NEDC test cycle,
as shown in Fig. 7 and Table III. In Table III, ASOC,; and
ASOC,, denote the SOC variation ranges of the battery and
UC packs, respectively. For a fair comparison, the parameters
of the rule-based strategy are tuned to make sure ASOC;, using
two control strategies are close. Results show that the proposed
two-level strategy can achieve lower hydrogen consumption
compared with the rule-based strategy. This is because the
fuel cell system operates at its maximum power point (low-
efficiency working point) with a low SOC, in the rule-based
strategy, which leads to extra hydrogen consumption, as shown
in Fig. 7. Fig. 7(a) indicates that through considering the
hydrogen consumption model of the fuel cell system, the
proposed two-level energy management strategy can maintain
the fuel cell system operate at its efficient region.
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Fig. 7. Histogram of the fuel cell power. (a) Rule-based strategy. (b) Two-
level strategy.

V. CONCLUSION

In this paper a two-level energy management strategy is
proposed for the fuel cell-battery-UC hybrid system. At the
first level, battery and UC packs are treated as an ESS and the
load power is distributed between the fuel cell system and this
ESS using the ECMS. The penalty factor is tuned based on
the SOC of the battery pack and the estimated average load
power over past N1 seconds. At the second level, the load
demand for the ESS is distributed between the battery and UC
packs using the ESR-based control strategy. In the ESR-based
strategy, the average current during the past N, is supplied
by the battery pack and the remaining dynamic load power is
distributed between battery and UC packs based on their ESR
ratio. Simulation results show that the optimal window sizes
N; and N, are close to the length of the typical load profile.
Compared with the rule-based strategy, the proposed two-
level energy management strategy can achieve lower hydrogen
consumption.
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