An adaptive power split strategy with a load disturbance compensator for
fuel cell/supercapacitor powertrains
Downloaded from: https://research.chalmers.se, 2023-01-09 14:25 UTC

Citation for the original published paper (version of record):
Xun, Q., Roda, V., Liu, Y. et al (2021). An adaptive power split strategy with a load disturbance
compensator for fuel
cell/supercapacitor powertrains. Journal of Energy Storage, 44.
http://dx.doi.org/10.1016/j.est.2021.103341

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)

Journal of Energy Storage 44 (2021) 103341

Contents lists available at ScienceDirect

Journal of Energy Storage
journal homepage: www.elsevier.com/locate/est

Research Papers

An adaptive power split strategy with a load disturbance compensator for
fuel cell/supercapacitor powertrains✩
Qian Xun a ,∗, Vicente Roda b , Yujing Liu a , Xiaoliang Huang a , Ramon Costa-Castelló b
a
b

Department of Electrical Engineering at the Chalmers University of Technology, Gothenburg 41296, Sweden
Institut de Robòtica i Informàtica Industrial, CSIC-UPC, Barcelona, Spain

ARTICLE

INFO

Keywords:
Fuel cell
Supercapacitor
Power allocation
Cut-off frequency
Load disturbance compensator

ABSTRACT
Electric vehicles powered by fuel cell and supercapacitor hybrid power sources are of great interest. However,
the power allocation between each power source is challenging and the DC bus voltage fluctuation is relatively
significant in cascaded PI control schemes. This paper develops a power control strategy with an adjustable
cut-off frequency, using an artificial potential field, to adaptively split the load current between the fuel cell
and the supercapacitor under various load conditions. The adaptive cut-off frequency is calculated by cutting
the load frequency spectrum with an allocation ratio that changes with the supercapacitor state of charge.
Therefore, the relatively lower frequency portion of the load current is provided by the fuel cell and the
supercapacitor handles the higher frequency portion. To enhance the control performance of the DC bus voltage
regulation against the load disturbance, a load disturbance compensator is introduced to suppress the DC bus
voltage fluctuation when the load variation occurs, which is implemented by a feed-forward controller that
can compensate the load current variation in advance. The effectiveness of the proposed strategy is validated
by extensive experiments.

1. Introduction
The urgent environmental issues and significant advances in today’s
transportation sector are calling for green and sustainable solutions that
can reduce CO2 emissions and keep acceptable driving performance
compared with internal combustion engine vehicles. Fuel cell electric
vehicles (FCEVs) are becoming a promising solution for future fossilfree transportation due to their fast-refueling time, high energy density,
and zero CO2 emissions [1]. However, the slow-dynamic response and
inability to recover regenerative energy of the FC necessitate the use
of a battery or supercapacitor (SC) to form a hybrid powertrain. Compared to batteries, SCs feature high-power density and high-dynamic
response, which can support the FC to meet the power requirement
of vehicles, especially in such conditions with very high peak power
demand and large power variation rate [2–5]. This combination can
also downsize the FC power rating and extend the FC lifetime as the
SC can provide more peak power during transients such as frequent
start and stop, quick acceleration and deceleration, and sudden load
changes [6–8].

Due to unique characteristics of FC and SC themselves, there are several hybridization structures, including passive, semi-active and fully
active [9,10]. The passive hybrid system, without any DC/DC converters, shows the superiority in the conceptual structure but the DC-link
voltage and the power distribution are passively determined, which is
coupled with the internal resistance of each device. Due to one or two
DC/DC converters involved, semi-active and fully-active hybrid systems
can achieve more flexible control capability. The parameter design of
FC and SC is not restricted by the DC-link voltage level and the current
control is independently implemented by their converters, especially in
a fully-active hybrid configuration. This hybrid configuration is also a
widely employed topology in electric powertrains. To effectively utilize
the power and energy capability of each power device, the control
system of a fully-active hybrid powertrain is decomposed in different
levels, including converter level (current tracking in most cases), power
balance level (voltage bus regulation) and energy state control [11,12].
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Existing power management strategies are usually based on rules,
artificial intelligence, or optimization. To meet the vehicle power requirement and enhance the FC performance, a fuzzy logic-based control
method is implemented in [13,14]. To achieve the same goals, the vehicle power demand is decomposed into low- and high-frequency item
using a wavelet-based algorithm in [15]. The simulation results show
the effectiveness of the proposed method and the sharp peak load is provided by the SC with the FC power variation to be smoothed. However,
the algorithm is not experimentally verified and it is complicated to implement in real-time control applications. In [16], a control law based
on differential flatness is proposed to achieve energy-management goals
and solve the stabilization issue. The proposed control law is validated
in dSPACE based implementation on an experimental test rig. The
results show that power provided by the FC and the SC can meet
the load demand and the DC-link voltage variation is significantly
improved compared with the classical PI controller. However, the experimental verification is limited to investigate the step load variation
and the half-sine waveform while the drive cycle performance is not
evaluated. A frequency-based power distribution method is presented
in [17] to find an optimal set point of the cut-off frequency based on
the dynamic capabilities of each energy source while it only shows the
simulation results. Some other control strategies, such as state machine
control [18], droop control [19], and extremum seeking [20], are
conducted on RT-LAB platform for fuel cell hybrid electric trams. The
control strategies can manage and coordinate multiple power sources
and meet the tram power requirement.
In addition, dynamic programming based energy management strategy is studied in [21] to obtain the optimal power split between
each device. An energy management control strategy with the prediction of a short-period future energy demand is detailed reported
in [22]. The energy flow control is emphasized for FC/SC electric
vehicles to minimize the hydrogen consumption and improve the power
compliance. Optimal energy management and control frameworks are
presented in [23–25] to improve the global performance of the system.
A cost function is usually formulated as a mathematical extreme value
problem with several constraints to minimize equivalent energy consumption and improve the utilization performance of the system. For
example, model predictive control is utilized to improve the system
performance, such as fuel economy and fuel cell lifetime [26,27] by
solving a multi-objective optimization problem. In [28], a comparative study on five commonly-used energy management strategies for
fuel cell hybrid power sources are investigated. The results show that
the state machine control provides slightly better efficiency and less
stresses on battery and SC than other strategies. By contrast, the conventional PI control shows better fuel economy and more usable battery
energy. In [29,30], several energy management strategies are reviewed,
their control objectives, strengths, weaknesses and applications are discussed. The principles, recent progress and outlook of multiple energy
management strategies are reported in [31].
Among all power allocation methods, filter-based methods (i.e., a
subset of rule-based methods) are widely adopted in real-time applications. A low-pass filter or a high-pass filter is employed to split
the load power into low-frequency and high-frequency parts. The lowfrequency part is fed to the FC and the high-frequency part is provided
by the SC. However, the cut-off frequency is highly dependent on
the vehicle specifications and the driving conditions. Therefore, it is
challenging to determine a constant frequency suitable for all driving
conditions. Moreover, the load current is treated as the disturbance in
the conventional PI controller design, which results in DC bus voltage
fluctuations when the load changes for example when the vehicle
frequently accelerates or decelerates.
To make the filter-based method applicable for all driving conditions, an adaptive cut-off frequency has been proposed by several
researchers. [32] implemented one off-line optimized cut-off frequency
in battery/supercapacitor hybrid energy storage system according to

the vehicle speed, road condition and load current, and the experimental results show good performance. Also, [33] proposes an optimal
cut-off frequency according to the off-line data using dynamic programming. In [34], a varying frequency splitter is also applied in the
same hybrid energy storage system, the cut-off frequency is calculated
according to the output of the DC-link voltage controller and the SC
state of charge (SoC), and the time constant of the low-pass filter is
empirically set by a look-up table with three fixed time-constants. The
experimental results show the feasibility of the proposed power-split
method. In [35], a more flexible cut-off frequency is selected by cutting
the length of the load current spectrum with a constant allocation ratio.
Nevertheless, the SC cannot avoid over-discharge or over-charge based
on the constant allocation ratio. To solve this issue, [36] proposes an
adaptive frequency method with the allocation ratio changing with
the SC SoC based on artificial potential field and the SC SoC can be
effectively controlled within the satisfied range.
To improve the control performance of the DC-link voltage regulation against the load disturbance, a lead compensator is proposed
in [37] to regulate the DC-link voltage reference when the voltage
error exceeds a certain value. A feed-forward compensator is proposed in [38] to reduce the DC-link voltage fluctuation when the
load changes. However, the compensator performance is only validated
using a step load change but its performance under various drive cycles
is unknown. In [36], a feed-forward load compensator is proposed
and verified by various drive cycles, but the performance of the compensator is dependent on several parameters and the complexity is
increased. Also, the load disturbance current is assumed to be measurable. However, under such cases that there exists the measurement
error in the load current or the load current cannot be measured, the
performance of the compensator deteriorates or even unachievable.
As aforementioned, the adaptive frequency control is widely used
in battery/supercapacitor hybrid energy storage system, but its application in FC/SC hybrid system is different and the cut-off frequency
should be adaptively controlled by the FC current, SC voltage and
the drive cycle current. The reason is that the FC characteristics are
significantly different from that of the battery. First, the FC can only
provide the power but cannot absorb the regenerative power, while
the battery has the bidirectional power flow; Second, the FC voltage
decreases with the increase of the current and the FC output voltage is
highly dependent on its load current while the battery voltage mainly
varies with its SoC level; Third, the FC has slower dynamics than that
of the battery due to the internal chemical reactions. Therefore, the
control strategy in the FC/SC hybrid powertrain should be developed
with considerations of the FC output characteristics and the control
strategy in the battery/supercapacitor system cannot be applied in the
FC/SC hybrid system directly.
This work is motivated by [36] and developed on [39], where the
same topic is addressed including the adaptive power split strategy and
the improvement of the DC-link voltage regulation against the load
disturbance. The feasibility of the method proposed in [36] is validated
using simulations in FC/SC hybrid powertrain [39]. The simulations
show that the load cut-off frequency can be changed adaptively based
on the SC SoC while the DC bus voltage variation is reduced by the load
disturbance compensator. This paper is a continuation work of [39]
and further demonstrates the effectiveness of the adaptive power split
and the load disturbance compensator by performing extensive experiments. Two original contributions are delivered in the paper. First,
to improve the FC performance and maintain a reasonable SC SoC
level, the cut-off frequency is adaptively adjusted with consideration
of the FC load characteristics and the SC SoC level; Second, to achieve
a better tracking performance and the anti-disturbance (load current)
of the DC-link voltage control, a feed-forward compensator is applied
with a load disturbance observer to estimate the load current, which is
also applicable in cases where the load current is not measurable, or
measurement error exists.
The remainder of this paper is organized as follows. Section 2
describes the system architecture and component models of a hybrid
FC/SC electric vehicle. Section 3 presents the control strategy. Section 4
shows the experimental results. Section 5 concludes this paper.
2
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Fig. 1. A hybrid FC/SC system for electric vehicle applications..

2. System architecture and component modeling
The system architecture of a hybrid FC/SC electric vehicle is shown
in Fig. 1 and the variables in the time-domain are marked as small
letters, while capital letters are used in frequency-domain. The FC and
the SC are represented by a voltage source, 𝑢fc (𝑡), and a capacitor,
𝐶sc , respectively. The load profile, 𝑝load (𝑡), is obtained from the speed
profile. The controller for the SC buck–boost converter is designed to
be faster than the controller for the FC boost converter to make sure
that the FC does not respond to the sudden load current variation but
gradually ramps up to follow the reference. The FC and SC converters
share the same DC bus capacitor 𝐶bus . Therefore, their output voltages
are always the same.
The propulsion system including a DC/AC inverter, an electric
machine, a transmission, and wheels is treated as the dynamic load of
the FC/SC hybrid system. When the vehicle operates in the acceleration
mode, power flows from the hybrid system to the propulsion system. In
the deceleration mode, power flows in the opposite direction. As shown
in Fig. 1, 𝑝load (𝑡) is the power transferred between the hybrid system
and the propulsion system. The power balance equations at the DC-bus
side can be expressed as
−sign(𝑝 (𝑡))

sc
𝑝load (𝑡) = 𝑝fc (𝑡)𝜂boost + 𝑝sc (𝑡)𝜂buck-boost
,

Fig. 2. Operation curve of Nexa 1.2 kW fuel cell stack with a total of 47 cells connected
in series and more detailed parameters are given in [40].

boost converter is derived as given in Box I.
introduced as
𝑈fc (𝑠)
𝑈𝑚fc (𝑠) =
− 𝑈cfc (𝑠) ,
𝐿fc1 𝐶fc 𝑠2 + 𝑅fc1 𝐶fc 𝑠 + 1

(1)

A variable change is

(3)

which can be used to limit the inrush current when the converter
starts since the variable change is set as 0 and FC voltage equals to
switch voltage. The inductor current changes slowly from 0 due to the
second-order system.
The converter transfer function can be derived as (4) using the
framework in [41,42]. The converter model is a third-order system and
it can be approximated as a first-order system because the coefficients
for the cubic and quadratic terms are sufficiently small and can be
neglected. The Bode plots of the original transfer function model and
the simplified one are shown in Fig. 3 and the effect of the capacitance
variation is also depicted. The capacitor 𝐶fc of the input filter indeed
can be neglected at low frequency since the FC has quite slow dynamics. The amplitude–frequency characteristics and phase–frequency
characteristics of the simplified transfer function show almost the same
performance with the original one even when the capacitance of 𝐶fc
varies with ±20% of the nominal value. The controller for this converter
is designed based on this first-order model using the method in [34].
With the first-order approximated model, the current of inductor 𝐿fc1 is
the same as that of inductor 𝐿fc2 with the denotation of 𝐼fc1 = 𝐼fc2 = 𝐼fc
(see Box II).

where 𝜂boost and 𝜂buck-boost are the efficiencies of the boost converter
and buck–boost converter, respectively. The function ‘‘sign’’ allows the
efficiency of the buck–boost converter to be shifted according to the
direction of the SC power flow.
2.1. Boost converter for fuel cell
A typical voltage of an individual FC cell is low and variable with
respect to the load current and several cells are connected in series
to form a FC stack to get a certain voltage. The polarization curve
of the FC stack used in our case is shown in Fig. 2, illustrating a
decreased voltage along with the increase of the current. During the
FC operation, the hydrogen gas and oxygen gas cannot respond to
the load current changes instantaneously and FC should be operated
steadily at the determined combination of voltage and current to make
FC work efficiently. Usually, a boost converter is needed to convert the
FC voltage and control its dynamics. As shown in Fig. 1, the inductor
𝐿fc1 and the capacitor 𝐶fc act as the input filter for the boost converter.
𝐿fc2 is the input inductor of the boost converter. 𝑅fc1 and 𝑅fc2 are the
parasitic resistors of 𝐿fc1 and 𝐿fc2 , respectively.
This paper adopts the average model and neglects the losses of
power electronics. The average voltage across the switch 𝑆fc is denoted
′ 𝑈
′
as 𝑈cfc = 𝐷fc
bus , where 𝐷fc = 1 − 𝐷fc and 𝐷fc is the duty ratio of the
gate signal for the FC side of the boost converter. Therefore, the highfrequency switching ripples can be neglected. The input current of the

2.2. Buck–boost converter for supercapacitor
A bidirectional DC/DC converter is used to discharge and charge
the SC. The gate signals for 𝑆sc1 and 𝑆sc2 are always complementary
with a small dead-time inserted. 𝐿sc is the output inductor and 𝑅sc is
3
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𝐼fc2 (𝑠) =

(
)
𝑈fc (𝑠) − 𝐿fc1 𝐶fc 𝑠2 + 𝐶fc 𝑅fc1 𝑠 + 1 𝑈cfc (𝑠)
(
)
(
)
(
).
𝐿fc1 𝐿fc2 𝐶fc 𝑠3 + 𝐶fc 𝐿fc1 𝑅fc2 + 𝐿fc2 𝑅fc1 𝑠2 + 𝐶fc 𝑅fc1 𝑅fc2 + 𝐿fc1 + 𝐿fc2 𝑠 + 𝑅fc1 + 𝑅fc2

(2)

Box I.

𝐺fc (𝑠) =

𝐼fc (𝑠)
,
𝑈𝑚fc (𝑠)

=

𝐶fc 𝐿fc1 𝑠2 + 𝐶fc 𝑅fc1 𝑠 + 1
(
)
(
)
(
),
𝐿fc1 𝐿fc2 𝐶fc 𝑠3 + 𝐶fc 𝐿fc1 𝑅fc2 + 𝐿fc2 𝑅fc1 𝑠2 + 𝐶fc 𝑅fc1 𝑅fc2 + 𝐿fc1 + 𝐿fc2 𝑠 + 𝑅fc1 + 𝑅fc2

≈

1
,
𝑠𝐿fc + 𝑅fc

(4)

where 𝐿fc = 𝐿fc1 + 𝐿fc2 , 𝑅fc = 𝑅fc1 + 𝑅fc2 .
Box II.

The transfer function, 𝐺𝑥𝑥 (𝑠), can be controlled by the PI controller
and the closed-loop transfer function can be described as
𝐺cl_𝑥𝑥 (𝑠) =

where 𝑇f𝑥𝑥 = 𝐿𝑥𝑥 ∕𝑅𝑥𝑥 and 𝐾f𝑥𝑥 = 1∕𝑅𝑥𝑥 .
Considering the actual parameter values of the current PI con2 ≈ 0 and 2𝜉 𝑇
trollers, it can be observed that 𝑇0𝑥𝑥
𝑥𝑥 0𝑥𝑥 ≈ 𝑇i𝑥𝑥 . Therefore,
the closed-loop transfer functions of the current loop are approximately
equal to 1 in the low-frequency range.
A low-pass filter (LPF) shown in (11) is used to split the DC bus
reference current into two parts due to the intrinsic characteristics of
the FC and the SC. The low-frequency component is supplied by the
FC and the high-frequency part is going to the SC. In case of negative
current and large current change rate, a saturation block and a ramp
limiter are designed for the FC reference current. Current regulation of
the FC and SC is realized by their respective converter as mentioned
before.

the parasitic resistor. The average voltage across 𝑆sc2 is denoted as 𝑈csc
and the high order switching ripples are neglected. The SC current can
be derived as
𝑈csc (𝑠) − 𝑈sc (𝑠)
.
𝑠𝐿sc + 𝑅sc

(5)

Similar to (3), a variable change is defined as
𝑈𝑚sc (𝑠) = 𝑈csc (𝑠) − 𝑈sc (𝑠) .

(6)

𝐻LPF (𝑠) =

Therefore, the transfer function of the converter is written as
𝐺sc (𝑠) =

𝐼sc (𝑠)
1
=
.
𝑈𝑚sc (𝑠)
𝑠𝐿sc + 𝑅sc

(9)

𝐾
with 𝐺PI𝑥𝑥 (𝑠) = 𝐾p𝑥𝑥 + i𝑥𝑥 , where 𝐾p𝑥𝑥 and 𝐾i𝑥𝑥 respectively denote
𝑠
the coefficients of proportional and integral gains in the PI controller
with the time constant calculated as 𝑇i𝑥𝑥 = 𝐾p𝑥𝑥 ∕𝐾i𝑥𝑥 . 𝑇0𝑥𝑥 and 𝜉𝑥𝑥
are the time constant and damping coefficient, which is respectively
identified as
√
⎧
𝑇i𝑥𝑥 𝑇f𝑥𝑥
⎪ 𝑇0𝑥𝑥 =
,
𝐾p𝑥𝑥 𝐾f𝑥𝑥
⎪
(10)
⎨
(
)
𝑇i𝑥𝑥
1
⎪
1+
,
⎪ 𝜉𝑥𝑥 = 2𝑇
𝐾p𝑥𝑥 𝐾f𝑥𝑥
0𝑥𝑥
⎩

Fig. 3. Bode plots of the transfer function of the boost converter, including the original
one with capacitance variations and the simplified one. All curves are obtained from
Eq. (4) with the first three curves showing the influence of the capacitance 𝐶fc variation
on the original transfer function and the last one indicating the simplified one.

𝐼sc (𝑠) =

𝐺PI𝑥𝑥 (𝑠) 𝐺𝑥𝑥 (𝑠)
𝑇i𝑥𝑥 𝑠 + 1
=
,
2
2
1 + 𝐺PI𝑥𝑥 (𝑠) 𝐺𝑥𝑥 (𝑠)
𝑇0𝑥𝑥 𝑠 + 2𝜉𝑥𝑥 𝑇0𝑥𝑥 𝑠 + 1

1
,
𝑇i ⋅ 𝑠 + 1

(11)

where 𝑇i = 1∕(2𝜋𝑓c ) with 𝑓c being the cut-off frequency. Therefore, the
closed-loop transfer function of the DC bus current control including the
low-pass filter can be derived as

(7)

This converter model is a first-order system and its controller is designed accordingly.

𝐺cur (𝑠) = 𝐻LPF (𝑠) 𝐺cl_fc (𝑠) + (1 − 𝐻LPF (𝑠))𝐺cl_sc (𝑠) .

(12)

2.3. Current loop model

2.4. DC bus model

Based on (4) and (7), it can be observed that the FC and SC converter models show the same first-order linear time-invariant system
structure, which can be rewritten as

The boost and buck–boost converters share the same DC bus capacitor. Using Kirchhoff’s current law, one can get

𝐼 (𝑠)
1
𝐺𝑥𝑥 (𝑠) = 𝑥𝑥
=
, 𝑥𝑥 = fc or sc.
𝑈𝑚𝑥𝑥 (𝑠)
𝑠𝐿𝑥𝑥 + 𝑅𝑥𝑥

𝐶bus
(8)
4

d𝑢bus (𝑡)
= 𝑖bus (𝑡) − 𝑖load (𝑡),
d𝑡
= 𝑖cfc (𝑡) + 𝑖csc (𝑡) − 𝑖load (𝑡).

(13)
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Table 1
Component model parameters.

The load current can be regarded as a disturbance. The transfer
function from the DC bus current and the load disturbance current to
the DC bus voltage can be respectively derived as
⎧
𝑈 (𝑠)
1
⎪ 𝐺bus (𝑠) = bus
=
,
⎪
𝐼bus (𝑠)
𝑠𝐶bus
⎨
𝑈 (𝑠)
1
⎪𝐺
=−
.
(𝑠) = bus
⎪ load
𝐼load (𝑠)
𝑠𝐶bus
⎩

𝐺PI (𝑠)𝐺cur (𝑠)𝐺bus (𝑠)
.
1 + 𝐺PI (𝑠)𝐺cur (𝑠)𝐺bus (𝑠)

Parameter

Value

Fuel cell

Rated power (kW)
Rated voltage (V)
Rated capacitance (F)
Rated voltage (V)
𝑉bus,ref (V)
Switching frequency (kHz)
DC bus capacitor 𝐶bus (F)
Capacitor 𝐶fc (F)
Inductor 𝐿fc1 (H)
Inductor 𝐿fc2 (H)
Inductor 𝐿sc (H)
Parasitic resistor 𝑅fc1 (𝛺)
Parasitic resistor 𝑅fc2 (𝛺)
Parasitic resistor 𝑅sc (𝛺)
𝐾p DC-link voltage controller (-)
𝐾i DC-link voltage controller(-)
𝐾pfc FC current controller (-)
𝐾ifc FC current controller (-)
𝐾psc SC current controller (-)
𝐾isc SC current controller (-)

1.2
26
165
48
75
20
2.7×10−3
2.2×10−3
140×10−6
191.3×10−6
34.4×10−6
0.01
0.04
0.04
11.4
227
0.014204
16.3208
0.1337
112.1042

Supercapacitor

(14)
DC/DC converter

The voltage PI controller can also be designed and the closed-loop
transfer function of the DC bus voltage control can be derived as
𝐺vol (𝑠) =

Module

(15)

2.5. Dynamic load model
The propulsion system acts as the dynamic load, which is a controlled bidirectional current source calculated based on the power required during the vehicle operation. The required power is determined
using the vehicle dynamics [43–45]
𝑝load (𝑡) = 𝐹wheel (𝑡)𝑣(𝑡)𝜂 −sign(𝐹wheel (𝑡))
)
(
𝜌a 𝐶d 𝐴f 𝑣(𝑡)2
d𝑣(𝑡)
+ 𝐶r 𝑚𝑔cos𝛼(𝑡) + (𝑚 + 𝑚r )
+ 𝑚𝑔sin𝛼(𝑡)
=
2
d𝑡

It can be seen that under Artemis Urban drive cycle, the SC SoC
is almost balanced when the cut-off frequency is 0.01 Hz, while the SC
SoC increases from 70.5% to 80% and 84% under the frequency of 0.04
and 0.08 Hz, respectively. SC will experience over-charging when the
drive cycle continues. For the WLTC drive cycle, the SC SoC increases
slightly higher than that of Artemis Urban drive cycle while the SC SoC
increase slightly lower under HWFET drive cycle. When the US06 drive
cycle is applied, the SC has a deep discharge under the cut-off frequency
of 0.01 and 0.04 Hz, and over-charge under all cut-off frequencies. It
is obvious that the fixed cut-off frequency cannot be applicable for all
driving cycles and a varied cut-off frequency is required.

× 𝑣(𝑡)𝜂 −sign(𝐹wheel (𝑡)) ,
(16)
where 𝐹wheel (𝑡) is the traction force applied to wheels, 𝑣(𝑡) is the vehicle
speed, and 𝜂 is the energy conversion efficiency of the propulsion
system, including the electric machine and the associated three-phase
inverter. 𝜌a is the air density, 𝐶d is the aerodynamic drag coefficient,
and 𝐴f is the front area. 𝐶r is the rolling resistance coefficient, 𝑚 is the
vehicle mass, 𝑔 is the gravitational acceleration, and 𝛼 is the road slope.
𝑚r is the equivalent mass of the rotating parts and can be calculated
by the inertia of the electric machine and the wheels. The term 𝑚r is
usually supposed to be 0 for simplification purposes in the case study.
Under a given drive cycle, the power demand of the vehicle can
be calculated. In this case study, the power level of the experimental
setup is significantly lower than that of the real vehicle. Hence, the
calculated power from (16) is scaled down by a zoom multiplier 𝑘, the
down-scaled controlled current source can be written as
𝑝 (𝑡)
𝑖load (𝑡) = load .
(17)
𝑘𝑢bus,ref

3.2. Adaptive power split strategy
Due to the inability to recover the regenerative braking energy of
FC, the SC takes over all regenerative power when the load current
is negative. Also, the FC is assumed to have a minimum operation
power to reduce the FC degradation caused by zero load current. The
SC is also charged by the FC during the regenerative braking mode.
During the propulsion mode, the load current needs to be properly
allocated. To adaptively split the low and high-frequency portions of
the load current, the artificial potential field method [36] is adopted.
The virtual attractive force is defined as a function of the SC SoC during
propulsion mode. The power allocation ratio is derived from the virtual
attractive force to decide the cut-off frequency adaptively by cutting the
load frequency spectrum. Therefore, the power provided by the SC is
dependent on its SoC level and the load power. The SC undertakes more
propulsion power at a higher SoC level, while less propulsion power at
a lower SoC level.
The virtual attractive force varying with the SC SoC level is defined
as

In summary, the component model parameters are listed in Table 1.
3. Control framework for FC/SC hybrid system
The proposed control framework for the FC/SC hybrid system is
illustrated in Fig. 4, which features an adaptive power split strategy
and a load disturbance compensator. The target of the adaptive power
split strategy is to generate an adaptive cut-off frequency adjusted by
the load current and the SC SoC and the load disturbance compensator
is to estimate the load current and counteract its effect on the DC-bus
voltage.

⎧
20|𝑎𝑥| − 1
⎪ sign (𝑥)
, 𝑥 ≥ 0.
|𝑎
SoC
(
⎪
max −SoCmid )| − 1
20
𝐹sc (𝑥) = ⎨
20|𝑎𝑥| − 1
⎪ sign (𝑥)
, 𝑥 < 0,
⎪
|𝑎(SoCmid −SoCmin )|
20
−1
⎩

3.1. Fixed power splitting
To illustrate the necessity of the adaptive power split, simulations
are conducted with cut-off frequencies of 0.01, 0.04, and 0.08 Hz for
four drive cycles, including Artemis Urban, WLTC, US06 and HWFET
and results are shown in Fig. 5. To make fair comparisons, the same
initial SC SoC and load current are set for all cases. Also, a saturation
block and a rate limiter are applied to the FC current to avoid the
negative current and the large current variation.

(18)

where 𝐹sc is the virtual attractive force and 𝑎 is the coefficient that
influences the slope of the virtual attractive force 𝐹sc . SoCmin and
SoCmax are the minimum and maximum SoC level, respectively, which
are normalized by 𝑥 = SoC − SoCmid with SoCmid being a value
between SoCmin and SoCmax . SoCmid is an adjustable parameter and
it will determine the variation trend of the virtual attractive force at
higher SoC level and lower SoC level. When SoCmid is the midpoint
5
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Fig. 4. Control framework of FC/SC hybrid system.

Fig. 5. SC SoC under the cut-off frequency of 0.01 Hz, 0.04 Hz and 0.08 Hz. (a) Artemis Urban; (b) WLTC; (c) US06; (d) HWFET.

where 𝑊𝑁 = 𝑒−2𝜋𝑗∕𝑁 is one of 𝑁 roots of unity and 𝑁 is the FFT length.
Due to the unidirectional power flow of the FC, a minimum cutoff frequency is directly set as its maximum in the low-pass filter
𝐻LPF (𝑠) when the load current is negative, while the cut-off frequency
is adaptively controlled by the area ratio in the frequency spectrum of
the load current when the load current is positive. The area ratio, 𝐾sc ,
is defined as the high-frequency spectrum area over the total frequency
spectrum area [35]. Once 𝐾sc is determined, the cut-off frequency
𝑓c can be calculated. The relationship between 𝐾sc and 𝐹sc during

of the selected SoC range, the virtual attractive force is symmetric;
otherwise, the virtual attractive force is asymmetric. The asymmetric
virtual attractive forces when 𝑎 = 1, 5, 20 are shown in Fig. 6, where
SoCmid is selected as 0.55 with the SoC range varying from 0.3 to 0.9.
A discrete fast Fourier transform (FFT) is performed on 𝑁 samples
of the load current 𝐼load and the frequency spectrum is obtained as
𝐼load (𝑘) =

𝑁
∑

𝑖load (𝑛)𝑊𝑁(𝑛−1)(𝑘−1) ,

(19)

𝑛=1
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Fig. 6. Virtual attractive force with SC SoC during propulsion mode.

Fig. 8. Flow chart of the implementation of the adaptive power split.

The control plant of the DC bus voltage can be written as 𝑃 (𝑠) ∶=
𝑃n (𝑠) + 𝛥(𝑠) with the nominal dynamics 𝑃n (𝑠) used for controller design
and the uncertain dynamics 𝛥(𝑠). In which, 𝑃n (𝑠) = 𝐺cur (𝑠)𝐺bus (𝑠). 𝑄(𝑠)
is the Butterworth low-pass filter with a relative degree greater or equal
to that of 𝑃n (𝑠). 𝛿 0 (𝑠) is sensor noise. The load current disturbance can
be estimated with a linear function of the system input 𝑢(𝑠) and the
output 𝑦(𝑠),
(
)
̂ = 𝑄(𝑠) 𝑢(𝑠) − 𝑃 −1 (𝑠)𝑦(𝑠) − 𝑃 −1 (𝑠)𝛿 0 (𝑠) ,
𝛿(𝑠)
(21)
n
n

Fig. 7. Illustration of the artificial potential field during propulsion mode.

propulsion mode can be written as
[
(
)(
)]
𝐾sc (𝐹sc ) = 0.5 + sign −𝐹sc 𝐾scmid − 0.5 𝐹sc + 𝐾scmid ,

(20)

where 𝐾scmid is an adjustable parameter, which determines the load
power allocated to the SC in the region around the SoCmid . Once
the virtual attractive force 𝐹sc is obtained, the area ratio 𝐾sc can be
calculated according to (20). The artificial potential field with 𝑎 = 10,
SoCmid = 0.7, 𝐾scmid = 0.8 as an example is shown in Fig. 7. Note that
𝐾sc should be bounded between 0 and 1. During propulsion mode, 𝐾sc
is smaller when the SoC level is low and it is bigger when the SoC level
is high. This means that the SC supplies more load power at a higher
SoC level and less load power at a lower SoC level.
The implementation of the adaptive power split strategy is described
in Fig. 8.

and the closed-loop transfer function from 𝑣(𝑠) to 𝑦(𝑠) then becomes,
𝐻LDC (𝑠) =

𝑃 (𝑠)
(
),
1 + 𝑄(𝑠) 𝑃 (𝑠)𝑃n (𝑠)−1 (𝑠) − 1

(22)

we can see that for low frequencies where 𝑄(𝑠) ≈ 1 and 𝐻LDC ≈
𝑃n (𝑠), which means that the load disturbance compensator can make
the system perform the same behavior as the nominal plant model.
One can get 𝑦 ≈ 𝑃n 𝑣 − 𝛿 0 and the system output 𝑦(𝑠) can track the
reference 𝑣(𝑠) without the influence of the disturbance 𝛿 ′ (𝑠), where
𝛿 ′ (𝑠) = 𝛿(𝑠)∕𝐺cur (𝑠). Furthermore, the plant is the same as the nominal
plant model (𝑃 (𝑠) = 𝑃n (𝑠)) when 𝛥(𝑠) ≡ 0, then 𝛿̂ = 0 and the load
disturbance compensator does not change the plant behavior. It should
be noted that the performance of the load disturbance compensator is
closely related to the design of the 𝑄(𝑠) filter and more details can be
found in [46].

3.3. Load disturbance compensator
In the cascaded PI control, the load current disturbance is acted
at the outside of the inner current loop control, and the anti-load
disturbance effect can only be achieved by the outer voltage loop
control. However, the load disturbance is assumed to be 0 or a constant
value when the voltage PI controller is designed. Therefore, the control
performance is degraded when the disturbance is a time-variant signal
or the parameters change. To improve the control performance of
the DC bus voltage regulation, a feed-forward controller is needed to
compensate the effect of the load disturbance on the system output. A
simplified block diagram of the control framework is shown in Fig. 9
to highlight the load disturbance compensator. 𝛿(𝑠) is the inverse of the
load current, which is the system disturbance and has effects of 𝐺bus (𝑠)
on the system output 𝑦(𝑠). Therefore, the main task of the load disturbance compensator is to estimate the load current and compensate this
current to the input 𝑣(𝑠).

3.4. Stability and robustness
3.4.1. Stability analysis
Since FC current controller is designed to be slower than that of the
SC, and also a low-pass filter is applied to the FC current, the dynamics
of the closed-loop transfer function of the DC bus current control as
shown in (12) is mainly determined by the SC current control loop.
Therefore, 𝐺cur (𝑠) can be approximated as a first-order system. In this
way, the effect of the time constant variation in the low-pass filter can
7
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Fig. 9. Illustration of the load disturbance compensator.

Fig. 11. Experimental setup for FC/SC hybrid system.

Fig. 10. Load disturbance compensator with uncertainties.

4. Experiments and results
4.1. Experimental setup

be canceled. Hence, the closed-loop transfer function of the DC bus
voltage control is derived as
𝐺vol (𝑠) =

588.3𝑠 + 4.933 × 105
,
3
0.00272𝑠 + 11.97𝑠2 + 588.3𝑠 + 4.933 × 105

The experimental work was carried out in the IRI fuel cell laboratory
(UPC-CSIC) in Barcelona (Spain) using the test station shown in Fig. 11.
The demand load current profile is precalculated using (16) and (17),
which is simulated by the Höcherl & Hackl NL series programmable
current source/sink. The control strategy is implemented in FPGA
(CompactRIO from NI) using LabVIEW. The data required for the
controller is acquired from voltage and current sensors using NI 9201
C series voltage input modules.

(23)

we can clearly see that the poles of the transfer function 𝐺vol (𝑠) is
located at the left half of the 𝑠-plane, so the closed-loop system is stable.
3.4.2. Robustness analysis
With consideration of perturbation 𝛥𝑀 and 𝛥𝑁, the system is
shown in Fig. 10. The perturbation quantity can be expressed as
[
]
[
]
𝑦
𝜙 = 𝛥𝑀 𝛥𝑁
,
(24)
′
𝑢+𝛿
and assume that bound on the uncertainties is expressed as
]‖
1
‖[
‖ 𝛥𝑀 𝛥𝑁 ‖ < ,
‖
‖∝ 𝛾

4.2. Validation of load disturbance compensator
4.2.1. Short-term scenario
The performance of the load disturbance compensator is first validated by a step load current, which is denoted as the short-term
scenario. The results are shown in Fig. 12. The load current first
increases from 0 to 5 A with various steps (e.g., 2 A at 16 s) and then
decreases to 0 A. These changes result in changes in the instantaneous
power (e.g., 150 to 225 W at 51 s).
To limit the FC power variation and maintain a reasonable SC
SoC level, the cut-off frequency should be properly selected. A cut-off
frequency of 0.04 Hz is suitable for our particular case for comparison,
and a same cut-off frequency is set for the control schemes with and
without the load disturbance compensator. According to (14), the effect
of the load current disturbance to the output voltage is described by the
transfer function − 1𝑠 𝐶bus . This effect is designed to be rejected by the
voltage control loop in the conventional cascaded PI control. Since the
voltage PI control loop is 10 times slower than the current inner PI loop.
There is always a voltage lag in the DC bus voltage regulation due to the
error-based PI controller. As shown in Fig. 12(c), when the load current
steps up from 3 to 5 A at 74 s, the DC bus voltage instantaneously drops
from 75 to 73.2 V. Without the load disturbance compensator, it takes
0.5 s for the DC bus voltage to recover to the reference voltage. On
the other hand, the DC bus voltage remains almost unchanged when
the load disturbance compensator is introduced. As another example,
when the load current steps down from 5 to 2 A at 103.2 s, the DC
bus voltage has an overshoot of 2.5 V without the load disturbance
compensator. For comparison, the overshoot is significantly reduced to
around ±0.2 V when the load disturbance compensator is in place.

(25)

where 𝛾 is the uncertainty bound. We can also get another relation from
Fig. 10, as follows
[
] [ ]
[
]
[
]
[
]
𝑦
𝑃
(1 − 𝑄)𝐺bus
(1 − 𝑄)𝑃n ′
𝑄
= n 𝑣+
𝜙+
𝛿 −
𝛿 0 . (26)
′
−1
−1
𝑢+𝛿
1
−𝑄𝐺cur
(1 − 𝑄)
𝑄𝑃n
The small gain theorem is applied to (24) and (26) and the robustness bound of the load disturbance compensator can be obtained as
‖[(1 − 𝑄)𝐺 ]‖
‖
bus ‖
‖
‖ < 𝛾,
−1
‖ −𝑄𝐺cur
‖
‖
‖∝

(27)

[ −1
]
𝐺cur , the degree of robustness
Multiply both sides of (27) by 𝐺bus
of the load disturbance compensator against the perturbation can be
shown as
]
‖[
(1 − 𝑄)𝑃n ‖
‖
𝛥 ‖ (1 − 𝑄)
𝜎 max = ‖
(28)
‖ < 𝛾,
‖ −𝑄𝑃n−1
‖
−𝑄
‖∝
‖
We can see that if a small 𝜎 max is achieved by designing an adequate
𝑄(𝑠) for a given nominal plant 𝑃n (𝑠), the load disturbance compensator
can make the system stabilize despite the large perturbation or uncertainties. The robustness against the perturbation or uncertainties is
closely related to the parameters of 𝑄 filter. More detailed information
on filter design can be found in [47].
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Fig. 13. Experimental results under constant cut-off frequency 𝑓c = 0.04 Hz. (a) Load
current; (b) DC bus voltage; (c) DC bus voltage for [200, 300] s and [1350, 1450] s;
(d) Supercapacitor SoC.

When the load disturbance compensator is applied, the DC bus voltage fluctuation is significantly reduced. These observations are more
clearly shown in Fig. 13(c) for the time periods of [200, 300] s and
[1350, 1450] s. In summary, both the short-term and the long-term
scenario results show that the proposed load disturbance compensator
can significantly reduce the DC bus voltage variation caused by the load
current change compared to the conventional PI controller without the
load disturbance compensator.

Fig. 12. Experimental results for step load current: with and without load disturbance
compensator, 𝑓c = 0.04 Hz. Blue plots show the results without load disturbance
compensator and red plots show the result with load disturbance compensator. The
magenta straight lines in (d) and (e) indicate 0 A. (a) Load current; (b) DC bus
voltage; (c) DC bus voltage for [72, 76] s and [102, 106] s; (d) Fuel cell current;
(e) Supercapacitor current.

4.3. Validation of adaptive power split strategy
It should be noted that due to the DC bus voltage variations resulted
by the sudden load current changes, the FC current experiences overshoots or dips when the load disturbance compensator is not in use.
For example, there is a 1 A overshoot when the load current steps up
at 74 s and a 1 A dip when the load current steps down at 124 s, which
are marked in the blue dotted circles in Fig. 12(d). In contrast, the FC
current becomes smoother when the load disturbance compensator is
introduced.

To verify the effectiveness of the adaptive power split strategy, the
SC SoC under constant and adaptive cut-off frequencies are compared.
The results are shown in Fig. 14. A constant cut-off frequency of 0.04 Hz
is used as the baseline. Under this constant cut-off frequency, the SC
SoC increases from 72% to approximately 87%, as shown in Fig. 14(d).
The SC may experience over-charge if this drive cycle continues to
repeat more times. When the adaptive cut-off frequency is applied, the
SC SoC is controlled in the desired range. In fact, the SC SoC varies
from 72% to 77% with the adaptive cut-off frequency, as shown in
Fig. 14(d). In the meantime, Figs. 14 (b) and (c) show that the DC bus
voltage variation is reduced by the load disturbance compensator when
the adaptive cut-off frequency is applied. Therefore, with the proposed
adaptive power split strategy and the load disturbance compensator,
the control performance of the hybrid FC/SC power system in electric
vehicles are significantly improved.

4.2.2. Long-term scenario
The standard WLTC drive cycle is used to verify the performance
of the load disturbance compensator in a long-term scenario. The
experimental results under a constant cut-off frequency of 0.04 Hz are
compared in Fig. 13. Due to the frequent acceleration and deceleration
of the electric vehicle, the load power varies accordingly and causes
large variations of the load current. As shown in Fig. 13(b), the DC
bus voltage fluctuates a lot without the load disturbance compensator.
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current distribution between the FC and the SC. The load disturbance
compensator improves the control performance of the FC/SC hybrid
system that the DC bus voltage fluctuation caused by the load current
variation is significantly reduced. The proposed method can be easily
tailored to other types of hybrid power systems.
Future work related to this topic will be focused on three aspects.
First, optimized energy management needs to be introduced to achieve
the minimization of hydrogen consumption and FC degradation. Second, prediction of power or energy demand should be focused to further
improve the control performance. Third, an experimental comparison
between the proposed scheme and the most relevant ones appearing in
the literature will be performed.
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