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ABSTRACT

Generally, fuel cell (FC) power supplies cannot
respond fast enough to dynamic load requirements.
This research presents an energy management system
for hybrid power sources in dc distribution systems.
A supercapacitor (SC) module was designed to be
the second power source in order to supply energy in
transient, which can respond well to dynamic loads.
In terms of circuits, a two-phase parallel boost con-
verter was connected to each power source for regu-
lating the output voltage. The interleaved technique
was applied for reducing the current ripples of the
sources. Flatness control, which is a nonlinear esti-
mation technique, combined with a single-loop con-
trol strategy is proposed to control the system and it
responds faster than multiple-loop controls. In this
research, it included a hybrid system of two power
sources namely a 500-W fuel cell emulator and a 165-
F supercapacitor module, each connecting to a two-
phase interleaved boost converter. The control algo-
rithm for the hybrid system was developed and val-
idated by the MATLAB-Simulink interfacing with a
dSPACE 1103 controller board. The experimental re-
sults showed the rapid response of the proposed sys-
tem to the dynamic load requirement. This con�rmed
that the single-loop �atness control is a potential al-
gorithm that o�ers stabilization of the hybrid system.
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verters, Modeling, Nonlinear Control, Single-Loop
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1. INTRODUCTION

Climate change, fossil fuel depletion and the rising
energy demand are signi�cant issues nowadays, indi-
cating the needs to explore potential of other energy
sources that can o�er the opportunity for decaboniza-
tion and increase energy security. Several technolo-
gies that produce energy from renewables such as
wind, solar, hydro and geothermal have been devel-
oped and commercialized, with an aim to substitute
the fossil fuel use. However, these energy sources are
availed inconsistently due to their natural �uctuation,
and thus limiting potential for utilizing in electricity
generation. Alternatively, fuel cells which are a highly
e�cient technology can be used to produce clean en-
ergy and reduce inconsistency of supply.

Unlike the fossil-fueled combustion engines, fuel
cells do not cause tailpipe pollutants and yield water
as the only by-product. The fuel cell system can gen-
erate electricity by an electrochemical reaction that
occurs when hydrogen and oxygen substrates are sup-
plied into the fuel cell stack [1]. The consistent sup-
ply of substrates will result in a reliable generation of
electricity. Among various types of fuel cell technolo-
gies, Proton Exchange Membrane Fuel Cell (PEMFC)
technology is mostly interested for powering the ve-
hicles because of its advantages in the robustness and
small space requirement [2-4]. Nevertheless, the key
shortfall of such the technology is its inability to re-
sponse to the transient loads, commonly occurred at
the acceleration and deceleration of vehicles. This
problem has been addressed in many studies by in-
stalling an auxiliary power supply of fuel cells into the
system [5-7]. Frequently, a supercapacitor module is
chosen as the auxiliary supply to form a hybrid power
system that can o�er a better quality of response to
the transient load requirement [8-10].

Another problem found in the fuel cells is fuel star-
vation, which can be resolved by adding a controller
to the fuel cell power supply in order to delay the
derivative of current [11, 12]. The most common type
of control technique when the voltage and current are
both controlled is the multiple-loop linear control, as
exempli�ed by the combined Proportional (P) and
Proportional-Integral (PI) control shown in Fig. 1(a)
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[9]. This control technique has the advantage of de-
sign simplicity and universal applications, but it is
not suitable for the nonlinear load requirement gen-
erally found in the power converter system. Alter-
natively, nonlinear control techniques may be used
in couple with the design of multiple-loop system,
in order to achieve the nonlinear load requirement
as shown in Fig. 1(b) [10]. Nevertheless, a crucial
drawback of the multiple-loop nonlinear control is its
complex design architecture that causes the slow op-
eration as compared to the single-loop nonlinear con-
trol. The single-loop nonlinear control as shown in
Fig. 1(c) [13, 14] is therefore the ideal control to of-
fer the simplicity of design and operation as well as
meeting the nonlinear load requirement, but it has
yet been developed elsewhere.

For the nonlinear control, several control tech-
niques that have emerged in the recent years include
state-space approaches [15], sliding mode control [16],
adaptive control [17], fuzzy-logic control [18] and dif-
ferential �atness control [19]. Among these control
techniques, the di�erential �atness control �rstly de-
veloped by Fliess et al. [20] is an e�cient nonlinear
model-based control that can estimate the trajectory
of the system in a straightforward manner using the
trajectory of �at outputs. It is used in many ap-
plications e.g. control of an inverted pendulum and
a vertical takeo� and landing in avionic applications
[20], the control of a high-speed linear axis driven
by pneumatic muscle actuators [21], control of open
channel �ow in an irrigation canal [22], control of a
space robot with arbitrarily oriented joint axes and
two momentum wheels at the base [23].

In this paper, it is aimed to develop a nonlinear
model based single-loop control using the di�erential
�atness control algorithm applied for multiphase in-
terleaved converters used in a hybrid power source.
It conceptualizes the single-loop control of voltage
and current in form of energy for the fuel cells and
supercapacitor hybrid power system. Mathematical
model of such the hybrid system is then constructed
to validate the control parameters, and subsequently
a physical experiment is setup to verify the perfor-
mance of control algorithm against the transient load
requirement.

2. PROPOSED HYBRID SYSTEM MODEL-

ING

The system of the parallel dc-dc converters con-
necting to the fuel cell (FC) and supercapacitor (SC)
hybrid power source as shown in Fig. 2 is proposed
for the study. The power supply from FC is typically
an unregulated low voltage and high current, and the
supplied current is unidirectional. To increase the FC
voltage to a suitable operating point, a unidirectional
power �ow dc-dc boost converter is chosen to rise and
regulate the dc voltage from the FC. Several convert-
ers connected in parallel divide the FC current into

(a)

(b)

(c)

Fig.1: Control structures of a power converter: (a)
multiple-loop linear control [9], (b) multiple-loop non-
linear control [10], and (c) proposed single-loop non-
linear control .

their branches, decreasing the current magnitude of
each branch while maintaining the total current. The
interleaved technique is also used to control the paral-
lel dc-dc converters to reduce the ripple current [24].

SC allows energy to be transferred in both direc-
tions (charge and discharge). Thus, a bidirectional
dc-dc converter is chosen to transmit the �ow of cur-
rents across the SC module in both directions. The
interleaved technique is also used in the SC converter
to reduce the input ripple current. The SC power
supply connects to the dc bus, creating the proposed
hybrid power source.

Given a nonlinear system such as:

ẋ = f (x,u) ; x ∈ Rn; u ∈ Rm (1)

where the state vector x =[x1, x2..., xn]
T and the in-

put vector u =[u1, u2..., um]
T .

This nonlinear system will be di�erentially �at,
if there exists a �at output vector y ∈ Rm such as
y = [y1, y2, ..., ym]T = ϕ

(
x, u, u̇, ..., u(α)

)
that can be

found in the form:

x = φ
(
y, ẏ, ..., y(β)

)
(2)

u = ψ
(
y, ẏ, ..., y(β+1)

)
(3)

where α and β are in�nite numbers of derivatives, ϕ :
Rn × (Rm)(α+1),φ : (Rm)β × Rn and ψ : (Rm)(β+1) ×
Rm.
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Fig.2: Proposed FC/SC hybrid power plant.

From the proposed hybrid system (Fig. 2), assum-
ing FC converters with M phases connected in paral-
lel, and SC converters withN phases are also in a par-
allel connection. Each phase requires one duty cycle
d as an input for driving the switching device. There-
fore, the total number of duty cycles equals M +N .
To introduce the control using the �atness approach,
the number of �at input variables u must be set to
M+N . The equation for �at inputs is written in (4).

u = [dF1 dF2 ... dFM︸ ︷︷ ︸
uF

dC1 dC2 ... dCN︸ ︷︷ ︸
uC

]
T

(4)

where u is a column matrix of �at inputs;uF is a set of
duty cycles of the FC converter dFj ∀j ∈ {1, ...,M};
and uC is a set of duty cycles of the SC converter
dCk ∀k ∈ {1, ..., N}.

Based on the di�erential �atness approach, the
number of �at output variables must also be equal to
the number of �at input variables at M +N . These
�at output variables provide three parts of control for
the hybrid system as follows:

1) the main input energy,
2) the summation of the energy of all inductors

and the energy of the dc bus capacitor, and
3) the current balancing control.
First, the main input energy is the energy in the

FC capacitor yFC, with the relationship shown in (5)

yFC =
1

2
CFv

2
FC (5)

where CF is the �lter capacitor; and vFC is the FC
voltage.

Second, the summation of the energy of all induc-
tors and the energy of the dc bus capacitor is the
total energy of the hybrid system yT, whose equation
is presented in (6).

yT =

M∑
j=1

1

2
LFji

2
Fj +

N∑
k=1

1

2
LCki

2
Ck +

1

2
CBusv

2
Bus (6)

where LFj is the FC inductance of phase j; iLFj is the
inductor current at LFj; LCk is the SC inductance of
phase k; iLCk is the inductor current at LCk; CBus is
the output bus capacitance; and vBus is the output
bus voltage.

Finally, the current balancing equations for FC
and SC converters are de�ned as �at outputs yFj and
yCk shown in (7) and (8), respectively. The �rst phase
of the FC and SC inductor currents (iLF1 and iLC1)
are chosen as the reference currents to compare with
the other phases (iLFj and iLCk). These equations
always result in yFj and yCk approaching zero, when
they are steadily controlled.

yFj = iLF1 − iLFj ∀j ∈ {2, ...,M} (7)

yCk = iLC1 − iLCk ∀k ∈ {2, ..., N} (8)

By combining (5), (6), (7) and (8), �at outputs can
be written in form of a column matrix as in (9), with
the total number of variables equal to M +N .

y = [yFC yT yF2 yF3 ...yFM yC2 yC3 ...yCN ]
T (9)

State variables x are arranged into a column ma-
trix as expressed in (10).

x = [iLF1 iLF2 ...iLFM iLC1 iLC2 ...iLCN vFC vBus]
T

(10)

Considering the FC converter, current iFC may be
written as a function of its voltage vFC as in (11),
whereas the rearrangement of (5) de�nes the voltage
of FC vFC and its �rst derivative (dvFC/dt) as shown
in (12) and (13).

iFC = f (vFC) (11)

vFC =

√
2yFC
CF

(12)

dvFC
dt

=
ẏFC
CFvFC

(13)

Combining (11) and (12) yields iFC as a function
of yFC as expressed in (14).

iFC = f (yFC) (14)

The FC current is equal to the summation of the
FC inductor currents and the �lter capacitor current.

iFC =

M∑
j=1

iLFj + CF
dvFC
dt

(15)



22 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.15, NO.01 February 2017

From (13), it can be rewritten as

CF
dvFC
dt

= iFC −
M∑
j=1

iLFj (16)

The �rst-order and second-order di�erential equa-
tions of yFC are derived from (13) and (16), resulting
in (17) and (18).

ẏFC = vFC

iFC −
M∑
j=1

iLFj

 (17)

ÿFC = vFC
diFC
dt

+

(
iFC −

M∑
j=1

iLFj

)
dvFC
dt

− vFC

M∑
j=1

1
LFj

(
vFC − rLFj · iLFj − (1− dFj)vBus

) (18)

From (7), it can be rewritten as:

iLFj = iLF1 − yFj ∀j ∈ {2, ...,M} (19)

From (19), the summation of the FC inductor cur-
rents can be expressed as:

M∑
j=1

iLFj =M · iLF1 −
M∑
j=2

yFj (20)

Equations (17) and (20) can be rewritten as (21).

iFC − ẏFC
vFC

=M · iLF1 −
M∑
j=2

yFj (21)

From (12), (14), (18), (19), and (21), it can be
summarized as follows:

iLFj = f(yFC, ẏFC, ÿFC, yF2, ..., yFM)∀j ∈ {1, ...,M}
(22)

vFC = f(yFC) (23)

Considering (4) the �at input vector of the FC
converter is shown in (24).

uF = [dF1, dF2, dF3, ... ,dFM]T (24)

Considering the FC converter in Fig.2 , the rela-
tionship is expressed by (25).

LFj
diLFj

dt = vFC − rLFj · iLFj − (1− dFj)vBus

∀j ∈ {1, ...,M} (25)

From (7) and (25), we can summarize that:

ẏFj = vFC

(
1

LF1
− 1

LFj

)
− vBus ((1− dF1)− (1− dFj))

− (rLF1 · iLF1 − rLFj · iLFj) ∀j ∈ {2, ...,M}
(26)

Considering (18) and (26), we can �nd the duty
cycles of the FC converter:

dFj = ψ(yFC, ẏFC, ÿFC, yF2, ..., yFM, ẏF2, ..., ẏFM, vBus)
(27)

From (27) it is noted that dFj is now written as a
function of y and vBus Considering the SC converter,
(28) is introduced:

LCk
diLCk

dt
= vSC − rLCk · iLCk − (1− dCk)vBus

∀k ∈ {1, ..., N} (28)

Using (28), the di�erential equation of a �at out-
put yCk from (8) is:

ẏCk = vFC

(
1

LC1
− 1

LCk

)
−vBus ((1− dC1)− (1− dCk))
− (rLC1 · iLC1 − rLCk · iLCk) ∀k ∈ {2, ..., N}

(29)

And the bus capacitor current can be expressed as:

CBus
dvBus

dt
=

M∑
j=1

(1− dFj)iLFj

+
N∑

k=1

(1− dCk)iLCk − iLoad

(30)

The SC current iSC is the summation of all SC
inductor currents.

iSC = iLC1 + iLC2 + ...+ iLCN =

N∑
k=1

iLCk (31)

The �rst time derivative of the energy stored in all
inductors and the output capacitor is:

ẏT = vFC
M∑
j=1

iLFj + vSC
N∑

k=1

iLCk − iLoad · vBus

−
M∑
j=1

rLFj · i2LFj −
N∑

k=1

rLCk · i2LCk

(32)

From (32), the output voltage vBus is a function of
�at outputs and iCL1:

vBus = φ(yC1 ... yCk yF1 ... yFj yFC ẏFC ẏT iLC1)
(33)

By using (6) and (33), one can deduce the inductor
currents iLC1 and iLCk:

iLC1 = φ(yF2, ..., yFM, yC2, ..., yCN, yFC, ẏFC, yT, ẏT)
(34)
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iLCk = φ(yF2, ..., yFM, yC2, ..., yCN, yFC, ẏFC, yT, ẏT)
(35)

Considering (33) and (34), we found that the out-
put voltage is a function of �at outputs and their
derivatives. Therefore, all state variables of the sys-
tem are functions of �at outputs and their derivatives.

x = φ(yF2, ..., yFM, yC2, ..., yCN, yFC, ẏFC, yT, ẏT)
(36)

The input variables dCk ∀k ∈ {1, ..., N} of the �at-
ness control for the SC converter can be found using
the second time derivative of the total energy �at out-
put (ÿT), which depends on the �at input of the FC
converter dFj ∀j ∈ {1, ...,M} and the output voltage
vBus.

ÿT = ϕ(dF1, ..., yFM, dC1, ..., yCN, vBus) (37)

By substituting dFj from (27) and vBus detailed in
(33), one obtains:

dCk = ψ(yFC, ẏFC, ÿFC, yF2, ..., yFM, ẏF2, ..., ẏFM,
yC2, ..., yCN, ẏC2, ..., ẏCN, yT, ẏT, ÿT)

(38)

By considering (5)-(8), (27), (36), and (38), the
system can describe all input variables and the state
variables as functions of �at outputs and a �nite num-
ber of their derivatives. Therefore, this system can be
considered as a �at system.

3. CONTROL LAWS

Four model-based controls derived from control
laws used in the hybrid system are described in this
section, including:

1) FC inductor current balancing;
2) SC inductor current balancing;
3) FC capacitor energy; and
4) Total energy of the hybrid system. The �rst two

controls are based on the �rst-order di�erentiation of
�at outputs yFj and yCk , respectively, to su�ciently
balance the inductor currents. The other two controls
require the second-order di�erentiation of �at outputs
yFC and yT respectively to control the energy in the
hybrid system. Details of each control are described
as follows.

3.1 Balancing of FC and SC Inductor Cur-

rents

The FC inductor current reference trajectory
yFjREF∀j ∈ {2, ...,M} is the desired reference trajec-
tory in the FC converter. A closed-loop linear control
law earning an exponential asymptotic error tracking
yFj-yFjREF of the trajectory is expressed by the fol-
lowing equation.

(ẏFj − ẏFjREF) +K11(yFj − yFjREF)
+K12

∫
(yFj − yFjREF)dτ = 0

(39)

We de�ne eFj=yFj-yFjREF as the asymptotic error
and substitute eFj into (39) yielding:

ëFj +K11 · ėFj +K12 · eFj = 0 (40)

By rearranging (40) into the form of a second-order
characteristic polynomial cFj(s) as shown in (41), the
controller parameters can be expressed by (42) and
(43) as the coe�cients of the characteristic polyno-
mial.

cFj(s) = s2 +K11s+K12 (41)

K11 = 2ζFjωFj (42)

K12 = ω2
Fj (43)

where ωFj and ζFj are the natural frequency and the
desired damping ratio, respectively. Obviously, the
control system is stable whenK11 andK12 are greater
than zero, resulting in ζFj,ωFj>0.

The SC inductor current reference trajectory
yCkREF∀k ∈ {2, ..., N} , is the desired reference tra-
jectory in the SC converter. As with the FC con-
verter, the close-loop linear control with an expo-
nential asymptotic error tracking yCk-yCkREF of the
trajectory is chosen as detailed in (39). The control
parameters are the natural frequency ωCk and the
damping ratio ζCk.

3.2 FC Capacitor Energy and Total Energy

The FC capacitor energy reference trajectory
yFCREF is the desired reference trajectory in the FC
converter. The closed-loop linear control with an
asymptotic error as de�ned by yFC-yFCREF yields:

(ÿFC − ÿFCREF) +K21(ẏFC − ẏFCREF)
+K22(yFC − yFCREF) +K23

∫
(yFC − yFCREF)dτ = 0

(44)

where the coe�cient set (K21, K22 and K23) is
chosen as the controller parameters. By de�ning
eFC=yFC-yFCREF, we obtain:

ëFC +K21ëFC +K22ėFC +K23eFC = 0 (45)

By introducing the third-order characteristic poly-
nomial cFC(s)in (46) as the desired characteristic
equation, the controller parameters can be deter-
mined as expressed in (47)-(49).

cFC(s) = s3 +K21s
2 +K22s+K23 (46)
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K21 = 2ζFCωFC + pFC (47)

K22 = 2ζFCωFCpFC + ω2
FC (48)

K23 = ω2
FCpFC (49)

where ζFC, ωFC and pFC are the desired damping ra-
tio, angular frequency and pole of the compensator,
respectively. By using this control law in (44), the
FC voltage always tracks its reference.

Like the FC capacitor energy, the control law of
the total energy of the hybrid system shown in (44)
is selected to achieve an asymptotic error tracking
yT -yT REF of the trajectory, where the total energy
reference trajectory is the desired reference trajec-
tory in the hybrid system. The control parameters
are the desired damping ratio ζT, angular frequency
ωT and pole of the compensator pT. With the pro-
posed control law, the dc bus voltage always tracks
its reference.

Those damping ratios were selected by the design
engineer and veri�ed by the experimental results on
the oscilloscope. In this research, the control param-
eters K11, K12, K21, K22, and K23 were calculated
by substituting the desired damping ratios, the nat-
ural frequencies, and the poles of compensators into
(41)-(43) and (46)-(49). The oscillation of the second-
order equations ((41)-(43)) was set to be critically-
damped (damping ratio equals 1) and the oscillation
of the third-order equations ((46)-(49)) was set to be
underdamped (damping ratio equals 0.7).

The main system switching frequency is always the
most important and highest frequency. The band-
width of the controller should be limited to about
1/5 of the switching frequency in order to prevent
the disturbance, which may impact the stability of
the controller. For example, if the switching fre-
quency is 10 kHz, the natural frequencies or the de-
sired poles should be equal or less than 2 kHz. It
could be checked the controller performance and sys-
tem stability from the position of the desired poles.
The proposed control system is depicted in Fig.3. In
this paper, two-phase interleaved converters (FC and
SC converters) are chosen to implement the system;
due to the limitation of the inputs and outputs of the
dSPACE DS1103 controller board. Therefore,M =
N = 2 is selected to validate the control algorithm
because the two-phase converter is su�cient to verify
the innovative control scheme, and the selected induc-
tors of each branch of the converters have the same
values (LF1 = LF2 and LC1 = LC2) Using previous
equations and neglecting the resistive losses, the in-
put variables of the �atness control can be expressed
by:

dF1 = 1− 1

2vFCvBus

[
2v2FC + LFÿFC − LFvFCẏ

2
F2

]
(50)

dF2 = 1− 1

2vFCvBus

[
2v2FC + LFÿFC + LFvFCẏ

2
F2

]
(51)

dC1 = 1− 1
2vSCvBus

[
2v2SC − LCvFCi̇FC + LCÿT

+ LCvSCẏC2]

(52)

dC2 = 1− 1

2vSCvBus

[
2v2SC − LCvFCi̇FC + LCÿT

]
(53)

Finally, to ensure that the FC operates under a
safe operation area [6]; a second-order �lter GF(s) is
chosen to smooth the dynamics of the FC.

GF(s) =
1(

s
ωF

)2

+ 2ζF
ωF
s+ 1

(54)

where ωF and ζF are the regulation parameters.

4. EXPERIMENTAL VALIDATION

4.1 Description of the Test Bench

A model of the control laws was created in the
MATLAB/Simulink program and executed by the
Real Time Workshop toolbox with the dSPACE
DS1103 panel connected to the computer. The con-
trol parameters such as damping ratios, natural fre-
quencies, including desired poles can be changed in
real time by using ControlDesk software. The soft-
ware creates the various graphic user interfaces such
as plots, buttons, sliders, labels and so on. The mea-
sured currents and voltages of the system were fed
back into the control system through the dSPACE
DS1103. The current and voltage waveforms of the
hybrid system are able to be observed and measured
on an oscilloscope. The diagram of the control work-
station is shown in Fig.4.

A small-scale test bench as illustrated in Fig. 5
was implemented in the laboratory. The dc power
supply is used to emulate the PEMFC system (500
W, 35 V) and (fS) a supercapacitor module (Maxwell
Technologies: 165 F, 48 V) as the auxiliary source of
the system. The converter operated at the switch-
ing frequency of 10 kHz. The single-loop nonlinear
control algorithm detailed in Fig. 3 was modeled
in MATLAB-Simulink interfacing with the dSPACE
DS1103 controller board. Table 1 contains the con-
verter parameters and speci�cations of the converter
devices, and Table 2 contains the control parameters
and the limitation of the �lter.

4.2 Experimental Results

The experiment explored the behavior of a hy-
brid power system; connecting a power electronic load
with a hybrid power source at the 60-V dc bus, with
the goal of emulating the traction of electric vehicles.
The hybrid power source consisted of a 500-W fuel
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Fig.3: Diagram of the proposed model based control using �atness control strategy.

Fig.4: Diagram of the control workstation.

Fig.5: Hybrid system test bench.

Table 1: Converter parameters and semiconductor
devices.

Table 2: Flatness control and dynamic limitation
parameters.

cell emulator and 165-F supercapacitor power plant.
It was designed to meet the required load power at the
static condition primarily using the FC power plant.
The supercapacitor power plant was added as the
auxiliary source, especially at the dynamic load con-
dition. Moreover, the supercapacitor functioned as
power storage at the regenerative braking condition.
The load trajectory from the power electronic load
was programmed to re�ect various driving conditions.
In the experiment, the maximum positive and nega-
tive load powers, so-called maximum acceleration and
regenerative braking, were set to be 1000 W and -300
W respectively. A range of measured waveforms rep-
resenting the response of the introduced load power



26 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.15, NO.01 February 2017

Fig.6: Experimental results: hybrid power plant response to load cycles.
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trajectory is presented in Fig. 6, including the dc
bus voltage, FC voltage, load power, supercapacitor
power, FC power, supercapacitor current, FC cur-
rent, and supercapacitor voltage.

The initial steady state of the experiment (t =
0 − 40 s) was the static condition with a light-load
power of 200 W and a full charge in the supercapaci-
tor i.e.,vSC = 25 V. As a result, both the supercapac-
itor current and power were maintained at zero. At
t = 40s, the load power was stepped to 400 W causing
the waveform of SC power to increase simultaneously.
The slow response of the FC power source resulted in
a gradual increase in FC power; therefore the superca-
pacitor had to accomplish the required load power. It
was noted that the FC power source reached its max-
imum rated power of 500 W because of losses in the
system. For t =40-120 s, where the load power was
applied steadily at 400 W, the FC power remained
high at its maximum rated power as opposed to a
gradual decline of the supercapacitor power towards
zero. The currents from both power sources were con-
sistent with their power characteristics.

At t=120 s, the load power was stepped further to
reach the pre-set maximum value of 1000 W. The su-
percapacitor acted as the major power supply above
the FC, which was already maintained at its maxi-
mum capability. It subsequently caused a signi�cant
voltage drop in the supercapacitor, while its current
increased to stabilize the load power requirement. At
t =140 s, the load power trajectory instantly dropped
from 1000 W to -300 W representing a sudden brake.
The incident reverted the state of charge (SOC) of
the supercapacitor to increase substantially owing to
the recovered energy of regenerative braking. This
was not the case for the FC, whose design is com-
monly a unidirectional power source that does not
receive negative power. The full bene�t of regener-
ative braking thus went to the supercapacitor. The
negative load power led to a steep decrease in the
supercapacitor power, but it was gradually drop of
the FC power with time. The delay in the FC power
response was due to its commonly slow internal elec-
trochemical and thermodynamic characteristics.

Furthermore, at t=160 s , the positive load power
was stepped from -300 W to 800 W . The superca-
pacitor again played an important role as an excellent
substitute for the FC to achieve the required load
power.

After t=180 s, the FC continued to work at its
full capability, which allowed the supercapacitor to
further recharge while the load requirement was to
be maintained. With the high level of SOC, the FC
power started to gradually decline towards a steady
level su�cient to serve the load requirement. More-
over, it veri�ed the performance of control algorithm
against the transient load requirement.

Waveforms of the steady-state current measured
from the FC converter at the rated power of 500 W

are given in Fig. 7. The two waveforms indicating
current �ow in the FC inductors are integrated, yield-
ing the total FC current. A smoother current forma-
tion is seen from the total FC current compared to
the two original inductor currents. The compensation
of ripples at di�erent phases highlights the advantage
of combining multiphase dc-dc converters with the
interleaved switching technique to create a less �uc-
tuant FC output. The two inductor currents have the
same average current, indicating good performance of
the control algorithm. It is noted that this technique
is not applicable when the output power demand de-
creases to the level that causes discontinuous conduc-
tion mode (DCM) in the converter.

Fig. 8 shows ripples of supercapacitor current at
its full charging state. As with the FC converter,
the supercapacitor converter yields a total superca-
pacitor current with less �uctuation compared to its
inductor currents, and the average currents of both
inductors are equal. The bidirectional property of the
supercapacitor converter to charge and discharge al-
lows continuous �ow of inductor currents at the full
charging state in which the average current is zero.

Finally, Fig. 9 shows the dynamic characteristics
of the hybrid power system during step load changes
(a) from 0 to 200 W and (b) 0 to 500 W . The super-
capacitor was the only power source responsible for
the load power demand because of the slow response
of the FC. The dc bus voltage, which was the out-
put voltage from the hybrid power system, was well
regulated by the control algorithm, re�ecting its fast
recovery during load changes.

The overshooting magnitude determined the
amount of time needed by the dc bus voltage to re-
cover. Highly overshot supercapacitor power resulted
in shorter settling time, but it may risk the stabil-
ity of the system by creating oscillation. Therefore,
the controller parameters should be carefully chosen
to ensure that the system has no oscillation while
achieving a short settling time.

To compare with the two-loop feedback control,
the dynamic responses of the single-loop feedback
control (fs =10 kHz) is faster than those of [9] and
[10] with two-loop control (fs =25 kHz). The band-
width of the single-loop feedback control should be
limited to about 1/5 of the switching frequency. On
the other hand, the bandwidth of the second loop of
the two-loop feedback control should be 1/25 times
less than the switching frequency in order to prevent
the disturbance. It may impact the stability of the
controller.

Figure 10 shows the experiment of the robustness
of the proposed control system when the output volt-
age changed its level. The dc bus voltage changed
from 60 V to 50 V and rebounded to 60 V. Then,
the sources decreased supplying the energy to load.
The voltage of the main power supply (FC voltage)
was increased, while the auxiliary source voltage (SC



28 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.15, NO.01 February 2017

Fig.7: FC current and FC inductor currents when
the FC supplies its rated power at 500 W.

Fig.8: Total SC current and SC inductor currents
when the SC is fully charged.

voltage) remained relatively stable. The adaptation
of the both supplies drew out the stability of the ro-
bustness of the proposed control system.

The experiment of the robustness of the proposed
control system by changing in voltage level of the aux-
iliary source (SC voltage) from 25 V to 30 V is shown
in Fig.11. When SC voltage was increased, the load
power requirement was not be changed. Therefore,
the system tried to make the dc bus voltage stable.
The FC voltage was reduced and gradually increased
to the voltage value as it was when the SC voltage
value converged to the new operating voltage level.

5. CONCLUSION

This study focuses on a development of a new non-
linear model based single-loop control algorithm us-

(a)

(b)

Fig.9: Dynamic characteristics of the hybrid power
system during a step load change from (a) 0 to 200
W, and (b) 0 to 500 W.

Fig.10: Dynamic response when the dc bus voltage
reference changed from 60 to 50 V and 50 to 60 V .
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Fig.11: Dynamic response when the SC voltage ref-
erence change from 25 V to 30 V.

ing the di�erential �atness control scheme applied
for multiphase interleaved converters that distributes
voltage-regulated dc power from an FC/SC hybrid
source system. It conceptualizes the single-loop con-
trol of voltage and current in form of energy for the
fuel cells and supercapacitor hybrid power system.
Mathematical model of the FC/SC hybrid power sys-
tem is then constructed to validate the control pa-
rameters, and subsequently a physical experiment is
setup to verify the performance of control algorithm
against the transient load requirement. The experi-
mental results showed the rapid response of the pro-
posed system to the dynamic load requirement. This
con�rmed that the single-loop �atness control is a
potential algorithm that o�ers stabilization of the hy-
brid system.
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