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Abstract—This paper presents a system using a supercapacitor 
storage device to smoothen the output power fluctuation of a 
variable-speed wind generator. This kind of system is a 
multiconverter structure and exhibits nonlinear behavior. In this 
paper, a nonlinear control algorithm based on the flatness 
properties of the system is proposed. Utilizing the flatness 
principle, we propose simple solutions to the energy-management 
and stabilization problems. To authenticate the proposed control 
laws, a test bench is realized in the laboratory. The control 
algorithm is digitally implemented by dSPACE controller 
DS1104. Experimental results with small-scale devices (a wind 
generator of 500 W and a supercapacitor bank of 100 F, 32 V, 
and 500 A) corroborate the superb performance during load 
cycles. 

Keywords-converter; current control; flatness based-control; 
permanent magnet synchronous generator (PMSG); 
supercapacitor; wind energy 

I.  INTRODUCTION 
Currently, wind power is considered as a potential energy 

source. Nevertheless, wind power variation due to haphazardly 
varying wind speed is still a severe problem for distributed 
generation system. Consequently, it is indispensable to focus 
the research on the smoothening of wind power variableness. 
An electric energy storage system is needed to compensate the 
gap between the output from the wind generator and the load. 
At the moment, the supercapacitor (or “ultracapacitor”) device 
has received wide consideration as an auxiliary power source. 

Fig. 1 depicts the proposed power plant. For high power 
applications, the wind generator-boost converter combines 
four-phase parallel boost converters with interleaving (Fig. 2), 
and the supercapacitor converter (Fig. 3) employs four-phase 
parallel bidirectional converters with interleaving [1]. 

This kind of system is a multiconverter connected in 
cascade. The operation of a multiconverter structure can lead to 
interactions between the controls of the converters if they are 
designed separately. Typically, interactions between converters 
are studied using impedance criteria to investigate the stability 
of cascaded systems. In this paper, a nonlinear estimation based 
on the flatness approach of the system is proposed. Flatness 
provides a convenient framework for meeting a number of 
performance specifications for the power plant. 

 
Figure 1.  Proposed supercapacitor as a secondary source for the wind 
generator power plant, where vBus and iLoad are the dc-bus voltage and the dc-
bus load current, respectively. vWin and iWin are the dc output voltage and 
current from diode rectifier, respectively. vSC and iSC are the supercapacitor 
voltageand current, respectively. CBus is the total dc bus capacitor. 

 
Figure 2.  Proposed the wind generator-boost converter, where pWin ( =       
vWin · iWin) is the wind power and PWino is the output power from the converter. 

 
Figure 3.  Proposed the bidirectional supercapacitor converter, where pSC ( =       
vSC · iSC) is the supercapacitor power and PSCo is the output power from the 
converter. 

II. REDUCED ORDER MODEL OF THE POWER PLANT 
For safety and high dynamics, these converters are 

controlled primarily by inner current regulation loops. These 

This work was supported in part by the Thailand Research Fund (TRF) under
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current control loops are supplied by two reference signals: the 
supercapacitor current reference iSCREF and the dc wind 
generator current reference iWinREF generated by the energy 
management algorithm presented hereafter. 

One supposes that the input currents follow their set-point 
values perfectly. Thus 

     
Win

Win
WinREFWin v

pii == ,  
SC

SC
SCREFSC v

pii ==    (1) 

The dc-bus capacitive energy EBus and the supercapacitive 
energy ESC can be written as 

2
BusBusBus 2

1 vCE = ,  2
SCSCSC 2

1 vCE =  (2) 

The total electrostatic energy ET stored in the dc-bus 
capacitor and in the supercapacitor can also be written as  

2
SCSC

2
BusBusT 2

1
2
1 vCvCE +=   (3) 

The dc-bus capacitive energy EBus is given versus pWino, 
pSCo, and pLoad by the following differential equation, refer to 
Figs. 1, 2 and 3: 

LoadSCoWinoBus pppE −+=�   (4) 
where, 
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Bus
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2 i
C
Ep ⋅= , SC

SC

SC
SCSCSC

2 i
C
Eivp ⋅=⋅=   (6) 

 

Note that there are only static losses in these converters 
(called reduced order model), and rWin and rSC represent the 
static losses in the wind generator-boost converter and 
supercapacitor converter, respectively. 

III. CONTROL OF WIND GENERATOR/SUPERCAPACITOR 
POWER PLANT 

In the proposed system depicted in Fig. 1, there are two 
voltage variables (or two energy variables) to be regulated. 

• The dc bus energy EBus is the most essential variable. 
• The supercapacitor storage energy ESC is the next most 

significant. 
Therefore, we propose utilizing supercapacitors, which are 

the faster energy source in the proposed system, to supply the 
energy for the dc bus. In fact, we plan to functionalize the 
wind generator by supplying energy only for charging the 
supercapacitor CSC. However, during charging, the energy for 
the wind generator flows through the dc bus to the 
supercapacitor bank. For this reason, the wind generator is 
mathematically operated to supply energy for both the dc bus 
capacitor CBus and the supercapacitor CSC to keep them 
charged. 

 
Figure 4.  Control of a wind generator/supercapacitor power plant 

A. Differential Flatness Property of the Power Plant 
Let us first reveal a physical property, used to establish the 

system flatness [2], that will be the main concept for our 
reference generations. The flat outputs y, the control input 
variables u and the state variables x are defined as 
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From (2) and (4), the dc bus voltage vBus and the 
supercapacitor power can be expressed as 
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where pSCLim is the limited maximum power from the 
supercapacitor converter. 

From (3) and (4), the supercapacitor voltage vSC and the 
wind power pWin can be expressed as an algebraic function 

( )212
SC

12
2

2 yy
C

yyx ,)( ϕ=−=           (11) 

( )

( ) WinREF212

WinLim

11Load2
WinLim2

,

112

pyy

p
yiypu

==

�
�
	




�
�
�



��
�

�
��
�

� ⋅+−−⋅=

�

�

ψ

ϕ
        (12) 

            
Win

2
Win

WinLim 4r
vp = ,           (13) 

where PWinLim is the limited maximum power from the wind 
generator-boost converter. 

It is clear that ( )111 yx ϕ= , ( )2122 yyx ,ϕ= , 
( )1111 yyu �,ψ= , and ( )2122 yyu �,ψ= . Consequently, the 

proposed power plant can be considered a flat system [2]. 



 
Figure 5.  Experimental setup 

B. Control Law and Stability 
We aim to design a feedback law such that the tracking 

error (y1–y1REF, y2–y2REF) asymptotically vanishes. Thus, the 
relative degree of the first input v1 and the second input v2 are 
two and one, respectively. The proposed control laws [2] are 

( ) ( ) τdyyKyyKyyv
t
� −+−+==
0

1REF1121REF111REF111 ��  (14) 

( )2REF221REF222 yyKyyv −+== �� .         (15) 

Substituting the expression for 1y�  into (9) gives the 
equation for the closed-loop static state feedback 
supercapacitor power. Substituting the expression for 2y�  into 
(12) gives the equation for the closed-loop static state 
feedback wind power. It is clear that the control system is 
asymptotically stable for K11, K12 > 0 and K21 > 0. Once the 
flat outputs are stabilized, the whole system is exponentially 
stable because all of the variables of the system are expressed 
in terms of the flat outputs. 

Fig. 4 depicts the proposed control algorithm of the power 
plant, as detailed above. The dc-bus energy control law 
generates a supercapacitor power reference pSCREF (= u1, refer 
to (9)). The total energy control law (or the supercapacitor 
energy control) generates a wind power demand pWinREF (= u2, 
refer to (12)). This signal must be saturated at the maximum 
power point MPP by the maximum power point tracking 
MPPT. Note that it is beyond the scope of this paper to present 
MPPT of the wind power. 

IV. EXPERIMENTAL VALIDATION 
The small-scale test bench of the power plant was 

implemented in our laboratory, as presented in Fig. 5. The 
prototype 0.5-kW wind generator-boost converter and the 2-
kW supercapacitor converter (refer to Figs. 1, 2 and 3) were 
implemented in the laboratory. The permanent magnet 
synchronous generator is 500 W and supercapacitor module is 
100 F, 32 V. The power plant parameters are CBus = 12 200 μF, 
rWin = 0.12 , and rSC = 0.10 Ω. 

For the low-scale test bench, the dc bus voltage reference 
vBusREF was set to 60 V and the supercapacitor voltage 
reference vSCREF was set to 25 V (the nominal value of the 
supercapacitor bank). The controller gains used were K11 = 
141 rad·s-1, K12 = 10 000 rad2·s-2, and K21 = 0.1 W·J-1. 

The variable-speed wind turbine is emulated using a speed-
regulated cage induction motor. To implement the emulation, 
a wind speed profile is sent from the host PC. The PMSG 
rotates at the same speed as that of a generator driven by a real 
wind turbine. 

Waveforms obtained during the load cycle are presented in 
Fig. 6. The data show the dc bus voltage, the wind speed, the 
load power, the supercapacitor power, the wind power, the 
supercapacitor current, and the supercapacitor voltage (or the 
supercapacitor state-of-charge SOC). In the initial state, the 
wind speed is 12 m·s-1, the load power is zero, and the storage 
device is fully charge, i.e., vSC = 25 V; as a result, both the 
wind and supercapacitor powers are zero. At t = 20 s, the load 
power steps to the final constant power of around 560W 
(positive load power transition). The following observations 
are made: 

• The supercapacitor supplies most of the 560 W power 
that is required during the transient step load. 

• Synchronously, the wind power increases to a 
maximum power point (MPP) of around 400 W (at the 
wind speed is 12 m·s-1), which is limited by the 
maximum power point tracker (MPPT). 

• The input from the supercapacitor, which supplies 
most of the transient power that is required during the 
stepped load, slowly decreases and the unit remains in 
a discharge state after the load step because the steady-
state load power is greater than the power supplied by 
the wind generator. 

At t = 48 s to 60 s, the wind speed reduces linearly from 12 
m·s-1 to 7.5 m·s-1; as a result, the maximum wind power is 
reduced from 400 W to 280 W, and then the supercapacitor 
power supplies more power for the constant load power 
demanded. At t = 72 s, the load power steps from 560 W to 
180 W (negative load power transition). The maximum wind 
power is over than the load power; as a result, the 
supercapacitor changes from discharging to charging. The 
wind generator supplies its maximum power to drive the load 
and to charge the supercapacitor. 

To demonstrate dynamic regulation of the dc-bus energy 
(voltage, the main important variable), the oscilloscope 
waveforms in Fig. 7 show the dc bus voltage dynamics to the 
large load power demanded (disturbance) from 0 to 700 W, 



 
Figure 6.  Power plant response during load cycle 

whereas the dc bus was loaded with an electronic load. The 
oscilloscope screens show the dc bus voltage, the 
supercapacitor voltage, the load power, and the supercapacitor 
power. Once again, the supercapacitor supplies most of the 
power that is required during the step load. The experimental 
results reveal only small perturbations on the dc-bus voltage 
waveform, which is of key significance by using the flatness-
based control law for the dc-bus energy regulation in the 
proposed system. 

 
Figure 7.  Dynamic characteristic of the power source during a step load from 

0 to 700 W. 

V. CONCLUSION 
In this paper, a supercapacitor storage device has been 

proposed to smoothen the dc bus voltage fluctuation of a wind 
generator composed of variable-speed permanent-magnet 
generators. The control approach, based on the differential 
flatness control, presents the stability, and efficiency of the 
distributed generation system. 

Experimental results in the laboratory carried out using a 
small-scale test bench, which employs a wind generator (500 
W), and a storage device of supercapacitor bank (100 F, 30 V) 
authenticate the brilliant performances during load cycles. 
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Abstract—This paper presents a high-gain boost converter for an 
fuel cell (FC) applications. A model-based control structure 
based-on flatness principle for a distributed dc generation is 
studied. As the derived dynamic model of the converter model is 
nonlinear, advanced control techniques using differential flatness 
are applied. Utilizing the flatness property, we propose simple 
solutions to the system performance and stabilization problems. 
Design controller parameters are straightforward and 
autonomous of the operating point. To validate the proposed 
method, a prototype FC power converter (1.2-kW three-level 
boost converter) is realized in the laboratory. The proposed 
control law is implemented by digital estimation in a dSPACE 
1104 controller card. Experimental results with a polymer 
electrolyte membrane FC of 1200 W and 46 A in the laboratory 
substantiate the good control scheme. 

Keywords-converters; flatness-based control; fuel cells (FCs); 
nonlinear; power control 

I.  INTRODUCTION 
FCs produce low dc voltage, and they are always connected 

to electric power networks through a step-up (boost) converter. 
Theoretically, conventional boost converters are able to 
achieve high step-up voltage gain in heavy duty load 
conditions. In practice, however, the voltage gain of the boost 
converter is limited owing to the losses associated with the 
inductor, filter capacitor, main power switch and rectifier diode 
[1]. 

In many applications, the use of an isolation transformer 
can provide increased output/input voltage conversion ratio, as 
required and full-bridge topologies can be used. However, 
there are applications where transformer-less energy converter 
systems could potentially offer significant advantages, 
including simplicity, cost, and converter size reduction, 
particularly in high power applications [2]. 

In this paper, a three-level step-up converter (transformer-
less) is proposed to solve the problems encountered in the 
modified boost converters mentioned above. The power 
electronic converter is a nonlinear behavior. Classically, to 
control the voltage, the current, or the power in the converter, a 
linearized technique is often used to study the stability and to 
select the controller parameters of the nonlinear converter. In 
this paper, a nonlinear-control algorithm based on the flatness 
property of the system is proposed. Flatness provides a con- 

 
Figure 1.  Proposed three-level boost converter for FC applications, where vFC 
and iFC are the FC voltage and current, respectively. iLoad is the load current. 
vBus the dc bus voltage. 

venient framework for meeting a number of performance 
specifications on the power converter. This paper is organized 
as follows. Section II shows the proposed power converter 
circuit and the average model. Section III discusses the proof of 
differential flatness of the proposed FC converter models and 
the control law and stability. Experimental results will 
authenticate the proposed control system in Section IV. Finally, 
this paper ends with concluding remarks in Section V. 

II. THREE LEVEL BOOST CONVERTER 

A. Power Circuit 
FC operates giving direct current, and at a low voltage; 

thereby, the boost converter is always selected to adapt the 
low dc voltage delivered by the FC to the higher dc-bus 
voltage level [2]. A classical boost converter will be limited 
when the power increases or for higher voltage step-up ratios. 
To increase the higher voltage conversion ratio, Grbovi� et al. 
[3] has proposed the three-level boost converters (transformer-
less power converter) for a low voltage power source, as 
shown in Fig. 1. 

This work was supported in part by the Thailand Research Fund (TRF) under
Grant MRG5380261, in part by Faculty of Technical Education under Grant 
FTE-2554-14, and in part by the King Mongkut’s University of Technology
North Bangkok. 
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The FC current ripple reduction is a major issue for FC 
converter design [1]. The proposed configuration was chosen 
instead of the conventional boost converter of the smaller size 
of the inductor needed to achieve comparably low ripple [2]. 
In addition, it reduces the required semiconductor device 
voltage rating by a factor of two. 

By cascading the output voltage vC1 and the output voltage 
vC2, high output voltage vBus is easily obtained. In addition, 
there is low voltage stress on the power switch and diode as 
well as on the output capacitors compared to that for 
conventional boost converters. Therefore, the converter’s 
overall performance, including cost and efficiency, can 
significantly be better compared to two-level converters, 
especially when the switching frequency fS ( = 1/TS) is above 
20 kHz or metal–oxide–semiconductor field-effect transistors 
MOSFETs are used. 

The switching functions (Fig. 2) are generated by the 
pulsewidth modulators PWM1 and PWM2 and TS is the 
switching period. The modulation signals d1 and d2 (> 0.5) are 
duty cycles generated by a control circuit (current control or 
power control loop presented hereafter). The carrier signals 
are triangular signals vCar1 and vCar2 shifted for π (called 
interleaving technique). 

 

B. Average Model 
The output capacitors C1 and C2 are assumed to be large 

enough so that the output voltages vC1 and vC2 across them are 
considered as constant during the entire switching cycle, and 
become vBus = vC1 + vC2. Adopted from the average model of a 
conventional boost converter, the circuit can be described by 
the following set of equations: 

C22C11FCLFC
FC )1()1( vdvdirv

dt
idL ⋅−−⋅−−⋅−=      (1) 

LoadFC1
C1

1 )1( iid
dt
vdC −⋅−=             (2) 

LoadFC2
C2

2 )1( iid
dt
vdC −⋅−=             (3) 

where rL is the series resistance of inductor L. Note that rL also 
represents the static losses in the converter. One assumes that 
the filter capacitors are taken to be identical, i.e., C1 = C2 = C, 
and d1 = d2 = d and vC1 = vC2 = vBus/2. From (1), the differential 
equation can be written as 

BusFCLFC
FC )1( vdirv

dt
idL ⋅−−⋅−=           (4) 

The input power pFC is given versus vFC and iFC by the 
following differential equation: 

                           FCFCFC ivp ⋅=                     (5) 

ConstantFC

FC
FC

FC

=
=

vdt
idv

dt
pd

.           (6) 

 
Figure 2.  Switching functions of the proposed converter with phase shifted 
for π. 

III. POWER CONTROL LOOP 

A. Flatness of the Proposed Converter 
The FC power pFC is assumed to be the flat output 

component. Thus, we define a flat output y = pFC, a control 
input variable u = d, and a state variable x = iFC. The state 
variable x can be written as 

( )y
v
px ϕ==

FC

FC .           (7) 

From (4) and (6), the control variable u can be calculated 
from the flat output y  and its time derivative y� , i.e. 
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Bus
FCFCL

FC
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It is clear that ( )yx ϕ=  and ( )yu �ψ= . Consequently, the 
mathematical model of the converter can be considered as a 
flat system [4], [5]. 

B. Control Law and Stability 
The input-power reference of converter is represented by 

yREF (= pFCREF). A linearizing feedback control law achieving 
an exponential asymptotic tracking of the trajectory is given 
by the following expression [4], [5]: 

( ) ( ) ( ) 0REF12REF11REF =� −+−+− τdyyKyyKyy ��         (9) 

where K11 and K12 are the controller parameters. Then, 

( ) ( ) τdyyKyyKyy � −+−+= REF12REF11REF��         (10) 

Replacing the term for y�  into (8) gives the equation for 
the closed-loop static-state feedback duty cycle d (called the 
inverse dynamic equation). Evidently, the control system is 
stable for K11, K12 > 0. Once the flat outputs are stabilized, the 
whole system is exponentially stable because all the variables 
of the system are expressed in terms of the flat outputs [4]. 

C. Balance Voltage in the Output Capacitors 
Voltage balancing controller functions to eliminate the 

difference between voltages vC1 and vC2. The duty cycles d1 
and d2 are determined as 



 
Figure 3.  Proposed FC power control scheme for the three-level converter. 
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ϑ
ϑ
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where d is the main duty cycle generated by the power 
controller (refer to (8)) and ϑ represents a correction term, in 
order to balance the voltages.  

A proportional controller is sufficient, as far as the gain is 
high enough to introduce only a little static error. Therefore, 
the voltage balancing control can be expressed by the 
following function: 

)
2

( C2
Bus

v vvK −=ϑ          (12) 

where KV is the controller parameter. 

D. Conclusion of the Control Algorithm 
The FC power reference pFCREF must be limited in 

dynamics; these limitations ensure safe operation of the FC 
with respect to the constraints that are associated with the FC 
(i.e., the prevention of an FC stack from undergoing fuel 
starvation [2]). Thus, to limit the transient FC power, a low-
pass filter (second order) is employed such that the power 
demand pFCDEM from external loop is always limited (planning 
desired trajectory) by, 

( ) ( ) )1( 1
1

1FCDEMFCREF
ττ

τ

tt

etetptp
−−

−−⋅=         (13) 

where τ1 is the control parameter. 
Thus, the model based-control law based on the differential 

flatness approach of the FC power detailed above is portrayed 
in Fig. 3. 

IV. EXPERIMENTAL VALIDATION 
The small-scale test bench was implemented in the 

laboratory, as presented in Fig. 4. The three-level boost 
converter parameters and semiconductor components are 
detailed in Table I. The FC system used in this effort was a 
PEMFC system (1.2 kW, 46 A, and based on Ballard Power 
Systems Inc.), as illustrated in Fig. 4. The FC power control 
loop, the voltage balancing control, and the PWM generation 
algorithm were implemented in the real-time card dSPACE 
DS1104 platform (see Fig. 4) using the fourth-order Runge–
Kutta integration algorithm and a sampling time of 20 �s. The 
switching frequency fS was set at 10 kHz. 

 
Figure 4.  Test bench system. 

TABLE I 
CONVERTER PARAMETERS AND SEMICONDUCTOR DEVICES 

 

The nonlinear controller gains used were K11 = 141.4 rd·s�1 
and K12 = 10 000 rd2·s�2. The voltage balancing controller gain 
was KV = 0.6. The parameter τ1 for the FC power dynamic 
(planning desired trajectory) was 5 s. This value has 
experimentally been determined as the highest power slope of 
our FC system, where no fuel starvation occurs. 

To illustrate the switching characteristics of the proposed 
converter, the oscilloscope waveforms in Fig. 5 portray the 
steady-state wave forms at the FC power regulation at the 
power reference of 500 W. It shows the FC voltage vFC (CH1), 
the FC current iFC (CH2), the gate drive signal for S2 vGS2 
(CH3), and the gate drive signal for S3 vGS3 (CH4). The power 
switching devices, S2 and S3, (individual interleaved power 
stages) operate at the same frequency as the classical boost 
converter design, 10 kHz, but the effective input FC current-
ripple frequency is 20 kHz; as a result, the FC ripple current is 
reduced. 

Waveforms obtained during the increasing of the FC power 
reference trajectory pFCREF are presented in Fig. 6. The data 
show the FC power reference trajectory pFCREF (CH1), the 
measured FC power pFC (CH2), the FC voltage vFC (CH3), and 
the FC current iFC (CH4). In the initial state, the FC power 
reference is equal to 200 W, the measured FC power is equal 
to 200 W, the FC voltage is equal to 36.4 V, and the FC 
current is equal to 5.5 A. At t = 5 s, the FC power reference 
trajectory slowly increases to the final constant power of 
500W. The measured FC power follows its reference 
perfectly, and there is no fuel starvation phenomenon in the 
FC system, because the FC power reference trajectory is 
limited the dynamics, refer to (13). 

Finally, waveforms obtained during the decreasing of the 
FC power reference trajectory pFCREF  are presented in Fig. 7. 


