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Figure 5. FC power control characteristics of the prototype system at PrcrEF
=500 W, vgys =120 V, ve1 =60 V, vie =34.0 V, and ipc = 14.7 A.
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Figure 6. Converter response during the FC power reference trajectory
increase from 200 W to 500 W.

The data show the dc bus voltage vg,, the output capacitor
voltage v, the output capacitor voltage vcy, the FC power
reference trajectory prcrgr, the measured FC power prc, the
FC voltage vgc, and the FC current irc. In the initial state, the
FC power reference is equal to 500 W, the measured FC
power is equal to 500 W, the FC voltage is equal to 33.3 V,
the FC current is equal to 15.0 A, the dc bus voltage, and the
output capacitor voltages are equal to 118 V and 59.0 V,
respectively. At ¢ = 10 s, the FC power reference trajectory
slowly decreases to the final constant power of 200 W. Again,
the measured FC power follows its reference perfectly. It
shows the behavior of the balancing system during transient
state due to the power reference variation. This result shows
that the voltage balancing control is still efficient during
transient state.

V. CONCLUSION

A step-up three-level converter topology (high gain
transformer-less) with a new control approach based on the
differential flatness theory has been proposed for FC
applications. Using the nonlinear-control approach based on
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Figure 7. Converter response during the FC power reference trajectory
decrease from 500 W to 200 W.

the flatness property, we have proposed a simple solution to
the optimization and stabilization problems in the nonlinear
power-electronic system. This is the original concept for this
kind of application.

A prototype FC converter of 1.2 kW has been designed,
and the presented solution has been experimentally verified in
the laboratory. The prototype has been tested, and the
experimental results have been presented and discussed. The
results demonstrate good agreement with the theoretical
analysis given in the paper.
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Abstract--This paper presents a fuzzy control law based
on differential flatness approach for distributed dc
generation (nonlinear system) supplied by a fuel cell (FC)
(main source) and supercapacitor (auxiliary source). The
main technical feeble point of FCs is slow dynamics because
the power slope is limited to prevent fuel starvation
problems, improve performance and increase lifetime. The
very fast power response and high specific power of a
supercapacitor complements the slower power output of the
main source to produce the compatibility and performance
characteristics needed in a load. The energy in the system is
balanced by dc bus energy regulation (or indirect voltage
regulation). A supercapacitor module functions by
supplying energy to regulate the dc bus energy. The FC, as a
slow dynamic source in this system, supplies energy to the
supercapacitor module in order to keep it charged. Using
the intelligent fuzzy control law based on the flatness
property, we propose straightforward solutions to hybrid
energy management, dynamic and stabilization problems.
To validate the proposed method, a hardware system is
realized with analog circuits, and digital estimation is
accomplished with a dSPACE controller. Experimental
results with small-scale power plant (a polymer electrolyte
membrane FC of 1200 W, 46 A and a supercapacitor
module of 100 F, 500 A, and 32 V) in a laboratory
corroborate the excellent control scheme during a load
cycle.

Index Terms--Converters, fuel
supercapacitor, voltage control

cells, fuzzy logic,

I. INTRODUCTION

Currently, interest in FCs has increased sharply, and
progress towards commercialization has accelerated.
Practical FC systems are becoming obtainable and are
expected to capture a growing share of the markets for
automotive power [1] and generation equipment [2] once
costs fall to competitive levels.

It is indispensable to point out that FCs do not store
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energy. Energy is stored in the hydrogen gas. The
principle of the FC is to convert the energy stored within
the hydrogen into electricity. In this way, energy stored
within the hydrogen gas is directly converted into
electricity [2]. As a result, a given FC design can only
supply a limited amount of power in excess of its rating.
This means that a FC may not be able to start a high-
inrush load such as a motor.

What is needed is to combine the fuel cell with an
intermediate energy-storage element that possesses
sufficient energy and has the capability to deliver large
amounts of power. Two different types of components
have been identified that would function to provide the
necessary power buffer between the fuel cell and the
inverter:  lead-acid batteries and  supercapacitor
(ultracapacitors). A lead-acid battery (the sensitivity to
temperature, maintenance issues, and limited cycle life) is
not the best choice for integration within an FC in a
power quality system. For this  application,
supercapacitors are chosen as the energy storage device
[3].

This kind of system is a multiconverter structure and
exhibits nonlinear behavior. In most control techniques, a
mathematical model of systems is exploited to obtain a
solution to the feedback regulation problems. The most
common structure is a linear structure in which the
properties of a linear control system can be used. If the
considered system is nonlinear, obtaining favorite results
is possible by different linearization around different
operating points [3]. Nonetheless, there are situations
where this technique offers limited performance. Such
situations may include the requirement for tight tracking
of the reference signal in spite of large and sudden load
variations or fast and smooth equilibrium-to-equilibrium
transfers of the converters [4].

In this paper, an intelligent fuzzy logic control
algorithm based on the flatness estimation method of the
system is proposed. Flatness provides a convenient
framework for meeting a number of performance
specifications for the hybrid power source [5]. It will
provide a significant contribution to the field of the
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Fig. 1. Proposed circuit diagram of a distributed cogeneration system supplied by a fuel cell and supercapacitor, where pioud ( = VBus X iLoad)s VBus, and
iLoaa are the load power, the dc bus voltage, and the dc bus load current, respectively. prc (= Vic X irc), Vic, and irc are the fuel cell power, voltage,
and current, respectively. psc ( = vsc X isc), Vsc, and isc are the supercapacitor power, voltage, and current, respectively. prc,, and psc, are the output
powers to the DC link from the converters of fuel cell and supercapacitor, respectively.

hybrid power plant, particularly in nonlinear power
electronics applications.

II. HYDROGEN ENERGY POWER PLANT

A. Proposed Converter Structure

Fig. 1 depicts the proposed renewable energy power
plant. The FC converter is 4-phase boost converters in
parallel and the supercapacitor converter is 4-phase
bidirectional converters (2-quadrant) in parallel. These
parallel connected converters, with interleaved switching
technique, increase the power processing capability and
availability of the power electronic system [6].

For safety and high dynamics, the FC and
supercapacitor converters are primarily controlled by
inner current regulation loops, classically. These current
control loops are supplied by three reference signals: the
supercapacitor current reference iscrgr and the FC current
reference ipcrpr, generated by the energy management
algorithm presented hereafter.

B. Converter Modeling
We suppose that the FC and supercapacitor currents
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follow their reference values completely. Thus,

PFC _ PFCREF
VFC VFC

)

Igc = IFCREF =

PSC _ PSCREF
Vsc vsc

ISC = ISCREF = ()

Now, the FC generator and the supercapacitor storage
device function as controlled current sources. We
consider here that there are only static losses in these
converters, and rpc and rgc represent static losses in the
FC and supercapacitor converters, respectively.

The dc bus capacitive energy yp,, and the
supercapacitive energy ysc can be written as:
1 2 1 2
YBus =75 CBusVBus> ¥sc =75 Csevse 3)

The total electrostatic energy yr stored in the dc bus
capacitor Cg,s and the supercapacitor Csc can also be
written as:
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Fig. 2. Block diagram of fuzzy logic control.
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Fig. 3. Rule base and membership functions.
1 1
yr = ECBuSV}%uS + Ecscvgc “4)

The dc bus capacitive energy yg,s 1S given versus prco,
Psco, and py oaq by the following differential equation:

yBus = PFCo T PSCo ~ PLoad ®)
where,
2 2
P¥C Psc
P¥Co = PFC —TFC (—J > PSCo = PSc —7sc (—]
VEC Vsc
2y . 2y .
Pload = Bus “Load » Psc = SC . Isc (6)
Chus \ Csc
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III. CONTROL OF A HYBRID POWER SOURCE

A. Control Algorithm

In the proposed system depicted in Fig. 1, there are
two voltage variables or two energy variables to be
regulated [3]:

e the dc bus energy yp, is the most important
variable.

e the supercapacitor storage energy ysc is of
secondary importance.

Therefore, based on the previous literature referenced
above, we propose to utilize the supercapacitors, the
fastest energy source of the proposed system, to supply
the energy for the dc bus [3]. Hence, the FC (as the
slowest dynamic device) functions to supply the energy
to both the dc bus capacitor Cg,s and the supercapacitors
Csc to keep them charged.

The flat output [7], [8] y = [v1, »]", control variable u =
[u1, u5]", and state variable x = [x;, x,]" are defined as:

_ | YBus _ | PSCREF _ | VBus
y= , u= ,y X=
YT PFCREF Vsc

From (3) and (4), the state variables x can be written

(7

as:
2
X = W/C}::S =p(n), (8
2 pm —
Xy = MZ(PZ(J’IJQ) 9
Csc

From (5) and (6), the control variables # can be
calculated from the flat output y and its time derivatives
(inverse dynamics):

. 2y .
N ﬂ/cil “ILoad ~ PFCo
1— 1= Bus

PSCMax

U =2 PpSCMax

=y (v, 31)= Pscrer

(10)
. /Zy .
Yot C ! “ILoad
uy =2ppcmax | 1— |1- Bus
PFCMax (11)
=y ("1, 72)= Prerer
where,
2 2
Vsc VEC
PSCMax =7 == PFCMax = — (12)
e 4rpc
In this case, pscmax and premax are the limited
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Fig. 4. Control structure of FC/supercapacitor hybrid source.

maximum power of the supercapacitor and FC sources,
respectively.

Thus, it is apparent that x; = ¢y (y1), x3 =5 (y1,32),

up =1 (y1,31). and up =y, (y1,,). Consequently the
proposed reduced order system can be considered as a flat
system.

B. DC Bus Energy Regulation Based on Fuzzy Logic

Fuzzy logic controller (FLC) can be decomposed of
three data processing parts; fuzzification, rule evaluation
(inference engine), and defuzzification. The controller is
based on fuzzy reasoning mapping between real world
information and numerical information. As shown in
many applications [9], [10]. Mamdani inference method
is the most commonly used inference technique.
However, it requires a high performance in computation
process since the centroids of membership functions must
be obtained. In contrast, Takagi-Sugeno (T-S) with
singleton output provides faster evaluation time which
could be effectively used in various works [11], [12]. It is
also appropriated for real-time applications which need
high speed computing hardware such as DSP card or
dSPACE. The control objective is to regulate the dc bus
voltage level (vpy,). The controller contains Takagi-
Sugeno inference engine and two fuzzy inputs: energy
error e(= yjrgr — »1) and differential energy error ¢

which would be carefully adjusted by proportional gain
(Kp) and derivative gain (Kp), respectively. In addition,
the fuzzy output level could be set by the proportional
gain (Ko) as shown in Fig. 2.

Triangular and trapezoidal membership functions are
chosen for both two fuzzy inputs as shown in Fig. 3(a).
There are seven membership functions for each input
comprising of NB (Negative Big), NM (Negative
Medium), NS (Negative Small), Z (Zero), PB (Positive
Big), PM (Positive Medium) and PS (Positive Small). For
singleton output membership function, zero-order Sugeno
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model is applied where the membership functions are
symmetrically set as follows; NB = -1, NM = -0.66, NS =
-0.33,Z=0,PB=1, PM=0.66, PS = 0.33, as shown in
Fig. 3(b).

For the rule base, expert perception, experimental
approach and trial and error technique were employed for
defining the relationships between inputs and output. The
data representation was in the form of IF-THEN rule as
shown in following example.

IF (ey;) is NS and ¢); is NS
THEN (z;: output) is NB.

From Fig. 3(c), the total number of rule base is
therefore equal to 49 rules. To obtain the output of
controller, centre of gravity method for singletons
(COGS) is utilized as:

N
2 Wz
_i=l1

U=LL (13)
2w
i=1

where the weights (w;) can be retrieved from

w; = min(ey;, ;) (14)

C. Charging Supercapacitor

For supercapacitor energy regulation, the desired
reference for the total energy is represented by yirer (=
yrrer)- Because the supercapacitor has an enormous
energy storage capacity, and because the supercapacitor
energy is defined as a slower dynamic variable than the
dc bus energy variable, the total energy control law is
defined as [13], [14]:

(72 = arer )+ K21(v2 — yarer) =0 (15)
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The multivariable control of the FC/supercapacitor
hybrid power source detailed above is portrayed in Fig. 4.
The dc-bus energy control law generates a supercapacitor
power reference pscrer. This signal is then divided by the
measured supercapacitor voltage vsc and limited to
maintain supercapacitor voltage within an interval
[Vsemine Vscmax] by limiting a supercapacitor charging
current or discharging current, as presented in the block
“SuperC Current Limitation Function” [3]. This results in
supercapacitor current reference igcrgr. For the
supercapacitor energy control law, it generates the FC
power demand pgcpen. It must be limited in slope, which
enables the safe operation of the FC with respect to the
dynamic constraints that are associated with the FC stack.
To obtain a natural linear function, a second-order delay
(filter) Dgc(s) is chosen for the limited FC power
dynamics as [15]:

_ Prcrer(s) 1

pFCDem(S) [ S jz
— | +
Wp1

where w,; and {; are the regulation parameters.

Drc(s)

(16)
261

.

s+1
nl

IV. EXPERIMENTAL VALIDATION

A. Platform Description

To authenticate the proposed control algorithm and
control laws, a small-scale test bench of the hybrid
system was implemented in our laboratory, as presented
in Figs. 5, 6 and 7. The FC system used in this effort was
a PEMFC system (1.2 kW, 46 A; Ballard Power Systems
Company). The supercapacitor module (100 F, 32 V;
Maxwell Technologies Company) was obtained by means
of 12 BCAPI1200 cells (1200 F; 2.7 V) connected in
series. The FC converter (1.2 kW) and the supercapacitor
converter (4 kW) (refer to Fig. 1) were both realized in
the laboratory, see Table 1.
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TABLE I
CONVERTER PARAMETERS AND SEMICONDUCTOR DEVICES

Fuel Cell Converter:
Inductors L :LFZZLF3 =Lrs
MOSFETs S]:] :SFI:SFg :S]:4
Diodes DFI :DFZZDFg, :DF4

396 uH
IRFP264N: 250 V, 38 A
RURG3020: 200 V, 30 A

Supercapacitor Converter:
Inductors Lc] :LCZ :L@ :Lc4

MOSFETs SC| :Scz:Scj :Sc4
=Sc1 =8¢z =S¢z =Scs

150 uH
IRFP264N: 250 V, 38 A

B. Control Description

Measurements of the FC current ipc, the
supercapacitor current isc, the load current iy, the dc
bus voltage vp,, the FC voltage wvgc, and the
supercapacitor voltage vsc were carried out by means of
zero-flux Hall effect sensors.



TABLE II
DC-BUS ENERGY CONTROL LOOP PARAMETERS

VBusREF 60 \Y
CBus 1 2,200 u F
Kp 0.15

Kb 0.15

Ko -200

rsc 0.01 Q
Psemax +3,750 W
Pscuin -3.750 W
VSC Max 32 V
Vscuin 15 V
Iscrated 150 A

TABLE IIT

CHARGING SUPERCAPACITOR CONTROL LOOP PARAMETERS

VSCREF 25 \'%
Cse 100 F

K> 0.1

r'ec 0.1 Q
Prcmax 500 W
Prcuin 0 W

I FCMax (Rated) 46 A
Tremin 0 A

G 1

Wy 0.4 rad-s”

The FC and supercapacitor current regulation loops
were realized using analog circuits to function at a high
bandwidth. Parameters associated with the dc-bus energy
regulation loop and the charging supercapacitor
regulation loop can be seen in Tables II and III,
respectively. The FC power dynamic delay is shown in
Table III. This value has been experimentally determined
as having the highest power slope of our FC system,
where no fuel starvation occurs [16]. It must be noted
that, for the small-test bench, the FC maximum power
Premax Was set at 500 W; in fact, the rated FC power
considered here is 1200 W. Moreover, these two energy
control loops, which generated current references ircrgr
and igcrgr, Were implemented in the real-time card
dSPACE DS1104 usingMATLAB-Simulink at a
sampling frequency of 25 kHz.

C. Experimental Results

The studied dc bus of 60 V is only connected to an
electronic load. Waveforms obtained during the large
load cycle are presented in Fig. 8. The data show the dc
bus voltage, the fuel cell voltage, the load power, the
supercapacitor power, the fuel cell power, the
supercapacitor current, the fuel cell current, and the
supercapacitor voltage (or the supercapacitor SOC). In
the initial state, the load power is zero, and the storage
device is fully charge, i.e., vsc = 25 V; as a result, both
the fuel cell and supercapacitor powers are zero. At 7= 10
s, the load power steps to the final constant power of
around 700 W (positive load power transition). The

78

following observations are made:
The supercapacitor supplies most of the 700 W
power that is required during the transient step
load.
Concurrently, the fuel cell power increases with
limited dynamics (refer to equation (16)) to a
maximum power of 500 W.
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
(approximately 700 W) is greater than the main
power supplied by the fuel cell.

At t =40 s, the supercapacitor voltage is equal to 20 V.
As a result, the supercapacitor supplies its stored energy
vsc to the dc bus. This energy ysc_supply 1S €stimated to be:

1 2 1 2
YSC Supply = ?C scvic(t = 103)—5'C scvic (t = 40s)
=11.25Kk]J.

The load power is reduced from the high constant power
of 700 W to zero (negative load power transition). As a
result, the supercapacitor changes from discharging to
charging and demonstrates the following three phases:
First, the fuel cell still supply its constant
maximum power to drive the load and to charge
the supercapacitor.

Second, at r = 55 s, the supercapacitor is nearly
fully charged, i.e., vsc = 23.5 V. As a result, the
fuel cell power is reduced with limited power
dynamics.

Third, at + = 86 s, the supercapacitor is fully
charged, i.e., vsc = vscrer = 25 V. After slowly
decreasing, the fuel cell and supercapacitor powers
are zero.

It is evident that the dc bus voltage waveform is stable
during the large load cycle, which is critically important
when employing supercapacitors to improve the dynamic
performance of the whole system using the proposed
control law.

To demonstrate dynamic regulation of the dc-bus
energy (voltage) of the fuzzy logic controller (refer to
Fig. 2), the oscilloscope waveforms in Fig. 9 show the dc
bus voltage dynamics (representing the flat output y,) to
the large load power demanded (disturbance) from O to
600 W and 0 to 750 W, whereas the dc bus was loaded
with an electronic load. The oscilloscope screens show
the dc-bus voltage (the state variable x;, representing the
flat output y;), the supercapacitor voltage (the state
variable x,), the load power, and the supercapacitor
power (the control input variable u).

The fuel cell power dynamics were purposely limited
(see Fig. 8), forcing the supercapacitor to supply the
transient load power demand. The proposed fuzzy logic
controller show good stability and optimum response (70
oscillation and short settling time) of the dc-bus voltage
regulation to its desired reference of 60 V.
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Note that there are some losses (static and dynamic
losses) in the supercapacitor converter (see Fig. 1),
because the implemented converters are hard-switching
converters, then, the power difference between the
supercapacitor and the load powers (for example, during
60 to 200 ms) can be observed. To improve the converter

Time (s)
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efficiency, soft-switching
solutions for future work.

converters may be effective
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V. CONCLUSION

This paper has proposed the control of the dc link
stabilization for power plant supplied by an FC main
source and a supercapacitor supplementary source. The
main contribution of this paper is the implementation and
experimental authentication of the T-S fuzzy control
based-on the differential flatness approach for the dc link
stabilization (energy balance) for dc distributed
generation systems. Experimental verification with a
small-scale power plant (Nexa Ballard FC power
generator: 1.2 kW, 46A; Maxwell supercapacitor storage
device: 100 F, 32 V) has demonstrated the excellent
performance of the whole system, and has validated the
proposed energy management principle.
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Model Based-Energy Control of a Solar Power
Plant With a Supercapacitor for
Grid-Independent Applications

Phatiphat Thounthong, Member, IEEE

Abstract—This paper proposes a design for a renewable-energy
hybrid power plant that is fed by a photovoltaic (PV) source with a
supercapacitor (SC) storage device and is suitable for distributed
generation applications. The PV array is used as the main genera-
tor, and the SC functions as an auxiliary source for supplying the
(transient and steady-state) power deficiency of the PV array. For
high-power applications, four-phase parallel boost converters and
four-phase parallel bidirectional converters are implemented as a
PV converter and a storage device, respectively. A reduced-order
mathematical model of the PV and SC converters is described for
the control of the power plant. Using a nonlinear approach based
on the flatness property, we propose a simple solution to the dy-
namic, stabilization, and robustness problems in the hybrid power
system. This is the key innovative contribution of this research pa-
per. We analyze a prototype small-scale power plant composed of a
0.8-kW PV array and a 100-F SC module. The experimental results
authenticate the excellent control algorithm during load cycles.

Index Terms—Converters, flatness, hybrid source, nonlinear
control, photovoltaic (PV), supercapacitor (SC).

I. INTRODUCTION

URRENTLY, renewable energy is receiving greater atten-

C tion as a sustainable alternative to more traditional energy
sources. One of these environmentally friendly energy sources
is solar energy; however, there are still some severe concerns
about several sources of renewable energy and their implemen-
tation, e.g., 1) capital costs and 2) their intermittent power pro-
duction, called the “intermittency problem.” The intermittency
problem of solar energy is that solar panels cannot produce
power steadily because their power production rates change
with seasons, months, days, hours, etc. If there is no sunlight,
no electricity will be produced from the photovoltaic (PV) cell.
To overcome the intermittency problem, a storage medium
or electrical energy carrier [a battery or a supercapacitor (SC)]
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is needed. An SC storage device is preferable due to its high
power density, fast energy sourcing, and long lifetime [1]. In the
near future, the utility power system will be supplied on a large
scale by solar energy sources and storage device(s) in a hybrid
energy system to increase the reliability and effectiveness of the
individual components [2].

The dynamics, robustness, and stability of the operation of
hybrid power plants are of particular interest. In this work, a hy-
brid power generation system is proposed and it consists of the
following main components: a PV source and an SC as a high-
power density device. The most popular way to control power
converters in the industry today is with a linear control struc-
ture [3], [4]. The design of the linear proportional-integral (PI)
controller usually proceeds by incorporating the switching mode
controller into the plant (converter). Later averaging and lin-
earization enables the employ of the Laplace transform [5], [6].
The PI controller may then be designed for a certain phase mar-
gin, normally around 30—60°. Because the switching model of
the hybrid power plant (power electronic converters) is nonlin-
ear, it is natural to apply model-based nonlinear control strate-
gies that directly compensate for system nonlinearity without
requiring a linear approximation [7].

Currently, many modeling and linear or nonlinear control as-
pects, including classical state-space or transfer approaches [8],
[9], self-tuning methods or sliding mode control [10], the ex-
act linearization technique [11], adaptive control [12], or fuzzy
logic-based control [13], have been extensively studied for non-
linear power electronic applications. Flatness-based control has
recently been studied in many applications because it is ap-
propriate for robustness, predictive control, trajectory planning,
and constraint handling. Based on the flatness approach, the
state feedback can be chosen in such a way that the closed-loop
dynamic behavior is linear [14]. Flat systems are linearizable in
the quasi-static state feedback. When used for tracking, quasi-
static state feedback is very useful.

The flatness theory was introduced by Fliess et al. [14] in
1995. Recently, these ideas have been used in a variety of non-
linear systems across the various engineering disciplines, in-
cluding the following applications: the control of an inverted
pendulum and a vertical take-off and landing aircraft [15]; the
process of a stirred tank chemical reactor [16]; the control of
vehicle steering [17]; the control of a high-speed linear axis
driven by pneumatic muscle actuators [18]; the control of cath-
ode pressure and the oxygen excess ratio of a proton exchange
membrane (PEM) fuel cell system [19]; the steering control of
a two-level quantum system [20]; the reactive power and the

0885-8969/$26.00 © 2011 IEEE
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Fig. 1. Power versus current characteristics and voltage versus current char-

acteristics based on a 200-W PV module by the Ekarat Solar at fixed ambient
temperature and variable insolation (1000 and 600 W-m~2).

dc voltage tracking control of a three-phase voltage source con-
verter [21]; the control of open-channel flow in an irrigation
canal [22]; and the current control for three-phase three-wire
boost converters [23].

We now study an uncomplicated design of a control system of
the PV/SC power plant based upon the physical structure of the
model. The main contribution of this paper is to present the dif-
ferential flatness-based control approach of a solar power gener-
ation system with an SC storage device. In particular, we do not
restrict ourselves to linear control techniques at an equilibrium
point. This is the novel work in this domain. The remaining of
the paper is structured as follows: the next section describes the
hybrid energy system and the power plant model that is studied
in this work. In Section III, the proposed energy management
algorithm is presented. In Section IV, a proof of the flat system
consisting of the solar energy power plant, the control laws, and
the system stability is presented. In Section V, the test bench re-
sults for the proposed system are presented. Finally, this paper
ends with concluding remarks for further study in Section VI.

II. POWER SOURCE CHARACTERISTICS
A. Photovoltaic

The PV effect is a basic physical process through which solar
energy is converted directly into electrical energy. The physics
of a PV cell, or solar cell, is similar to the classical p—n junction
diode. The V-I and P-I characteristic curves of the PV model
used in this study (200-W PV Module by the Ekarat Solar Com-
pany) under different irradiances (at 25 °C) are given in Fig. 1.
As shown in Fig. 1, the higher the irradiance, the larger the
short-circuit current Is¢ and the open-circuit voltage Voc. As a
result, the output PV power will also be larger.

Remark 1: PV power systems require some specific estima-
tion algorithms to deliver the maximum power point (MPP)
[24], [25]. Because of the typical low-efficiency characteristics
of PV panels, it is very important to deliver the maximum in-
stantaneous power from these energy sources to the load with
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minimum power conversion for space or terrestrial applications.
Temperature also plays an important role in the PV array per-
formance. The lower the temperature, the higher the maximum
power and the larger the open-circuit voltage. It is obligatory
to use dc/dc or dc/ac converters with effective MPP tracking
(MPPT) techniques [26].

B. Supercapacitor

The SC (or double-layer capacitor or ultracapacitor) is an
emerging technology in the field of energy-storage systems.
Recent breakthroughs in construction methods aimed at maxi-
mizing rated capacitance have provided tremendous increases
in the energy-storage capabilities of the double-layer capaci-
tor [27]. With a time constant (the product of equivalent series
resistance (ESR) and capacitance) of 0.001-2 s for an SC, the
stored energy can be extracted at a very high rate because the
ESR inside an SC is very small [28]. In contrast, the same-sized
battery will not be able to supply the necessary energy in the
same time period because of the higher time constant of the
battery [27], [29].

The operating voltage of an SC changes linearly with time
during constant current operation so that the state-of-charge
can be precisely estimated. In addition, the highly reversible
electrostatic charge storage mechanism in SCs does not lead to
the volume changes observed in batteries with electrochemical
transformations of active masses. This volume change usually
limits the lifetime cycle of batteries to several hundred cycles,
whereas SCs have demonstrated from hundreds of thousands to
many millions of full charge/discharge cycles [30], [31].

The SC bank is always connected to the dc bus by means of
a two-quadrant dc/dc converter (bidirectional converter). Fig. 2
presents the transient response of an SC converter interfacing
between the dc bus and the SC bank (SAFT SC module: 292 F,
30 V) [32]. The initial voltage of the SC bank is 30 V. The SC
current set-point (reference) is Ch2 and the measured SC current
is Ch4. The dynamic response of the SC auxiliary source is very
fast and can discharge from 0 to 50 A in 0.4 ms.

Remark 2: To operate the SC module, its module voltage is
limited to an interval [Vscuin, VsoMmax]- The higher Vsonrax
value of this interval corresponds to the rated voltage of the
storage device. In general, the lower Vgconi, value is chosen as
Vscmax/2, where the remaining energy in the SC bank is only
25% and the SC discharge becomes ineffective [32].

III. SOLAR POWER PLANT
A. Structure of the Studied Power Converters

Low-voltage, high-current (power) converters are needed be-
cause of the electrical characteristics of the PV cell and the
SC bank. A classical boost converter is often used as a PV
converter [33], and a classical two-quadrant (bidirectional) con-
verter is often used as an SC or battery converter [27]. However,
the classical converters will be limited when the power increases
or at higher step-up ratios. Therefore, the use of parallel power
converters (multiphase converters in parallel) with interleaving
may offer better performance in terms of dynamics [34], because
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Fig.3. Proposed circuit diagram of the distributed generation system supplied
by a PV and SC, where p1,oad ( = VBus X iLoad)> VBus» and i1,oaq are the load
power, the dc-bus voltage, and the dc-bus load current, respectively. ppy ( =
vpy X ipy),vpy,andipy arethe PV power, voltage, and current, respectively.
psc (= vsc X isc), vsc, and igc are the SC power, voltage, and current,
respectively. ppy, and pgc, are the output powers to the dc link from the
converters of the PV array and the SC, respectively.

of smaller inductor and capacitor sizes. Next, Fig. 3 depicts the
proposed hybrid source structure. The PV converter combines
four-phase parallel boost converters with interleaving, and the
SC converter employs four-phase parallel bidirectional convert-
ers with interleaving.

B. Power Regulation Loops of the Proposed Power Plant

For safety and dynamics, the PV and SC converters are pri-
marily controlled by inner current regulation loops (or power
regulation loops), as depicted in Figs. 4 and 5 [32]. These power
control loops are supplied by two reference signals: the SC
power reference pscrpr and the PV power reference ppyvrer,
generated by the control laws presented later.

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 26, NO. 4, DECEMBER 2011

PPVREF
—

Fig. 4. Photovoltaic power control loop.

For the PV power control, a PV power reference ppyrgr 1S
divided by the measured photovoltaic voltage vpy, resulting in
a PV current reference ipyrgr. For the SC power control loop,
an SC power reference pscrer is divided by the measured SC
voltage vgc and limited to maintain the SC voltage within an
interval [Vscain, VscoMax], according to Remark 2 by the SC
current limitation function. This calculation results in an SC
current reference iscrer [32].

C. Mathematical Model of the Power Plant

‘We assume that the PV and SC currents follow their reference
values perfectly. Consequently,

PPV _ PPVREF

ipy = IPVREF = (D
VPV vpy

L _ Psc _ PSCREF

ISC = ISCREF = —— = ————. (2
vsC vsC

We only consider static losses in these converters, and rpy
and rgc represent static losses in the PV and SC converters,
respectively. Now, the PV array and the SC storage device func-
tion as controlled current sources connected with the equivalent
series resistance that is called a reduced-order model [35].

The dc-bus capacitive energy Ep,s and the supercapacitive
energy Egc can be written as

3

1
2
EBus - 5 CB usUBus

“

1
ESC = 50501)%0.

The total electrostatic energy Er stored in the dc-bus capaci-
tor Cpys and the SC Cgc can also be written as
1
2

Note that the total electrostatic energy Er is nearly equal to
the energy stored in the SC Csc because the SC size Cgc is
much greater than the dc-bus capacitor size C];,us.

The derivative of dc-bus capacitive energy Ep.5 is given ver-
SUS PPVo» PSCo» and proaq by the following differential equation:

(©)

Er &)

1
CBusUBus + §Cscv§c~

EBus = PPVo + PSCo — PLoad
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where

ppv ’

PPVo = PPV — TPV () (N
vpv
psc )’

PSCo = PSC — T'SC (> ¥
vsC

PLoad = UBus * Load - )

Note that the derivative of dc-bus capacitive energy dEy,,s/dt
is the power pp,s flows int(_) the dc-bus capacitor. It means that
PBus 18 equal to dEy,,s/dt (Epys)(see Fig. 3).

IV. CONTROL OF A POWER PLANT
A. Energy Balance

In the proposed system depicted in Fig. 3, there are two
voltage variables (or two energy variables) to be regulated.

1) The dc-bus energy Ep,; is the most important variable.

2) The SC storage energy Egc is the next most important.

Therefore, we propose utilizing SCs, which are the fastest
energy source in the proposed system, to supply the energy for
the dc bus [32]. In fact, we plan to functionalize the PV array
by supplying energy only for charging the SC Cgc. However,
during charging, the energy from the PV cell flows through
the dc bus to the SC bank. For this reason, the PV array is
mathematically operated to supply energy for both the dc-bus
capacitor Cpys and the SC Cyc to keep them charged.

B. Differential Flatness Property

Let us first reveal a physical property, used to establish the
system flatness [14], [15], [36], 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

y= || = Epus w— |W| _ | Pscrer
Y2 Er |’ Uy DPVDEM |

= T _ UBus
T2 vsc

where ppypg is the PV power demand. It will be generated by
the outer controller. This signal will send to an MPPT in order
to saturate the PV maximum power. It becomes the PV power
reference ppyrir, presented hereafter.

From (3) and (6), the dc-bus voltage vy, (defined as a state
variable x; ) and the SC power (defined as a control input variable
uy) can be expressed as an algebraic function

(10)

2y,
C'Bus

U1 = 2PSCLim

1= 1<y1 +iLoad'<P1 (yl)ppvo>
PSCLim

12)

Ty = =1 (y1) (11)

=11 (Y1,91) = PSCREF

2
Ysc

4TSC

PsCLim = (13)
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Fig. 5. SC power control loop.

where pscrim 1S the limited maximum power from the SC con-
verter.

From (5) and (6), the SC voltage vgc (defined as a state
variable x») and the PV power ppy (defined as a control input
variable us) can be expressed as an algebraic function

2 _
To = w =9 (yl,y2) (14)
sC
U2 = 2PPVLim ° [1 — \/1 _ (?/2 + iLoad - Q1 (%))1
PPVLim
=2 (Y1,92) = PpvDEM (15)
2
U
PPVLim = 4PV (16)
TPV

where Ppyrin iS the limited maximum power from the PV
converter.

It is evident that z1 = ¢y (v1), T2 = 2 (Y1,%2), U1 =
U1 (y1,91), and us = 1y (y1,92). Consequently, the PV/SC
power plant can be considered a flat system [36].

C. Control Law and Stability

Let us now focus our attention on the feedback design to track
a dc-bus energy reference trajectory y;grpr and a total energy
reference yoggpr. We aim to design a feedback law such that the
tracking error (yi—y1REF, Y2—Y2rEF) asymptotically vanishes.
Thus, the relative degree of the first input v; and the second
input vs is 1. The proposed control laws [37] are

7)
(18)

(01 — 9irer) + K1 (y1 — yirer) =0
(92 — vorEF) + K21 (Y2 — yorEer) = 0.

Because the SC can store enormous amount of energy, and the
supercapacitive energy is defined as a slower dynamic variable
than the dc-bus energy variable, in order to compensate for
nonideal effects, an integral term is added to the control law
(17). This yields

v1 =91 = Yirer + K1 (Yirer — ¥1)
¢

+K12/(y1REF —y1)dr
0

19)
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vy = U2 = YorEF + Kot (YorEF — ¥2) - (20)

From (19), if we define ey = y; — yirEr, K11 = 2¢w,, and
Kis = w?, we obtain

n?

é1+ 20w, € +w? -ep =0. (1)
Substituting the expression for y; from (19) into (12) gives
the equation for the closed-loop static state feedback SC power.
From (20), if we define ey = y» — yorEr, K21 = 1/75, we
obtain

75 - €3 +eg =0. (22)

Substituting the expression for 7, from (20) into (15) gives
the equation for the closed-loop static state feedback PV power.
Itis clear that the control system is asymptotically stable for K 1,
K12 > 0, and K2 > 0. However, based on the power electronic
constant switching frequency wg and cascade control structure,
the outer control loop (here the dc-bus energy control) must
operate at a cutoff frequency wp << we << wg, where w¢ is
a cutoff frequency of the SC power loop. Once the flat outputs
are stabilized, the whole system becomes exponentially stable
because all of the variables of the system are expressed in terms
of the flat outputs [36].

In Fig. 6, the proposed control algorithm of the renewable
energy power plant, as detailed earlier, is depicted. The dc-bus
energy control law generates an SC power reference pscrer
( = uy, refer to (12)). The total energy control law (or the SC
energy control) generates a PV power demand ppyprm ( = uo,
refer to (15)). This signal must be saturated at the maximum
power point by MPPT according to Remark 1.

It should be concluded here that, in this application, the PV
does not always operate at its MPP in a stand-alone (grid-
independent) scenario, as depicted in Fig. 6.

dSPACE
Interfacing Card

PV Terminal

Fig. 7. Photograph of a test bench power plant. (a) solar cell panels, (b) SC
bank, and (c) test bench.

V. PERFORMANCE VALIDATIONS
A. Power Plant Description for a Test Bench

To validate the performance of the modeling and control sys-
tem, the small-scale test bench of the hybrid power plant was
implemented in our laboratory, as presented in Fig. 7. The pro-
totype 0.8-kW PV converter and the 2-kW SC converter (refer
to Fig. 3) were implemented in the laboratory. Specifications of
the PV module and storage device are detailed in Table I.
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TABLE I
SPECIFICATIONS OF PHOTOVOLTAIC SOURCE AND STORAGE DEVICE

Photovoltaic Array (by Ekarat Solar Company):
Number of Panels in Parallel 4

Panel Open Circuit Voltage ~ 33.5 A
Panel Rated Voltage 26 v
Panel Rated Current 7.7 A
Panel Rated Power 200 W
Array Rated Power 800 W

Supercapacitor Bank (by Maxwell Technologies Comp):
(Cell Model: BCAP1200)

Number of Cells in Series 12

Cell Capacity 1,200 F
Cell Maximum Voltage 2.7 Vv
Bank Capacity (Csc) 100 F
Bank Maximum Voltage 32 v

TABLE II
DC-BUS ENERGY CONTROL LOOP PARAMETERS

VBusREF 60 Vv

Chus 12200  uF

Ku 450 rad-s”

K2 22,500 rad*s”

rpv 0.12 Q

rsc 0.10 Q

Vscmax 32 \

Vscuin 15 v

Tscrated 150 A
TABLE IIT

SUPERCAPACITIVE ENERGY CONTROL LOOP PARAMETERS

VSCREF 25 A
Csc 100 F

Kg 1 0.1 W- J"
Prvviax (Rated) 800 w
Tovmvax (Rated) 30.8 A
Tpvmtin 0 A
Alpy 0.1 A

At 6 ms

B. Control Description

The parameters associated with the dc-bus energy regulation
loop are summarized in Table II. The parameters associated with
the SC energy regulation loop are detailed in Table III. For the
low-scale test bench, the dc-bus voltage reference vpusper (=
x1rer) Was set to 60 V and the SC voltage reference vscrer
(= xorgr) Was set to 25 V (the nominal value of the SC bank).

The constant switching frequency wg of the PV and SC con-
verters was 25 kHz (157 080 rad-s—!). The nonlinear controller
gains used were K11 = 450 rad-s~! and K5 = 22 500 rad?-s~2
so that the system damping ratio ( was equal to 1.5 and the
natural frequency w, was equal to 150 rad-s~!. As a result,
the cutoff frequency wg of the closed-loop dc-bus energy was
equal to 60 rad-s~!'. This value was lower than the cutoff fre-
quency w¢ of the SC power loop of 450 rad-s~! (equivalent to
a first-order delay with a time constant 7¢ of 2.2 ms) so that the
system was asymptotically stable [36]. The controller gain of
the closed-loop supercapacitive energy was Ko; = 0.1 W-J~! so
that the cutoff frequency wgc of the closed-loop supercapacitive

1215

18 Dec 09 10:12:20
S B WAL LA N L UL L AL B NLNLEL R LA BRI

;—/.DC Bus'Vo]tag'e [10 WD:’V]

i+

=t

T

NI e RS

i i Lo 4y
L T e

PR (N N T T WA 0 U AT O W T O T O O 0 0
L e i L LA

H T

[200 W/Div] - :
e
“*Load Power [200 W/Div]

St et

adaa g by

PR B 2 ok 0 A [ AP T
140 160 180 200

18 Dec 09 10:15:58
B B L B

L,»[')c BusVoltage [10 V/Div] ]

.
et}

0 20 40 60 80 100 120
Time (ms)

T
P
-+

. *SC Voltage [5 V/Div]

=t

ftsi

/\;-R( Power [200 W/Div] ]

R : ; ;
I “*Load Power [200 W/Div]

wrlaaa il

Fig. 8. Comparison of the dc-link stabilization of the power plant during a
large load step. (a) Exact model (rpy = 0.12 2, rgc = 0.10 2). (b) Error model
(robustness) (rpy = 0.001 2, rgc = 0.001 Q).

energy was equal to 0.1 rad-s~! in which wgc << wg, in order
to guarantee the asymptotic stability of the whole system.

The PV and SC current regulation loops and the elec-
tronic protections were realized by analog circuits. The two
energy-control loops, which generate current references ipyrgr
and iscrer, were implemented in the real-time card dSPACE
DS1104 platform (see Fig. 7) using the fourth-order Runge—
Kutta integration algorithm and a sampling time of 80 ps within
the mathematical environment of MATLAB-Simulink.

C. Experimental Results

Because flatness-based control is model based, it may have
some sensitivity to error in model parameters. To authenticate
its robustness, the flatness-based control was tested with the
exact model parameters (rpy = 0.12 Q and rg¢ = 0.10 Q)
and the erroneous parameters case (rpy = 0.001 € and rgc =
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0.001 ). For the sake of the dc-bus voltage stabilization and ro-
bust control system, the oscilloscope waveforms in Fig. 8 show
the comparison (robustness) between the accurate parameters
and the error parameters. It portrays the dynamic characteristics
that are obtained during the large load step. It shows the dc-bus
voltage, the load power (disturbance), the SC power, and the
SC voltage. The initial state is in no-load power, the SC storage
device is full of charge, i.e., the SC voltage = 25 V (vscREF
=25 V), and the dc-bus voltage is regulated at 60 V (vpusrEF
= 60 V); as a result, the PV and SC powers are zero. At t =
20 ms, the large load power steps from 0 W to a constant value
of 400 W (positive transition). Because during the transient state
the PV power is limited by MPPT estimation, the SC supplies
the transient load power demand. One can scrutinize the similar
waveforms in Fig. 8(a) and (b). The dc-bus voltage (dc-link sta-
bilization) is minimally influenced by the large load power step.
Clearly, the performance of the control system is minimally af-
fected by the model parameter error considered. Experimental
testing demonstrates that errors in these parameters had rela-
tively little effect on regulation performance, and we conclude
that the nonlinear differential flatness-based approach provides
a robust controller in this application.

Finally, for the sake of the dc-bus voltage stabilization and
load profile (load cycles), Fig. 9 presents waveforms that are ob-
tained during the load cycles measured on December 18, 2009,
at an ambient temperature of around 25 °C. In Fig. 9, the dc-bus
voltage, the PV voltage, the load power (disturbance), the SC
power, the PV power, the SC current, the PV current, and the
SC voltage are shown. In the initial state, the small load power
is equal to 100 W, and the storage device is full of charge,
i.e., vsc = 25 V; as a result, the SC power is zero and the PV
source supplies 100 W of power for the load. At 09:00:50,
the load power steps to the final constant power of around
450 W (positive load power transition). We observe the fol-
lowing phenomena.

1) The SC supplies most of the transient power that is re-

quired during the step load.

2) Simultaneously, the PV power increases to an MPP of
around 250 W, which is limited by the MPPT.

3) Concurrently, the SC remains in a discharge state after the
load step because the steady-state load power (approxi-
mately 450 W) is greater than the power supplied by the
PV array.

After that phase, one can again observe that the power plant
is always energy balanced (pro.q(t) = ppv () + psc(?)) by
the proposed original control algorithm. One can observe that
the dc-bus voltage waveform is asymptotically stable during the
large load cycles, which is of major importance when employing
SC to improve the dynamic performance of the whole system
using the proposed control law.

VI. CONCLUSION AND FURTHER WORKS

The main contribution of this paper is to model and con-
trol a PV/SC hybrid power plant. The prototype power plant is
composed of a PV array (800 W, Ekarat Solar) and an SC mod-
ule (100 F, 32 V, Maxwell Technologies). A compact topology,
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suitable for high-power applications, is proposed. Its working
principle, analysis, and design procedure are presented. The PV
array is the main source, and the SC functions as a storage device
(or an auxiliary source) to compensate for the uncertainties of
the PV source in the steady state and the transient state. An SC
can advance the load, following the characteristics of the main
sources, by providing a stronger power response to changes in
the system load. Adding energy storage to the distributed power
systems improves power quality and efficiency.

Using the nonlinear control approach based on the flatness
property, we propose a simple solution to the dynamic, stabiliza-
tion, and robustness problems in the nonlinear power electronic
system. And also, there are no operating points comparable with
a classical linear control. This is a novel concept for this kind of
application. However, the proposed control law needs a load cur-
rent measurement to estimate the load power. For future work,
a load observer will be used to avoid a measurement of a load
current, as was explored in [23].
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A New Control Law Based on the Differential

Flatness Principle for Multiphase Interleaved
DC-DC Converter

Phatiphat Thounthong, Member, IEEE, and Serge Pierfederici

Abstract—This brief presents an innovative control law for a
distributed dc generation supplied by a dc power source, here, a
fuel cell (FC) generator. Basically, an FC is always connected with
a power-electronic converter. This kind of system 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 brief, a nonlinear-control algorithm
based on the flatness property of the system is proposed. Flat-
ness provides a convenient framework for meeting a number of
performance specifications on the power converter. Utilizing the
flatness property, we propose simple solutions to the system perfor-
mance and stabilization problems. Design controller parameters
are autonomous of the operating point. To validate the proposed
method, a prototype FC power converter (1.2-kW four-phase boost
converters in parallel) is realized in the laboratory. The proposed
control law based on the flatness property 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 corroborate the excellent control scheme.

Index Terms—Converters, flatness-based control, fuel cells
(FCs), interleaved, nonlinear, power control.

1. INTRODUCTION

OLYMER electrolyte membrane fuel cells (PEMFCs) as

dc generators have become an overwhelming competitor in
the distributed generation due to their insuperable advantages,
such as high energy efficiency, near-zero emissions, ease of
installation, quiet operation, and fewer moving parts and higher
power quality [1], [2].
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Parallel dc—dc converters are widely used in high-power
applications [2]. They operate under a closed-loop feedback
control to regulate the output voltage and enable load shar-
ing. These closed-loop converters are intrinsically nonlinear
systems. The common method of controlling dc—dc chopper
converters still relies on averaged small-signal models and
then facilitating the application of the linear-control theory,
such as the proportional—integral (PI) controller [3]. Nonethe-
less, there are situations where this technique offers a limited
performance.

This brief presents a new control law based on the differential
flatness theory for nonlinear power-electronic switching appli-
cations. Here, only the inner fuel cell (FC) power regulation
loop is studied. In this kind of system, the main important
specification is that a power dynamic response must follow
a power reference as fast as possible. By using the nonlinear
flatness property, the power regulation loop will operate at very
high dynamics. This brief is organized as follows. Section II
shows the differential equations describing the ideal multiphase
boost converters with an interleaving switching technique for
FC high-power applications. In Section III, the brief of the dif-
ferential flatness principle is introduced. Section IV 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 V. A
comparative study between the flatness control and a linear PI
control will be presented in Section VI. Finally, this brief ends
with concluding remarks in Section VII.

II. MULTIPHASE INTERLEAVED BOOST CONVERTER FOR
FC HIGH-POWER APPLICATIONS

A. Power Converter

Fundamentally, low-voltage high-current (power) converters
are needed because of the FC electrical characteristics [1].
A classical boost converter is frequently selected as an FC
converter [2], [4]. However, the classical converters will be
limited when the power increases or for higher step-up ratios.
In this manner, the utilization of paralleling power converters
(multiphase converter in parallel) with an interleaved technique
may offer some better performances [2]. As a general rule, the
interleaved switching technique is composed of phase shifting
the control signals of several converter cells IV in parallel [5].
Fig. 1 shows the functional diagram of the proposed multiphase
interleaved step-up converter for FC applications.

1549-7747/$26.00 © 2010 IEEE
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Fig. 1. Multiphase parallel boost converters for FC applications.
B. Boost Converter Average Model

The state equations of the multiphase converters are given as

di .
CZK =vpc — Rp, ~ip,e — (1 —dg)-vBws (1)
dv N v
O s Bus _ 1-d s . Bus 2
Bus Z( K) Ly Rro 2)
K=1
where the subscript number K = 1,2,..., N represents the

parameters of each converter module, d is the duty cycle of
the pulsewidth modulation (PWM) converter, vp,s is the dc bus
voltage, vrc is the FC voltage, ipc is the FC current, 7y, is the
inductor current, Ry,..4 is the equivalent resistance as a load at
the dc bus, L is the input inductance, C,s is the total output
capacitance at the dc bus, and Ry, is the series resistance of
inductor L. Note that R, represents the static losses in each
boost converter module.
The power of each cell can be written as

PL, =VFC "L, ,PLy = VFC " iLy,---,PLy = VFC " iLy (3)

N
PFC = Y VG iLg )
K=1
PFC =UFC " iFC- )

Then, the input power py, of each cell is given versus vrc and
i1, by the following differential equation:

dpL d(’UFC . iL) ) dUFC diL
—_—= = . - — 6
dt dt R
dpr dig,
— el 7
g VFCr (7

vpc~Constant

III. BRIEF OF THE DIFFERENTIAL FLATNESS PRINCIPLE

Currently, many modeling and linear- or nonlinear-control
methods, including classical state-space or transfer approaches
[6], self-tuning methods or sliding mode control [7], or fuzzy-

A
VREF, Flat System
® Control | v Inverse u |, Y ¥y
y L " b X = (1) = f(x(0).u(0)) >
- AW yraunes ()= h{x(0).u(0))
L. R

Fig. 2. Concept of the flatness-based control, where y is the output variable,
YyrEF is the output setpoint, and u is the control input variable.

logic-based control [8], [9], have been extensively studied for
nonlinear power-electronic applications.

The flatness theory was introduced by Fliess et al. [10]
in 1995. Lately, these ideas have been used in a variety of
nonlinear systems across the various engineering disciplines,
including the following: the control of an inverted pendulum
and a vertical takeoff and landing aircraft [10]; the control of
cathode pressure and oxygen excess ratio of a PEMFC system
[11]; the reactive power and dc voltage tracking control of
a three-phase voltage source converter [12]; and the current
control for three-phase three-wire boost converters [13]. Since
the flatness-based control is model based, one expects it to
have some sensitivity to error in model parameters. However,
Song et al. [12] have proved that the flatness-based control is ro-
bust and provides an improved transient tracking performance
relative to a traditional linear-control (PI controller) method.

A nonlinear system is flat [9], [14], [15] if there exists a set
of differentially independent variables (equal in number to the
number of inputs) such that all state variables x and (control)
input variables u can be expressed in terms of those output
variables y and a finite number of their time derivatives without
integrating differential equations. More specifically, consider
the nonlinear dynamic system of the general form, i.e.

x(t) = f(x(t), u(t))
y(t) = h(x(t),u(t)) } (®)

where
x:[a:l,xg,...a:n]T, xR 9)
u = [ug, ug, . .. U7, uecRm (10)
y:[ylvaa"'ay’m]Ta yeéﬁm (11)

f(+) and h(-) are smooth nonlinear functions, and (n, m) € N.
Moreover, it is assumed that m < n.

As depicted in Fig. 2, the nonlinear flat systems are equiv-
alent to the linear controllable systems. A system is denoted
flat if an output vector y exists, which fulfills the following
conditions:

1) The output variables y; can be stated as functions of

the state variables x;, the input variables u;, and a finite
number « of their time derivatives, i.e.

yzd)(x,u,ﬂ,...,u(")).

2) All state variables z; and all control inputs wu; can be
stated as functions of the output variables y; and a finite
number [ of their time derivatives, i.e.

X:(P(y7y7"'7y(ﬁ))
u:¢ (y7y7"'7y(ﬂ+1)>

where ¢(+), ¢(+), and 1(-) are smooth mapping functions.

(12)

(13)
(14)
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If the output variables of interest can be proven to be flat
outputs y, the reference signal yrrr becomes straightforward.

IV. POWER CONTROL LOOP OF THE MULTIPHASE
INTERLEAVED BOOST CONVERTER

A. Flatness of the Boost Converter

Controlling an interleaved multiphase converter is the same
as controlling a single boost converter, but the uniqueness of the
proposed method is the new control law. Based on the flatness
principle introduced above, the input power of each converter
cell py, is assumed to be the flat output component. Thus, we
define a flat output y = pr,, a control variable u = d, and a state
variable x = iy,. From (3), the state variable x can be written as

r =P = py). (15)

e
From (1) and (7), the control variable u can be calculated from
the flat output y and its time derivative v, i.e.

. L ) 1 .
u:1+(y-+RL~zL—ch>~:d:w(y).
VrC UBus (16)

It is apparent that x = (y) and u = 9 (y) correspond to (13)
and (14), respectively. Consequently, the mathematical model
of the converter can be considered as a flat system.

B. Control Law and Stability

The input-power reference of each module is represented by
yrEF (= pLREF)- A linearizing feedback control law achieving
an exponential asymptotic tracking of the trajectory is given by
the following expression [12], [16]:

t
(9 — yrer) + K11(y — yrer) + Ki2 /(y — yrer)dT =0
0
(17)

where K11 and K75 are the controller parameters. One may set
the following as a desired characteristic polynomial:

K1 = 2¢wy Ky =w;,

(18)

p(s) = 8% + 20wns + w?

where ¢ and w,, are the desired dominant damping ratio and
natural frequency, respectively.

Replacing the term for y into (16) gives the equation for
the closed-loop static-state feedback duty cycle d (called the
inverse dynamic equation), where e = y — Yyrgr, 1.€.

t

u=1+ QREF—K116—K12/6dT
0

=y(y) =d. (19)

Clearly, the control system is stable for Kji, Ko >
0 (¢,w, > 0). Thus, the nonlinear-control law of the input
power detailed above is portrayed in Fig. 3. The measured

e e s .
PFCREF 2 Control p]_,l dl " VE
~ [ <1y ] FC,
el Law (17) [, Inverse 1
FC™ Dynamics (16) | | £ & oy
P e vee val—b- Pl i a E e
k I Buis —-| 1| = ;
............. _r._._._._._._._._! =>_.!1I
; 3l mne
._.C._._..[.._._;;L._ ........... E-I U; :
ontro LN, Ny =
- - = |
i Law (17) Vic ]!'IV?TSQ | E — i .'\‘
Upin vee  ILN— Dynamics (16) i -
! & i VBus—| !
o o o s — ——— —— — — — — —r J

Fig. 3. Power-control loop based on the flatness principle of the multiphase
boost converters.
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Fig. 4. Photograph of test-bench system.

TABLE 1
CONVERTER PARAMETERS AND SEMICONDUCTOR DEVICES

Inductors Li=Ly=L3=Ly
CBus

MOSFETSs Sl :SZ:S3:S4
Diodes Dl:D2:D3:D4

420 uH
2,700  uF

IRFP264N: 250 V, 38 A
RURG3020: 200 V, 30 A

input powers of each module are carried out by means of (3)
associated to a first-order filter used to reduce harmonics due
to power-electronic switching. Based on the power-electronic
constant switching frequency wg (PWM) and the cascade con-
trol structure, the outer control loop (here, the input-power
control) must operate at a cutoff frequency wp < wr (a cutoff
frequency of the first-order filter) < wg. 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.

V. EXPERIMENTAL VALIDATION
A. Test-Bench Description

The small-scale test bench was implemented in the labora-
tory, as presented in Fig. 4. The four-phase 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 power-control loops 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 us, through the mathematical environment
of MATLAB-Simulink.



906 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 57, NO. 11, NOVEMBER 2010

07 Jan 10 10:3153

)
. Input Power ppy

I
T

-
=

sgu: ....'u‘

=
=)

w
=

500:

.
=

400 - - -

.

J7A

: e
E 30+ ‘;200
e 2
é = : : ]
204 ] R Lol
- nductor Current 1'._1;
10k -200E000 g é ...............

TS| FEEEE PR FEET FEET FTTT STET ST ST FTee e
o 2 4 6 & 10 12 14 16 18 20
Time (ms)

Fig. 5. Dynamic performance at an input-power reference piNrgF step from
150 to 800 W at ¢ = 2 ms and from 800 to 400 W at ¢ = 14 ms.

B. Experimental Results

1) FC Converter Testing With an Ideal Power Supply: Be-
cause the FC has slow dynamics by nature [17], an initial testing
was performed using an ideal 26-V power supply (which has
the same rated voltage as the FC) in place of the FC in order to
confirm that the converter can operate correctly and to observe
the dynamic performance of the proposed control law.

Fig. 5 presents waveforms that are obtained during the large
step of the input-power setpoint. The nonlinear controller gains
used were K77 = 1414 rd-s~! and Ky = 1000000 rd? -
s72 (¢ =0.707; w, =1000 rd -s'). As a result, the cutoff
frequency wp of the closed-loop input power was equal to
1000 rd - s~*, which is lower than the cutoff frequency wp of
the measured power filter of 10000 rd - s~ (T = 0.1 ms), so
that the system was exponentially stable.

The data show the input-power reference pingrer (instead
of prcrEF), the input-power response prn (instead of prc),
the input current ¢1x (instead of ipc) and the first inductor
current ir1. In the initial state, the input-power setpoint is
equal to 150 W, the constant input voltage (instead of vgc)
is equal to 26 V, and the dc bus voltage is equal to 60 V; as
a result, the average input current is equal to around 5.77 A
(150 W/26 V), and the first inductor current is equal around
1.44 A (150 W/4/26 V). At t = 2 ms, the input-power setpoint
steps to the constant power of 800 W (positive transition),
and at ¢ = 14 ms, the input-power setpoint steps from 800 to
400 W (negative transition). The results reveal that, correspond-
ing to the second-order dynamics [see (18)] of the observation
error, the dynamic response is affected by this kind of large
input command. The overshoot (no oscillations) in the input-
power response is due to a large proportional gain K, of
1414 rd - s~! and the vast setpoint step. The value of K;; can
be reduced to attenuate the overshoot; however, this leads to
a slower transition. Therefore, the present mathematical model
of the power converter precisely predicts the dynamics of the
control system.

2) FC Converter Testing With a PEMFC: Because the FC
has slow dynamics by nature, only the constant input-power
reference was performed. The oscilloscope waveforms in Fig. 6
portray the steady-state characteristics of the interleaved con-
verters at the FC power reference of 500 W, the electronic load
at the dc bus being adjusted in order to obtain a constant dc bus
voltage of 60 V (here, the rated value). The data illustrate the
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Fig. 6. Inductor-current waveforms of the converter at an FC power
reference ppcrer Of 500 W (vpys = 60 V,vpc =33.00 V,ipc =
15.15 A, and iy, = 3.79 A).
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Fig. 7. Steady-state waveforms of the converter at an FC power reference
prorer of 700 W (vpys = 60 V,vpe = 30.00 V,ipc = 23.80 A, and
iL =5.95A).

first, the second, the third, and the fourth inductor currents. One
can observe that the paralleled interleaving-boost approach uses
forced current sharing between the power stages to balance the
power that the stages deliver.

As a final test, oscilloscope waveforms obtained during the
FC power demand of 700 W are presented in Fig. 7. The data
show the FC current, the dc bus voltage, the FC voltage, and the
first inductor current 77,;. One can observe that the FC current is
the sum of the inductor currents and that the FC ripple current is
1/N of the individual inductor ripple currents. It means that the
FC mean current is close to the FC root-mean-square current.

VI. COMPARATIVE STUDY

To compare the performance of the flatness-based control, a
traditional linear PI control method is also detailed. However,
a current controller is classically implemented [3], [17] in
place of the power controller. An inductor-current reference is
represented by ir rer. A linear feedback PI control law is given
by the following expression:

t

d=Kp(iLrer — i) + K71 /(iLREF —ip)dr
0

(20)
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Fig. 8. Power-control loop based on a linear PI principle of the single-phase
boost converters.

400 pF——— L L L L R

350 Power Reference pyrer
Power Response py.

Power (W)

NN R BN S N BN
%.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time (ms)

400
350
300
250
200
150
100

50 MY |
M P | | I...I.(b)

%.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time (ms)

T T T T
Power Reference py rer

Power Response p

Power (W)

Fig. 9. Simulation results. Comparison of the flatness-based control law with
a linear PI control law. (a) Linear PI and (b) flatness converter responses to a
large step of the power reference from 50 to 250 W at t = 0.5 ms.

where Kp and K are the set of controller parameters. Thus,
the linear-control law of the power-control loop is portrayed in
Fig. 8. It is similar to the nonlinear-control law (see Fig. 3),
where the PI controller also generates a duty-cycle reference
d. The main difference between the nonlinear control based on
the flatness property and the classical linear control is that the
inverse dynamic equation, known as the flatness property [see
(16) and Fig. 3], appears in the nonlinear control.

To compare the performance of the flatness-based control
and the linear PI control laws, the simulation was implemented.
Simulations with MATLAB/Simulink were performed using a
switching model of the boost converter. To give a reasonable
comparison between the methods, the parameters of the linear
PI controller K'p and K were tuned to obtain the best possible
performance, and this result is compared with the flatness-based
control. Then, Kp = 0.15 A™*, and K; = 200 (A -s)~".

Fig. 9 shows the simulation results obtained for both con-
trollers during the large step of the power reference. It is similar
to the test-bench results illustrated in Fig. 5. The flatness-based
control shows a better dynamic response. Although the dynamic
response of the linear-control law could be improved relative to
that shown in Fig. 9, this enhancement came at the expense of a
reduced stability margin. From these results, we conclude that
the flatness-based control provides a better performance than
the classical PI controller.

VII. CONCLUSION

The main contribution of this brief is to model and control
a nonlinear switching-power converter. Distributed power sys-
tems often invoke the need to parallel power converters for a
variety of reasons, i.e., enhanced reliability, enabling the use
of standardized designs with varying loads, distributing heat
sources, and improved maintainability. The proposed converter
is four-phase parallel step-up converters with the interleaved
switching technique. Controlling an interleaved multiphase
converter is the same as controlling a single boost converter,
but the uniqueness of the proposed method is the new control
law. Using the nonlinear-control approach based on the flatness
property, we have proposed a simple solution to the optimization
and stabilization problems in the nonlinear power-electronic
system. This is the novel concept for this kind of application.
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