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Fig. 1. Power versus carrent charactzristios and woltage versus current char-
acteristics bagsed on a 200-W FY module by the Ekarat Solar at fixed ambiant
temperaturs and variable inzolation (1000 and 600 W-m’g)‘

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 systemwith an SC storage device. In particular, we do not
restrict ourselves to linear control techniques at an equilibrinm
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.

1I. POWER SOURCE CHARACTERISTICS
A. FPhotovoltdic

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 VI 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 [y~ and the open-circuit voltage Vo . 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

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 maxinmm
power and the larger the open-circuit voltage. It is obligatory
to use de/de or defac 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 5Cs 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/de converter (bidirectional converter). Fig. 2
presents the transient response of an SC converter interfacing
between the dec 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 O to 50 A in 0.4 ms.

Remark 2: To operate the SC module, its module voltage is
limited to an interval [Vzouin, Veomax]. The higher Vaonax
value of this interval corresponds to the rated voltage of the
storage device. In general, the lower Vyopy, value is chosen as
Vaomex/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 cirouit diagram of the distributed ge neration syste m supplied
by a PY and 5C, whet Prasd ( = VBus ¥ iLoad b ¥Russ a0d iaaq are the load
powat, the de-bug voltags, and the do-bus load carrent, respectively. pev (=
VPV X PV )PV, and ipyv arethe PV power, voltags, and eurrent, respectively.
Psc (= vso % igo) veo. and jg o are the 3C power, voltags, and carrent,
regpectively. ppve and pgoo are the output powers to the do 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 Fower 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 pgorpr and the PV power reference ppvpgr.
generated by the control laws presented later.

ipr
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Fig.4. FPhotovoltaic power control loop.

For the PV power control, a PV power reference ppvprrp is
divided by the measured photovoltaic voltage vpv, resulting in
a PV current reference ipyggr . For the SC power control loop,
an SC power reference pgoppp is divided by the measured SC
voltage vy and limited to maintain the SC voltage within an
interval [Vacomin. Veomsx], according to Remark 2 by the §C
current limitation function. This calculation results in an SC
current reference igorer [32].

C. Mathematical Model of the Power Plant

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

. . _ PEv _ PEVREF

ipy = ipYREF — —— = ———— (1
upy Upy

4 : Pro PECREF

g0 = '§CRER — — = ————. 2
g (2]

We only consider static losses in these converters, and rpv
and ryc 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 madel [35].

The dec-bus capacitive energy Egy, and the supercapacitive
energy Ego can be written as

1
EBus = EGBusU}Egus (3)

ol
Ego = EOscﬂéc- (€3]

The total electrostatic energy Er stored in the de-bus capaci-
tor Cgys and the SC Cyo can also be written as

1 1
Er= icBusﬂ]%us + acrscﬂgc- (5}

Note that the total electrostatic energy Fr is nearly equal to
the energy stored in the SC Cg because the SC size Cyo is
much greater than the de-bus capacitor size Cgus.

The derivative of de-bus capacitive energy Fg.; is given ver-
SUS Ppyg, Pace. and pr,,,q by the following differential equation:

Eus = Ppve + P30e — PLosd (6)
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where
pv :
PPVe = PPV — TPV (—) (7
ypy =
2 S¢ + i e
yilel PSCRET Limi m
Psce = Pso — Tso | — () E ) I M ryr LY
e Vg R d - .
PLoad = UBus * Losd- (9) ™ ; :

Note that the derivative of de-bus capacitive energy dEy, . /dt
is the power pg s flows into the de-bus capacitor. It means that
PEus isequal to dEy,/dt (Fg s )(see Fig. 3).

IV. CONTROL OF & 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 Eg ., is the most important variable.

2) The SC storage energy Egq 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 Cyo. 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 de-bus
capacitor Cg,; and the SC Cye 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 &, and the state variables x are defined as

y:{yi}:{EBus} u={u1}={pscm?
Y2 Ep ] g PPVDEM

Ti VBus

-=[z]-1]
where ppy ngy 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 maximmum power. It becomes the PV power
reference ppyvrgr, presented hereafter.

From (3) and (6), the dc-bus voltage vg,, (defined as a state
variable x4 ) and the SC power (defined as a control input variable
i1 ) can be expressed as an algebraic function

2
m:wéﬁ:w@) an

U1 = 2PsCLim

N ('éfi +nosa - 11 (1) *Pp%)
PECLim

H

=11 (1, %1) = puoRzr (12
2
U
PsoLim = 4SC {13
Tao

Fig. 5. SC power control loop.

where pgopim is the limited maximum power fromthe SC con-
verter.

From (5) and (6), the SC voltage vzc (defined as a state
variable x;) and the PV power ppv (defined as a control input
variable ;) can be expressed as an algebraic function

U —
Ty = (0 — 1) = o (g1, 1) {14
Cso
Uy = 2PPYLim - [1 - \/1 - (%W)J
1M1

=1y (1, 02) = PPvDEM (13)
2
o
PPV Lim = 4& (16)
TRV

where Ppyriy is the limited maximum power from the PV
converter.

It is evident that =1 = 1 (1), To = @o (¥t ze), b1 =
Wi (g1, w1 ), and wg = oy (y1, 3o). 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 yipgr and a total energy
reference y;ppp. We aim to design a feedback law such that the
tracking error (y1—¥VirEr, Yo—Y2rEr) asymptotically vanishes.
Thus, the relative degree of the first input v; and the second
input vy is 1. The proposed control laws [37] are

(1 —wirze) + 1 (11 —wippp) =0 (17
(g2 —gemer) + Kot (w2 — vener) = 0. (18)

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

v =g = weer + Ku (piess — 1)

t
+K12f(y1REF —yq)dr (19
b
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vy = = toner + Kot (zorer —w2)- (20)
From (19), if we define ey = »1 — v1rgr, K11 = 2{uw,, and
Ky = w?, we obtain

& +20uwn -1 + wfa cep = 0. (21)
Substituting the expression for ¢4 from (19) into (12) gives
the equation for the closed-loop static state feedback SC power.
From (20), if we define ez = y2 — wapge, K21 = 1/72, we

obtain
Ty € +ep =0 (22)

Substituting the expression for 4; from (20) into (15) gives
the equation for the closed-loop static state feedback PV power.
Itisclear that the control system is asymptotically stable for Ky4,
Ky > 0, and Koy > 0. However, based on the power electronic
constant switching frequency w ¢ and cascade control structure,
the outer control loop (here the de-bus energy control) must
operate at a cutoff frequency wg << we << wg, wherewe is
a cutoff frequency of the SC power loop. Onee 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 entputs [36].

In Fig. 6, the proposed control algorithm of the renewable
energy power plant, as detailed earlier, is depicted. The de-bus
energy control law generates an SC power reference pgoner
( = wuy, refer to (12)). The total energy confrol law (or the SC
energy control) generates a PV power demand ppvpsy (= i,
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.

Multivariable control of a FV/SC hybrid power plant based on a differential flatness approach.

dSPACE
Interfacing Car

PV Terminal

Fig. 7. Photograph of a test bench power plant. (a) solar 21l 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 1
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 \'4
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 v

Bank Capacity (Csc) 100 F

Bank Maximum Voltage 32 \'4
TABLE IT

DC-Bus ENERGY CONTROL LOOP PARAMETERS

ViusREF 60 v

Cos 12200  uF

Ky 450 rad-s”!

Ki 22,500 rad’s?

v 0.12 0

rsc 0.10 Q

| 32 v

Pscntin 15 v

Tschane 150 A
TABLE 111

SUPERCAPACITIVE ENERGY CONTROL LOOP PARAMETERS

VSCREF 25 v
Csc 100 F

Ky 0.1 w-I!
Prvwa (Rated) 800 w
Trvs (Rated) 30.8 A
Trvntin 0 A
Alpy 0.1 A

At 6 ms

B. Control Description

The parameters associated with the de-bus energy regulation
loop are summarized in Table II. The parameters associated with
the SC energy regulation loop are detailed in Table II1. For the
low-scale test bench, the de-bus voltage reference vpy.ppp (=
Xiper) was set to 60 V and the SC voltage reference vserer
(= Xoppr) was set to 25 V (the nominal value of the SC bank),

The constant switching frequency ws of the PV and SC con-
verters was 25 kHz (157 080 rad-s ). The nonlinear controller
eains used were K1 — 450 rad-s ! and Ko — 22 500 rad® s>
50 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 wp of the closed-loop de-bus energy was
cqual to 60 rad-s~ . This value was lower than the cutoff fre-
quency we of the SC power loop of 450 rad-s ! (equivalent to
a first-order delay with a time constant T of 2.2 ms) so that the
system was asymptotically stable [36]. The controller gain of
the closed-loop supercapacitive energy was Ka; — 0.1 W-I~! s0
that the cutoff frequency wsc of the closed-loop supercapacitive
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Fig. 8. Comparison of the de-link stabilization of the power plant during a
large load step. (a) Exact model (rpy = 0,122, rgc = 0L10Q). (b} Error model
{robustness) (rpy = 0.001 2, rgp = 0.001 02).

energy was equal to 0.1 rad-s ' in which wse << wg. in order
1o 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 ipyvp gy
and iscppp. 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 8( 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 rgc = 0.10 Q)
and the erroneous parameters case (rpy — 0.001 € and rgc —
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(L001 €1, For the sake of the de-bus voltage stabilization and ro-
bust control system, the oscilloscope waveforms in Fig. 8 show
the comparison (robusiness) between the accurate parameters
and the error parameters. It portrays the dynamic characteristics
that are obtained during the large load step. It shows the de-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 (vaopep
= 25 V), and the de-bus voltage is regulated at 60 V (vpyaner
= 60 V); as a result, the PV and SC powers are zero. At [ =
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 de-bus voltage (de-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 demaonstrates that errors in these parameters had rela-
tively little effect on regulation performance, and we conelude
that the nonlinear differential flatness-based approach provides
a robust controller in this application.

Finally, for the sake of the de-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 de-bus
voltage, the PV voltage, the load power (disturbance), the SC
power, the PV power, the SC current, the PV cwrrent, 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,
Le., van = 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
4500 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) Simultanecusly, 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.

Adfter that phase, one can again observe that the power plant
is always energy balanced (pr..q4() = ppyv () + pec(i)) by
the proposed original control algorithm. One can observe that
the de-bus voltage waveform is asymptotically stable during the
large load eycles, which is of major importance when employing
5C to improve the dynamic performance of the whole system
using the proposed control law.

V1. CONCLUSION AND IFURTHER 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,

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 flainess
property, we propose a simple solution to the dynamie, stabiliza-
tion, and robustness problems in the nonlinear power electronic
system. And also, there are no operating points comparable with
aclassical 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 Thountbong, Member. [E

Abstract--This brief presents an innovative control law for a
disiributed de genesalion supplied by o de power source, here, a
fuel cell {I'C) generator. Basically, an fC is always connected with
a power-eleclronic converter. This kind of system is a nonlinear
behavior. Clascically, to conlrol the vollage, the current, or the
power in the converter, a linearized technigue is often wsed to
study the stability and to select the controller parameters of the
nonlinear converier. In this brief, a2 nonlinear.conirol algorithm
bused on the flatness property of the system is proposed. Flai-
ness provides a convenient framework for meeting a number of
performance specificalions on the power converter, Utilizing the
flatness property, we propose simple solutions to the system perfor-
mance and stabilizaticn problems. Ddesign coniroller parameiers
are aufonomons of the operating point. To validate the propased
method, a prototype FC power converier (3.2-kW four-phase boost
converters in parallel} is reatized in the laborators. The proposed
controt law based on the flatness property is implemented by
digital estimation in a dSPACE 1104 controller card. Experimental
resulis with a polymer electrolyle membrane FC of 1200 W and
46 A in the laboratory corroborate the excellent conirof scheme.

Index Tersms—(Tonverters, Hatness-based control, tuel cells
{FCx), interleaved, nondinear, power conirol

I INTRODUCTION

OLYMLER clectrolvte membranc fuel cells (PEMFCs) as

de generators have become an overwhelming competitor in
the distributed generation due to their msuperable advantages,
such as high cnergy officiency. near-zero cmissions. case of
installation, quiet operation, and fewer moving parts and higher
power quality [1]L12]
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Parallel de-de comverters are wadely used in highepower
applications [2]. They operate under a closed-loop feadback
contral to reguiate the output voltage and enable load shar-
ing. These closed-loop converters are intrinsically nonlincar
systems, The common method of contrelling de—dc chopper
converlers still relies on averaged simall-signal models and
then facilitating the apphication of the lincar-conirel theory,
such as the proportional-intesral 1PI) controller [3]. Nonethe-
Tess, there are sttuations where this technigae ofters a linited
perfor mance.

This brief presents a new comrol law based onthe differential
Namess theory for nonlinear power-electronic swilching appli-
cations. Here, only the immer fuel cell (FC) power regulation
foop is studied. In this kind of systern, the main important
specification is that a power dynamic response must foliow
a power reference as fast as possible. By using the nonlinear
fatness property, the power regulation loop will operate at very
high dynamiecs. This brief is organized as follows. Section 1T
shinvs the differential equations deseribing the ideal inultiphase
beost converters with an interlcaving switching technigue for
FC high-power applications. In Section II1, the brief of the dif-
ferential Mlatness principle is inroduced. Section TV discusses
the proof of differential flathess of the proposed FC corverter
models and the control law and stability, Experimental results
will authienticate the proposed control system m Section V, A
comparative study between the flamess control and a lincar P1
control will be presented in Section VI, Finally, this brief ends
with concluding remarks in Section VIL

U MurTPHast INTERLEAVED BOOST CONVERTER TIOR
FC HIGH-POWER APPLICATIONS

A Power Converter

Fundamentally, low.veltage high-current (power) converters
are needed because of the FC elecrical characteristics [1].
A classical boost converter 1s frequently selected as an FC
converter [2], [4]. However, the classical converters will be
Jimited when the power increases or for higher step-up ratios.
I this wanner, the wlilizalion of parabieling power converlers
{multiphase converter in parallely with an interleaved techniqus
may offer some better parformances [2]. As a general rule, the
interieaved switching techmygue 1s composed of phase shifting
the control signals of several converter cells &V in parallel [5].
Tig. 1 shows the functional diagram of the proposed multiphase
interleaved step-up converter for FC applications.

154%.7747/526.00 & 2010 [EEE
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1o Ll YrEr is the output setpoint, and w is the control input variable.

™ J | REF put setpe P
: > ! logic-based control [8], [9], have been extensively studied for
| _|2 = | nonlinear power-electronic applications.
I| [Cell2 | The flatness theory was introduced by Fliess er al. [10]
| { b 1 in 1995, Lately, these ideas have been used in a variety of
| | 1 nonlinear systems across the various engineering disciplines,
| I ' | including the following: the control of an inverted pendulum
LN A ,Qr! 1 and a vertical takeoff and landing aircraft [10]; the control of
i J E | cathode pressure and oxygen excess ratio of a PEMFC system
i | [11]: the reactive power and de voltage tracking control of
i Sn | a three-phase voltage source converter [12]; and the current
i CellN 1 control for three-phase three-wire boost converters [13]. Since

Fig. 1. Multiphase parallel boost converters for FC applications.
B. Boost Converter Average Model

The state equations of the multiphase converters are given as

digp . .
Ly (Lh vre = Ry cipe = (1 =dg) - vpus (1)
dv al v
[ Bus —d i Bus
Chus—gy ™ = (1= dic) vy — o= @
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, v, is the dc bus
voltage, vpe is the FC voltage, ipc is the FC current, iy, is the
inductor current, [y,..4 is the equivalent resistance as a load at
the dc bus, L is the input inductance, C'g,s is the total output
capacitance at the dc bus, and [y, is the series resistance of
inductor Ly. Note that 7y, represents the static losses in each
boost converter module.
The power of each cell can be written as

PL, =UFC 1L, PLy = VFC "Ly« PLy = VFC " 1Ly (3)
N

Pro = E VpC - iL, 4)
K=1

PFRC = VR 1FC. (5)

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

dpr,  dlvec-iL) dupc Lo dig, 6)
di ot L dt vre di

dpy, diy,

di e ? vpeConstant . (?)

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-

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.

() =f(x{f).-u(fll} )

y(t) = h(x(t), u(t))
where
X =[xy, 9, ... 20|, x e R" (9
u=[uy,u, .. iy, |" ue R (10)
y=lyuy . uml’,  yeR” (1)

F(-) and k(-) are smooth nonlinear functions, and (n,m) € M.
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 g; can be stated as functions of

the state variables z;, the input variables w;, and a finite
number a of their time derivatives, i.e.

Y= (X‘ LTI .-.r.(“}) .

2) All state variables ax; and all control inputs w; can be

stated as functions of the output variables »; and a finite

number 3 of their time derivatives, i.e.
x=¢ (y- ... ,3f("))

u =1 (y,_,}‘ L y(.;_ |))

where ¢(- ). (-), and «>(-) are smooth mapping functions,

(12)

(13)
(14)
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If the output variables of interest can be proven to be flat
oulputs y, the reference signal yrpr 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 cach converter
cell py, is assumed to be the flat output component. Thus, we
define a flat output y = py,, a control variable u = o, and a state
variable & = iz,. From (3), the state variable @ can be written as

gn
o= L — (). (15)
P
From (1) and (7), the control variable u can be calculated from
the flat output i and its time derivative 7. i.e.
. L . 1 .
u=1+ (:’,‘ c— 4+ Ry g — '4‘-‘}:(') == L'?(y].
Ure UBus
(16)

Itis apparent that = = ¢(y) and w = 1(§) 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]:

{‘
(7 — gmer) + K (y — yrer) + Ki2 / (y — yrer)dr =0
il
(17)

where K1y and /{5 are the controller parameters. One may set
the following as a desired characteristic polynomial:
K2 = wﬁ

(18)

p(s) = s* + Ww,s +w? Ky = 2w,

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

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

e
L

u=1+ TrEr — K12 — K”/arir)
0

—— o Ry, i, — vre

VrC UBus

=(y) =d. (19)

—_

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

Inverse
Dynamies (16)

(Flat System)

15 _
FC Converter

e

Fig. 3. Power-control loop based on the flatness principle of the multiphase
boost converters.

FC
Monitoring

1.2 kW PEMFC
System

Hydrogen Tank:
150 Bars

Electronic Load
Fig. 4. Photograph of test-bench system

TABLE 1
CONVERTER PARAMETERS AND SEMICONDUCTOR DEVICES

Inductors Ly=La=L3=14 420 pH
Chus 2,700 uF
MOSFETs §;=8;=5;=54 IRFP264N: 250 V, 38 A

Diodes Dy=Dy=D5=Dy 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-clectronic
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 <€ wp (a cutoff
frequency of the first-order filter) < ws. 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

> 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—Kurta integration algorithm and a
sampling time of 20 s, through the mathematical environment
of MATLAB-Simulink.
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Fig. 5. Dynamic performance at an input-power reference pyypgr step from
15010 800 W at £ = 2 ms and from 800 o 400 Wat £ = 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 Ky, = 1414 rd-s ' and K5 = 1000000 rd®-
s (¢ =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 ! (Tp = 0.1 ms), so
that the system was exponentially stable.

The data show the input-power reference pinper (instead
of prerer), the input-power response pry (instead of ppe),
the input current 4y (instead of ipc) and the first inductor
current ip;. In the initial state, the input-power setpoint is
equal to 150 W, the constant input voltage (instead of vpc)
is equal 1o 26 V, and the de 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). Atf = 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 overshool (no oscillations) in the input-
power response is due to a large proportional gain Kqp of
1414 rd - s~ and the vast setpoint step. The value of Ky 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 de bus being adjusted in order to obtain a constant de bus
voltage of 60 V (here, the rated value). The data illustrate the

Inductor Current (A}

10 0 30 40 50 60 R 80 90 100
Time (zs)

Fig. 6. Inductor-cumrent waveforms of the converter at an FC power
reference ppopprp of 500 W (vp,. = 60 V,vpe = 33.00 V., ipe =
5.15 A, andif, = 3.79 A).
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Fig. 7. Steady-state waveforms of the converter at an FC power reference
prerer of 700 W (vp,. = 60 V,vpe = 30.00 V,ipc = 23.80 A, and
ip, = 5.95 A).

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 o 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 i 7, . 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 iy pge. A linear feedback PI control law is given
by the following expression:

3

d=KpliLper —ir) + K /(fl.m-:l-‘ —ipJdr (20)

TRF: MRG5380261
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Fig. 8 Power-control loop based on a linear PI principle of the single-phase
boost converters,

S Vre

400
350

T T T
Power Reference py per
Power Response p.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
Time (ms)
400 T T T T T T
350 Power Reference py per 3
300 Power Response py. 3
Z 250 A 'WWM“%W
5 200 E
z
£ 150 =
100 E
50 1
1 1 1 1 1 1 {b}
%.0 0.5 1.0 1.5 2.0 25 3.0 35
Time (ms)

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 (o a
large step of the power reference from 50 to 250 Woat £ = 0.5 ms.

where K p and Ky 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 K5 and K'; were tuned to obtain the best possible
performance, and this result is compared with the fatness-based
control. Then, Kp = 0.15 A~', and K7 = 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 Matness-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 ol reasons

i.c.. 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 unigqueness 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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Differential Flatness Based-Control of Wind
Generator/Supercapacitor Power Plant
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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

1. 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.

This work was supported in part by the Thailand Research Fund (TRF) under
Grant MRG5380261, in part by Faculty of Technical Education, and in part by
the King Mongkut’s University of Technology North Bangkok.
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Figure 1. Proposed supercapacitor as a secondary source for the wind
generator power plant, where vg,s and i1o.q are the de-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. Cgys is the total dc bus capacitor.
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Figure 2. Proposed the wind generator-boost converter, where pwin ( =
Vwin * iwin) 18 the wind power and Pwin, is the output power from the converter.
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Figure 3. Proposed the bidirectional supercapacitor converter, where psc (=
vsc - isc) 1s the supercapacitor power and Psc, 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

978-1-4244-8781-3/11/$26.00 ©2011 IEEE



current control loops are supplied by two reference signals: the
supercapacitor current reference iscpgr and the dec wind
generator current reference iwi,rgr generated by the energy
management algorithm presented hereafter.

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

L _PwWin . _. _ Psc 1
Iwin = IWinREF = , isc =iscrer =—— (1)
VWin Vsc

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

1 2 1 2
Egys = ECBHSVBLIS , Egc = ECSCVSC (2)

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

1 2 1 2
Er = ECBusVBus + ECSCVSC 3)

The dc-bus capacitive energy Ep,s iS given Versus Pwinos
Psco, and ppoaq by the following differential equation, refer to
Figs. 1,2 and 3:

EBys = PWino + PSCo — PLoad 4
where,
2 2

Pwi Psc
PWino = PWin — VWin[ mJ » PSCo = PsC —rsc(—J (5)

VWin Vsc

2EB . . ZESC .
PLoad =475 % iLoad » PSC = VsC “isC = Con sC (6)
Bus SC

Note that there are only static losses in these converters
(called reduced order model), and r,, and r,. 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.

e The dc bus energy Ep, is the most essential variable.
e 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 Cg,s and the supercapacitor Csc to keep them
charged.

DC Bus Energy
Controller

VBus

VBusREF VIREF (L

2) Power

Supercapacitor Plant
Energy Controller
VSCREF . Yorer [T

" (15)
Vsc 2) —

(Flat System)

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

|y | _[EBus| . || | PSCREF | _ _|%1|_]|VBus
y= = ,u= = X = = (7)
» Er U | | PWinREF X vsc

From (2) and (4), the dc bus voltage vg,s and the
supercapacitor power can be expressed as

2
X = Ci:%(ﬂ) (8)
Bus
V1 +iLoad - @1 1) — Pwi
ulzszCLim' 1- 1_[ 1 Load ¢1( 1) Wmoj
PSCLim 9
=1 (»1.51) = Pscrer
p)
Vi
PSCLim = -, (10)
4I”SC

where pscrim 18 the limited maximum power from the
supercapacitor converter.

From (3) and (4), the supercapacitor voltage vsc and the
wind power pw;, can be expressed as an algebraic function

2 —
Xy = 20270 o (v1572) (11)
Csc

V2 +iLoad @1
Uy =2 PWinLim - 1_\/1_( 2 T 1Load ¢’1( 1)]

PWinLim (12)
=y,(71.72)= PWinREF
2
V2
PWinLim = -, (13)
4rWin

where PyinLim 18 the limited maximum power from the wind
generator-boost converter.
It is clear that x =¢(y) ,

w =y, 01) 5 and wy =ya(v,2) -
proposed power plant can be considered a flat system [2].

X =0 (v02)
Consequently, the
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B. Control Law and Stability

We aim to design a feedback law such that the tracking
error (Vi—Virer, YV2—Vorer) asymptotically vanishes. Thus, the
relative degree of the first input v; and the second input v, are
two and one, respectively. The proposed control laws [2] are

t
vi =31 = Jirer + K11 irer = 1)+ K12 [0irer — »1)d7 (14)
0

vy =3 = orer + K1 (Varer —12)- (15)

Substituting the expression for j; into (9) gives the

equation for the closed-loop static state feedback
supercapacitor power. Substituting the expression for y, 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 K;;, K;; > 0 and K;; > 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 pscrer (= ), refer
to (9)). The total energy control law (or the supercapacitor
energy control) generates a wind power demand pwi.rer (= U,
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 Cg,s = 12 200 uF,
Fwin=0.12, and r5c = 0.10 Q.

For the low-scale test bench, the dc bus voltage reference
vusRer Was set to 60 V and the supercapacitor voltage
reference vscrer Was set to 25 V (the nominal value of the
supercapacitor bank). The controller gains used were K;; =
141 rad's™, K, = 10 000 rad*s?, and K»; = 0.1 W-J".

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”, 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 1 = 20 s, the load
power steps to the final constant power of around 560W
(positive load power transition). The following observations
are made:

e  The supercapacitor supplies most of the 560 W power

that is required during the transient step load.

e Synchronously, the wind power increases to a
maximum power point (MPP) of around 400 W (at the
wind speed is 12 ms™), which is limited by the
maximum power point tracker (MPPT).

e 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 =48 s to 60 s, the wind speed reduces linearly from 12
ms” to 7.5 ms”; 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 ¢ = 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,
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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.
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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

1. 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-
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Figure 1. Proposed three-level boost converter for FC applications, where vgc
and irc are the FC voltage and current, respectively. iiqq is the load current.
vps 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.

1L 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¢ ef al.
[3] has proposed the three-level boost converters (transformer-
less power converter) for a low voltage power source, as
shown in Fig. 1.
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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 v, and the output voltage
Vo, high output voltage vg,s 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 f5 ( = 1/7s) 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 PWM,; and PWM, and Ts is the
switching period. The modulation signals d; and d, (> 0.5) are
duty cycles generated by a control circuit (current control or
power control loop presented hereafter). The carrier signals
are triangular signals vc,y and vcg, shifted for m (called
interleaving technique).

B. Average Model

The output capacitors C; and C, are assumed to be large
enough so that the output voltages v¢; and v¢, across them are
considered as constant during the entire switching cycle, and
become vgys = Ve + vep. Adopted from the average model of a
conventional boost converter, the circuit can be described by
the following set of equations:

dipc - - 5 v

L ;tc:ch—rL-ch—(l—dl)'Vm—(1—d2)'VC2 M
dav, b ;

O =S = (1-d)) - igc ~ iLoad )
di
dv, = i

Cy =2 = (1=dy) ifc ~ iLoad %)

where ry is the series resistance of inductor L. Note that 7, also
represents the static losses in the converter. One assumes that
the filter capacitors are taken to be identical, i.e., C; = C, = C,
and d; = d, = d and v¢; = vy = vpyy/2. From (1), the differential
equation can be written as

dive _ .

L dt :VFC_rL'lFC_(l_d)'VBus (4)

The input power prc is given versus vgc and ipc by the
following differential equation:

PFC = VEC - iFC Q)
dprc leFC|

= 6

ur FC—, | (6)

vEC =Constant

» VGS1

l’f|

» VG52
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Figure 2. Switching functions of the proposed converter with phase shifted
for 7.

III. POWER CONTROL LOOP

A. Flatness of the Proposed Converter

The FC power ppc is assumed to be the flat output
component. Thus, we define a flat output y = pg¢c, a control
input variable u = d, and a state variable x = irc. The state
variable x can be written as

x=LEC = p(y). 7

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

=d=y() ®

[ . L . J 1
u=1+ y~—+rL 'lFC —VFC .
VEC VBus
It is clear that x = (p(y) and u = l//(j}). 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
Vrer (= Prerer)- A linearizing feedback control law achieving
an exponential asymptotic tracking of the trajectory is given
by the following expression [4], [5]:

(7= yrer)+ K11(v = yrer)+ K12 [(v = yrep)d7 =0 )

where K, and K, are the controller parameters. Then,

= yrer + K11 (vrer = ¥)+ K12 [(VRer — )dT (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 Kj;, Kj; > 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 v, and vep. The duty cycles d)
and d, are determined as



15C, VFC: Vius

FC Power
VFCs Controller
i ¥ —
I ©) L ey T

PrCDEM (13) VREF (10)

KIHM.\XI
st

Y
dyin

FC Converter

Voltage Balancing (Flat System)
Controller
Vit e
> g
Vica (12) e r
[—b_ dyin
Figure 3. Proposed FC power control scheme for the three-level converter.
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(11
d 2 = d + 19

where d is the main duty cycle generated by the power
controller (refer to (8)) and ¢} 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:

9= Kﬂ%—v@) (12)

where Ky is the controller parameter.

D. Conclusion of the Control Algorithm

The FC power reference ppcrgr 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 prcpgy from external loop is always limited (planning
desired trajectory) by,

t t

L L
prcrer (t)= prcpem ()-(1—e 7 - 1 (13)
|

where 7; 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 us. The
switching frequency fs was set at 10 kHz.

dSPACE 1104 \ .
FC Interfacing Ce ml‘\‘ SR

Monitoring

Control Desk &

1.2 kW PEMFC ~Hydrogen Tank:
System =150 Bars

neider

2Electric

Figure 4. Test bench system.

TABLE I
CONVERTER PARAMETERS AND SEMICONDUCTOR DEVICES

Inductor L 223 uH
Series resistance 1y 0.14 Q
Capacitors Cy, C» 1,000 uF

MOSFETs §,=5,=5:=8, IRFP264N: 250 V, 38 A

The nonlinear controller gains used were K;; = 141.4 rds!
and K, = 10 000 rd*s >. The voltage balancing controller gain
was Ky = 0.6. The parameter 7; 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 vgc (CH1),
the FC current irc (CH2), the gate drive signal for S, vgs
(CH3), and the gate drive signal for S; vgs3 (CH4). The power
switching devices, S, and S;, (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 prcrgr are presented in Fig. 6. The data
show the FC power reference trajectory ppcrer (CHIL), the
measured FC power prc (CH2), the FC voltage vgc (CH3), and
the FC current irc (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 ¢ =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 prcrpr are presented in Fig. 7.



