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Intelligent Model-Based Control of a Standalone
Photovoltaic/Fuel Cell Power Plant With
Supercapacitor Energy Storage

Phatiphat Thounthong, Member, IEEF, Arkhom Luksanasakul, Poolsak Koseeyapomn, and
Bernard Davat, Member, IEEE

Abstract—A renewable energy hybrid power plant, fed hy
photovoltaic (PV) and fuel cell (FC) sources with a supercapac-
itor (SC) storage device and suitable for distributed generation
applications, is proposed herein. The PV is used as the primary
source; the FC acts as a backup, feeding only the insufficiency
power (steady-state) from the P'V; and the SC functions as an
auxiliary source and a short-term storage system lor supplying
the deficiency power (iransient and steady-state) from the PV
and the FC. For high-power applications and optimization in
power converters, four-phase parallel converters are implemented
for the FC converter, the PV converter, and the SC converter,
respectively. A mathematical model (reduced-order model) of
the FC, PV, and SC converters is described for the control of the
power plamnt. Using the intelligent fuzzy logic coniroller based on
the famess property for de grid voltage regulation, we propose
a simple solution to the fast response and stabilization problems
in the power system. This is the key innovative contribution
of this research paper. The prototype small-scale power plant
implemented was composed of a PEMFC system (1.2 KW, 46 A), a
PV array (0.8 KW), and an SC meodule (100 F, 32 V). Experimental
results validate the excellent control algorithm during load cycles.

Index Terms—Flatness control, fuel cells, fuzzy control, non-
linear system, photovoltaic, supercapacitor.

NOMENCLATURE
de Direct current.
FC Fuel cell.
PV Photovoltaic.
SC Supercapacitor.
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Total capacitance at dc bus (F).

Total capacitance of supercapacitor module (F).
DC bus load current (A).

Fuel cell current (A).

Fuel cell current reference (set-point) (A).
Solar cell (photovoltaic) current (A).

Solar cell current reference (set-point) (A).
Supercapacitor current (A).

Supercapacitor current reference (set-point) (A).
Maximum power point tracking.

Load power (W).

Fuel cell power (W).

Fuel cell output power to de bus (W)

Fuel cell power reference (set-point) (W)
Maximum fuel cell power (W),

Solar cell (photovoltaic) power (W),

Solar cell output power to de-bus (W),

Solar cell power reference (set-point) (W),
Maxamum solar cell power (W),
Supercapacitor power (W),

Supercapacitor output power to de-bus (W).
Supercapacitor power reference (set-point) {W).
Maximum supercapacitor power (W).

DC bus voltage (V).

Fuel cell voltage (V).

Solar cell (photovoltaic) voltage (V).
Supercapacitor voltage (V).

DC bus energy (J).

DC bus energy reference (set-point) (1.
Supercapacitor energy (J).

Supercapacitor energy reference (set-point) (J).

Total energy at de bus and supercapacitor (I},
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TFC Equivalent series resistance mn fuel cell
converter (£2).

TPV Equivalent series resistance in solar cell
converter (£2).

rso Equivalent series resistance in supercapacitor
converter (§2).

u Input variable vector.

T State-variable vector.

v Output vector.

@(+),0(-), Smooth mapping functions.

and ¥()

[. INTRODUCTION

ENEWARBLE energy sources are predicted to become

competitive with conventional power generation systems
in the near future, Unfortunately, they are not very reliable.
For example, the PV source 1s not available during the night or
during cloudy conditions. Other sources such as FCs may be
more reliable bul have economic issues associated with them.
Because of this, two or more renewable energy sources are
required to ensure a reliable and cost-effective power solution,
Such a combination of different types of energy sources into a
system 1s called a hybrid power system [1].

A combination of PV and FC sources forms a good pair with
promising features for distributed generation applications [2].
Obviously, the slow response of the PEMFC [3], [4] needs to be
compensated with a supercapacitor or a battery. A supercapac-
itor storage device 1s preferable due to its high power density,
high dynamics. and long lifetime [5].

Many researchers have focused their studies on such sys-
tems. Riffonneau et al [6] have studied the energy management
of a gnd connected PVibattery hvbrid power plant. Jiang et
al. [7] studied control based on an adaptive control with state
machine estimation of an FC/Li-lon battery hybrid power
source, and Uzunoghu and Alam [8] have studied control based
on a wavelet-based load sharing algorithm of an FC/SC hybrid
POWET Source.

A classical boost converter is often used as an FC converter
and a PV converter [9]. and a classical two-quadrant (bidirec-
tional) converter is often used as a supercapacitor or battery con-
verter. However, the classical converters will be limited when
the power increases or at higher step-up ratios. As such, the
use of parallel power converters (multiphase converters in par-
allel) with interleaving may offer better performance [10]. The
interleaved converter can benefit both high current and high
power density designs. It is ideal for merchant power appli-
cations because the reduced input ripple current and reduced
output capacitor ripple current lessen the electrical stress on the
de capacitors.

Current work on controlling an FC/SC hybrid power plant
is reported in [11], where a linear control using PI compen-
sator was proposed for de-link stabilization. Design controller

parameters based on linear methods require a linear approx-
imation [12], [13], where this is dependent on the operating
point. Because the switching model of the hybrid power plant
is nonlinear, it is natural to apply model-based nonlinear con-
trol strategies that directly compensate for system nonlinearity
without requiring a linear approximation.

In the early 1990s, the flatness control theory was introduced
by Fliess et al. [14] in a differential algebraic framework. [t
is simple, clear-cut, and appropriate for robustness, predictive
control, trajectory planning, and constraints handling. Recently,
this 1dea has been used in a variety of power electronic systems
[15]. [16]. Thounthong [16] has proved with real test bench
results that the flatness-based control of a PV/supercapacitor
power plant is absolutely robust.

The fast response, efficiency, and stability of the operation
of hybrid power plants are of particular interest. In this work,
a hybrid power generation system 1s studied, consisting of the
following main components: a PV, proton exchange membrane
FCs (PEMFC), and an SC as a high-power density device. In this
study. a novel framework is proposed for the intelligent fuzzy
logic-based Aatness control approach of a solar-hydrogen power
generation system with a supercapacitor storage device, The
rest of the paper is structured as follows: Section IT describes
the hybrid energy system and modeling of the power plant that
is studied in this work. Section III presents the proposed en-
ergy management algorithm, the proof of the flat system of
the renewable energy power plant, and the control laws and
system stability, Section IV presents test bench results for the
proposed system. Finally, the paper ends with concluding re-
marks in Section V.

II. SOLARHYDROGEN POWER PLANT

A, Structure of Power Converters Studied

The power converter structure of the system studied in this
paper is shown in Fig. 1. The FC and PV converters have
four-phase parallel boost converters and the SC converter has
four-phase parallel bidirectional converters (two-quadrant con-
verters). For optimization in power converters, these converters
connected in parallel, with an inferleaved switching fechnique,
increase the power processing capability and availability of the
power electronic system [10].

For safety and high dynamics, the PV, FC, and SC converters
are primarily controlled by inner current regulation loops classi-
cally. To ensure system stability, the dynamics of the inner reg-
ulation loops are also supposed to be much faster than those of
the outer control loops [ 13]. These current control loops are sup-
plied by three reference signals: igcrer, ipvrEr. and trcrEF.
generated by the control laws, presented hereafter.

B. Mathematical Model of the Power Plant

We consider that the PV, FC, and SC currents follow their
reference values perfectly. This is a classical assumption used
in the cascade control structure in order to estimate the external
control loop. However, the assumption error will be compen-
sated by the intelligent external control loop. Then. the inner
control loops of the PV, FC, and SC powers can be approxi-
mated as a unity gain. The PV power reference ppyrer, the FC

13157398 TRF: RSA5580009
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Fig. 1. Proposed circuit diagram of power plant supplied by an FC, a PV,
and SC.

power reference pperer. and the SC power reference pscrer
are

PPVREF = PPV = UPV ' ipV (¢))
PFCREF = PFC = VFC ' iFC (2)
PSCREF = Psc = vUsc - isc- (3)

The PV panel, the FC generator, and the SC storage device
function as controlled power sources. We assume here that there
are only static losses in these converters, in which rpy. rpe. and
rgg represent the only static losses in the PV, the FC, and the
SC converters, respectively. In real environment, the losses in
converters are varied depending on many factors: temperature,
current flow, ete. However, the estimation error will be com-
pensated by the intelligent controller, presented hereafter. So,
the de-bus capacitive energy Epys and the supercapacitive en-
ergy Ege can be written as

1 1
Epys = ECBwstf%u., Esc = '2-050'130- “
The total electrostatic energy E+ stored in the de-bus capac-
itor Cgys and in the supercapacitor Csg can also be writlen as

=1 3

Eyp QCB..,vﬁ.,. + 2Cscv§c. (%)
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As portraved in Fig. 1, the derivative of de-bus capacitive
energy Egyg 15 gIVEN VETSUS Ppyo, PFCos PSCoy A11d Proad by the
following differential equation:

EBus = PPvo + PFCo + PSCo — PLosd (6)

2

) (&
2

) ()
2

) @)

where

52

PPVo = PPV — TPV (

= -]
3|3

2

PFco=PFc—1‘Fc(
Psc:»:!-"sc—‘-"sc(

=
o]

S

. 2FEpus .
PLoad = VBus * tLoad = |/ 5 — " ILond (10)
Bus
" 2Es¢c . )
Psc = Usc *isCc = CS tigge (1
8C

[11. NONLINEAR MODEL-BASED CONTROL OF A POWER PLANT

A Energy Balance

The main control objectives are stability, high overall effi-
ciency, and fast response. As for supplying energy to the load de-
manded and the charging storage device, the multivariable con-
trol here involves set-point control of the de-bus voltage vgys
(representing the dc-bus energy Epys. called “DC link stabi-
lization™) [11] and set-point control of the SC voltage vge (rep-
resenting the supercapacitive energy Egg).

The principle behind the proposed hybrid energy manage-
ment lies in using the SCs (the fastest energy source) to supply
the energy required to achieve the de grid voltage regulation (or
the de bus energy regulation) [11]. Then, the PV and FC, al-
though clearly the main energy source of the system, function
as the generator that supplies energy for both the de bus capac-
itor Cpys and the Cge to keep them charged.

B. Flatness of the Power Plant Model

For the substantiation of flatness [17], [18], the system
explanation from Section II is examined. To regulate the de-bus
voltage wgys (DC link stabilization) and the SC voltage vge
(state-of-charge), based on the flatness control theory intro-
duced above, the flat outputs g. the control input variables w.
and the state vanables = are defined as

y= [9'1] _ -Eausil a= [u:] _ [Psc:m:?]
Y2 | Er |’ Uz PTREF

XxX= [xl =
T2

where prrer is the total power from the FC and PV array. From
(4) and (5), the state variables £ can be written as

VBus

| vsc a2

[31 I 1"6233; w1(y1) -
T = e = =
'7'2 L 2‘@53%&2 w2 (y1,42)
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Fig. 2. Control law based on the differential flatness theory of the de-bus energy regulation for PV/FC/SC hybrid power plant.

From (6) to (11). the control input variables w can be calcu-
lated from the flat output g and its ime derivatives

U1 = 2pscLim

i 2 4
I+ 4/ G - iLoad — PFCa — PPVo

1- |1-
PSCLim
= P1(y1,91) (14)
i ; ; d2 + 1/ B iroad
Uz = LPTMax " PrMax
= 2(y1, 42) (15)
where
2 2
Ysc vp
. = —8C = ==, 16
PSCLim = 20~ PTMax = g - (16}

PsCLim 15 the limited maximum power from the SC converter,
vr is the virtual voltage from the FC and PV power genera-
tors, and rp is the virtual static losses in the FC and PV power
converters.

In fact,

PTMax = PFCMax + PPVMax (17)
where premax 15 the maximum FC power and ppymax 15 the
maximum PV power,

Thus, it is understandable that z1 = (), 22 =
w21, y2), v = Py, 1), and up = Pa(y1,92). The
proposed reduced order model can be studied as a flat system
[171, [18].

C. DC Link Stabilization

Fuzzy control algorithms offer many advantages over tradi-
tional controls because they give fast convergence, are param-
eter insensitive, and accept noisy and inaccurate signals [19],
[20]. In recent years, it has been used in many control applica-
tions where the system is complex [21], [22].

The control objective 1s to regulate the de bus voltage vpy,
or the de bus energy Epys(= 31). The controller contains a
Takagi—Sugeno (T-S) inference engine and two fuzzy mputs:
the energy error e1(= yirer — 1) and the differential energy
error é;, which are carefully adjusted using the proportional
gain Kp and the derivative gain K p, respectively. In addition,
the fuzzy output level can be set by the proportional gain Kp
(Fig. 2).

Triangular and trapezoidal membership functions are chosen
for both of the fuzzy inputs, as shown in Fig. 3(a). There are
seven membership functions for each input, including NB
(Negative Big), NM (Negative Medium), NS (Negative
Small), Z (Zero), PB (Positive Big), PM (Positive Medium),
and PS (Positive Small). For the singleton output membership
function, the zero-order Sugeno model is used, where the
membership functions are specified symmetrically, as follows:
NB=-1.NM =-066. NS=-033,Z=0,PB =1,
PM = 0.66. and PS = 0.33. as presented in Fig. 3(b).

For the rule base, expert suggestions, an experimental ap-
proach, and a trial and error technique were used to define the
relationships between the inputs and the output. The data repre-
sentation was in the form of an /FF-T'HEN rule, as shown in the
following example:

IF e; is NS and é;; 1s NS

THEN zj(=output) is NB.

As shown in Fig. 3(c). the total number of rule bases is, there-
fore. equal to 49 rules. To obtain the output of the controller, the
center of gravity method for the COGS of the singletons is uti-
lized as

N
E Wiz
i=1

> w
i=1
where the weights (w;) can be retrieved from
w; = max(e, €1:). (19

13157398 TRF: RSA5580009
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(c)
Fig. 3. Rule base and bership functi (a) Input
(b) Output membership function. (¢) Rule base.

bership i

D. Charging Supercapacitor

Because the SC energy storage has a massive size capacity,
and the supercapacitive energy is defined as a slower dynamic
variable than the de-bus energy variable. Then, the proposed
control law is [23], [24]

(%2 — YorEer) + Ko21(y2 — yorer) = 0. 20

This vields

%2 = oreF + Ka21(yorer — ¥2) 2n

where yarer 15 the reference of total electrostatic energy, refer
to (5). and K3y, 1s the control parameter.

From (20), if we define e3 = y2 — yorer, K21 = 1/75. we
obtain

Tg-éa+ e =0. (22)

Substituting the expression for gz from (21) into (15) gives
the equation for the closed-loop static state feedback. in which
one obtains the inverse dynamics

ug = o1, ¥2) = PrREF

= ppVDEM + DPFCDEM (23)

where ppypem is the PV power demand and prapem is the FC
power demand.

The total energy control law (or the SC energy control law)
generates a total power reference prrgr. as shown in Fig. 4.

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 4, NO. 1, JANUARY 2013

First, prrer 1s considered as the PV power demand ppypem.
It must be limited in level, within an interval maximum ppyyax
(maximum power point tracking MPPT) and minimum ppymia
(set to 0 W). Several approaches have been devised for tracking
MPP accurately for PV cells [25], [26]. Some of the popular
ones are the perturbation and observation algorithm (P&O)
method [27]. Based on P&0O MPPT, the pseudocode for the
PV power saturation function studied here is described in
ALGORITHM 1, where Alpy is the defined PV current step
size and Atpy is the sampling time. Note that this sampling
time must be higher than a main program sampling time.

ALGORITHM I: MPPT for PV

BEGIN
READ ppypem(t)
READ vpy (1)
READ ipy (1)
pev(t) = vpv(t) x ipv(t)
pev(t — Atpy) = vpv(t — Atpy) X ipv(t — Atpv)
IF ppy(t) > ppv(t — Atpy) THEN
IF ipy(t) > ipv(t — Atpy) THEN
ipvMax(t) = ipv(t) + Alpy
ELSE
ipvMax(t) = ipv(t) — Alpy
ELSEIF
ELSE
IF ipy(t) > ipv(t — Atpy) THEN
ipvMax(t) = ipy(t) — Alpy
ELSE
ipvmax(t) = ipv(t) + Alpy
ELSEIF
ENDIF
PPvMax(t) = vpv(t) X ipvmax(t)
ppvrer(t) = min[ppvpem(t), PPvMax(t)]
vpy(t — Atpy) = vpy(t)
ipy(t — Atpy) = ipv(t)
END

Second, the difference between the total power reference

prrer and the PV power reference ppyrger is the FC power

demand ppepgem. [t must be limited in level, within an interval
Maximum ppemMax and minimum peewin (set to 0 W) and lim-
ited in dynamies to respect the constraints that are associated

13157398 TRF: RSA5580009
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Fig. 4. Control law of the total energy regulation (charging supercapacitor) for PV/FC/SC hybrid power plant.

with the FC [4]. Based on P&O MPPT, the pseudocode for the
FC power saturation function is similar to ALGORITHM L.
The typical polanization curve of a PEMFC is dependent on
many factors: temperature, humidity, cell current, etc., [28],
[29]. Moreover, the lifetime target requires PEMFCs to achieve
5000 h for mobile and 40000 h for stationary applications,
Normal degradation targets require less than 10% loss in the
efficiency of the fuel cell system at the end of life, and a degra-
dation rate of 2-10 gV-h™! [30], [31]. For these reasons, the
MPPT for FC is obligatory. So, to limit the transient FC power
[32]. [33]. a low-pass filter (second order) is emploved such
that the power demand ppesget from MPPT 1s always limited by

-
prerer(t) = prose(t) - (1 B ") 24
where 71 is the control parameter.

IV. PERFORMANCE VALIDATIONS

A. Test Bench Description

To authenticate the performance of the modeling and con-
trol system, a test bench was implemented. The small-scale test
bench of the renewable power plant was implemented in our
laboratory, as presented in Fig. 5. The prototype FC converter
of 1 kW, the PV converter of 0.8 kW, and the SC converter of
2 kW (refer to Fig. 1) were realized in the laboratory. Specifica-
tions of the real power sources and storage device are detailed
in Table I. Note that the PV panel is installed on the roof of the
laboratory building (Fig. 5). It means that the PV energy pro-
duction is directly from the sun.

The efficiency of each converter is around 85%, because the
implemented converters are hard-switching converters. So, the
power losses can be observed in the following experimental re-
sults. To improve the converter efficiency. soft-switching con-
verters may be effective solutions for future work.

B. Control Description

The parameters associated with the de-bus energy regulation
loop are summarized in Table I1. Note that Ko uzzy logic con-
troller is negative value because of the membership function and
rule base as presented in Fig. 3. Parameters associated with the
SC energy regulation loop are detailed in Table I11. The FC, PV,
and SC current regulation loops were realized by analog cir-
cuits. The two energy control loops, which generate current ref-
erences iFcREF, tPvREF and iscrer, were implemented in the
real time card dSPACE DS1104 (see Fig. 5), through the math-
ematical environment of Matlab-Simulink, with a sampling fre-
quency of 25 kHz.

C. Fxperimental Results

Fig. 6 presents waveforms that are obtained during the long
load cycles measured on March 29, 2011, The experimental tests
were carried out by connecting a de link loaded by an elec-
tronic load. The load will be varied in order to emulate the
real environment: light load, over load. positive transition (T).
and negative transition (). The data show the dc bus voltage.
the FC voltage, the load power, the SC power, the FC power,
the PV power, the SC current, the FC current, the PV current,
and the SC voltage. In the initial state, the small load power is
equal to 280 W, and the SC storage device is full of charge, i.e.,
vse = VsoNem = Vscrer = 25 V. as a result, the photo-
voltaic source supplies power for the load of 280 W (because
PPVMax > PPvDEM- then ppyrer = ppvpem). and the FC
and SC powers are zero.

AL 9:00:50, the large load power steps from 280 W to the final
constant power of 900 W (positive load power transition). The
following observations are made:

1) The SC supplies most of the transient step load.

2) Concurrently, the photovoltaic power increases to a max-
imum power point (MPP) of around 350 W, which is lim-
ited by the maximum power point tracker (MPPT), because
PPVMax < PPVDEM- then PPVREF = PPVMax-

13157398 TRF: RSA5580009
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Fig. 5. Photograph of the experimental setup.

3) Atthe same time, the FC power increases with limited dy-
namics to MPP of around 430 W.

The input from the SC, which supplies most of the tran-
sient 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 (approx-
imately 900 W) is greater than the total power supplied by
the photovoltaic array and fuel cell. This state is known as
the ride-through mode.

After that, at 9;02:10, the load power steps from 900 to 280 W
(negative transition) and Vscrer(= 25 V) > vsc(= 1T V). As
a result, the SC changes its state from discharging to charging,
demonstrating the four phases.

4)
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TABLE I
SPECIFICATIONS OF POWER SOURCES AND STORAGE DEVICE

Fuel Cell System (by Ballard Power Systems Inc):

Rated Power 1,200 w
Rated Current 46 A
Rated Voltage 26 v

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

Panel Open Circuit Voltage ~ 33.5 v
Panel Rated Voliage 26 v
Panel Rated Current 0 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 27 v
Bank Capacity (Csc) 100 E
Bank Maximum Voltage 32 v
TABLE IT
DC-Bus ENERGY CONTROL LOOP PARAMETERS
Vausker 60 v
it 12200 pF

Kp 0.15

Kp 0.15

Ko =200

v 0.13 Q

Fic 0.13 Q

rsc 0.08 Q

Vsentan 32 v

Fseniin 15 v

Iscraca 150 A

TABLE 1T
SUPERCAPACITIVE ENERGY CONTROL LOOP PARAMETERS

VS{'R!'.F 25 ¥:

Cse 100 E

Kx 0.1 Wt

PFCMin 0 W

Trewas (Rated) 46 A

Trcrtin 0 A

] 5 s

1) First, the FC and PV still supply their total limited max-
imum powers for driving the load and for charging the SC,
ntelligently.

2) Second, at 9:02:35 (vgg = 23.5 V). the SC is nearly
charged at 25 V; which then reduces the charging power.
As a result, the IF'C power is reduced to zero.

3) Third, at 9:03:00 (vgg = 24.5 V), the SC is nearly fully
charged at 25 V. as a result, the PV power is reduced.

4) Fourth, at 9:03:20, the SC is fullv charged (Vscrer =
vsc = 25.0 V). As a result, the FC and SC powers are
zero: the PV source supplies power for the load of 280 W.

During the experiment, the FC maximum power is limited by

the MPPT and the PV maximum power is limited by the MPPT.
Exceptionally, one can observe that the power plant is always
energy balanced (proad = ppv + Pre + psc) by the proposed
original control algorithm.

The oscilloscope waveforms in Fig. 7 show the dynamic

response of the de bus voltage dynamics to the large load power
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Fig. 6. Experimental results: Power plant response during load cycles.

demands (disturbance) from 0 to 900 W. The oscilloscope
screens show the de bus voltage, the SC voltage, the load
power, and the SC power. The PV and FC power dynamics
were purposely limited, forcing the SC to supply the transient

247

load power demand. The proposed fuzzy-logic controller shows
good stability and an optimum response (no oscillation and
short settling time) for the regulation of the de bus voltage to
the desired reference of 60 V.
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Fig. 7. Experimental results of the dynamic characteristics of the power plant
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Fig, 8 Comparison of the fuzzy-flatness based control law with a linear P1
control law during a large load step.

Finally, to compare the performance of the proposed con-
trol law, a traditional linear Pl control method presented in [11]
was also implemented on the test bench. In order to give a ra-
tional comparison between the methods, the parameters of the
linear controller Kp and Ky were tuned to obtain the best pos-
sible performance. The desired phase margin (PM) was tuned
at 30° and 60°. This result was compared to the fuzzy-flat-
ness-based control. Fig. 8 shows experimental results obtained
for both controllers during the large load step. The fuzzy-flat-
ness-based control shows good stability and optimum response
of the de-bus voltage regulation to its desired reference of 60 V.
Although dvnamic response of the linear control law could be
improved relative to that shown in the figures, this enhancement
comes at the expense of a reduced stability margin (overshoot

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 4, NO. 1, JANUARY 2013

and oscillation). From these results, we conclude that fuzzy-flai-
ness-based control provides better performance than the clas-
sical PI controller.

V. CONCLUSION

The key contribution of this paper is to authenticate the in-
telligent fuzzy logic control based on differential flatness esti-
mation of a PV/FC/SC hybrid power plant for standalone ap-
plications, The prototype power plant studied was composed of
a PEMFC system (1200 W), a PV array (800 W), and an SC
module (100 F). Its working principle, analysis, and design pro-
cedure were presented. The PV is the main source, while the FC
SETVEs as a support source to compensate for the uncertainties of
the PV source in the steady state. The SC functions as a storage
device (or an auxiliary source) to compensate for the uncertain-
ties of the PV and FC sources in the steady state and transient
slate.

Using the intelligent fuzzy logic control for de link stabiliza-
tion based on the flatness property. we proposed simple solution
to the fast response and stabilization problems in the nonlinear
power electronic system. This strategy is based on a standard
de link voltage regulation, which is simpler than standard state
machines used for hybrid source control, and [ree of chattering
problems. This is the novel concept for this kind of applica-
tion. Experimental results authenticated the control algorithm
and control laws.
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In this paper, linear proportional-integral (PI) and nonlinear flatness-based controllers for de link
stabilization for fuel cell/supercapacitor hybrid power plants are compared. For high power applications,
4-phase parallel boost converters are implemented with a switching interleaving technique for a fuel cell
(FC) converter, and 4-phase parallel bidirectional converters are implemented with a switching interleav-
ing technique for a supercapacitor converter in the laboratory. As controls, mathematical models
(reduced-order models) of the FC converter and the supercapacitor converter are given. The prototype

ﬁf.m;d:& small-scale power plant studied is composed of a PEMFC system (the MNexa Ballard FC power generator:
Fuel cells 1.2 kW, 46 A) and a supercapacitor module (100 F, 32 V, based on Maxwell Technologies Company).
Nonlinear control Simulation {by Matlab/Simulink} and experimental results d rate that the nonli differential
Supercapacitor flatness-based control provides improved dc bus stabilization relative to a classical linear PI control

Voltage control method,

@ 2013 Elsevier Ltd. All rights reserved.

1. Introduction

FCs have experienced remarkably rapid growth in the past
10 years because of concerns about environmental emissions from
centralized power plants and the uncertainty of global energy sup-
plies, These sources are pollution-free sources of abundant power.
In addition, they generate power near the load centers, hence elim-
inating the need for running high voltage transmission lines
through rural and urban landscapes [1.2].

According to recent works on fuel cell characteristics [3-5] and
the specific properties of FCs, their output power response is
delayed due to the processing time through subsidiary equipment
and their slow internal electrochemical and thermodynamic
characteristics. Therefore, in order to supply electric power to
fluctuating loads by a hybrid FC system, an electric energy storage
system is needed to compensate the gap between the output from
the FC and the load, in addition to the collaborative load sharing
|6]. Previous research works have shown that the hybridization
of FC vehicles with batteries | 2], with supercapacitors {ultracapac-
itors) | 7], and with batteries/supercapacitors |8,9] provides cost,
performance, and operational improvements, as well as fuel econ-
omy benefits that are attractive and should be considered by
researchers.

* Corresponding author. Tel.: +66 2 913 2500x3332; fax: +66 2 587 8255.
E-mail address: phtt@kmutnb.ac.th (P, Thounthong).

0142-0615/5 - see front matter © 2013 Elsevier Lud. All rights reserved.
http:f{dx.doi.org/10.1016/.ijepes.2013.07.033

The control problem (dc link stabilization) is important in many
power electronic applications, such as robust control methods for
unified power flow controller [ 10|, control of solar power systems
[11], and control for a wind energy conversion system |12], Tradi-
tional methods to solve this problem are regularly based on a lin-
earized model of the power converter and proportional-integral
(PI) or proportional-integral-derivative (PID) feedback.

Control, robustness, stability, efficiency, and optimization of
distributed generation systems remain an essential area of re-
search. Recent work on controlling a FC/supercapacitor hybrid
power plant is reported in [13], where a linear control using Pl
compensators was proposed for dc link stabilization. This work
established a regularly used cascade controller structure for the
supercapacitor current and dc bus voltage where the regulation
of the supercapacitor current is contained inside the Pl control
for the dc bus voltage. Thus, design controller parameters based-
on linear methods require a linear approximation, where this is
dependent on the operating point. Because the switching model
of the hybrid power plant is nonlinear, it is natural to apply mod-
el-based nonlinear control strategies that directly compensate for
system nonlinearity without requiring a linear approximation.
Studies of some nonlinear controllers for nonlinear systems have
been proposed, such as nonlinear robust control of proton
exchange membrane fuel cell by state feedback exact linearization
| 14], or nonlinear control for fuel cellfbattery/ultracapacitor hybrid
power sources [15]. However, more than 90% of industrial
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Nomenclature
AC alternating current Pscrer SUpercapacitor power reference (sel-point) (W)
Dc direct current Pernae Maximum supercapacitor power (W)
FC fuel cell Thus DC bus voltage (V)
sC supercapacitor e fuel cell voltage (V)
Caus total capacitance at DC bus (F) e supercapacitor voltage (V)
Csc total capacitance of supercapacitor module (F) Egus DC bus energy ()
iLoad D bus load current (A) Epusger DC bus energy reference (set-point) (J)
irc fuel cell current (A) Eqc supercapacitor energy (J)
ixcaes fuel cell current reference (set-point} (A) Egegey  SUpercapacitor energy reference {set-point) (J)
Tue supercapacitor current {A) Er total energy at DC bus and supercapacitor {J)
Iserer supercapacitor current reference {set-point} (A) Tec equivalent series resistance in fuel cell converter {£2)
Proad load power (W} Tsc equivalent series resistance in supercapacitor converter
Prc fuel cell power (W) {£1)
Prca fuel cell output power to DC bus (W) u input variable vector
pecrer fuel cell power reference {set-point) (W) X state-variable vector
Provax maximum fuel cell power (W) Yy output vector
Psc supercapacitor power (W) @), i), &) smooth mapping functions
Psco supercapacitor output power ta DC bus (W)

controllers are still implemented based on linear control algo-
rithms (Pl or PID controllers), including the following advantages:
clear functionality, applicability, and ease of use [16].

This paper presents a performance comparison hetween a pro-
posed flatness-base control and a classical linear control for de link
stabilization of an FC{supercapacitor hybrid power source. It will
provide a significant contribution to the field of multi-source sys-
tems, particularly in nonlinear power electronics applications.
The flatness-based control of a FCfsupercapacitor power plant will
show good convergence of the de-bus voltage regulation to its de-
sired reference compared the classical PI controller, as studied in
previous works [3,9,13 ], There are no operating points and linear-
ization models used in the proposed new control system. In Section
2, the FC and supercapacitor converter structure of multi-phase
power converters is presented in detail, including a mathematic
model of the power plant. The control laws based on the differen-
tial flatness property and linear Pl control in Section 7 will be ex-
plained in detail. Simulation and experimental results will show
the system performances of linear and nonlinear control laws.
The summary and conclusions are presented in Section 4.

2. Fuel cell/supercapacitor hybrid power plant
2.1. System configuration studied

MNormally, an FC system needs a boost dc/dc converter to adapt
the FC output low voltage to the desired higher voltage level [17]
and a storage device needs a bidirectional dcfde converter {or
two-quadrant converter) [ 18], Mevertheless, a single converter will
be limited when the power increases or for higher step-up ratios.
That way, the use of paralleling power converters with the inter-
leaved technique may offer better performance [19].

The power converter structure of the system studied in this pa-
per is shown in Fig. 1. The FC converter is composed of 4-phase
parallel boost converters, and the supercapacitor converter is com-
posed of 4-phase parallel bidirectional converters ( 2-quadrant con-
verters). These parallel connected converters, with interleaved
switching technique, increase the power processing capability
and availability of the power electronic system. Interleaved power
conversion constitutes one of the most promising alternatives for
the following advantages [19,20]:

(i) ripple cancellation both in the input and output waveforms
to the maximum extent,

{ii) a lower value of ripple amplitude and a high ripple fre-

quency in the resulting input and output waveforms,

improvement of the efficiency of the parallel connected con-

verter system if a proper number of converters in the system

are activated,

{iv) fewer output capacitors is due to lower output-ripple cur-
rent, which results in lower cost and lower power
dissipation.

PARE
(iii

The prototype FC converter {1 kW) and the supercapacitor con-
verter {2 kW) (refer to Fig, 1) were realized in the lahoratory. The
converter parameters and semiconductor components are detailed
in Table 1.

For safety and high dynamics, the FC and supercapacitor con-
verters are primarily controlled by inner current regulation loops,
classically [12]. The current controls of these converters are similar
to a basic current control of parallel converters. They can be easily
realized by linear (PI) controllers [21] or nonlinear {sliding mode)
current controllers [22]. To ensure system stability, the dynamics
of the inner current regulation loops are also assumed to be much
faster than those of the cuter control loops [23]. These current con-
trol loops are supplied by two reference signals; the supercapacitor
current reference fscpep and the FC current reference ipopep, gener-
ated by the control laws, are presented below.

2.2, Mathematical model

We consider that the FC and supercapacitor currents follow
their reference values periectly. Consequently,

. . Prc _ Prcper \

g = lgper = — =——— 1)
Ve Ve

] 3 psr pSFET'T'

Ise = incppp = i = =L {2}
Use s

Then, 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 1y and rsc represent
the static losses in the FC and supercapacitor converters,
respectively.

The de-bus capacitive energy Eyy,, and the supercapacitive en-
ergy Egc can be written as:

. 1.
Epys = __leyz

3 Bus ‘.3-'

Saa v

blD
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[Fuel Cell Canverier

E Del

Fuel Cell

Supercapacitor

Fig. 1. Proposed circuit diagram of a distributed cogeneration system supplied by a fuel cell and supercapacitor, where Pyoaa (=thus = foaad Pre (= ke = fre), Poc (=t o) Preo,
and pse, are the output powers to the DC link from the converters of fuel cell and supercapacitor, respectively.

1 ; 1
Er= iclhlsyéus + Ecscvzsc (5)
Table 1 As depicted in Fig. 1, the dc-bus capacitive energy Eg,, is given
Converter parameters and semiconductor devices. VErsUS Prca, Psco aNd Proaa by the following differential equation:
Fuel cell converter E = N _ 6
Inductors Ly = Ly = Ly = Les 420 pH Bus = Prco  Psco — Proag 6)
MOSFETS S5y = Sez = 52 = Ses IRFP264N: 250V, 38 A where
Diodes Dy, = Dz = Diy = Dyy RURG3020: 200V,
Supercapacitor converter Preo = Prec = Trc a @)
Inductors Loy =Lea = Ly = Les 290 pH
MOSFETs IRFP264N: 250V, 38 A 2
Sa=Sa=So=Su=Sa=Sa=5a=5% Psco = Psc — I'sc (1:’_5() (8)
s
o) '!IZEBU A
1 Proad = VBus “ lipad = V[ T - fioat 9)
» Bus
Exc = 5 Csc 2 (4)
: ’ p : [—
The total electrostatic energy Er stored in the dc-bus capacitor : 2B .
4 ; . Psc = Usc - dsc = | = Isc (10)
Cgus and in the supercapacitor Cse can also be written as: \,' Coc
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3. Control algorithm
3.1. Energy management

Several researchers have studied different topologies for the
energy management of multi-power sources. Schaltz et al. [24]
studied two energy-management strategies of an FC/battery/sup-
ercapacitor hybrid power source for vehicle applications. Feroldi
eral. [25] studied control based on an efficiency map of an FC/sup-
ercapacitor hybrid power source for vehicle applications. Jiang
et al. [26] studied control based on adaptive control with a state
machine estimation of a FC/Li-lon battery hybrid power source,
Uzunoglu and Alam | 27| studied control based on a wavelet-based
load sharing algorithm of an FCfsupercapacitor hybrid power
source, and Thounthong et al. studied a regulated de-bus voltage
FCisupercapaciter hybrid source (based on a basic linear
controller) [12], a FC/supercapacitor hybrid source (based on a
fuzzy logic controller) [25], and an unregulated de-bus voltage
FCfbattery hybrid source (based on a linear controller) [28]
Mevertheless, in these kinds of structures, the control, robustness,
stability, efficiency, and optimization of fuel cell hybrid sources
remain an essential area of research,

As recommended in [2,3], one must operate an FC with slow
dynamics in order to prevent the fuel starvation phenomenon and
thus improve its stack lifetime. The slow dynamics of an FC can
be compensated hy faster dynamics from storage devices. In con-
trast to batteries, supercapacitors have lower energy density but
higher power density and provide very fast current charge/dis-
charge cycles because of their low equivalent series resistance.
Supercapacitors can provide more cycles than batteries and are
well suited to very high dynamic cycles [30,31].

The energy management strategy based on dynamic classifica-
tion aims at distributing the global power mission of the system
{such as a fuel cell vehicle or uninterruptible power supply (UPS)
or a fuel cell power plant] into the sources in such a way that each
source is optimally used. According to the two points mentioned
ahove, a fuel cell generator is controlled as a lower dynamic power
source. A supercapacitor is a higher dynamic power source, which
provides the micro-cycles and the fast dynamic power supply [12].

In this kind of system, as depicted in Fig. 1, there are two-volt-
age variables or two-energy variables to be regulated:

« First, the dc bus voltage s, is the most important variable.
» Second, the supercapacitor voltage oy (state-of-charge SOC)
must be regulated.

Therefore, the basic principle of the proposed hybrid energy
management lies in using the supercapacitors (the faster energy
source) to supply the energy required to achieve the dc bus voltage
regulation {or the de bus energy regulation, called "DC link stabil-
ization™) | 13|. Then, the fuel cell, although ohviously the main en-
ergy source of the system, functions as the generator (with
dynamic limitations) that supplies energy for both the dc bus
capacitor Cy,, and the supercapacitors Cse to keep them charged.

3.2. Nonlinear control of DC link stabilization

Differential flatness theory {nonlinear control} was first intro-
duced by Fliess et al. [32]. This allowed an alternate representation
of the system where trajectory planning and nonlinear controller
design is clear-cut. The advantages of the differential flatness ap-
proach are that the trajectories of the system are estimated in a
straightforward manner by the trajectories of a flat ourput and
its derivatives without integrating any differential equation. These
ideas have been used lately in a variety of nonlinear systems across
various engineering disciplines including:

« A process of stirred tank chemical reactor [22],

« Vehicle steering control [34],

« Control of a high-speed linear axis driven by pneumatic muscle
actuators [35],

« Control of cathode pressure and oxygen excess ratio of a PEM
fuel cell system [36],

« Steering control of a two-level quantum system [27],

« Reactive power and dc voltage tracking control of a three-phase
voltage source converter [38],

« Control of open-channel flow in an irrigation canal [39],

« Current control for three phase three-wire hoost converters
[40],

« Design of a guidance algorithm for the hypersonic phase of a
lifting-body vehicle [41],

« Control of a space robot with arbitrarily oriented joint axes and
two momentum wheels at the base [42].

Then, this section gives a brief theory of differential flatness
|32,42 44|, A system of ordinary differential equations (11) is said
to be differentially flat if there exist variables {denoted by flat out-
puts, y) such that:

X =f(x,u) (11)
X=[%,%,... . %) Xe® (12)
U= Uy, Uy, U] ue RO (13)
Y=WYaYals yeERT (14)

where x is the state variables, u is the vector of input { control) vari-
ables, and (n,m) & R,

These variables are functions of the states, inputs and finite
derivatives of the inputs of the form:

y=dixu b, ul?) (15)

where & is a finite number of derivatives.
All the states and inputs can be expressed in terms of the flat
outputs and their derivatives by equations of the type:

X= @y, 3., ¥¥) {16}

u=ylyp,. ... y*") 17

where § is a finite number of derivatives.

If the output variables of interest can be proven to be flat out-
puts y, reference control design ygqe¢ becomes straightforward.
The dynamics of the resulting linear error dynamics can be speci-
fied {control law) 38,40/

0= (y*" y::_’f,’;.‘.-’) l’fg(y.'-” Vi) + 0o+ Kolyi — Yy} (18.1)
where K, ..., Ko are the set of controller parameters. Then, there is

no differential equation of the form:

0= (0., (18.2)
where § {=f+ 1) is a finite number of derivatives,

Mote that the vector functions ¢{.), @{-), ¥(.), and {{.) are
assumed to be smooth. The flat outputs ¥ and their derivatives
provide an alternate representation of the system dynamics such
that if the flat ourput profiles are known as a function of time, then
one can obtain the profiles of all the system states and the corre-
sponding inputs. This property is used to calculate the flar output
trajectories, which are then mapped to the inputs u. Clearly, an
advantage of the differential latness approach is that the trajecto-
ries of the system, ie. (X, u), are estimated in a straightforward
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manner by the trajectories of y and their derivatives without inte-
grating any differential equations [37].

Based on the flatness control law introduced above, the dc-bus
electrostatic energy Epy, stored in Cpy, is assumed to be the flat out-
put component. Thus, one defines a flat output y; = Eg,., a control
variable u; = pscrer, and a state variable x; = vy From Eq. (3),
the state variable x, can be written as:

2
%= o= o) (19)

From (6}, the control variable u, can be calculated from the flat
output y; and its time derivatives:

' fzv 3
Y+ /7 ioad — P
Uy = 2 Peclimitea - |1 ]_(M)

Pecrimited
=, 0n) (20)
where
v
Psctimited = o (21)

Pscrimited 15 the limited maximum power from the supercapaci-
tor converter.

It is apparent that x; = ¢, (y,) and u; = s, (y,,¥1) correspond to
(16) and (17). Consequently, the mathematical model (the reduced
order model) of the hybrid system can be considered as a flat
system.

A desired reference for the dc-bus energy is represented by
Virer. A linearizing feedback control law achieving an exponential
asymptotic tracking of the trajectory is given by the following
expression |45]:

(0 — Yirer) + Kni (g —J"mzr)‘i-Kizfo (¥y = Yipge) dT =0 (22)

where the set of controller parameters (K, Ky2) is chosen such that
the roots of the closed loop characteristic polynomial, in the com-
plex variable s:

p(s) =s* + 45" + 4o (23)
is a Hurwitz polynomial.

Obviously, the tracking error, e; = ¥, — Vypg. Satisfies:
er+Knéy+Kiey =0 (24)

An optimum choice of the design controller parameters is ob-
tained by matching the characteristic polynomial, p(s), to a desired
characteristic polynomial, with pre-specified root locations. We
may set as a desired characteristic polynomial:

pis) = 5% + 2loes + (25)
Ky = 2{m, (26)
Kip = o (27)

\"]'1"‘)!1-'-"'?"4"83 Flatness-Based Control Law

where { and o, are the desired dominant damping ratio and natural
frequency.

Substituting the expression for y, into (20) gives the equation
for the closed-loop static state feedback supercapacitor power:

Uy = 2 - Pectimited

ol e (Viner — Kyp€q — K:z_ﬁ,fldf}'Fp]md — Pico
Piﬂ.lnlked

= Pscrer

(28)

The control system is stable for Ky, K2 > 0 (£, e, > 0). However,
based on the power electronic constant switching frequency s
and the cascade control structure, the outer control loop (here,
the de-bus energy control) must operate at a cut-off frequency
wg < mp (a cut-off frequency of the supercapacitor power
loop) < s, Once the flat outputs are stabilized, the whole system
is stable because all the variables of the system are expressed in
terms of the flat outputs.

Thus, the nonlinear control law of the dc link stabilization de-
tailed above is portrayed in Fig. 2. The nonlinear control law gen-
erates a supercapacitor power reference pscgg. This signal is
limited to a converter maximum power Pscuax and a minimum
power Pscmin, in Which pscamax < Pscuimited. Pscree is then divided
by the measured supercapacitor voltage e The supercapacitor
power is limited to maintain the supercapacitor current within
the nominal values; the reference power is set to zero when the
supercapacitor voltage is outside the interval [Vscmine Vsomax), as
presented in the block “SuperC Current Limitation Function” [13].
This results in a supercapacitor current reference iscusr-

3.3, Linear control of DC link stabilization

In order to compare the performance of the flatness-based con-
trol, a traditional linear PI control method presented in [13] is also
implemented on the hybrid test stand, Here, we briefly review this
approach. A desired reference for the de-bus energy is represented
by Vi A linear feedback Pl control law is given by the following
expression:

13
Pscrer = Kp(Wiper — 1) + Ki /; Vi = ¥ )d7 (29)

where Kp, K; are the set of controller parameters. Note that, in power
electronics applications, the system composes of many spike signals
coming from the high frequency switching of power switching de-
vices. If using a PID controller, differentiation (D) increases the
high-frequency gain. A pure differentiator is not proper or causal.
When a spike change (or a noisy environment) of the disturbance
occurs, differentiation results in a theoretically infinite control sig-
nal, called “chaos phenomenon". A filter to the differentiator may
be added [46] in consideration of high frequency noise suppression.
This is the reasons that in power electronics applications a Pl con-
troller (a PID controllers that the derivative part omitted or
switched off) is widely chosen instead of a PID controller{11,12,47].

Hybrid Power Plant

VeuREs |I"u.‘é | Espemes: gt | ‘e
3 ; - e
\"_I t0-Ene Lt Keror Comteol || preve L ;:::ml;( n{Il:.lrll;\-Ji’i: n |x=Ax+B l].\:'
ol age:da Emcrgy Dynamics | ellesdol power s atio ction | X =AX+DU o
Transfommation b e
. 22 :
Tz SRS o e, y=Cx+Du| i

Fig. 2. DC link stabilized fuel celljsupercapacitor hybrid source based on differential flatness control law.

13157398 TRF: RSA5580009



fudasliideausomaidirdndmsulssduindnulalasieutazuasing

91

P. Thounthong et al./ Flectrical Power and Energy Systems 54 (2014) 454-464 459

Valage-to-Energy
Transformat

Viger, [1,. 2 Ly
N T T

Voltage-to-Encrgy
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Linear Control Law

PI Controller (29)

Hybrid Power Plant

i
SuperC Currem |_fee

Limitation Function | % = Ax+Bu | ¥
2 _SL."_.-

y=Cx+Du| it

Fig. 3. DC link stabilized fuel cell/supercapacitor hybrid source based on linear PI control law.

Therefore, because the supercapacitor current loop is much fas-
ter than the de link voltage loop (so that it can be considered as a
pure unity gain, refer to (G}), the open loop transfer function asso-
ciated with the dc link voltage regulation can be written as

Pl-Controller  Ewus/Psc Psc/Pscasr
o ——
sy ] 1
E 5

Epus(s) .
5 Tes+1

Epusier (5)

(30)

where Ty is the time constant of an equivalent first-order delay of
the supercapacitor power regulation loop (or the supercapacitor
current regulation loop). Thus, the linear control law of the dc link
stabilization detailed above is portrayed in Fig. 3. It is similar to the
nonlinear control law (refer to Fig. 2), where the PI controller also
generates a supercapacitor power reference pscper.

3.4. Performance comparison between linear control and nonlinear
control law for DC link stabilization

In order to compare the performance of the flatness-based con-
trol and the linear Pl control laws, the simulation and test bench
were implemented. Simulations with Matlab/Simulink were per-
formed using a reduced-order model of the power plant, as por-
trayed in Fig. 1. The parameters of the power plant were
Vausper = 60V, Cpys= 7800 uF; re=0130; rye=008€; and
Tp=2.2 ms. The supercapacitor module (100 F, 32 V, based on Max-
well Technologies Company) was obtained by means of 12 cells
BCAP1200 (capacitance: 1200 F; maximum voltage: 2.7 V) con-
nected in series, as shown in Fig. A2,

The nonlinear controller gains used were Ky, =450 rad s ' and
K2 = 22,500 rad® s 2, so that the system damping ratio { was equal
to 1.5, and the natural frequency e, was equal to 150 rad s ', As a
result, the cutoff frequency () of the closed-loop dc-bus energy
was equal to 60 rad s', which is lower than the cutoff frequency
{p) of the supercapacitor power loop of 600 rad s~' (Tp= 2.2 ms),
so that the system was stable.

Fig. 4 presents waveforms that are obtained during the large
load step. They show the dc bus voltage (the state x;, representing
the flat output y,), the supercapacitor voltage, the load power, and
the supercapacitor power. The initial state is in no-load power, and
the supercapacitor storage device is full of charge, i.e, the superca-
pacitor voltage = 25 V; as a result, the supercapacitor power is zero,
The simulation results in Fig. 4(a) and the real test bench results in
Fig. 4(b) were carried out in order to compare the responses to a
large load step from OW to 880 W at ¢ = 30 ms. The results reveal
that, corresponding to the dynamics (25) of the observation error,
the dynamic response is affected by this kind of outsized perturba-
tion. The small oscillations in vy, are due to a large proportional
gain K2 and the vast load step. The value of K3 can be reduced
to attenuate the oscillations; however, this leads to a slower tran-
sition. The simulation also results show excellent concurrence with
the experimental data. It should be noted here that the perfect
large power load step is very difficult to perform, as can be seen
in Fig. 4(b). One can also estimate that the static losses (rs¢) in
the supercapacitor converter are around 120 W in Fig. 4(b). There-
fore, the present mathematical model of the hybrid power plant

: : : "DC Bus \'o];algc :
[ oy ~ [10VDiv] i
SuperC Vollage
AR Y h : [5 V/Div] 1
'Z'SupcI{‘Powc”””” ]
(400 W/Div]
Load Pow ]
[400 W/Div
010 20 3 40 50 60 70 86 9 100
Time (ms)
- GELEE
DD EDC Bus Voltage ‘
:_ﬂ.l v p Bhine. T /' [10 V/Div]

Sup;:'r(‘ Vc-hagc
L . [5V/Div]

a5y

T

H
o
=¥
=
i
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<
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Fig. 4. Flatness-based control law. Response to a large load step from 0'W to 880 W
at t =30 ms. (a) Simulation results. (b) Experimental results.

precisely predicts the dynamics of the system when compared to
experiment; consequently, the simulation model is a valuable tool
for control algorithm validation.

Finally, in order to give a reasonable comparison between the
methods, the parameters of the linear controller Ky and K; were
tuned to obtain the best possible performance, and this result is
compared to the flatness-based control. In this paper, the symmet-
rical optimum (S0) is studied [48], [49]. A SO design criterion
obtains a controller that forces the frequency response of the sys-
tem as close as possible to that for low frequencies. The method
has the advantage of maximizing the phase margin. As phase
margin is maximized for given frequency, the system can tolerate

13157398 TRF: RSA5580009



fudasliideausomaidirdndmsulssduindnulalasieutazuasing 92

450 P. Thounthong el al. /Electrical Power and Energy Systems 54 (2014 ) 454-464

more delays, which is important for systems having delays. This
method optimizes the control system behavior with respect to dis-
turbance input. The method has well established tuning rules and
has good disturbance rejection. The resulting performance gives an
overshoot of around 43%, settling time around 16.3-T, and a phase
margin of 30-60°. Then, by using the SO method, Kp=459 W] '
and K, = 40,000 W (] s) ", so that the desired phase margin is equal
to 40°.

Figs. 5 and 6 show simulation and experimental results ob-
tained for both controllers during the large load step. The flat-
ness-based control shows good convergence of the dc bus voltage
regulation to its desired reference of 60 V. Although dynamic re-
sponse of the linear control law could be improved relative to that
shown in the figures, this enhancement came at the expense of a
reduced stability margin. From these results, we conclude that
the flatness-based control provides better performance than the
classical PI controller.

Mote that, for the specification of the voltage regulation, the dc
bus voltage sag is about 5% for a step load change from light load to
% of nominal load. The dc bus voltage regulation based on the dif-
ferential flatness approach could be reduced the dc bus voltage sag
to 2% or lower by tuning the nonlinear controller gains (K, and
Kiz). In this study, Ky; =450rads " and Kz =22,500rad* s so
that the system damping ratio  was equal to 1.5, and the natural
frequency o, was equal to 150 rad s . In order to obtain the high-
er dynamics or lower voltage drop, the natural frequency , may
be increased. Although lower voltage sag could be improved by
increasing the defined natural frequency cw,, this enhancement
came at the expense of a reduced stability margin.

3.5. Charging supercapacitor

Again, based on the flatness-base control, we consider the total
electrostatic energy Ey stored in the dc bus capacitor Cyy. and the
supercapacitor Cgc as a flat output variable y,; refer to (5),

1 1 ;
¥ = Er = Epys + Esc = Ecnusf’éus 4 jfsclfesc (31)

Thus, one defines a control variable us = pregsr, and a state var-
iable x; = tc. From (4), the state variable x; can be written as:
I

2(y, — . "
X3 = \/szler Q0. ¥3), (32)

T T T
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Fig. 5. Simulation results: Comparison of the flatness-based control law with a
linear Pl control law. Response to a large load step from 0'W to 880 W at ¢ = 30 ms.
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Fig. 6. Experimental results: Comparison of the Matness-based control law with a
linear Pl control law. Response to a large load step from 0'W to 920 W at { = 30 ms.
{a) Flatness-based contral law. {b) Linear Pl control law.

From (6}, the control variable u; can be calculated from the flat
output y; and its time derivatives:

Ve + B
fm l_(z Vkow de)

U2 = 2PsCtimited *

Prctimited
= (¥, ¥2) (33)
where
s
Prctimited = T (34)

Prciimited 1 the limited maximum power from the fuel cell
converter.

It is apparent that xx = ¢, (yy.¥,) and uy = (¥, ¥2) correspond
with (16) and (17). Consequently, the mathematical model (the re-
duced order model) of the hybrid system can be considered as a flat
system.

Based on the flatness control law for the total energy regulation
(or the supercapacitor energy regulation), a desired reference for
the total energy is represented by yager. Since the supercapacitor
energy storage has an enormous size capacity and the supercapac-
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Fig. 8. Experimental results of differential flatness-based control law: hybrid source response during load cycle.

itor energy is defined as a slower dynamic variable than the dc-bus
energy variable, the total energy control law is defined as:

Y2 = Varer + Kar (V2 = Yoper) = 0 (35)
Substituting the expression for ¥ into (33) gives the equation
for the closed-loop static state feedback fuel cell power

Uz = 2Prciimited

d [1 _ v'f-t _ (j";um + Koy (Voper — ¥2) 'i'plmd)]

Prcvimited

(36)

with K; > 0 enforcing tracking convergence.
Fig. 7 depicts the supercapacitor charging algorithm. The total
energy control law generates the FC power reference preges. It must

be limited in level, within an interval maximum Preaax (COTTE-
sponding to a rated power of the FC, 50 Prcvax = Prcvimited ) and min-
imum premin (set to 0 W) and limited in dynamics, which enables
the safe operation of the FC with respect to the constraints that
are associated with the FC {the prevention of the fuel starvation
phenomenon in the FC stack [10]). Here, the second order delay
Dy(s) is selected as the FC power dynamic limitation,

1 .
Dr(.'{s}__QT (37)
& ™
() +He+

where e, and £ are the regulation parameters, Then, the fuel cell
power reference pregee is divided by the measured fuel cell voltage
vre. This results in a fuel cell current reference irewsr. For safety, the
fuel cell current reference ipcger must be limited in level within an
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interval [maximum fuel cell current lyeya (corresponding to a fuel
cell rated current), minimum FC current Jeemin (5€t to 0 A))].

It should be noted here that, for charging the supercapacitor,
only the nonlinear control law has been studied, because the differ-
ential flatness-based control law shows better performance than
the linear control approach.

3.6. System performance of hybrid power source control based on
flatness control

The small-scale fuel cell/supercapacitor hybrid power
plant implemented in the laboratory is described in Appendix A.
For the dec-bus voltage stabilization, the control system parameters
are Vgpysper = 60V Cpys = 7800 pF; rpe=0.13 €2 15c=0.08 Q; Tp=
2.2 ms; V&M“'32V] VS{Min" 15V; fgqg,-".d” 150 A; Ku =450rads 1:
and Ky»=22,500rad* s % For the supercapacitor voltage regula-
tion, the control system parameters are vgegee=25V (full of
charge); Csc =100 F; K23 =0.1 ] W™"; prowax = 600 W; Prowin =0 W;
and frouax = 46 A (rated), Ircyin = 0 A. The parameters for the fuel
cell power dynamic delay are e,; =rad s ' and ; = 1. This value
was experimentally determined to be the highest power slope of
our fuel cell system, where no fuel starvation occurs. It must be
noted here that, for the small-test bench, the FC maximum power
Prowvax Was set at 600 W; in fact, the rated fuel cell power consid-
ered here is 1200 W.

For simulation, the model is tuned to the real system of the
1.2-kW Nexa PEMFC (refer to Fig. A2), using experimental data

Vrc =filrc) and taking 50 operating points to fit the polarization
curve (polynomial curve fitting) in a least-squares sense. The stack
voltage versus current is governed by the following equation:

Ve = aerclic + Ospclie + Qupclfc + Queclfe + Barclfc + Bueclie
+ Aorc (38)

where agrc = 5.5991 x 10°%; aspc= ~7.8814 x 1075; e = 4.2503 -
= 10 4: Qzpc = -0.0114; a;m--().lﬁﬁét.' aypc = -01.6023; and
Agrc = 42,62,

Figs. 8 and 9 present waveforms that are obtained during the
load cycle: experimentation and simulation. They show the dc
bus voltage (the state variable x,, representing the flat output y,),
the FC voltage, the load power, the supercapacitor power, the FC
power, the supercapacitor current, the FC current, and the superca-
pacitor voltage (the state variable x;, or the supercapacitor state-
of-charge).

The initial state has a load power = 100 W, and the supercapac-
itor storage device is full of charge, i.e., vsc =25V, as a result, the
supercapacitor power is zero, and the FC power is equal to
100 W for the load power demanded. At t=10s, the load power
steps to a constant value of 1000 W; synchronously, the final FC
power increases with a limited slope (second order dynamics) to
a limited maximum power of 600 W. Thus, the supercapacitor,
which supplies most of the transient power that is required during
stepped load, remains in a discharge state after the stepped load

T T T T T
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=
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Fig. 9. Simulation results of differential flatness-based control law: hybrid source response during load cycle.
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because the steady-state load power (1000 W) is greater than the
FC limited maximum power (600 W).

Subsequently, at t =40 s, the load power steps from 1000 W to
100'W. As a result, the supercapacitor changes its state from dis-
charging to charging, demonstrating the three phases. First, the
FC supplies its limited maximum power of 600 W for driving the
load and for charging the supercapacitor. Second, at t=62s
(#5¢ =232 V), the supercapacitor is nearly fully charged at 25V,
which then reduces the charging power. Third, at t = 90 s, the sup-
ercapacitor is fully charged, and the supercapacitor charging power
is zero, Finally, the FC supplies the constant load power of 100 W.

One can observe that the dc-bus voltage waveform is stable
during the constant load power, the large positive load step, and
the large negative load step, which is of major importance when
employing supercapacitors to improve the dynamic performance
of the whole system using the differential flatness-based control
law.

4. Conclusion

The key contribution of this paper is to study two dc link stabil-
ization methods (linear and nonlinear) for the control of fuel cell/
supercapacitor power plants. The prototype power plant studied
was composed of a PEMFC system (the Nexa Ballard FC power gen-
erator: 1.2 kW, 46 A) and a supercapacitor module (100 F, 32V,
based on Maxwell Technologies Company). The low voltage dc
bus considered here was 60V. Simulation (by Matlab/Simulink)
and experimental results demonstrated the comparisons. The
present mathematical model of the hybrid power plant precisely
predicts the dynamics of the system when compared to experi-
mental results; accordingly, the simulation model is an essential
tool for control algorithm corroboration,

Differential flatness-based control of a FC/supercapacitor power
plant of the load rejection transient offers superior voltage re-
sponse, with smaller voltage dip and shorter recovery time, regard-
less of the voltage reference setting. This is frequently cited
advantage of the nonlinear flatness control |38],[40]. However,
the Pl controller, being a standard industrial controller solution
at present, will continue to be compared to various novel forms
of voltage controllers that will emerge in the future {including fuz-
zy flatness controllers). It is important that, in such cases, a de-
tailed comparative analysis of the system performance is always
performed. Comparison based on a single operating point or a sin-
gle transient is more than obviously insufficient.

However, the flatness-based control requires a load current
measurement to estimate the load power in order to obtain the dif-
ferential flatness property. For the linear control, there is no load
current measurement. For future work, a load observer will be used
to avoid the measurement of the load current.
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Appendix A. Test bench description of fuel cell/supercapacitor
hybrid power plant

The small-scale test bench of the hybrid power plant was imple-
mented in our laboratory, as presented in Fig. Al, The FC system
used in this effort was a PEMFC system {1.2 kW, 46 A, based on

Control Desktop
(ControlDesk)

Arie
Supercapacitor
onverter
Electronic Load

Traction Motor as
2 DC Bus Load

Fig. A2. Supercapacitor module (100 F, 32 V) used in the test bench.

Ballard Power Systems Company). It was supplied with pure
hydrogen with a regulated pressure of 10 bars from bottles under
a pressure of 150 bars and with clean and dry air from a compres-
sor. The supercapacitor module (100 F, 32V, based on Maxwell

Technologies Company) was obtained by means of 12 BCAP1200

cells (capacitance: 1200 F; maximum voltage: 2.7 V) connected in
series, as shown in Fig. A2,

Measurements of the FC current igc, the supercapacitor current
isc, the load current ij,,q, the de bus voltage vy, the FC voltage i,
and the supercapacitor voltage wsc were carried out by means of
zero-flux Hall effect sensors. The FC and supercapacitor current
regulation loops were realized with analog circuits to function at
a high bandwidth. The control loops, which generate current refer-
ences ipcrer and iscper, Were implemented in the real time card
dSPACE DS1104, through the mathematical environment of Mat-
lab-Simulink, with a sampling frequency of 25 kHz.
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Introduction

Renewable energy sources are predicted to become competitive
with conventional power generation systems in the near future, As
shown in Fig. 1, FCs, which play an important role in supporting
electricity demand because of their significant advantages of
energy efficiency and emission control, normally require a con-
verter to regulate the DC output voltage when applied to variable
power loads [1-3].

In such applications, a parallel DC-DC converter shown in Fig. 2
is a competitive option. The DC-DC converter operates under a
feedback control to regulate the output voltage and to enable load
sharing. This DC-DC converter with closed-loop control is essen-
tially a nonlinear system. However, the common technique used
to control the current and voltage in this nonlinear DC-DC con-
verter is the use of two-loop feedback Pl compensators, as shown
in Fig. 3(a) (the outer loop is for voltage control and the inner loop
is for current control), which is based on linear control theory [4,5].

The subsequent development of nonlinear control techniques,
such as the sliding mode control (SMC) and the differential flatness

* Corresponding author. Tel: +66 89414 9994; Tax: +66 29122070,
E-mail address: wrir@kmutnb.ac.th {W. Thammasiriroj).

http:/fdx.dof.org/10.1016/).ijepes. 201 4.09.025
0142-0615/@ 2014 Elsevier Lid. All rights reserved.

control approaches shown in Fig. 3(b), has introduced effective
means of controlling responses and improving system robustness
[6-11]. Multiple-loop feedback control, which is primarily used
in complex systems, can increase the sophistication in the design,
Two loops are generally required because that is the minimum
number of loops required for a set of voltage and current controls.

This paper presents an alternative nonlinear single-loop feed-
back control based on the differential flatness principle, as shown
in Fig. 3(c). This type of feedback control reduces the complexity
compared to the common multiple-loop feedback control
approach. The most important advantage of the single-loop feed-
back control is to increase the bandwidth of the feedback control
system. The bandwidth of the single-loop feedback control should
be limited to about 1/4-1/5 of the switching frequency. On the
other hand, the bandwidth of the second loop of the two-loop feed-
back control should be 1/16-1/25 times of the switching frequency
in order to prevent the disturbance, which may impact the stability
of the controller [12]. However, the complexity of the single-loop
control equations can be easily calculated the duty ratios by a con-
troller. By applying the single-loop feedback control based on the
differential flatness concept, the dynamic response of the inductor
current and the total static energy changes according to its refer-
ence; as a result, the inductor current of any phase is maintained
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by balancing the currents against each other. Moreover, the system
is to be controllable and observable under the operation of the dif-
ferential flatness strategy.

The content of this paper is organized as follows, The structure
and model describing the multiphase step-up converter with the
parallel switching technique is presented in Section ‘Power con-
verter modeling”. A brief introduction to the differential flatness
principle and strategies that are used to control the inductor
current and the total static energy trajectories are presented in
Section 'Control strategy’. The experimental setup and results that
validate the proposed control method are described in Sec-
tion ‘Experimental validation’. Finally, the concluding remarks
are presented in Section 'Conclusion’.

Power converter modeling

Principally, high-current low-voltage converters are required by
reason of the electrical properties of FCs [2,3]. A conventional step-
up converter is generally chosen as a FC converter. Nevertheless,

plied by bl

when the power expands the conventional converters will be lim-
ited. To overcome this limitation, the utilization of a parallel power
converter {multiphase converters in parallel) with an interleaved
technique can provide improved performance [9,10], However,
the previous researches [9,10] implemented the converter using
a multiple-loop control approach. As a basic principle, the inter-
leaved technique consists of phase shifting the control signals of
various converter cells N in parallel [2,7]. The schematic diagram
of the proposed multiphase interleaved boost converter for FC
applications is shown in Fig. 2. In the case of ideal converters, with
the equivalent series and parallel resistances representing losses,
the state equation of the converter and the output voltage shown
in Fig. 2 are given as:

iy 1

'a'r—ui”rc—"uci—m— (1 —d) vgus] (1)
dogys 1 X : Yhus .
&t Con ;{l -d.c]hx——rp——lmd (2)

where K={1,2,3,... N}, dg is the duty cycle of the pulsewidth mod-
ulation (PWM) converter, ¢ is the FC voltage, irc is the FC current,
Ly is the input inductance, iy is the inductor current in branch K,
iroad 15 the load current, s is the DC bus voltage, Cyys is the total
output capacitance at the DC bus, and rix is the series resistance of
inductor Ly. Note that rx and r, represent the static losses in each
boost converter module, The method to obtain these resistances is
given in [11].

Control strategy
Differential flatness principle

The concept of the differential flatness principle was first intro-
duced by Fliess et al. [ 13]. This concept allowed an alternate repre-
sentation of the system involving the use of trajectory planning
and nonlinear systems applied across the various implemented
engineering concepts, as demonstrated in the following examples:
the control of the cathode pressure and the oxygen excess ratio of a
PEMFC system [14]; the control of an inverted pendulum and a
vertical takeoff and landing in avionic applications [13]; the cur-
rent control for three-phase three-wire boost converters |15[;
and the reactive power and DC output voltage tracking control of
a three-phase voltage source converter |16]. Because the flatness-
based control is a model based method, we expect it to have some
sensitivity to error in the model parameters. In addition, in [16],
the authors demonstrated that the flatness-based control is robust
and can provide an improved dynamic tracking performance rela-
tive to a classical linear control technique (e.g.. a Pl controller).
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Briefly, a nonlinear system is flat [17-18] if there exists a set of dif- "
ferentially independent variables {equal in number to the number Hr= ”?':L
of inputs) such that all state variables x and flat input variables u ke

N N
= ressed 1 s of se {1z i sy : 2 .‘ Ak 1-d +
can be expressed in terms of those flat output variables y and a r 2 (E LK) S (E k) (8)
k=i

ik — Veisiian {_7)

finite number of their time derivatives without integrating the dif- = Lk
ferential equations | 13]. Especially, the system is flat if the system
has state variables x € ", flat input variables u = ®", and flat out-
put variables y £ ®™ that can be found of the form [13]:

Therefore, the state variable ;5 can be given by

P = @{ivg, ¥r. V1. Jr) (9)
(%, u, 1. ul {3 o - % .
¥ = ¢ ) } where i..q is a function of #hus and 2xc is approximately constant
such that compared with the other variables.
5 ; - To control the inductor current halance between the converters,
X=0y..... 3" {4) , ?
MR we assume iy to be a reference inductor current and define
u=yiy, g,y {5} another flat output variable yy:
with rank{¢) = m, rank{t) = m, and rank{¢) = n. Ve=ip —iw, VK& {2,...,N} (10)
Flatness of the power converters For this system, we choose the flat output vector from (6) and

(10):
To control the energy in the system, the total static energy of T 11
the system is defined as a flat output yr, which can be expressed as: Y= a0l 1)

I 1 Then, we define the state variables x as follows:
Pr= Zif,_(iu: " ECEL"J”%US (6) o ) - ‘
K=l X = i, 2, - o, fin, Paus] (12)
From (1) and {2, if we assume the losses of the system become zero The summation of all the inductor currents is the FC current:
{rue=0 and rp#= o0} and substitule into (6], the frst and second . . z ) ’
order differential equations of v can be written as: =ty +la+...+in (13

Saa v
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Fig. 4. Diagram of FC converter control based on the flatness concept.

Eq. (13) can be rearranged in the following form:
N
frc = i + Y ik (14)
K=2

By using (10), (13) and (14), one can deduce the inductor cur-
rent iyy, which is in a function of flat outputs:

o1 &
=5 (IFC TDK) = @) (15)
k=2
The differential equation of (10) can be expressed as:
diyy,  diig

jl'x-—ﬁ——dT. VYK € {2,...,N} (16)
The results from (6)-(16) can be summarized as follows:

ik = @Y. Y.y dr). YK e{l,....N} (17)

Vus = @Yy Vi Yr V1 Jr) (18)

X = [ius iz, i, 2] = @V, Ik Y, I, ) (19)

In this study, a two-phase interleaved converter is chosen to
implement the system because of the limitation of the inputs
and outputs of the dSPACE D51104 controller card. Therefore,
N=2 is selected to validate the control algorithm because the
two-phase converter is sufficient to verify the innovative control
scheme. Using (1), (2), (8) and (16) and neglecting the resistive
losses, the input variables of the flatness control can be expressed

by:
1 i i . Laiisy
d, T — [LI “BUS(_ILMd +ip + iz —%yz)
(h in + Loz + -“'“E‘ff—x) ic
Ly Cous s ( i iz | e VRc | . yr )]
st e fo Uk W g T (20
Ziygaq T om L Tl v (20)
1 . . 3 Lyipy v
dy - ¥ p i [Lz ﬁus(—ilmd Th+h2— %1}'2)
(LﬂL, + Lyii; + Sefuntic ) (s
_i_LzCB,USvsUS(_,'-L_IiL-_ﬂ-_E_'z;l)] (21)
iy load Tow L L Vaus
u = [dida]" = Yy I, e I ) (22)

Table 1

Converter parameters and semiconductor devices.
Devices Specification
Inductors: Ly and Lz 1.85 mH and 1.80 mH
Output capacitor: Cuus 1,360 pF

MOSFETs: §; and §;
Diodes: Dy and D

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

By using (19) and (22), this system can express all the state vari-
ables and input variables in terms of the flar output and a finite
number of its derivatives, which are the properties of the flat sys-
tem. Therefore, we can conclude that this is a flat system.

Control laws

First, the desired reference trajectory is the inductor current ref-
erence trajectory yg ger. A linear close-loop control law earning an
exponential asymptotic error tracking yx — ¥x wer of the trajectory
is expressed by the following equation.

(W = Pwer) + 2k Uk = Yicwer) + A2 jLVp: = Yepep)dt =0 (23)
Then, we determine ek = yg — ¥k rer, Which leads to
By + A1 + Agaeg = 0 (24)

An optimum choice of the design controller parameters is
obtained by matching the characteristic polynomial cgs) to a
desired characteristic polynomial with defined root locations.

The desired characteristic equation and controller parameters
are expressed as:

cyls) = 82 + 2gmps + o (25)
gy = 2o (26)
p— (27)

where ay and (i are the natural frequency and the desired domi-
nant damping ratio, respectively.

Obviously, the control system is stable for ig, i >0 ({k
i > 0). Fig. 4 depicted the proposed control law of the inductor
currents detailed above.

13157398 TRF: RSA5580009



fudasliideausomaidirdndmsulssduindnulalasieutazuasing

101

W. Thammasiriref et al.{ Electrical Power and Energy Systems 65 (2015) 41-48 45

Fig. 5. Prototype of the two-phase parallel boost converter,

Second, the desired reference trajectory is the total energy
reference trajectory y; g The following equation expresses a lin-
ear closed-loop control law achieving an asymptotic error tracking
¥r — ¥r wer of the trajectory.

(¥r = Preee) + A1 (¥r = Prwe) + Ar2(¥r = Vo er)

i [ e yruride =0 (28)

where the set of controller parameters (iry, iz and iy ) is chosen. If
we define er=yr — yr ger, We obtain

er+ Arier + Al + iper =0 (29)

As mentioned earlier, a desired characteristic polynomial c(s) is
optimized by the designed root locations. The desired characteris-
tic equation and controller parameters are expressed as:

crls) = (s + p)(s* + 2{pons + @2) (30)
i =2Lor+p (31)
g = 2Lpnp + o (32)
iy = 0ip (33)

where (7, oy and p are the desired damping ratio, angular frequency
and pole of the compensator, respectively. By using this control law,
the DC bus voltage always tracks its reference.

To control the system using differential flatness properties, the
calculated references are replaced into their measured values to
calculate the duty cycles in (20) and (21). The duty cycles dy and
d; are therefore expressed by:

1 : : Lati¥aner
dy = 2 (--r - 2i '-"—)
1 ({Ln T — Euniia:u_"ﬂ us wer | ~lload + 21K ReF Ve
L Cous Vs ger ( ik vre e L Pree ) 34
2ijpd hoat L1 L2 Y Vsu's REF @4
1 2 . Ly fixVaner
d; = - T TP E— ‘%l;snrr( Troad + 2l ver %}
((Ll - Ly i per + SRt e

. L'.ICBLES x%L’S REF (
P

Even though, the duty cycles shown in (34) and (35) seem to be
more complicated than the results of the classical multiple-loop
strategies, the duty cycles can be easily substituted and calculated
by a controller. However, the single-loop control can reduce the
design complexity of the multiple-loop ones by the systematic
design as shown before,

Finally, the FC power dynamic limitation enables safe operation
of the FC [9]. To obtain a linear transfer function, a second-order fil-
ter Gi(s) is selected for controlling the FC power dynamics.

i | e | Y g 5’”“)' (35)

e e -
heat L1 L2 St UgUs REF

T

/
E Control Desktop

bk

d DC Power Supply

Fig. 6. System test bench.

Table 2

Flatness control and dynamic limitation parameters.
Parameters Descriptions Values
{2 Damping ratio of cafs) 1
oy Natural frequency of cs) 157 rads™!
Ir Damping ratio of cys) i
oy Matural frequency of ci{s) 314rads’
P Desired pole of 4(s) G628 rads™!
¥ Damping ratio of Gg(s) 1
g Natural frequency of Gi(s) Odrads™!

1
G(s) = (36)

(ﬁ)z v %‘Es: 1

where ey and p are the regulation parameters,
In addition, the reference of the FC current ixc yer and the induc-
tor current ijy ger can approximately be expressed by

) i

i e = — sl @7
Ype - Elﬂﬁ

Tk e = IKJEP (38)

Experimental validation
Description of the test bench

The parameters of the two-phase interleaved converter are
detailed in Table 1 and portrayed in Fig. 5. A small-scale test bench
as illustrated in Fig. 6 was implemented in the laboratory. The
PEMFC system (a Nexa Ballard PEMFC power generator: 1.2 kW,
26V, 46 A) was used as the DC power supply of the system to test
the system characteristics and determine the steady state behav-
iors, A separate constant DC power supply was used to test the
transient response and control system robustness, The feedback
control loop detailed in Fig. 4 was implemented through the
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Fig. 7. Steady-state characteristics of the converter at the load powers of (2) 200 W,
and (b) 600W.

controller card dSPACE DS1104 platform as shown in Fig. 6. The
converter operated at a switching frequency of 10 kHz. The nonlin-
ear controller parameters used for controlling the system energy
and balancing the inductor currents are listed in Table 2.

Experimental results

(1) Steady state test using the FC converter supplied by a PEMFC:
The experimental waveforms in Fig. 7 describe the steady-
state responses of the interleaved converters at the output
power reference of 200W in Fig. 7(a) and GOOW in
Fig. 7(b). Summation of the two inductor currents resulted
in the FC current exhibiting lower current ripple compared
to its original inductor currents. This result highlights the
advantage of multiphase DC-DC converters, The upper trace
displays the output DC voltage that met the set point of 60 V.
Note that the two phases of the inductor current shared an
equal average current value with the out-of-phase wave-
forms. Moreover, these two phase current waveforms cancel
each other and thus reduce the FC input-ripple current
caused by the interleaved switching technique. It should

_1\'

Tflﬁjfj;jjiﬁﬁﬁﬁ5'.ﬁ'E]ﬁé.'.fjijjﬁﬁiﬂlfﬁ

A

LR B L L I

Ch: Ve po an]

Ch2: Vg [11/DiV] \\—

Chd: y, [1 A/Div]

0

2 4 6 8 10 12 14 16 18 20
Time (s)

LA RS AR AR R

LB B N I

2 4 o 8 10 12 14 16 18 20
Time (s)

Fig. 8. Dynamic responses when the DC bus voltage reference tys wer s changed
from 50 V to 60V at t =4 s and from 60V to 50 V at t = 16 5. (a) Flat output variable
and its reference, (b) FC voltage and current and its reference,

be note that if the output power level decreases the con-
verter may go into discontinuous conduction mode (DCM).
To avoid DCM, the converter must have bidirectional capa-
bility by replacing the output diodes with controlled
switches. However, it is beyond this paper.

(2) Dynamic performance test using the FC converter supplied by a

PEMFC: As shown in Fig. 8, the test started with the DC bus
voltage reference of 50V (Ch1). Subsequently, at t=45 it
was stepped up to 60 V and remained for 12 s before step-
ping back to 50 V thereafter. In Fig. 8(a), Ch2 and Ch3, which
represents the total static energy reference and measured
total static energy, respectively, exhibited a good result of
the tracking system. Likewise, in Fig. 8(b), Ch3 and Ch4,
which represents the FC current and its reference, were both
in phase; as a result, the flat output y; [Ch4 in Fig. 8(a)] is
nearly zero. Therefore, the response of the inductor currents
in the converter verified the highly controlled response
using the flatness properties with only one loop control
structure, However, Ch4 in Fig. 8(b) shows a variation of
the FC current depending on the output voltage because
the resistive load was constant during the experimentation.
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Fig. 9. The dynamic characteristics of the power converter during a step load
change from 200W to 400W at t=60ms. (a) Simulation wavesforms. (b)
Experimental waveforms,

(3) Control robustness test using the FC converter supplied by a DC
power supply: Because the FC generator has slow dynamics
by nature, it is dangerous to perform dynamic testing on
an FC stack [19-22], Therefore, instead of a FC, this dynamic
testing was supplied by a 25-V DC power supply. The simu-
lation and oscilloscope waveforms in Fig, 9(a) and (b) shows
the dynamic response of the dc bus voltage dynamics to the
load power demands {disturbance) from 200 W to 400 W.
The proposed controller demonstrates good stability and
an optimum response (no oscillation and a short settling
time) for the regulation of the dc bus voltage to the desired
reference of 60 V.

To substantiate the robustness and dynamic regulation of the
dc-bus voltage using the proposed control scheme, Fig. 10 illus-
trates waveforms that were obtained during the presence of a large
load step. Using the exact model resulted in the rapid response in
the output voltage loop to reject the perturbation. Despite the
errors in the converter model, the system was still able to function,
and the waveforms obtained in Fig. 10(a) were quite similar to

0 40 80 120 160 200 240 280 320 360 400

Time (ms)

Fig. 10. Comparison of the DC bus voltage regulation (DC link stabilization) of the
power plant during a large load step. (a) Exact model (rn, =010}, n> =012 0,
rp =250 £2). (b} Error model (robustness) (r; = ra =0£2 and r, = o ).

those measured in Fig. 10(b). The DC bus voltage ripple swing
could be easily improved by increasing either the capacitance Cpys
or the angular frequency.

This paper profoundly presents the concept and experiments of
the single-loop control. However, the multiple-loop control was
previously presented in the reference [9). Additionally, the
dynamic response of this strategy (switching frequency = 10 kHz)
is faster than the experimental results shown in the reference
(switching frequency = 25 kHz) as the reason explained before.

Conclusion

In this paper, a nonlinear single-loop feedback control scheme
based on the differential flatness concept was proposed for use in
a multiphase parallel converter. This scheme offers an alternative
solution that reduces the sophistication of the algorithm design
while effectively achieving the preferred response. Validation of
the proposed scheme was achieved by demonstrating control of a
prototype set of a fuel cell stack with a 600-W two-phase boost
converter connected in parallel, which was implemented through
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a dSPACE 1104 controller card. Three aspects of the control scheme
were verified, including steady state response, dynamic response,
and control robustness. The experiments exhibited overall good
results, which implied that this designed scheme has the potential
to be applied in FC generator applications, as well as in a hybrid
power source system, such as hybrid electric vehicles.
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