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ABSTRACT

In this paper a complete robustness analysis i®meed for a hybrid Fuel Cell/Supercapacitor getiera
system with power management, realized througtrctimerol of two identical boost power convertersr Fo
the closed-loop control a previously proposed mattable robust control is considered. The robuositrol
strategy analyzed consists of a multivariable Prbgaual-Integral controller found using an algonttwith

a Linear Matrix Inequalities (LMI) formulation proped by the authors in former works. The control
actuators are the duty cycles of the boost powewvexters interfacing the Fuel Cell (FC) and the
Supercapacitor (SC) with the system electrical loatle control effectively achieves stability and
performance robustness for several considered paeamariations sets. Simulation results were olethi
using p-analysis theory and the experimental vAtidawas achieved. The results obtained show the
improvement of the system robustness with a styatbgt can be generalized as a robust control
methodology.

1. INTRODUCTION

The control and energy management of FC systents sdtondary energy storage devices is a major
challenging problem. When the FC auxiliary systere considered the problem becomes more complex.
Little attention has been given to robust contitoategies and robustness analysis to hybrid gdnarat
systems using FC. The work presented in this pdeals with the robustness analysis of a contratey
presented by the authors in previous works [1-3le Proposed controller consists of a multivariaBle
controller computed using an algorithm with LMI fanlation and H performance specification. This
algorithm was originally proposed by [4]. A simpdifl version of the algorithm for the hybrid FC &yst
was presented in detail in [1]. The hybrid systeradmposed by a PEMFC and a SC each one interfgced
two identical parallel-connected boost converters. the robustness study p-analysis is used, §der[a
detailed review in p theory. Some robustness resolitained with the proposed methodology were
previously compared to those obtained using clagsittrol strategies for this type of system, sde IfL
classic control the multi-loop strategy is commonlged [6-7]. In this paper the robust controller
performances obtained by simulation using p-ansigsé validated by experimental results using ktiree
implementation of the hybrid system. A sensitiv@tiyalysis is performed to study the system relakigns
with physical parameter variations and its parttign factors. Finally, a preliminary system comgan
design procedure using the results obtained irrdbastness analysis is presented. The limitatidrihis
procedure are identified and discussed.

2. STUDIED SYSTEM

The studied system is composed by a 1kWw PEMFC &8Fal5V SC each one interfaced by two identical
boost converters that rise up the utilization \gdtao 24V. The hybrid source was designed by [Bpf&C
residential power supply application. The SC reghds assured by a third converter, a flyback caeve
that draws some power directly from the FC and whmmntrol is assumed to be perfect. The SC recharge
was designed to operate only when no current isgb@iawn from the SC. There are several other plassi
converter configurations including the use of aersible boost converter to recharge the SC. The
coordination of several power converter controlfgurations and FC system considerations are pteden
in [9]. The studied hybrid configuration is presshin Figure 1. The FC model used combines therdima
performance, by a simplified electrical equivalamtcuit modeling, with the static polarization carv
characteristic. The model scheme is presentedguwr&i2. For the real-time experimentation an ermaraf

the FC dynamic was implemented to avoid damageherré¢al FC during tests. The model used for the
emulator is the same model shown in figure 2, sendi 0-10V control signal to a voltage-controlle@ D
source. The FC static polarization curve and ipeetive power curve are presented in Figure 3.
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Figure 2. Fuel cell model used for simulation andikation in the real-time implementation
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Figure 3. Static polarization characteristic (leftid the FC power curve (right)

2.1 Hybrid System Model
Average modeling is used to describe the dynami@#on of the hybrid power generation system. The

non-linear average model of the system is givethbyfollowing set of equations:

Ve, 1, Ve
dt - C{r ! Rfﬁ'
dVe, B 1 - Vea
dt Cfu, ! Rm
dl 1 = 4
?f—l = L_ lE{J - VC.‘;; - 1"(.'-2- - Rm Il - {1 - (1‘1}1’(_"]
dly 1 |
L = — [Vie— Rals — (1 — a3)Ve
dt L-z[" 2= (1~ e2)¥o]
dVie L,-,
dt  Cy ”
AV 1 . Vi
d; =7 (I—a)li + (1 —ag)lz - ?ﬂ}

(1)
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In this model the state variables arg. Yhe double layer capacitor in the FC cathodg, tile double layer
capacitor in the FC anode,the FC output current; the SC output current,ythe SC voltage and Mhe
output filter capacitor voltage. The control inpatea; andas,, the average values of the switching functions
of the FC and SC power converters.

The linearized average model is given by:

Ai = AAz + ﬁlﬁw + Bg:‘lu
Az=[AVp, AVe, AL AL AV, AVg |

Au = Aoy, Aw = AP, @

with:
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Physical parameters of the system are given Qy=18,4V, R, = 1,28e-8, R, = 2,04e-8), R, = 4,72e-4,
Ca=GCG=2,12F, G, =58F, R.= 0,019, L, = 50pH, L, =50 pH, C = 37,6mF, R =1,2106

2.2 Eigenvalue Sensitivity Analysis
The theory of eigenvalues and eigenvectors seitgiimd participation factors is well described enthe
small signal stability analysis chapter in [10].eT&ensitivity matrix describes the perception afiatéon
(Oniloag) of a eigenvalue, as a function of the elements of the state-spaatedA. The analysis of each
eigenvalue sensitivity matrix lead to the followiogmments. The mode 1 (the left most eigenvaluatéut
at -990) is influenced by the double layer capaces (G) of the FC model. The mode 2 (a first complex
conjugated pair with the real part located at -1i6)nfluenced by both &£ and C the DC bus filter
capacitance. The mode 3 (a second complex conpligaie with the real part located at -217) is ieficed
by the value of C. Finally the mode 4 (a real eigdme located at -0.73) is highly influenced by ®€&
value. However, even with a slight influence on e®d and 4, it can be concluded from this analysis
capacitance C has a dominant influence on all ¥iseesn modes. The participation factors matrix giaes
measure on the participation of the k-th statealdei in the i-th mode. The participation factorstnmas
presented in Table 1.

Table 1. Participation factors.

Participation factors

Mode 1 Mode 2 Mode 3 Mode 4
Vee 0.0001 0.0074 0.0074 0.5059 0.5059 0.0003
Vea 1.0074 0.0023 0.0023 0.0040 0.0040 0.0000
l1 0.0078 0.2737 0.2737 0.2589 0.2589 0.0019
2 0.0004 0.2759 0.2759 0.2967 0.2967 0.0015
Vse 0.0000 0.0003 0.0003 0.0020 0.0020 1.0030
Ve 0.0007 0.5396 0.5396 0.0438 0.0438 0.0001
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This means that modes 1 and 3 are affects the edaygbr capacitor voltage, the mode 2 affects debDE
voltage \t and the mode 4 affects the SC voltage dynamic.

3. ROBUST CONTROL

The robust control strategy developed is based altivariable Pl control considering.tperformance, the
controller computation along with the respectivalgsis was presented by the authors in previougsdr
3]. An important tool used for the control syntlseisi the formulation of the problem in the formLifiear
Matrix Inequalities (LMI). Furthermore, an iteragiwersion of this tool developed in [4] to solveMBMO
PI1 control problem is considered. The system mpdedented before is arranged in the following form:

&= Ax(t) 4 B]_..u(f) f Bg‘e‘i—(f)
z(t) = Chz(t) + Diw(t) + Digul(t)
y(t) — C—z.’i’.‘(f) + Dglw{ﬂ (3)

The system in (3) includes the performance spetitios on the performance outp(t) in the form of
frequency weighting functions [5]. These functi@me in the form:

.I. 8 + H-"B""l 1 f‘luc"" + l.-“"‘[Pt_:

W s/IM +wp Wy 5+ wp/M, 4)

The output measurementd) are the DC bus voltage-\and the FC current. The load current is considered
as the system external perturbatiolt). After the solution of the optimization problemMIMO PI
controller is obtained. The sensitivity along witle complementary sensitivity and weighting funcsief

the closed-loop system are presented in Figure 4.
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Figure 4. Sensitivity and complementary sensitiotyhe closed-loop system

4. ROBUSTNESS ANALYSIS

The theory behind the robustness analysis conslderthis paper is based on the computation ofjlstem
structured singular value (u value). However, thestuctured multiplicative input model is used to
represent uncertainties. Robust stability and ropegormance are considered. The p value is cosdpiotr

the different found controllers under the genemhtml configuration forms. In the case of the stdd
hybrid system, uncertainties are given in firstcplaby the electrical system parameters (inductances
capacitors and resistances), but are also repegsenbf variations in the FC stack polarizatiomwas as a
consequence of degradation of cells. They could adpresent slight changes in the FC humidificaton
temperature.

4.1 Parametric uncertainties

In this paper, variations on the hybrid system palparameters are considered. Resistance varsaéie a
consequence of possible variations in the tempeyaitu addition to the component tolerance. Usitigear
approximation of the resistance variation with tengpure, an estimated +25% variation in the valtie o
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resistances is considered. In the case of capa@tmording to several manufacturers, a capaciterance
varies between +10% and +20% the nominal valuehefdapacitor. In this paper a scenario with a £10%
variation in the capacitor value is considered.iRR@sces, inductances and SC values may vary &ignify
during different loading and temperature conditipht]. Even when a maximum variation of 20% in the
loading conditions was considered, a pessimisti@atian of 40% in the system inductances is studied
the case of the SC different loading conditionsamasidered by taking different states of charg@qypof

the SC. The SO& is defined by:

2
SOCsc = (%mc )
‘margc (5)

With viysc being the internal SC voltage ang¥cthe maximum possible SC voltage. This could lead t
capacitance variation of as much as -40% and +10P& weighting functions obtained with these
parametric variations to model complex uncertainéiee presented in Figure 5.
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Figure 5. Weighting functions to model complex utaiaties

4.2 p-Analysis

The robust stability and the robust performancespéome presented in Figure 6. In this case a faléioH,
controller is also considered for comparison. Asvamin the figure, both controllers achieve rolaiability
and robust performance for the uncertainties ledefsed before.
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5. REAL-TIME IMPLEMENTATION

The test-bench is composed by a 1kW Paxitech© PE# Eell and a 58F Maxwell© super-capacitor. As
said before however, the FC dynamic was emulatea X¥gntrex© 100-60 DC programmable source and a
Simulink/dSPACE real-time environment. Under norrwding conditions, at approximately 475W, the
flyback converter will drawn 0.4A to keep the SGaaie at a nhominal voltage of 14.5V in the SC. Alsma
auxiliary 12V battery is used to power the contyohrds for the boost converters, generating thessecy
PWM signals. The PWM is fixed at 50kHz. A DS1104P&EE real-time control board is used to capture
the system currents and voltage and to send th& @emtrol signal for the PWM (duty cycle). The
arrangement of the power converters is presentedyimre 7.

Figure 7. Arrangement of power converters in tis¢-bench setup
The temperature evolution from an ambient tempesatfi25°C after a continuous 1h operation (at mai

loading conditions) of the converters arrangembotws before is presented in Figure 8. Then, expanrtai
results are presented for 5%, £10% and +20% |lteyaks
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Figure 8. Temperature of the power converters dfteoperation at rating load
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These results are compared in Figures 10 with ithalation

model of the closed-loop system.
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The experimental results show the effectiveness rabdstness of the control methodology for several
loading conditions. The controlled output DC budtage remains within the desired margins (£10%).
Several tests were also performed for different §Q@lues. In Figure 11 the results for +10% loagste
and SOG values of 0.5 and 0.75 are presented. In this ag€80G of 0.5 was found to be the minimum
possible value for the hybrid system under study.b&fore, the control strategy is able to keepréddsi
performances on the output DC bus voltage and eudirrent, validating the results obtained in the u

Analysis.
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6. COMPONENT DESIGN AFTER ROBUSTNESS

In the design process of the hybrid system powemagement a dedicated tool that considers the final
complete system performance from the beginninghef design process could be very interesting. The
system components variations are then defined epdhametric uncertainties. In order to accounttfer
performance specifications parameters influencsystem robustness, several pareto curves weraltface
variations on the DC bus filter capacitance. Wth single parameter variation defined as:

qp = gnom (1 + kgpsA\) 6)

with gwom the nominal value of the parameter amgdthe parameter variation, a new parameter, the
“robustness factor”, defines the deviation from tixed parameter variation level. In Figure 12 theves

for the maximum peak magnitude (top-left) and tlesed-loop bandwidth (top-right) are presented.sEhe
curves corresponds to variations in the DC bus afgpavalue and the robustness factor is the maximu
level of allowable parameter variation to guaramaaust performance (u=1). The robustness factmsgi
the level of variation for the capacitance C anel difference between this capacitance and the ramin
value is defined as the gain. As the relation betw#he volume and the value of the capacitancedsi,
this could be translated into a gain in volume. ther specific case of the hybrid system treates ghin is
around 1800cm proving the contribution of the robust contrabségy to component design. Of course, the
limitation of the desired filter frequency valuedathe capacitor satisfying this frequency should be
respected. However as a limitation in this procedtican be said that it cannot be applied to thieg of

the SC for example, since the natural frequencg®@fare lower than 1Hz, far from the natural freayeof

the DC bus filter.
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CONCLUSION

The experimental results in this paper show thectiffeness of the control strategy under severaitain
conditions. The controller optimization, the romests analysis and the preliminary procedure foteays
component sizing are all presented aiming towardsreeralized control strategy that goes from tletesy
conception and design onto the real implementatiomas shown, however, that as a limitation to the
strategy, the sizing of the auxiliary power soutisenot possible under the presented form of the
methodology.
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