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Abstract - This paper deals with the problem of controlling energy generation systems
including fuel cells (FCs) and interleaved boost power converters. The proposed nonlinear
adaptive controller is designed using sliding mode control (SMC) technique based on the
system nonlinear model. The latter accounts for the boost converter large-signal dynamics as
well as for the fuel-cell nonlinear characteristics. The adaptive nonlinear controller involves
online estimation of the DC bus impedance ‘seen’ by the converter. The control objective is
threefold: (i) asymptotic stability of the closed loop system, (ii) output voltage regulation
under bus impedance uncertainties and (iii) equal current sharing between modules. It is
formally shown, using theoretical analysis and simulations, that the developed adaptive

controller actually meets its control objectives.

Keywords — Fuel cell, interleaved boost converter, sliding mode control, adaptive control.

1. Introduction

It is well established that the past-decades intensive use of fossil fuel has already caused
global environmental problems. Furthermore, the gap between fossil fuel resources and the
global energy demand has been growing over the few past years leading to significant oil
price increase. More recently, the Fukushima disaster has showed the drawbacks of using
nuclear energy as alternative to fossil fuel. On the other hand, renewable energy has gained in
popularity, since their efficiency is continuously improved and their cost is continuously
reduced. Indeed, renewable energy systems produce electric power without polluting the

environment, transforming free inexhaustible energy resources, like solar radiation or wind,
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into electricity. The world’s demand for electrical energy has been continuously increasing
and is expected to continue growing, while the majority of the electrical energy in most
countries is generated by conventional energy sources. The ongoing global climate change,
the diminution of fossil fuel resources and the collective fear of energy supply shortage have
made the global energy trends more complex. However, it is disadvantageous to meet the
rising electricity demand by establishing more conventional power systems. As the electricity
is delivered from the main power plants to the end-users (customers) at a high voltage level
along with long length transmission lines, the end-users get short of electricity whenever the
lines are destroyed by unexpected events (e.g. natural disasters) or when fuel suppliers fail.
Therefore, the penetration of distributed generation (DG) (see Fig.1) at medium and low

voltages is expected to play a main role in future power systems.

Implementing distributed energy resources (DER) such as wind turbines, photovoltaic
(PV), gas turbines and fuel cells into interconnected grids could be part of the solution to the
rising electricity demand problem [1,21]. DG technologies are currently being investigated
and developed in many research projects to perform smart grids. On the other hand, mini-
grids including DG are installed into rural areas of developing countries. As rural settlements
in these countries are scattered, power systems in these areas depend on available energy

sources. This involves various issues such as power system control, energy management and

load dispatch.
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Fig.1: DC microgrid example in distributed energy resources.
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Among renewable energies, hydrogen and fuel cell are considered as promising
alternatives from both energy storage and supply reliability viewpoints. Indeed, these sources
do not only feature a high-efficiency chemical-energy conversion (into electrical energy) but
also feature low emissions [24,25,26].

The proliferation of DC-ended sources like PV, batteries, supercapacitors and FCs has
made it possible to conceive DC distribution systems or DC microgrids which are main tools
for energy sources integration. As the various types of sources have different characteristics,
it is important to make sure that each source comes into operation only when ambient
conditions (wind, radiation...) are favourable. In this respect, it is well known that FCs does
not well bear sudden current variations (current derivative is limited). This is coped with by
including bidirectional energy modules (e.g. batteries, supercapacitors) in DERs. Doing so,
sudden current variations are supported by the rapid sources. The repartition of the global
current generation effort on the different sources of a DER is managed by the main
supervisory control (MSC) (Fig. 1). Specifically, when a sudden current demand is detected in
the DC bus, the MSC acts on one (or more) rapid source converter changing its direction to
discharging mode so that is provides the extra current.

It turns out that, in DERs, different power converters (between sources and DC bus) are
involved. In this paper, the focus is made on the integration of fuel cell, through interleaved
boost converter (IBC), into a DC microgrid (Fig.1). The IBC topology consists of a number of
paralleled boost converters controlled by means of interleaving control techniques in contrast
to the conventional high power boost converter [33]. The aim is to control the FC-IBC
association so that the integration to the microgrid is accomplished complying with
interconnection conventions. In particular, the DC link voltage must be tightly regulated.
IBCs offer many benefits making them particularly suitable in different renewable energy
applications, e.g. battery chargers and maximum power point tracking (MPPT) in PV
conversion. Indeed, they offer good efficiency and voltage/current ripples reduction [20,31].
In this respect, recall that FCs are vulnerable to current ripples making inappropriate the
association with more basic converters, particularly boost converters which are known to
inject current ripples [32]. Using interleaving techniques, the ripples of corresponding
inductor currents and capacitor voltage are diminished, making possible size reduction of
inductors and capacitor [27,6]. Moreover, the power losses in IBCs are reduced (compared to
basic boost converters) because the switching frequency can be made smaller by increasing
the number of branches. Energetic efficiency can also be improved by considering variants of

the IBC topology, e.g. soft switching and resonant techniques, or coupled inductors [27].
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On the other hand, the research in the fuel cell field has gained more importance and industry
applications range from low power (50W) to high power (more than 250kW) [15]. In order to
obtain efficient fuel cell systems, the DC/DC converter should be properly designed
[3,12,14]).
The above mentioned benefits makes IBCs good candidate for interfacing fuel cell and DC
buses [10,19]. The control of IBC topology has been dealt with using conventional linear
control techniques [2,11,23,26,29]. The point is that, both the IBC converter and the fuel cell
exhibit highly nonlinear behavior making linear controllers only effective within around
specific operation points. In this paper, the problem of controlling fuel cell IBC systems is
dealt with based on a more accurate model that really accounts for the system nonlinearities.
Doing so, the model turns out to be well representative of both the boost converter large-
signal dynamic behavior and the fuel-cell nonlinear characteristics. A nonlinear adaptive
controller is designed, using the sliding mode control (SMC) technique, to achieve three
objectives: (1) asymptotic stability of the closed loop system; (ii) tight output DC link voltage
regulation, despite bus impedance uncertainties; (iii) and equal current sharing between
modules. Accordingly, the controller involves online estimation of the DC bus impedance
‘seen’ by the converter. It is formally shown, using theoretical analysis and simulations, that
the developed adaptive controller actually meets its control objectives.

The paper is organized as follows. In Section 2, the IBC for fuel cell applications are
described and modeled. Section 3 is devoted to the controller design and closed-loop
theoretical analysis. The controller tracking performances are illustrated through numerical

simulations in Section 4. Section 5 provides the conclusion of the paper.
2. General norms and system modeling

Figure 2 shows the power stage of a fuel cell interleaved boost converter (FC-IBC) system.
It consists of a FC generator and N-interleaved boost converters connected in parallel sharing
a common DC bus. Each boost converter consisted of an input inductor Ly, a static switch (S)
controlled by the binary input signal Uy, and an output diode Dy (k =1,..., N). Each diode
cathode is connected to the same point with the output capacitor C in parallel with the load
represented by a pure resistance R, according to the input impedance of the DC bus. This
impedance is actually unknown because it depends on the power demand. This uncertainty

will be investigated in next section.
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Fig.2: Power stage of the FC-IBC system

2.1. Fuel cell V-I static characteristic

The static V-I polarization curve for a single-cell fuel cell is shown in Fig. 3, where the
drop of the fuel cell voltage with load current density can be observed. This voltage reduction
is caused by three major losses [13]: activation losses, ohmic losses, and transport losses. The
V-l polarization curve of Fig.3 corresponds to a Ballard manufacturer elementary FC
1020ACS. The fuel cell used in this application is a proton exchange membrane (PEM), being
the operation temperature relatively low. As can be seen from Fig. 3 there is a big difference
between the minimum and maximum voltage of the FC generator. Then, it is very important
to take into account the nonlinearity of this characteristic for control design purposes. With
this aim, a polynomial approximation of the V-I curve of Fig.3 is obtained by using the polyfit
function of MATLAB defined as follows:

7 o def
Vin :an(lT)n = o(ir) (1)

n=0
where p, (n=0,...,7) are the coefficients listed in Table 1.

Table 1: polynomial coefficients

p,=10’ p,=-35.9 p,=2.45
p, =-0.09 p,=1.8x10" p, =-2x10°
p,=1.14x107" p,=-2.64x107"

Figure 4 shows that the polynomial approximation fits perfectly the real V-I curve. Thus, the
approximated function (1) will be used for the control design, which will be addressed in

section 3.
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Fig.3: V-I characteristic of elementary single cell of the Fuel Cell 1020ACS made by Ballard.
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Fig.4: FC V-I characteristic and its polynomial approximation

2.2. Interleaved boost converter modeling

The aim of this subsection is to obtain a large-signal model of the IBC topology taking into
account their nonlinearities, which will be useful for the control design procedure. From Fig.
2 one can obtain the power stage bilinear equations, considering some non-idealities. For

instance, each inductance of the IBC shown in Fig.2 L, (k =1,..., N) presents an equivalent

series resistance (ESR):r, . Each k™ single boost converter stage is controlled by using
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interleaved PWM signal u, which takes values from the subset {0,1}. For simplicity, one can

consider identical inductances, being:

L=, =...=2Ly=L
{ 1 2 N (2)

M 2h, 2.2

|

|

—
=
z

|
-

From inspection of the circuit, shown in Fig.2, and taking into account that Uy can take the

binary values 1 or 0, the following bilinear switching model can be obtained:

di Vo I i
d_Ltk:_(l_uk)To_TLlLk +@ (3a)
dv 1, 1, _iZN:u.i. (3b)
d c' RrRC' c&lH
where
N
ir :ziLk (3¢c)
k=1

being N the number of the IBCs connected in parallel. This model is useful for circuit

simulation purposes but not for the controller design, because it involves a number of N

binary control inputs U, . For control design purpose, it is more convenient to consider the

following averaged model [17], obtained by averaging the model (3) over one switching

. o 1 (m
period T (X =< X >= T—S_[O x(t)dt)

. 1 I X
X =—=(1— g4 )IXZ _TLXlk + w(LT) (4a)
1 1 N
Xa :EXT _EXZ_EJZ_;”]X” (4b)
N
Xp = zxm (4¢)
k=1

being X, the average value of the current i, (X, =<I, >), X,is the average value of the
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output voltage V, (X, =<V, >), X;is the average value of the input current i, (X; =<i; >),
and g, is the duty cycle, i.e. average value of the binary control input u, ,( &, =<U, >) which
takes values in [0,1].

Notice that the model (4) is a multi-input multi-output (MIMO) system, which can be difficult

to control by using classical linear control theory.
3. Adaptive control design

With the aim of design an appropriate control for the nonlinear model (4) described in
previous section, the control objectives and the control design is proposed in this Section

taking into account the nonlinearities and the uncertainty of the load.

3.1. Control objectives

In order to define the control strategy, first one has to establish the control objectives,

which can be formulated as following:

(1) Output voltage regulation under load uncertainty. This is necessary to maintain the

voltage constant in the DC bus, avoiding load damages.

(i) Equal current sharing between modules. The input current waveforms should be equal
in order to avoid overloading one of the modules, especially when supplying
heavy loads. Also the currents must be interleaved in order to reduce the current

ripple which is undesirable in fuel cells.

(ii1) Asymptotic stability of the closed loop system. Global asymptotic stability is required

to avoid imposing restrictions on the allowed initial conditions.

3.2. Adaptive sliding mode controller (SMC) design

Once the control objectives are defined, as the MIMO system is highly nonlinear, an
adaptive sliding mode control is proposed here due to its robustness against uncertainties and

parametric estimation capability [28,30].

One of the uncertainties is the load resistance R of the model (4), which may be subject to
step changes. These load steps occur when the power in the DC bus varies accordingly to the
active power of the loads to be supplied. To cope with such a model uncertainty, the
controller will be given a more flexible and adaptive capability. More specifically, the

controller to be designed should include an on-line estimation of the unknown parameter
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The corresponding estimate is denoted 6, and the parameter estimation error is

0=0-0. (6)

Moreover, the controller may take into account the nonlinearity of the fuel cell characteristic

represented by (1).
The control objective is to enforce the output voltage to track a given constant reference
signal V, despite the system parameter uncertainties. However, it is well known that the

boost converter has a non-minimum phase feature (see e.g. [4,5,8,9]). Such an issue is
generally dealt by resorting to an indirect design strategy. More specifically, the objective is
to enforce the current i to track a reference signal, named X;, . The latter is chosen so that if
in steady state i = X4, thenv, =V, where V, > min(¢(i; ) which denotes the desired output

voltage. It is derived from the power conservation consideration, also named PIPO, i.e. power

input equal to power output, that X;; depends on V, through the following relationship

de def de
Xey = =
" (Ro(xy))  p0%y)

(7

This equation shows that the reference current signal X;, depends on the uncertainty, which

does not usually appear in the standard adaptive control theory (see e.g. [18]). The objective

here is that the current i, tracks the estimated reference signal X;,, which is defined as

follows

_ Vi 4
P(Xrq)

X

(8)

In order to carry out the tracking objective despite the system parameter uncertainties SMC
will be used [30]. As already mentioned, the way this technique is applied is not usual
because the reference trajectory depends on the estimating of the unknown system
parameter §. Keeping in mind the current sharing objective, the following sliding surface is

introduced
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S (X) =X, — I 9)
where

A

5 2
[=fu_ Vi g (10)
N Ne(Ry)

>

The control objective is to enforce the system state to reach the sliding surface Sy = 0. When
such a purpose is achieved, the system is said to be in a sliding mode. In that case, we have

the so-called invariant condition [30]

The equivalent control can easily be obtained by using (11), (9), (10), and (4a), as follows

1 X
Hieq =1+X_(rLX1k_¢(XT)+LIdJ (12)

2

From this equation, we can decompose the general control structure as follows

L
My = Higq T Hin _X_klgzk (13)

2
where k; >0 is a design parameter and

L .
Hn =7 Hin (14)
X

where /i, is as yet an additional input, and
Exk = Xy = Xy (15)

is the error between the output voltage x,and its desired value X,y for the k" module. The
desired value X, will be specified later. In (13) the termKk,&,, is a damping term introduced

in the control law to modify the output response. The objective of SMC is to force the system

states to satisfy s, = 0. To this end, one must ensure that the system is capable of reaching the

10
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state S, =S, =0 from any initial conditions and, having reached s, =0, that the control action
is capable of maintaining the system ats, = 0. Furthermore, the parameter update law and the
control law must be chosen in order to stabilize the whole system with state vector is

(S,&,, 0 ). These conditions may be satisfied by considering the quadratic Lyapunov function

of the form

Y =%STS+%g;ez +$§2 (16)
where

S= [Sl,...,SN]T , €y = [521,...,52N]T (17)

being ¥ > 0 a real constant, called parameter adaptation gain [28]. Our goal is to make the

time derivative of V , V , non-positive definite. Thus V is obtained by using (4a) and (9),
which yields to

. A N ] 1 ~»
v :fzsk[—(l—ﬂk)xz =1 Xy F (%) — lej +D Exby, —;99 (18)
k=1 k=1

because 6 =—0 (the uncertain parameter € is supposed to be subject to non-periodic step

changes). By using (12), (13) and (14), Equation (18) takes the form

. N . N ~ é X N N ) X ~
v :Zsk:ukN _kzzgzzk -0 _+_2252k +Z‘92k(‘92k —kis, + K65 +_29j (19)
k=1 k=1 ry Cia k=1 C

where k, >0 is the second design parameter. Equation (19) clearly shows that the stability of

the closed loop system with the state vector (s,¢,, 0 ) is achieved by simply choosing /i,

&y » and 6 so that
[y, =—asgn(s,) (20a)

26 =0 (20b)

11
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= |%>-

Ezki (20¢)

where « >0is a design parameter and sgn(-) is the sign function. From (20c) the adaptive

control law is derived as follows
=-L x z Ep - 21)

The time derivative of fd , is obtained by using (10) and (21), yielding

I :—ﬁxzzN:ng (22)
where
f= Var (23a)
(ng(XTd)Jr NV,26 ¢(XTd)]
(X74)
where
P(Rry) = d(gix) A (23b)

Combining equations (13), (12), (14) and (20a), yields the following control law

L(r N
Ly :1+X_(TLX“‘ —asgn(s,) — K, (X, — Xy4) _(/)(I)_(T)_@(zzg”j (24)
j=1

2

where the dynamic of X,, is defined, using (4b), (5), (6), (15), and (20b), by the following

differential equation:

X 0
Xoge ==K, Sy + K, (Xy = X ) + C; _Exz ZIUJ 1j (25a)

The resulting closed-loop system is analysed in the following Theorem.

Theorem 1: Consider the closed-loop system consisting of a fuel cell interleaved boost

12
Page 12 of 26



converter system represented by (4a-b) subject to uncertain load resistor R, and the controller
composed of the adaptive control law (24) the parameter update law (21) and dynamic of the

desired trajectory X,, of the output voltage (25). Then, one has: (i) the closed-loop system is
globally asymptotically stable; (ii) the sliding surfaces S, converge to zero, this propriety
ensures the proper current sharing between modules; and (iii) the estimation error 0=0-6
converges to zero which means that the estimated reference current X;, converge to its real
value X, , hence the tracking error ¢ = X, —V, converges to zero, this propriety ensures tight

regulation under uncertainties O

Remark 1. Adding k,X,, to both sides of (25a) and operating on both sides of the resulting

equation by 1/(s+k,), yields:

1 X, 0 1
dekzm _k15k+kzxz+€T_EXz_E;ﬂjX1j (25b)
Note that the 1*' order transfer function 1/(s +k,) is physically realizable because it is strictly

proper and all signals on the right side of (25b) are available. Therefore, the expression (25b)

can be practically implemented to online compute the X,, from available signals.

4. Simulation results

The controlled system is a three phase interleaved boost converter with the parameters listed
in Table 2. The experimental bench is described in Fig 5 and is simulated by using MATLAB
software. In this respect, all power components, including the FC, are simulated using the
relevant Matlab/Simulink power toolbox where current derivative limitation in the FC module
is taken into account. Then, the capability of the proposed controller to deal with such
limitation will be implicitly illustrated through the different simulation tests (e.g. Figs. 6, 7, 8
14).

4.1. Adaptive controller performances

The proposed adaptive control design is considered with the following numerical values of

design parameters which proved to be suitable:
k, =400, k, =10, y=2x10" and @ =1.2x10’.
These have been selected using the common try-error method that consists in increasing the

13
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parameter values until a satisfactory compromise, between rapidity of responses and control

activity, is achieved. The behavior of such a system is illustrated in figures 6 to 8.
a) Regulator sensitivity to load uncertainty

Fig. 6 illustrates the behavior of controlled system with an output voltage reference

V, =48V (which represents the DC bus voltage) and successive load step changes, the

resistance can change between 2.5Q2 and 5(2, yielding variation of 50% of the power of the
DC bus. As it can be seen, despite the load resistor uncertainty, the controller behavior is
satisfactory. Fig. 6(a) shows a tight voltage regulation under step load changes. Fig. 6(b)
shows the change of operation point of the fuel cell voltage, showing its high dependence on
the current. Fig. 6(c) depicts the load resistance 50% changes. Fig. 6(d) illustrates the duty
cycle variations, including a ripple characteristic of the sliding mode control, also known as

chattering [30].

Fig. 7 shows an appropriate current sharing between the interleaved inductor currents for load
changes. Figs. 7(a)-(c) depicts the equal current sharing between the modules. Notice that Fig.
7(d) shows the ripple cancellation of the fuel cell current allowed by the interleaved inductor

currents.

Fig. 8 illustrates a perfect estimation of uncertain parameter, with negligible steady state error

and fast transient response.

Table 2: Parameters of the interleaved boost converter

Parameter Symbol Value

Number of phases N 3

Inductance value L 22mH

Inductance ESR r 20mQ2

Output Capacitor C 1200 uF

Switching frequency f, 10 kHz
14
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Fig.8: Controller estimation performances: a) uncertain parameter and its estimate, b) estimation error

b) Controller behavior in presence of discontinuous conduction mode operation

In practice, dc-dc converters may enter into a discontinuous conduction mode operation. This
means that, in each switching period, the current may vanishe during a time interval. The
point is that such phenomenon is not accounted for in the control model (4), that is based on
in control design. Therefore, it is of interest to check whether the proposed adaptive controller
preserves its performances when it faces such converter behavior. To push the converter into
discontinuous mode operation, a sudden and drastic change of the load is produced at time
instant 0.1s (Fig. 9). Then, a drastic decrease of the current is produced that makes the
converter operates in discontinuous mode during an interval following the sudden load
change. This is illustrated making a zoom on the inductor current during the interval [101.6ms
102.4ms] (Fig. 10). Fig. 9 shows that the proposed controller is able to face discontinuous
mode keeping a tight output voltage regulation. Furthermore, Fig.10 shows that the current
sharing requirement, in presence of load changes, is also preserved despite the discontinuous

mode.

17
Page 17 of 26



Output Voltage vO(V)

80

™~

60 h
40

20

0 0.05 0.1 0.15

Load resistor R(QQ)

0.2

80

60
40
20

0 0.05 0.1 0.15
time (s)

0.2

20

15

10

0.4

0.2

0

i1 (A)

0.05 0.1 0.15 0.2
Z00m

Ll(

0.1016 0.1018 0.102 0.1022 0.1024

Fig.9: Controller behavior in discontinuous mode
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Fig.10: Inductor currents sharing in discontinuous mode

¢) Robustness of the controller in presence of fuel cell V-1 characterstic uncertainty

Fuel cell is an electrochemical device that directly converts chemical energy to electrical
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energy. Its V-I characteristic (known as a polarization curve) may vary even during normal
operation conditions, due to changes of air flow rate, supply pressure, temperature, etc.
Therefore, it is of interest to evaluate the performances of the proposed adaptive controller in
presence of this uncertainty. Fig.12 illustrates the closed-loop behavior in presence of V-I
characteristic variations. Specifically, a 10% change is produced on the true V-I characteristic
with respect to nominal characteristic. Meanwhile, the controller design is only based on the

nominal characteristic (see Fig. 11). The resulting control performances are illustrated by Fig.

12 which shows that output voltage is still well regulated to its desired value V, =48V .

Furthermore, Fig.13 shows the fair current sharing objective is still met.

40

Characteristic implemented in the controller

o1 A B Real characteristic of FC i

Fuel Cell voltage(V)

10 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Fuel Cell current(A)

Fig.11: Real V-I characteristic of FC and the implemented one in the controller
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Fig.12: Controller behavior in presence of V-I characteristic uncertainty
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Fig.13: Current sharing in presence of V-I characteristic uncertainty

4.2. Limits of linear controller

To illustrate the supremacy of the proposed nonlinear control strategy over traditional linear
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control methods, linear PI regulators are presently considered within the simulated
experimental set up of Fig. 14. There PI-1 and PI-2 are PI regulators defined by the usual

expressions:

1+Ts)

1+T,s
C1(3)=K1—S ; Cz(s)sz—( 32)

(26)

Interleaved
PWM-1 uj

Y

>»Vo

> Interleaved
PWM-2 u

FC-IBC system T Output voltage reference
Vy

e 7

Interleaved
PWM-3 u

3
>
3

PI-1

IL1 I IL3

Total current reference
ITref

M3

N+

Duty ratios J

1/3

A

PI-2
Ho P
PI-2 <]

U, ™ Inductor current reference
PI-2

ILref

Fig.14. Experimental bench for FC-IBC linear control strategy

In order to design parameters of C,(s)and C,(S), a small signal model of the single boost

converter is elaborated as shown in Fig. 15.

l

Gafs) Vo >

.

—> G

Y

Fig. 15 : Small signal model of boost converter

where:

l

- CV,, s+2(1-U)I,,

G,(s)=—=
() LC.s*+(RC+L/R)s+R, /R, +(1+U,)>

(27)

==

G (S)ZVN_OZ ~LI,s—1,R +V,(1-U,) 28)
2 I CV,,.s+2(1-U)I,

and V,, , I, , U, , R, are the nominal values of v, , I, , # , R, respectively.
Accordingly, the linear control system of Fig. 14 assumes the bloc diagram representation of

Fig. 16.

21
Page 21 of 26



Y

i
L Ci(s) % cs) FES] 69 - Gx(s) )

Fig. 16. Closed loop linear control

Presently, the regulators C,(s) and C,(S) are tuned using the Sisotool® software integrated
in Matlab® (see Fig. 17). Accordingly, the regulators C,(s)and C,(s) are optimized in order

to satisfy some design requirements such as phase margin (PM), gain margin (GM), settling

time. Doing so, the following parameter values have been retained

Ki=127.26 ; T,=0.00017 ; K,=4.979 ; T,=0.00037 (29)

as they lead to the satisfactory performances, specifically PM=45°, GM=10dB.

The performances of the linear control are illustrated by Fig. 18 and Fig.19. The simulations
show clearly that the linear PI-based control strategy performs well as long as the system
operates around its nominal operation point, unlike the nonlinear strategy that maintain a high
level of performances in all operation conditions, thanks to its adaptation capability.
The deterioration of the linear control strategy performances (when the system deviates from
its nominal operation point) is presently worsened by the presence of the control input

limitation.

The presence of both input limitation [7] and an integrator in the controller make the closed-
loop system suffer from what is commonly called *windup effect'. This means that the system
signals are likely to diverge if a disturbance affects the system. Presently, the disturbance is

produced by the modeling error resulting from the load resistance uncertainty.

22
Page 22 of 26



=] control and Estimation Tools Manager

File Edit Help
Sd|9 &
ﬂ Warkspace Architecture ‘ Compensator Editor | Graphical Tuning || Analysis Plots | Automated Tuning
= 4] 5150 Design Task
Design History Current Architecture:
Modify architecture, |abels and Feedback signs.
Configure additional loop openings For multi-loop design.
System Data ... i Import data for compensators and fixed systems,
Change the sample time of the design,
l Show Architecture l [ Store Design ] [ Help ]
2
v
Fig. 17 : Sisotool software of Matlab
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Fig. 18 : Closed loop performances of linear controller

23

Page 23 of 26



i (A) i 5(A)

40 40
30 30
20 20
10 10
0 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6
i 5(A) i(A)
40
100
30
20
50
10
0 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6
time (s) time (s)

Fig. 19 : Inductor currents with linear controller

5. Conclusion

The problem of controlling a three phase interleaved boost converter associated with fuel cell
generation system has been addressed. The control objective is to regulate well the output
voltage and ensure a well balanced current sharing between power modules. The control
problem complexity comes from the highly nonlinear nature of the FC-IBC association, on
the one hand, and load resistance uncertainty and change, on the other hand. The problem is
dealt with using an adaptive sliding mode controller, developed on the basis on the system
nonlinear model. The adaptive feature is necessary to cope with load resistance uncertainty
and change that, presently, simulate variations of the power absorbed in the DC bus. It is
formally proved that the proposed adaptive controller meets its control objectives.
Furthermore, it is checked using simulations that the controller preserves satisfactory
performances in presence of discontinuous modes and FC characteristic changes. Finally, the
superiority of the adaptive controller over conventional linear controller is also illustrated by

simulation.
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