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Abstract: Based on full and rigorous study, this paper addresses the issue of ensuring a feasible
association in practice between a Proton Exchange Membrane Fuel Cell (PEMFC) and DC-DC power
converters including a buck and boost converter. This association is mathematically modeled,
analyzed, and controlled by an optimal PID controller. Using absolute stability tools with a rigorous
analytical approach that takes into consideration windup effects, in addition to the nonlinear behavior
of the Proton Exchange Membrane Fuel Cell, sufficient conditions are provided to ensure that the
closed-loop system is L2-stable. These conditions allow the optimal PID controller parameters to be
chosen and ensure the closed-loop system stability, by tracking reference outputs, and an optimal
performance against perturbations. Formal analysis, numerical simulations, and experimental
validation were carried out to verify that the PID controller designed with an anti-windup action
is robust and meets all of the pre-defined objectives. Moreover, this study demonstrates that the
association between the PEMFC and the DC-DC converters is achieved if only certain conditions
are met.

Keywords: fuel cell; PEMFC; DC-DC power converters; optimal PID controller; anti-windup;
L2-stability; experimental results; DSPACE

1. Introduction

Currently, electric vehicles based on lithium-ion batteries dominate the market. However, the short
longevity of lithium-ion batteries compared to their high cost is a disadvantage [1]. By comparison,
fuel cells offer high energy density and super capacitors offer high power density with a very long service
life (1 million recharge cycles) [2]. This complementarily is of interest to automobile manufacturers
who are increasingly investigating the development of hybrid fuel cell vehicles [3,4].

Fuel cells are used as a source of electrical energy in many applications. They are proposed,
among other things, as energy sources in electric motor vehicles (cars, buses, electrically propelled
boats, etc.) to replace internal combustion engines. This would reduce the local pollution generated by
motor vehicles [5].

A fuel cell is an electrochemical generator whose electrodes are continuously supplied with
fuel and oxidant. For applications in motor vehicles, the technology most commonly used is the
Proton Exchange Membrane Fuel Cell (PEMFC), which comprises exchange membranes supplied with
hydrogen, and with oxygen from the air [6].

In industrial applications, such as fuel cell vehicles and stationary generators, the electrical
energy produced by the fuel cell is not directly adapted to the use because the fuel cell does not
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provide a constant voltage [7]. To supply different loads, the fuel cell must be associated with one
or more topologies of power converters whose principal role is to shape the provided electric energy
(see Figure 1). Most switched DC power converters for fuel cell applications are either “buck”, “boost”
or “buck-boost” converters [8,9]. However, in the literature, other architectures are also used [10].
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Figure 1. Power train of a hybrid fuel cell vehicle

The use of switched-mode DC-DC converters is due to their high conversion efficiency and flexible
output voltage. They are designed to regulate the output voltage against the changes of the input
voltage and load current.

Numerous control techniques have been developed to control DC-DC power converters coupled
to PEMFCs. These are generally classified as non-linear and linear control techniques [11]. In studies
based on non-linear control techniques, the focus is on regulating output voltage by taking into account
the non-linear dynamic of the converters [12–17].

Many of these studies do not consider the problem of the saturation in the input of converters.
Indeed, the use of PWM (pulse width modulation) control for power converters assumes that the
duty ratio (which is actually the control input signal) is constrained between 0 and 1. Furthermore,
many linear PI and PID controller are used for controlling the association between the fuel cell and
DC-DC power converters [18–20]. However, the main issue of digital PI and PID controllers for
power converters is the deterioration of the performance (when the system deviates from its nominal
operation point) because of duty ratio saturation. The presence of both an input limitation and an
integrator in the controller cause the closed-loop system to suffer from what is commonly called the
“windup effect” [21,22]. This means that the system signals are likely to diverge if a disturbance affects
the system. Some studies have dealt with linear control for power converters using anti-windup
approaches [23–25].

However, most previous research suffers from certain limitations: rigorous analysis of the
association of the fuel cell and the DC-DC power converter is not provided; the dynamics of the fuel
cell are often ignored when designing controllers; and formal analysis of constrained controllers using
anti-windup is often not addressed.

In this perspective, the current work presents four main contributions:

(1) Rigorous study and analysis of the association between a Proton Exchange Membrane Fuel Cell
(PEMFC) and a DC converter (including buck and boost topologies) is conducted. Each power
converter coupled with the fuel cell is mathematically modeled using a large signal model,
which is linearized; in addition, the transfer function is elaborated. Equilibrium point analysis
reveals that the selection of the reference signal of the DC bus voltage and load resistance (which
represents the power consumption of all loads connected to the DC bus) is crucial to make the
association feasible in practice.
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(2) A robust PID controller with anti-windup scheme is proposed and analyzed. Using absolute
stability tools, sufficient conditions are established for the closed loop system to be L2-stable.
If these conditions are respected after choosing the PID parameters, the regulator is then able to
ensure the objectives of closed-loop stability, output reference tracking, and robustness against
perturbations. Numerous previous studies do not consider the problem of saturation in the input
of DC-DC converters and ignore the main issue of the integrator presented in digital PI and PID
controllers, which negatively affects the system performance. This work considers this feature
and presents rigorous analyses taking into account these aspects.

(3) The analysis and the controller design are carried out taking into account the fuel cell dynamic
and its nonlinear characteristic.

(4) The experimental test bench of the association comprising a 1.2 kW PEMFC fuel cell
linked to DC-DC converters is developed and the control system is implemented using
MicrolabBox-DSPACE DS1202 to confirm the theoretical analysis.

The remainder of this paper is organized as follows. In Section 2, presentation, modeling,
and analysis of the association of a PEMFC and DC-DC power converters are described. A robust
controller design and stability analysis is presented in Section 3. Section 4 is devoted to simulation
results. Section 5 recapitulates the contributions and confirms theoretical results by experimentation.
A conclusion and references list end the paper.

2. Fuel Cell and DC-DC Power Converters—Presentation, Modeling and Analysis

2.1. DC-DC Power Converters Presentation

Boost and buck DC-DC power converters are basic power electronic circuits, and have been widely
used in the fields of DC power supplies and DC motor speed regulating systems [26]. Figure 1 shows
typical pulse wide modulation (PWM)-based DC-DC converter structures of buck and boost types,
where iL is the inductance current; vdc the dc bus voltage; L the filtering inductance; C the filtering
capacitor; r the inductance ESR; R the load resistance representing the DC bus impedance, which may
vary; Vfc the fuel cell voltage; and u the switching binary input signal. Each of these models involves
passive components that are subject to linear laws.

Remark 1. It should be noted that the resistance R in Figure 2 is a fictive resistance that represents the current
consumed by all of the loads connected to the dc bus: idc =

vdc
R .
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Figure 2. DC-DC buck and boost power converters. (a) Buck converter. (b) Boost converter.

2.2. Fuel Cell Modeling

In this work we consider the static (current-voltage) characteristic of the PEMFC, as shown in
Figure 3. This nonlinear characteristic [27] depends on the thermodynamically predicted fuel cell
voltage output and three major losses: activation losses (due to electrochemical reaction), ohmic losses
(due to ionic electronic condition), and concentration losses (due to mass transport). To take into
account the FC dynamics, an equivalent electric circuit illustrated by Figure 4 is used [28].
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Then, the FC voltage is governed by the following equations:

v f c = E0 −Roi f c − vc (1)

dvc

dt
= −

1
τ f c

vc +
1

C f c
i f c (2)

where E0 is the open circuit voltage, Ro is the ohmic resistance, C f c is the equivalent electrical
capacitance, τ f c = C f cRac is the fuel cell electrical time constant, and Rac represents the series equivalent
resistance of the activation and concentration resistances.

2.3. Modeling and Analysis of the FC-Buck System

From inspection of the circuit shown in Figure 2a and the circuit of Figure 4, and taking into
account that u can take the binary values 1 or 0 and that i f c = u× iL and u× i f c = u× iL, the following
bilinear switching model of the buck converter associated with the FC is obtained:

diL
dt

= −
(r + uRo)

L
iL −

1
L

vdc + u
(E0 − vc)

L
(3)

dvdc
dt

=
1
C

iL −
1

RC
vdc (4)

dvc

dt
= u

1
C f c

iL −
1
τ f c

vc (5)



Electronics 2020, 9, 1889 5 of 33

For control design purposes, using the averaging technique [29], the following averaged nonlinear
model is obtained:

dx1

dt
= −

(r + µRo)

L
x1 −

1
L

x2 + µ
(E0 − x3)

L
(6)

dx2

dt
=

1
C

x1 −
1

RC
x2 (7)

dx3

dt
= µ

1
C f c

x1 −
1
τ f c

x3 (8)

where x1,x2, and x3 denote, respectively, the average input current (iL), the average output capacitor
voltage (vdc), and the average FC internal voltage, and µ is the duty ratio function µ ∈ [0, 1] of the PWM
signal which acts as the control input for the above model.

The control objective of the buck converter is to regulate the output voltage to a desired value,
e.g., x20 = Vd, then the operating point (x10, x20, x30, µ0) is defined as follows:

x20 = Vd (9)

x10 = Id =
Vd
R

(10)

x30 = µ0RacId =
µ0RacVd

R
(11)

Rac

R
µ2

0 −

(
E0

Vd
−

Ro

R

)
µ0 + 1 +

r
R

= 0 (12)

Equation (12) shows that there exists an equilibrium point for the FC-buck system if the following
condition holds:

g(R) =
(

E0

Vd
−

Ro

R

)2

− 4
Rac

R

(
1 +

r
R

)
> 0 (13)

This clearly means that, for a given fuel cell and a desired output voltage Vd < V f cmin (see Figure 3),
the load resistance R to be fed by the fuel cell should be carefully chosen. Indeed, the study of the
function g(R) represented in (13) leads to examination of the following two cases:

Case 1: R2
o < 4× r×Rac; the plot of g(R) is illustrated in Figure 5 and represented by the curve (a).

It follows that (13) is fulfilled if the load resistance is chosen as follows:

R > Rmin1 =
2
(
4rRac −R2

o

)
−

(
2Ro

( E0
Vd

)
+ 4Rac

)
+
√

∆
(14)

∆ = 16Rac

[
Rac +

(
E0

Vd

)(
Ro +

(
E0

Vd

)
r
)]
> 0 (15)

Case 2: R2
o > 4× r×Rac; the plot of g(R) is illustrated in Figure 5 and represented by the curve (b).

Then (13) is fulfilled if the load resistance R is chosen as follows:

R > Rmin2 =
2
(
R2

o − 4rRac
)

2Ro
( E0

Vd

)
+ 4Rac −

√
∆

(16)

The minimum of curve b in Figure 5 is obtained for a load resistance Rmin obtained as follows:

R = Rmin =
2
(
R2

o − 4rRac
)

2Ro
( E0

Vd

)
+ 4Rac

(17)
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This gives the following corresponding coordinate:

gmin = −
∆

4
(
R2

o > 4× r×Rac
) < 0 (18)

It should be emphasized that the second condition to fulfill (13) in case 2 is not of interest because
it leads to choosing a load resistance R < Rmax2 which does not have practical interest.
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o < 4× r×Rac and R2
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Let us now consider that the condition (13) is fulfilled; then, the meaningful equilibrium point of
the duty ratio µ0, using (10), is obtained as follows:

µ0 =

( E0
Vd
−

Ro
R

)
−

√( E0
Vd
−

Ro
R

)2
− 4 Rac

R

(
1 + r

R

)
2 Rac

R

(19)

Now, for linear control it is desirable to establish a transfer function of the system. This is obtained
by linearizing the non-linear model (6)–(8) around its operating point. Considering small variations
around the operating point (x1 = x̃1 + x10, x2 = x̃2 + x20, x3 = x̃3 + x30, µ = µ̃+ µ0), it follows from
(6)–(8), using (9)–(12), that the linearized model is obtained as:

dx̃1

dt
= −

(r + µ0Ro)

L
x̃1 −

1
L

x̃2 −
µ0

L
x̃3 +

(E0 − x30 −Rox10)

L
µ̃ (20)

dx̃2

dt
=

1
C

x̃1 −
1

RC
x̃2 (21)

dx̃3

dt
=

µ0

C f c
x̃1 −

1
τ f c

x̃3 +
x10

C f c
µ̃ (22)

Note that all cross quantities (x̃iµ̃) are neglected because we consider small variations. Taking into
account that the controlled signal of the buck converter is the DCbus voltage (y(t) = x2(t)), and using
Laplace transform of (20) and (21), the following transfer function is obtained:

G1(s) =
x̃2(s)
µ̃(s)

=
b11s + b10

a13s3 + a12s2 + a11s + a10
(23)
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where
b11 = (E0 − x30 −Rox10) RacC f c (24)

b10 = E0 − x30 − (Ro + µ0Rac)x10 (25)

a13 = RacC f cLC (26)

a12 = LC +
( L

R
+ (r + µ0Ro)C

)
RacC f c (27)

a11 =
L
R
+ (r + µ0Ro)C + Rac

[
µ2

0C +

(
1 +

r + µ0Ro

R

)
C f c

]
(28)

a10 = 1 +
r + µ0Ro

R
+ µ2

0
Rac

R
(29)

wheres is the Laplace operator.
The main result of this subsection is summarized in the following Proposition.

Proposition 1. Consider the fuel cell and buck converter association represented in Figures 2a and 4. A nonlinear
averaged model of the association is given by (6)–(8) and its transfer function obtained by linearizing is given
by (23). Given a desired value of the output voltage Vd < V f cmin, then the equilibrium point of the system is
represented by (9)–(11) and (9) provided that the condition (13) is fulfilled. The study of condition (13) shows
that the load resistance R should be correctly chosen according to the situations given by (14) and (16).

2.4. Modeling and Analysis of the FC-Boost System

Using the same notations of the previous subsection, the following instantaneous model of the
DC-DC boost converter associated with the fuel cell is obtained as follows:

diL
dt

= −
(r + Ro)

L
iL −

(1− u)
L

vdc −
1
L

vc +
E0

L
(30)

dvdc
dt

=
(1− u)

C
iL −

1
RC

vdc (31)

dvc

dt
=

1
C f c

iL −
1
τ f c

vc (32)

Again, using the average technique [29], the following averaged model is obtained:

dx1

dt
= −

(r + Ro)

L
x1 −

(1− µ)
L

x2 −
1
L

x3 +
E0

L
(33)

dx2

dt
=

(1− µ)
C

x1 −
1

RC
x2 (34)

dx3

dt
=

1
C f c

x1 −
1
τ f c

x3 (35)

The control objective of the DC-DC boost converter is to regulate the output voltage to a desired
value x20 = Vd; the relationships between different variables in steady state are given by the following:

x20 = Vd (36)

x10 = Id =
Vd

R(1− µ0)
(37)

x30 = RacId =
RacVd

R
(38)
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(1− µ0)
2
− (1− µ0)

E0

Vd
+

r + Ro + Rac

R
= 0 (39)

Solving equation (39) gives:

µ0 = 1−
1
2

 E0

Vd
+

√(
E0

Vd

)2

− 4
( r + Ro + Rac

R

) (40)

and (37) becomes:

x10 = Id =
2V2

d

RE0

(
1 +

√
1− 4

(
r+Ro+Rac

R

)V2
d

E2
0

) (41)

It is worth noting that (16) exist if the following condition holds:(
E0

Vd

)2

− 4
( r + Ro + Rac

R

)
> 0 (42)

This means that, in the presence of the inductance ESR r and the FC ohmic resistance Ro, it is not
always possible to guarantee the desired output voltage Vd or to supply any load. Indeed, the following
two cases should be accounted for:

Case 1: The load resistance R is constant and known, then the output desired voltage should be
chosen to be lower than the following maximum value:

Vd < Vdmax =
E0

2
√

r+Ro+Rac
R

(43)

Case 2: The desired output voltage Vd is constant and known, then the load resistance to be fed
should be chosen to be greater than the following minimum value:

R > Rmin = 4
(

Vd
E0

)2

(r + Ro + Rac) (44)

Now, let us determine a transfer function of the FC-boost association represented by its nonlinear
model (33)–(35) useful for control purposes. Consider small variations around the operating point
given by (36)–(41) x1 = x̃1 + x10, x2 = x̃2 + x20, x1 = x̃3 + x30, µ = µ̃+ µ0; then, (33)–(35) gives:

dx̃1

dt
= −

(r + Ro)

L
x̃1 −

(1− µ0)

L
x̃2 −

1
L

x̃3 +
x20

L
µ̃ (45)

dx̃2

dt
=

(1− µ0)

C
x̃1 −

1
RC

x̃2 −
x10

C
µ̃ (46)

dx̃3

dt
=

1
C f c

x̃1 −
1
τ f c

x̃3 (47)

Note that the cross quantities (x̃2µ̃ and x̃1µ̃) in (45) and (46) are neglected because we consider
small variations (small signal model).

In addition, it is well known that the boost converter presents a no minimum phase feature.
This means that the output voltage cannot be regulated directly. Particularly, only the zero dynamics
with respect to the inductor current x1 are stable, which implies that the output voltage of the boost
converter should be indirectly controlled via the regulation of the inductor current x1 to its desired
value given by (41) [30]. It follows that the transfer function of interest for the boost converter is that
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representing the behavior of the system with the duty ratio as an input and the inductor current as the
output. From (45)–(47), using Laplace transform, we then obtain:

G2(s) =
x̃1(s)
µ̃(s)

=
b22s2 + b21s + b20

a23s3 + a22s2 + a21s + a20
(48)

where
b22 = RacC f cCx20 (49)

b21 = Cx20 + RacC f c

(x20

R
+ (1− µ0)x10

)
(50)

b20 =
x20

R
+ (1− µ0)x10 (51)

a23 = RacC f cLC (52)

a22 = LC +
( L

R
+ (r + Ro)C

)
RacC f c (53)

a21 =
L
R
+ (r + Ro)C + Rac

[
C +

(
(1− µ0)

2 +
r + Ro

R

)
C f c

]
(54)

a20 = (1− µ0)
2 +

r + Ro + Rac

R
(55)

The main result of this subsection is summarized in the following Proposition:

Proposition 2. Consider the fuel cell and boost converter association represented in Figures 2b and 4. A nonlinear
averaged model of the association is given by (33)–(35) and its transfer function obtained by linearizing is
given by (48). Given a desired value of the output voltage Vd > 0, then the equilibrium point of the system is
represented by (36)–(38) and (40) provided that the condition (42) is fulfilled. The study of condition (42) shows
that the load resistance R and the desired output voltage Vd > 0 should be correctly chosen according to the
situations given by (43) and (44).

The next section is devoted to the design of a robust PID controller of (59) bearing in mind the
fact that µ(t) is constrained between 0 and 1. In the sequel we will consider that the transfer function
G(s) = y(s)/µ(s), representing a linear model of DC-DC power converter associated with the fuel cell,
is represented as follows:

G(s) =
B(s)
A(s)

=
b2s2 + b1s + b0

s3 + a2s2 + a1s + a0
(56)

where
B(s) = b2s2 + b1s + b0 (57)

A(s) = s3 + a2s2 + a1s + a0 (58)

where y = x2 represents the buck converter, y = x1 the boost converter, and all parameters are listed in
Table 1.
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Table 1. Parameters involved in (56–58).

Parameter Buck Converter Boost Converter

b0
1

RacC f cLC [E0 − x30 − (Ro + µ0Rac)x10]
1

RacC f cLC

[
x20
R + (1− µ0)x10

]
b1

1
LC (E0 − x30 −Rox10)

1
RacC f cL x20 +

1
LC

(
x20
R + (1− µ0)x10

)
b2 0 1

L x20

a0
1

RacC f cLC

(
1 +

r+µ0Ro+µ2
0Rac

R

)
1

RacC f cLC

[
(1− µ0)

2 + r+Ro+Rac
R

]
a1

1
RacC f c

[
1

RC +
(r+µ0Ro)

L

]
+ 1

LC

[
1 + µ2

0
C

C f c
+

r+µ0Ro
R

]
1

RacC f c

(
1

RC +
(r+Ro)

L

)
+ 1

LC

(
(1− µ0)

2 + C
C f c

+ r+Ro
R

)
a2

1
RC + 1

RacC f c
+

(r+µ0Ro)
L

1
RC + 1

RacC f c
+

(r+Ro)
L
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Proposition 3. The polynomial A(s) in (58) representing the denominator of the transfer function of the
association consisting of a fuel cell and a DC-DC converter is always Hurwitz regardless of the parameters of
the system.

Proof. Because all coefficients ai (i = 0, . . . , 2) are positive (see Table 1), using Routh criterion, A(s) is
Hurwitz if a1 × a2 > a0. From Table 1, we can easily show that a1 × a2 = a0 + β, where β is a positive
term (which can be easily determined). It follows that a1 × a2 > a0, which means that A(s) is Hurwitz.
This property is useful for the stability analysis of the saturated controller undertaken later in this
paper. �

To take into account the parameter uncertainties (uncertainties of the fuel cell nonlinear
characteristic and the load), we suppose hereafter that the output of the converter is affected by
a perturbation w(t).

y(t) =
B(s)
A(s)

µ(t) + w(t) (59)

The perturbation is supposed to not be accessible to measurement but to be bounded and slowly
varying in the sense that:

sw(t) ∈ L2([0,+∞]) (60)

This perturbation can represent, practically speaking, all modeling errors or parameter
uncertainties (such as the load resistance variations).

3. Controller Design and Stability Analysis

3.1. PID Controller with Anti-Windup

The objective now is to design a controller that regulates the output voltage of a DC-DC power
converter associated with the fuel cell, represented by (56)–(59). To this end, the following PID
controller can be used:

C(s) = Kp + Ki
1
s
+ Kd

ωds
s +ωd

=
S(s)

s(s +ωd)
(61)

where
S(s) = s2s2 + s1s + s0 (62)

s2 = Kp + Kdωd (63)

s1 = Kpωd + Ki (64)

s0 = Kiωd (65)

where Kp, Ki, and Kd are the proportional gain, the integral gain, and the derivative gain, respectively,
and ωd is the cut-off frequency of the “derivative filter”.

Although many aspects of a control system can be understood based on linear theory,
some nonlinear effects must be accounted for in practice. In fact, the “windup” phenomenon is
one aspect that appears when a digital controller is implemented for systems with constrained
input [31].

The deterioration of the controller performance (when the system deviates from its nominal
operation point) is presently worsened by the presence of the control input limitation (the duty ratio
is constrained between 0 and 1). The presence of both input limitation and an integrator in the
controller cause the closed-loop system to suffer from what is commonly called the “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 and the fuel cell
characteristic uncertainties.



Electronics 2020, 9, 1889 12 of 33

To overcome this issue, a PID controller with “anti-windup” is used (see Figure 4) instead of the
classical structure (61).

Integrator windup is avoided due to back-calculation which works as follows: when the output
saturates, the integral term in the controller is recomputed so that its new value gives an output at
the saturation limit. It is advantageous not to reset the integrator instantaneously but dynamically
with a time constant Ti = 1/Ks. The time constant Ts determines how quickly the integrator of the PI
controller is reset.

According to Figure 6a, the following saturated linear PID controller is used:

v =

(
Kp + Ki

1
s
+ Kd

ωds
s +ωd

)
et(t) +

Ks

s
es(t) (66)

µ = sat(v) (67)

es = µ− v (68)

et = yr − y (69)

where et is the output tracking error and yr is the output reference signal supposed to be bounded and
slowly varying in the sense that:

syr(t) ∈ L2([0,+∞])0 < yr <
b0

a0
(70)

and sat(.) denotes the (non-symmetrical) saturation function defined by:

sat(v) =


1 i f v > 1
v i f 0 ≤ v ≤ 1
0 i f v < 1

(71)

Many design techniques may be used to obtain the controller parameters in (66). Specifically,
all linear design methods can be used, e.g., pole-placement and linear-quadratic [32]. For the sake of
simplicity, let us consider the pole placement technique. Accordingly, the above operators are uniquely
obtained by solving the following Bezout equation:

sA(s)R(s) + B(s)S(s) = P(s)F(s) = D(s) (72)

where
R(s) = s +ωd (73)

and
P(s) = s3 + p2s2 + p1s + p0 (74)

F(s) = s2 + f1s + f0 (75)

are Hurwitz polynomials (pi > 0 and fi > 0, i = 0, 1, and p2p1 − p0 > 0) whose choice will be subject to
conditions specified later, and the characteristic polynomial is given by the following:

F(s) = s5 + d4s4 + d3s3 + d2s2 + d1s + d0 (76)
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3.2. Tracking Performance Achievement

In this section, the tracking capability of the saturated regulator defined by Equations (66)–(69),
when applied to the constrained and perturbed system (59), is analyzed. Operating sA(s) on (69) and
using (59) gives the following fictive system:

sA(s)et = −B(s)(sµ) −A(s)(sw) + A(s)(syr) (77)

Furthermore, operating s on (66), using (61), (68) and (73), one obtains:

sv =
S(s)
R(s)

et + Ks(µ− v)

which becomes:

v =
S(s)

R(s)(s + Ks)
et +

Ks

(s + Ks)
µ (78)
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Taking the polynomial F(s) in (72) as follows:

F(s) = R(s)(s + Ks) = (s +ωd)(s + Ks) (79)

allows us to write:
Ks

(s + Ks)
= 1−

sR(s)
F(s)

(80)

Equation (78) becomes, using (79) and (80):

v =
S(s)
F(s)

et +

(
1−

sR(s)
F(s)

)
µ (81)

This equation in conjunction with (67) represents the constrained controller which we
analyze hereafter.

Combining (77) with (81) to eliminate et, using (72), yields:

sv = −

(
P(s) −A(s)

A(s)

)
sµ+

S(s)
F(s)

(syr − sw) (82)

Equation (82), combined with the fact that = sat(v), leads to the feedback representation of
Figure 6a, with:

H(s) =
P(s) −A(s)

A(s)
(83)

ξ1(t) =
S(s)
F(s)

(syr(t) − sw(t)) (84)

where φ is a (nonlinear) operator that maps sv into sµ, and which is found to belong to the sector [0, 1],
(see [22,33]) in the sense that:

0 ≤ (sµ)(sv) ≤ (sv)2 (85)

Theorem 1. We consider a system whose input–output relationship is represented by y = Hu where H is some
mapping or operator that specifies y in terms of u. Input u belongs to a space of signals that map the time interval
[0,∞) into the Euclidean space Rm. The definition of L2-stability is the familiar notion of boundedinput–bounded
output stability; namely, if the system is L2-stable therefore every bounded input u(t), the output Hu(t) is bounded.

Proposition 4. Let the polynomial P(s), in (74) be chosen Hurwitz so that:

inf
0≤ω<+∞

Re
(

P( jω)
A( jω)

)
> 0 (86)

If the reference signal yr(t) is any bounded signal so that (70) holds and w(t) is any bounded disturbance
satisfying (60), then the feedback of Figure 7 is L2-stable and, consequently:

(1) sµ ∈ L2 , sv ∈ L2 , set ∈ L2 , sy ∈ L2

(2) (v− µ) ∈ L2

(3) et ∈ L2
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Proof. Because F(s) belongs to the sector φ and satisfies the positive real property (86), it follows from
the circle criterion [34] that the feedback of Figure 7 is L2-stable, Furthermore, because F(s) is Hurwitz

and S(s)
F(s) is a proper transfer function, from (70) and (60) it follows that:

ξ1(t) ∈ L2 (87)

Then, all internal signals of the feedback Figure 7 belong to L2 which means that:

sµ ∈ L2, sv ∈ L2 (88)

Proposition 3 shows that the polynomial A(s) is Hurwitz; thus, it follows from (77), (70), (60) and
(88) that:

set ∈ L2 (89)

Furthermore, from (69) one gets sy = set + syr, which together with (70) gives:

sy ∈ L2 (90)

In view of (62), (81) can be rewritten as follows:

v− µ =
s2s + s1

F(s)
(set) −

R(s)
F(s)

(sµ) +
s0

F(s)
et (91)

Because F(s) is Hurwitz and sB(s)
A(s) is a proper transfer function and using the fact that 0 < yr <

b0
a0

,
it is shown [22] using (91) that: ∣∣∣v− µ∣∣∣ ≤ ∣∣∣ξ2(t)

∣∣∣ (92)

where ξ2(t) is a L2-stable signal (ξ1(t) ∈ L2). It follows that:

(v− µ) ∈ L2 (93)

Let us operate R(s) on both sides of (77) and F(s) × B(s) on both sides of (81); then, one
gets, successively:

sARet = −BR(sµ) + AR(syr − sw) (94)

BF(v− µ) = BSet − BR(sµ) (95)

Combining (94) and (95), using (72) one obtains:

et =
B
P
(v− µ) −

AR
PF

(syr − sw) (96)



Electronics 2020, 9, 1889 16 of 33

Because the transfer functions B
P and AR

PF are L2-stable, (v− µ) ∈ L2, syr ∈ L2 and sw ∈ L2, it
follows that:

et ∈ L2 (97)

�

This establishes Proposition 4.
This proposition gives us, indeed, the basic elements with which to formulate the main result of

this section, i.e., the tracking objective and the fact that the control signal stops saturating asymptotically.
This is properly formulated in the following theorem.

Theorem 2. Consider the closed-loop system represented by Figure 6a and composed of:

(1) The constrained system (59) modeling the fuel cell and DC-DC converter association, where w(t) is any
bounded disturbance satisfying (60).

(2) The saturated controller (66) and (67), where the reference yr is any bounded reference signal (0 < yr <
b0
a0

)
satisfying (70), and (P(s) and F(s)) are any Hurwitz polynomials of the form (74) and (75). If the operator
P(s)satisfies the real positive condition (86), then, the tracking erroret(t)and the deviationv(t) − µ(t)
between the computed and the applied controls both vanish asymptotically

Proof. From (97) and (89) we have et ∈ L2 and ∈ L2. It follows, using Barbalat’s Lemma, that et(t)
converges exponentially to zero. In addition, from (92) and (88), we have (v− µ) ∈ L2 and s(µ− v) ∈ L2;
it follows, again using Barbalat’s Lemma, that v(t) − µ(t) exponentially vanishes. The theorem is then
established. �

3.3. Practical Considerations for Determining PID Parameters

In practice, to satisfy the real positive condition (86), an appropriate choice of the polynomials
P(s) and F(s) consists of using the following general rules [22]:

P(s) = A(s + λ1) with λ1 ≥ 0 (98)

F(s) = A(s + λ2) with λ2 ≥ λ1 (99)

Note that Equation (99) could be used if the polynomials F(s) and A(s) have the same degree.
Otherwise (this is our case) we choose the zeros of F(s) to be real but preferably faster than the
regulation (zerosof P(s)).

In view of (74) and (79), the parameters of the characteristic polynomial D(s) are obtained as
follows:

d0 = p0ωdKs (100)

d1 = p1ωdKs + p0(ωd + Ks) (101)

d2 = p0 + p1(ωd + Ks) + p2ωdKs (102)

d3 = p1 + p2(ωd + Ks) +ωdKs (103)

d4 = p2 +ωd + Ks (104)

In addition, solving the Bezout Equation (72), using (57), (58), (62), (65) and (73)–(76), gives:

b0s0 = d0 (105)

a0ωd + b1s0 + b0s1 = d1 (106)
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a0 + a1ωd + b2s0 + b1s1 + b0s2 = d2 (107)

a1 + a2ωd + b2s1 + b1s2 = d3 (108)

a2 +ωd + b2s2 = d4 (109)

Now, combining (100)–(109), we obtain the following nonlinear equation system with unknown
variables (s0, s1, s2,ωd, Ks) subject to constraints: ωd > 0 and Ks > 0:

b0s0 − p0ωdKs = 0 (110)

b1s0 + b0s1 + (a0 − p0)ωd − p0Ks − p1ωdKs = 0 (111)

b2s0 + b1s1 + b0s2 + (a1 − p1)ωd − p1Ks − p2ωdKs + a0 − p0 = 0 (112)

b2s1 + b1s2 + (a2 − p2)ωd − p2Ks −ωdKs + a1 − p1 = 0 (113)

b2s2 −Ks + a2 − p2 = 0 (114)

The procedure for determining the controller parameters can be summarized as follows:

(1) Chose the polynomial P(s) to ensure (86).
(2) Solve a system (110)–(114) to obtain (s0, s1, s2,ωd, Ks), ensure that ωd > 0 and Ks > 0, else return

to (1) to modify P(s).
(3) Using (62)–(64), determine the parameters Ki, Kp and Kd of the PID controller as follows: Ki =

s0
ωd

, Kp = s1−Ki
ωd

; Kd =
s2−Kp
ωd

.

The next section is devoted to validating the proposed approach and analysis by
numerical simulation.

4. Simulation Results

4.1. System Parameters

According to Figure 6, which describes the system under study, and using the instantaneous
models of power converters (buck and boost) defined respectively by (3)–(5) and (30)–(32), the system
was simulated using MATLAB/Simulink.

The fuel cell parameters used in the simulation are the real parameters of the Ballard Nexa 1200
fuel cell module which has a rated power of 1.2 kW. All parameters are listed in Table 2.

Table 2. Controlled system parameters: fuel cell and DC-DC converter.

Parameter Designation Value

Fuel Cell

FC open circuit voltage E0 = 28.3 V
FC internal capacitor C f c = 130 F

Association of the activation and concentration resistances Rac = 0.155 Ω
Ohmic resistance RO = 2.89 mΩ

DC-DC Converter

Filtering inductance L = 4 mH
Filtering capacitor C = 680 µF

ESR of the inductance r = 0.2 Ω
load nominal value R = 10 Ω

PWM switching frequency fs = 20 kHz

4.2. Simulation of the FC-Buck Association

Using the parameters listed in Tables 1 and 2, the transfer function of the association consisting of
the fuel cell and buck power converter was simulated using MATLAB/Simulink. Equations (110)–(114)
were solved using solve function of MATLAB. The parameters of the controller were then obtained.
The transfer function and the parameter design of the controller are summarized in Table 3. The
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obtained controller was then applied to the instantaneous model (3)–(5) (which actually represents the
system) instead of the linearized model which is only used to design the controller. The simulation
bench is illustrated by Figure 6. The controller performance is shown in Figures 8–11.

Table 3. Transfer function and controller parameters for the Fuel Cell-Buck system.

Transfer Function G(s) G(s) = 1.028×107s+5.043×105

s3+197.7s2+3.751×105s+1.883×104

Controller

Kp = 0.0618
Ki = 5.2478

Kd = 1.295× 10−4

ωd = 1830.3(rad/s)
Ks = 0.049
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Figure 8. Tracking behavior of the controller in presence of a time-varying reference signal Vd.
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4.2.1. Controller Behavior in the Presence of Output Reference Variations

Figure 8 illustrates the closed-loop behavior in ideal conditions (no model uncertainty: the load
resistance is set constant = 10 Ω) when the reference trajectory of the DC bus voltage is a signal
switching from 20 V to 24 V at instant 0.15 s and returns to 14 V at instant 0.3 s. It is clearly seen that
the DC bus voltage vdc perfectly tracks its reference after the transient time (following the reference
signal changes). Figure 9 shows the computed and applied control signals, v(t) and µ(t). It is seen
that µ(t) tracks v(t) after a finite transient period. That is, the controller stops saturating after these
time intervals, confirming thus the theoretical results of the proposed theorem. Figure 10 shows the
fuel cell voltage and current behavior in the presence of a time-varying reference. From this figure
one can see that the fuel cell voltage varies, however, despite these variations the output voltage is
perfectly regulated to its reference.
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In addition, the figure shows a pulsating current which can be harmful for the fuel cell. Indeed, the
PEMFC is very sensitive to current ripples, which limit the fuel cell lifetime and reduce its efficiency [35].

This section is divided into subheadings. These provide a concise and precise description of the
experimental results and their interpretation, in addition to the experimental conclusions that can
be drawn.

4.2.2. Controller Sensitivity to the Perturbation Caused by Load Uncertainty

In practical situations the load resistance that represents the consumed current of all loads
connected to the DC bus perpetually changes, although its value may not be precisely known. Note that
these features are accounted for in the control model (59) by the presence of a perturbation signal
w(t). It is seen, from a theoretical point of view, that the saturated controller in (66) and (67) is robust
with respect to such a perturbation. This aspect is also confirmed by simulations. Figures 11 and 12
illustrate the response of the closed-loop system to a reference step of 24 V, in the presence of load
resistance changes. Specifically, the load switches from 2.5 Ω to 10 Ω at instant 0.15 s and returns
to 5 Ω at instant 0.3 s. Even in the presence of these disturbances, Figure 11 shows a good tracking
performance, whereas Figure 12 shows that during the transient mode the control system is saturated.
In fact, the magnified view of this signal shows explicitly that the control signal is no longer saturated
after each transient mode.
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4.3. Simulation of the FC-Boost Association

Given the values of Table 2, the limits of the reference voltage Vd and the load resistance R given,
respectively, by the Equations (43) and (44) are obtained as follows: Vdmax = 74.8 V, Rmin = 4.12 Ω
(for Vd = 48 V). The transfer function of the association FC-boost and the parameters of the controller
obtained by solving Equations (110)–(114) are summarized in Table 4.

Table 4. Transfer function and controller parameters for the fuel cell-boost system.

Transfer Function G(s) G(s) = 12×103s2+3.53×106s+1.752×105

s3+197.8s2+1.072×105s+5603

Controller

Kp = 0.58586
Ki = 29.0857

Kd = −4.9557× 10−5

ωd = 5649.8634(rad/s)
Ks = 2.03
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4.3.1. Validation of the Performances of the Current Loop (Inner Loop)

For the boost converter, the controller shown in Figure 6 is designed to regulate the inductor
current to its desired value. In this section we validate the performances of this controller (often called
the internal loop or current loop controller) in terms of tracking and stopping the saturation effect after
a transient as shown by the theoretical result given by theorem. The DC bus voltage regulation is
illustrated in the next subsection.

(A) Controller behavior in the presence of output reference variations:

Figures 13–15 illustrate the closed-loop behavior in the presence of step changes of the reference
trajectory of the inductor current when the load resistance is set constant at R = 12 Ω. Precisely,
the current reference Id is a signal switching from 4 A to 8 A at instant 0.15 s and returning to 6 A at
instant 0.3 s. It is clearly seen from Figure 13 that the inductor current iL perfectly tracks its reference
after a transient time (following the reference signal changes). Figure 14 shows that the error es(t)
between the computed and applied control signals vanishes, which confirms the theoretical results of
the theorem and shows that the controller stops saturating after a time interval. Figure 15 shows the
fuel cell voltage and current. A non-pulsating current of the fuel cell with a small ripple is evident,
which proves that the boost converter is better suited to interface with fuel cells. The continuous
input-current feature of the boost converter contributes to maintaining the life-time of the fuel cell,
which is in sharp contrast with the buck converter whose input current damages the fuel cell and
reduces the efficiency.
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Figure 14. Computed control signal v(t), the applied value µ(t), and the error es(t) in the presence of a
time-varying reference.
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(B) Controller sensitivity to the perturbation caused by load uncertainty.

Figures 16 and 17 illustrate the response of the closed-loop system to a reference step of 8 A, in the
presence of load resistance changes. Specifically, the load switches from 8 Ω to 12 Ω at instant 0.15 s
and returns to 10 Ω at instant 0.3 s. Even in the presence of load variations the controller ensures a good
tracking performance and stops saturating after a transient time, as illustrated by Figures 16 and 17.
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Figure 16. Robustness of the saturated controller in the presence of load resistance uncertainties.

Electronics 2020, 9, x FOR PEER REVIEW 23 of 32 

 

 

Figure 16. Robustness of the saturated controller in the presence of load resistance uncertainties. 

 
Figure 17. Computed control signal  𝑣(𝑡), the applied value  𝜇(𝑡), and the error 𝑒௦(𝑡) in presence of 
resistance load uncertainty. 

4.3.2. Validation of the Performances of the Voltage Loop (Outer Loop) 

In the last subsection we clearly showed that the inner loop controller ensures that the inductor 
current perfectly tracks its reference and the controller stops saturating after a transient time as shown 
by the theorem. Nevertheless, the controller is not sufficient to ensure a DC bus voltage regulation. 
Indeed, in the presence of load resistance variations, the output voltage is not regulated at all. To 
achieve this objective an outer loop (voltage loop) is performed as illustrated in Figure 18. To 
determine the outer loop controller, the transfer function representing the behavior of the DC bus 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
6

8

10
Inductor current iL (A)

 

 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
20

40

60
DC bus voltage (V)

time (s)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
6

8

10

12

Load resistance R (Ω )

time (s)

iL
Id

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
-3

-2

-1

0

1

2
Calculated and saturated control signals

 

 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
-1

0

1

2

3

4
Error es

time (s)

0 2 4 6 8

x 10
-3

-4
-2
0
2
4

0 1 2 3 4 5 6 7

x 10
-3

-2

0

2

4

 

 

μ
v

Figure 17. Computed control signal v(t), the applied value µ(t), and the error es(t) in presence of
resistance load uncertainty.

4.3.2. Validation of the Performances of the Voltage Loop (Outer Loop)

In the last subsection we clearly showed that the inner loop controller ensures that the inductor
current perfectly tracks its reference and the controller stops saturating after a transient time as shown
by the theorem. Nevertheless, the controller is not sufficient to ensure a DC bus voltage regulation.
Indeed, in the presence of load resistance variations, the output voltage is not regulated at all. To achieve
this objective an outer loop (voltage loop) is performed as illustrated in Figure 18. To determine
the outer loop controller, the transfer function representing the behavior of the DC bus voltage vdc
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with respect to the inductor current iL must be established. Operating the Laplace transform on the
linearized model (91)–(93), the following transfer function is obtained:

G3(s) =
x̃2

x̃1
= −

b32s2 + b31s + b30(
τ f cs + 1

)
(τs + η0)

(115)

where

b32 = LRτ f c

(
x10

x20

)
(116)

b31 = R
[
L

x10

x20
+ τ f c

(
x10

x20
(r + Ro) − (1− µ0)

)]
(117)

b30 = R
[
−(1− µ0) +

x10

x20
(r + Ro + Rac)

]
(118)

τ f c = RacC f c (119)

τ = RC (120)

η0 = 1 +
Rx10

x20
(1− µ0) (121)
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The numerical value of the transfer function is obtained as follows:

G3(s) =
x̃2

x̃1
= −

−0.1547s2 + 91.1s + 4.522
(20.15s + 1)(6.8× 10−3s + 2)

(122)

For the outer loop a PI controller is simply chosen as:

G3(s) = Kpv +
Kiv
s

(123)

where the parameters were tuned using the PID tuning tool of MATLAB. The following values were
obtained, which are tuned to ensure good transient and fast response times:

Kpv = 0.1022; Kiv = 72.395 (124)

Figure 19 illustrates the behavior of the cascade controller structure (consisting of the saturated
inner loop PID controller and the outer loop PI controller) for the FC-boost association in the presence
of a constant DC bus voltage reference Vd = 48 V, and load resistance variations. One can see from
this figure that, despite load variations, the DC bus voltage is tightly regulated to its desired value. It is
worth noting that the obtained tracking performances and robustness against load resistance changes
are ensured despite the fuel cell voltage variations as shown in Figure 20.
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Figure 19. Robustness of the cascade controller in the presence of load resistance uncertainties.
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Figure 20. Fuel cell voltage and current in the presence of load resistance changes.

5. Experimental Results

Figure 21 illustrates the laboratory prototype used for experimental validation. It consists of the
Ballard Nexa 1200 fuel cell module, which has a rated power of 1.2 kW, and its monitoring software;
three metal hydride canisters from Heliocentris with storage capacities of 800 NL hydrogen; an H2
connection Kit 15 bar to connect the metal canisters; a Hall effect sensors to measure voltage and
current variables; a programmable DC electronic load from BK Precision and power resistors to make
load changes; a MicroLabBox-dSPACE with Control Desk software plugged into a personal computer
for signal acquisition and power and measurement cards. The system parameters are similar to those
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in Table 4. The technology of dSPACE via MicroLabBox DS 1202 simplified the implementation of the
control law via the link between the control Desk® and MATLAB®/Simulink®, to test the systems
and measure its quantities (voltage, current). The simulation bench of the fuel cell association with
DC-DC power converters controlled by a robust anti-windup PID is shown in Figure 6. The control
system was implemented in dSPACE DS1202 via MicroLabBox and used with a real-time interface
(RTI). The DS1202 was fully programmable from the Simulink® block diagram environment, and all
inputs/outputs were configured graphically.
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Figure 21. Laboratory prototype used for experimental validation.

Using a programmable DC electronic load, variations of the load resistance were programmed
similar to those performed for simulation. The parameters of the control design are listed in Table 5,
whereas the experiment results of buck and boost power converters are illustrated in Figures 22–31.

Table 5. Control design parameters.

Parameter Buck Converter Boost Converter

kd 10−4 −4.9557× 10−5

wd 1830.3 rad/s 5649.8634 rad/s
ki 0.9 11
kp 10−3 0.09
ks 0.049 2.03
kpv - 0.09
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Figure 22. Programmed profile of the load resistance.
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Figure 23. DCbus voltage Vdc.

Electronics 2020, 9, x FOR PEER REVIEW 27 of 32 

 

We can note that the obtained tracking performance and robustness against load resistance 
changes are ensured despite the fuel cell voltage variations shown in Figure 25, which confirms that 
the controller performance is good. 

 
Figure 22. Programmed profile of the load resistance. 

 
Figure 23. DCbus voltage dcV . 

 

0 5 10 15 20 25 30 35 40 45
3

4

5

6

7

8

9

10

11
Load resistance R ( Ω  )

time ( s )

0 5 10 15 20 25 30 35 40 45
18

18.5

19

19.5

20

20.5

21
DC bus voltage vdc ( V )

time ( s )

 

 

0 0.1 0.2 0.3 0.4

19.7

19.8

19.9

20

 

 

30 30.5 31 31.5 32

19.94

19.96

19.98

20

20.02

 

 

Reference V
d

v
dc

0 5 10 15 20 25 30 35 40 45

2

2.5

3

3.5

Inductor current iL ( A )

time ( s )

 

 

20 21 22
1.76

1.77

1.78

1.79

 

 

Figure 24. Inductance current iL.
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Figure 25. Fuel cell voltage V f c.

Electronics 2020, 9, x FOR PEER REVIEW 28 of 32 

 

Figure 24. Inductance current Li .
 

 
Figure 25. Fuel cell voltage fcV . 

 

Figure 26. Duty ratio µ. 

5.2. Validation of the FC-Boost Association 

The load switches from 48 Ω to 96 Ω and returns to 48 Ω. The reference signal of the DC bus 
voltage is set to  𝑉ௗ = 48 V. The resulting performances is illustrated in Figures 27–31. 

Figure 27 describes the shape of the programmed profile of the load resistance. In Figure 28 we 
note that the controller ensures the first objective. Indeed, the DCbus voltage 𝑣௖ perfectly tracks its 
reference  𝑣ௗ = 48 V despite load variations. The overshoot at that moment was almost 1.5 V. The 
system response time was around 0.2 s and the signal ripple was tolerable, at less than 0.06 A due to 
measurement noise. Figure 29 represents the inductor current, which is a non-pulsating current of 
the fuel cell with a tolerable ripple (less than 0.02 A). This proves that the boost converter is more 
convenient to interface with fuel cells. The continuous input-current feature of the boost converter 
contributes to maintaining the life-time of the fuel cell, which is better than the performance of the 
buck converter, whose input current damage the fuel cell and reduces the efficiency. We can note that 
the simulation and experimental results responded perfectly to the theoretical approach used in this 
paper, namely, perfect tracking performance despite fuel cell and load variations; removing the 
windup effect and then ensuring closed-loop stability; and short response time. 

0 5 10 15 20 25 30 35 40 45
25.8

26

26.2

26.4

26.6

26.8

27
Fuel cell voltage vfc ( V )

time ( s )

 

 

20 20.5 21 21.5 22

26.84

26.86

26.88

26.9

26.92

 

 

0 5 10 15 20 25 30 35 40 45

0.92

0.94

0.96

0.98

Duty ratio µ

time ( s )

 

 

20 20.5 21

0.918

0.92

0.922

0.924

 

 

Figure 26. Duty ratio µ.Electronics 2020, 9, x FOR PEER REVIEW 29 of 32 

 

 
Figure 27. Programmed profile of the load resistance. 

 
Figure 28. DCbus voltage dcV . 

 
Figure 29. Inductance current L fci i= .

 

0 5 10 15 20 25 30 35 40 45

50

60

70

80

90

Load resistance ( Ω  )

time ( s )

0 5 10 15 20 25 30 35 40 45
47

47.5

48

48.5

49

49.5

50
DC bus voltage vdc ( V )

time ( s )

 

 
v
dc

V
d

32 33 34 35 36
47.95

48

48.05

 

 

0 5 10 15 20 25 30 35 40 45

1.5

2

2.5

3
Inductor current iL ( A )

time ( s )

 

 

15 16 17
1.5

1.55

1.6

1.65

 

 

Figure 27. Programmed profile of the load resistance.



Electronics 2020, 9, 1889 29 of 33

Electronics 2020, 9, x FOR PEER REVIEW 29 of 32 

 

 
Figure 27. Programmed profile of the load resistance. 

 
Figure 28. DCbus voltage dcV . 

 
Figure 29. Inductance current L fci i= .

 

0 5 10 15 20 25 30 35 40 45

50

60

70

80

90

Load resistance ( Ω  )

time ( s )

0 5 10 15 20 25 30 35 40 45
47

47.5

48

48.5

49

49.5

50
DC bus voltage vdc ( V )

time ( s )

 

 
v
dc

V
d

32 33 34 35 36
47.95

48

48.05

 

 

0 5 10 15 20 25 30 35 40 45

1.5

2

2.5

3
Inductor current iL ( A )

time ( s )

 

 

15 16 17
1.5

1.55

1.6

1.65

 

 

Figure 28. DCbus voltage Vdc.
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5.1. Validation of the FC-Buck Association

The resulting performance is illustrated in Figures 22–26.
Figure 22 describes the load resistance profile. The load switches from 4 Ω to 10 Ω at instant 15 s

and returns to 6 Ω at instant 30 s. Figure 23 shows that, despite load variations, the DCbus voltage
vdc perfectly tracks the reference signal, which is set to vd = 20 V. The overshoot at that moment was
almost zero. The system response time was around 0.3 s and the DC bus voltage signal ripple was
tolerable, with a value of less than 0.06 V due to measurement noise.

Figure 25 shows the fuel cell voltage and current behavior in the presence of a time varying
reference. From this figure one can see that the output voltage is perfectly regulated to its reference
despite the variations of input voltage, which represent the fuel cell voltage and load variations.

We can note that the obtained tracking performance and robustness against load resistance
changes are ensured despite the fuel cell voltage variations shown in Figure 25, which confirms that
the controller performance is good.

5.2. Validation of the FC-Boost Association

The load switches from 48 Ω to 96 Ω and returns to 48 Ω. The reference signal of the DC bus
voltage is set to Vd = 48 V. The resulting performances is illustrated in Figures 27–31.

Figure 27 describes the shape of the programmed profile of the load resistance. In Figure 28
we note that the controller ensures the first objective. Indeed, the DCbus voltage vc perfectly tracks
its reference vd = 48 V despite load variations. The overshoot at that moment was almost 1.5 V.
The system response time was around 0.2 s and the signal ripple was tolerable, at less than 0.06 A due
to measurement noise. Figure 29 represents the inductor current, which is a non-pulsating current
of the fuel cell with a tolerable ripple (less than 0.02 A). This proves that the boost converter is more
convenient to interface with fuel cells. The continuous input-current feature of the boost converter
contributes to maintaining the life-time of the fuel cell, which is better than the performance of the
buck converter, whose input current damage the fuel cell and reduces the efficiency. We can note
that the simulation and experimental results responded perfectly to the theoretical approach used in
this paper, namely, perfect tracking performance despite fuel cell and load variations; removing the
windup effect and then ensuring closed-loop stability; and short response time.

6. Conclusions

In this study, we present three main contributions. The first contribution addresses the association
of the set consisting of a PEMFC and DC-DC converters. A mathematical model of this association for
each converter (buck and boost) is elaborated. Secondly, the analysis of the studied system, in particular,
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the equilibrium point, emphasizes the importance of properly choosing the reference signal of the DC
bus voltage and the load resistance to ensure the feasibility of the association. From the simulation and
experimental results, we conclude that the DC boost converter is better suited to interface with the fuel
cell because of the continuous input current. This feature contributes to protecting and maintaining
the life-time of the fuel cell. This is in contrast to the buck converter where it pulsating input current
damages the fuel cell and reduces its efficiency in the long term.

Thirdly, a robust PID controller with an anti-windup scheme is proposed and rigorously analyzed.
Using absolute stability tools, sufficient conditions are established for the closed-loop system to be
L2-stable. Simulation and experimental results confirm our theoretical analysis and show that the
regulator ensures the objectives of closed-loop stability, output reference tracking, and robustness
against perturbations. It is important to stress that the modeling, analysis, and design of the controller
is performed by taking the fuel cell dynamics and the non-linear characteristic of the fuel cell into
account. Indeed, the obtained tracking performance and robustness against load resistance changes
are ensured despite variations in the fuel cell voltage.

Finally, we observe that formal analysis, numerical simulations, and experimental results show
that the designed robust anti-windup PID controller meets all of the desired objectives.
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