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Abstract: This paper presents a current-based control for a proton-exchange membrane fuel cell
using the so-called double dual boost topology. In particular, we introduce a discrete time controller
that, in coordination with a particular selection of inductors and capacitors, minimizes the switching
ripple at the input port (current ripple) and the output port (voltage ripple) of the double dual
boost converter. This converter has a particular characteristic, in contrast to the classical interleaved
boost topology, in the double dual boost, the phases of the converter can have different duty ratios.
The freedom to choose the duty ration for each phase can be used to select the operative point in
which the input current is equal to zero. However, if individual controllers are used for each branch
of the converter, the equilibrium after a transient can differ from the minimum ripple operation point;
the proposed scheme regulates the output voltage and, at the same time, ensures the equilibrium
remains in the minimum ripple operation in steady state. In this way, the converter can mitigate the
harmonic distortion on the current extracted from the proton-exchange membrane fuel cell, which is
beneficial to improve the efficiency and lifetime of the cell, and on the output voltage delivered to an
output direct current bus. The results of the experiment are presented to validate the principles of the
proposed system.

Keywords: DC–DC converters; power electronics; PWM converters; current ripple cancellation

1. Introduction

Fuel cells (FCs) and other renewable energy sources are a compelling alternative to conventional
pollution-prone power sources [1–4]. However, there are additional relevant challenges that must
be solved to propagate them. For instance, the requirement of voltage or current regulation under
wide ranges of operating conditions using power converters. Another important challenge is related
to the low amplitude of the output voltage; the output voltage of the fuel cell must be increased and
regulated to feed a grid-tie inverter. For instance, the voltage of a traditional fuel cell (FC) stack can be
in the order of dozens of volts, while the DC bus voltage requirements for a grid tie inverter are several
times higher [1,2]. Furthermore, the input current of some power converters can be a discontinuous
signal or a continuous signal with a large switching ripple (variations due to the switching action).
This current is drawn from the fuel cell, with a negative impact on the lifetime and performance of fuel
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cells, as mentioned in several investigations [1,2]. The negative effect of distorted current signals on
fuel cells has motivated new investigations [5–9]. It is recommended that the FC current ripple must
be lower than 5% to have a good performance. In order to overcome this challenge, new topologies
have been designed to operate with lower current ripples than traditional topologies and to provide
high voltage gains [3,4].

Several converter topologies can overcome the discussed challenges; for example, quadratic-gain
converters ([10,11]) achieve a large voltage gain. The large voltage gain can be used to increase the
voltage provided by the fuel cell; the main disadvantage of quadratic converters is the voltage stress
across their transistor; this produces a relatively large amount of switching power losses.

Another solution to provide a large voltage gain are multilevel topologies [12,13], which have
lower voltage-stress on transistors; on the other hand, multilevel converters contain a significant
number of semiconductor devices.

Switched inductor topologies [14,15] and coupled inductors [16,17] have been are also used.
Another solution involves switched-capacitor topologies [18,19], which overcome some of those
challenges; they feature small size/weight and high power density; however, their best performance
and efficiency are obtained in cases in which there is no voltage regulation.

A topology option with large voltage gain and switching ripple cancellation is the one introduced
in [20], where it was called the double dual boost converter (DDBC) [20–23]. In general, it has been
shown that the DDBC can achieve input current ripple cancellation and overall satisfactory performance
in experimental implementations [20–23].

This article presents the implementation of a fuel cell generation system. The base of the
generation system is a dc–dc converter of a topology called double dual boost converter. The system
implementation includes the design of the converter and its experimental validation. The system also
includes a closed-loop digital controller. The controller, in coordination with a particular selection
of inductors and capacitors, minimizes the switching ripple on the topology, both switching ripples,
the input current ripple, and the output voltage ripple. The work includes a hardware-in-the-loop
closed-loop implementation, rather than passive based with respect to a fixed operating point, as in
the current literature.

This article describes a fully integrated solution to the described challenges. It comprises the
hardware in the loop interconnection of two independently controlled systems (the fuel cell emulator
and the double dual boost converter). The obtained experimental results involve the design and
validation of an FC emulator and a correct selection of passive components (capacitors and inductors) for
the converter, along with the controller design in discrete time, which ensures the active minimization
of switching ripples. Experimental results are provided to validate the principle of the proposition.

2. Methodology

This article is focused on the dc–dc converter, with particular hardware design and a particular
digital controller; the converter is suitable for their use in a fuel-cell based generation system; in order
to corroborate their operation, this work started with the design and implementation of a fuel cell
emulator based on the hardware in the loop philosophy.

Figure 1 shows the fuel cell emulator, which is based on a controlled dc source, an FPGA-compact
Rio 9039 (from National Instruments, Austin, TX, USA) data acquisition system, and a computer
with LabView software; the computer program is based on a fuel cell mathematical model which is
described on Section 6 of this article. The emulator was built and validated before their connection to
the dc–dc double dual boost converter. The power controlled source used for the fuel cell emulator
was the Keysight N6953A model (from Keysight Technologies, Santa Rosa, CA, USA).
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Figure 1. The full hardware in the loop system developed for this article.

The output of the fuel cell emulator is connected to the double dual boost converter; this particular
topology of the converter is described in Section 3 of this article; the experiment was designed in order
to validate the implementation of the proposed discrete-time controller under a realistic scenario.

The particular hardware design of the converter is discussed in Section 4 of this article, and the
digital control loop is described in Section 5 of this article. The digital controller was implemented on a
Texas Instruments TMS320F28335 digital signal processor (From Texas Instruments, Dallas, TX, UAS),
see Figure 1.

After the fuel cell emulator was build and tested (some experiments in the experimental results
demonstrate their operation), the DDBC was designed, implemented, and tested in open-loop mode.
Once the converter operates properly in open-loop mode, a digital controller was designed and tested.
To control the converter, the Texas Instruments TMS320F28335 digital signal controller was used.

Finally, the complete system was integrated, and proper operation test was carried out; the two
independently controlled systems operated correctly, as shown in the experimental results section,
which is Section 7 of this article.

3. The Double Dual Boost Converter (DDBC)

We briefly discuss the main features of the DDBC [20–23], which is depicted in Figure 2. The DDBC
is based on two boost sub-circuits that are connected in input parallel and output series. The difference
of this section with most descriptions of the converter in the state of the art is that we are not assuming
that both sub-circuits have the same duty; they actually have different duty cycles. The sub-circuit
that contains L1, C1, S1, and S1, is called the upper switching stage, while the lower switching stage
contains L2, C2, S2, and S2.
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For ease of exposition, the converter is assumed to operate in continuous conduction mode.
Consequently, when the upper diode is closed, then the upper transistor is open and vice versa;
the same consideration applies to the lower switching stage.

The converter operates with the Pulse Width Modulation PWM, which can be explained in the
following manner: a defined and constant switching frequency for transistors. The inverse of the
switching frequency is the switching period. A duty ratio or duty cycle is the relation among the time
a transistor is closed, divided over the total switching period. Figure 3a shows the relevant waveforms
when operating with a duty cycle D = 0.7.
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Figure 3b shows the same waveforms as Figure 3a, but in this case, the duty ratio D = 0.3.
The signals S1 and S2 are digital functions, which means they have only two values, 0 or 1, high or
low. They are called switching functions because they drive the operation of transistors (1 means
the transistor is closed, 0 means the transistor is open). Switching functions are obtained from the
comparison of two triangular carriers (Carrier1 and Carrier2) shifted 180◦ with the duty cycle. The duty
cycle seems such a constant value in Figure 3. The relation among the on-time and the switching
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period can be observed from switching functions, and it can also be expressed as the relation among
the constant signal D, divided over the peak value of the triangular carriers.

Both inductors have the same inductance, and the same duty cycle is used for both switching
stages. Note that the input current is equal to the sum of the current through both inductors minus the
output current. The input current ripple is thus smaller to the sum of inductor currents. In former
studies ([20–23]), transistors are driven by the same duty cycle. However, the converter sub-circuits
can have different switching functions without restrictions on the duty cycle.

The input-to-output voltage gain of the DDBC converter is now computed. We use the notation
D1 to refer to the duty cycle of the upper switching stage, and D2 is used for that of the lower one.
This time there is no restriction for D1 to be equal to D2. The mathematical model of the converter can
be obtained with the traditional averaging technique and described as Equations (1)–(4).

L1
diL1

dt
= d1vin + (1− d1)(vin − vC1) (1)

C1
dvC1

dt
= (1− d1)iL1 − iout (2)

L2
diL2

dt
= d2vin + (1− d2)(vin − vC2) (3)

C2
dvC2

dt
= (1− d2)iL2 − iout (4)

On Equations (1)–(4) as well as in Figure 2, vin is the input voltage, L1 and L2, inductors 1 and 2
respectively, C1 and C2 capacitors 1 and 2 respectively, d1 and d2 duty cycles for transistors s1 and s2

respectively, iL1 and iL2 are the currents through inductors L1 and L2, and vC1 and vC2 are the voltages
across the capacitors C1 and C2. Finally, iout is the output current of the converter.

Another important equation, which is related to the input current ripple cancelation that will
be further explained, is the definition of the input current in terms of the summation of the current
through inductors and the output current.

iin = iL1 + iL2 − iout (5)

In steady state, considering that voltage in capacitors and current through inductors comply with
the small ripple approximation, the average voltage across the inductors. This yields to

Vout = VC1 + VC2 −Vin =
Vin

1−D1
+

Vin
1−D2

−Vin = Vin
1−D1D2

1−D1 −D2 + D1D2
(6)

ILj =
Iout

1−Dd j
=

Vout(
1−D j

)
R

(7)

The difference from upper case to lower case in all variables, for instead from d1 to D1, indicates the
operation regime. The upper case shows the steady-state value, which means no transient or
perturbation is present, while the lower case shows the large-signal value, which includes transient
behaviors. That is the reason why Equations (1) to (4) are all in lower case, while (6) and (7) are upper
case. For example, VC1 represents the steady-state component of vC1.

As a special case in this approach, which leads to the traditional approach, if D1 = D2 = D in (6),
then the well-known gain of the double dual boost converter is obtained.

The voltage rating in transistors (the voltage transistors block when they are open) can be expressed
as (8).

Vs1 =
Vin

1−D1
; Vs2 =

Vin
1−D2

(8)
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4. Input Current and Output Voltage Ripple Minimization

Though perfect cancellation of input–current–ripple is a desired characteristic in interleaved
converters; it is well-known that this condition is only achievable at specific gains in traditional
designs [20–23]. In contrast with traditional approaches, as mentioned before, in the DDBC, the desired
duty cycle can be arbitrarily selected according to the nominal voltage gain, e.g., the case when the
duty cycles are linearly dependent; this issue is elaborated in the following: Define D as the base duty
cycle for the converter, i.e., D = D1; both D1 and D2, can be expressed as a function of the duty cycle D,
as shown in Equation (9).

D1 = D; D2 = kD (9)

Duty ratios D1 and D2 take values between 0 and 1, at any time. Equation (6) can be written as
Equation (10) after substituting Equation (9).

G =
Vout

Vin
=

1
1−D

+
1

1− kD
− 1 (10)

Being G, the topology voltage gain and k is the constant factor that relates the duty cycle D of
the converter to the individual duty cycle of each phase D1 and D2. Equation (10) can be written as
Equation (11) after substituting Equation (9):

G =
Vout

Vin
=

1− kD2

1−D(1 + k) + kD2 (11)

In order to achieve a total ripple cancellation, there are two conditions that must be satisfied:
(i) the current positive derivative of one inductor should be equal to the current negative derivative
of the other inductor and vice versa; (ii) the total current ripple of both inductors must have equal
magnitude shifted 180◦. The second condition can be expressed as:

∆iL1 =
Vg

L1
D1Ts = ∆iL2 =

Vg

L2
D2Ts (12)

where ∆iL1 and ∆iL2 are the inductor current ripples, and TS is the switching period of the converter.
Using (12) and (9), we can conclude that L2 = kL1. Considering that D1 and D2 are complementary for
an operating condition with complete cancellation, this yields:

Vg

L1
D∗Ts =

Vg

kL1
(1−D∗)Ts ⇒ k =

1−D∗

D∗
(13)

Note that D* represents the nominal duty cycle at which the current ripple is completely mitigated.
D* is constant, D can adopt a value among 0 and 1. The duty ratio in (10) is obtained from (13), for a
certain gain G as:

D∗ =
1 +

√
1− 4

1+G

2
(14)

Note that (14) has two solutions. The one associated with a minus before the square root would
lead to a different k and D*. If this value is used, the same result is obtained in terms of current ripple
cancellation, but the role of the switching stages would be inverted. The designer must consider the
power distribution among the different phases of the converter; the designer selects the power rate of
the components during the design state. For simplicity, we will follow only one root of (14). Note that
k has a minor impact on the gain, which mainly depends on D.

The output voltage switching ripple cancellation is the other crucial characteristic of the converter.
Similar to the current ripple cancellation, the current Iout charges the capacitor C1 during the time DTS,
and at the same time, the capacitor C2 is being charged with the current equal to IL2 − Iout. Moreover,
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during the period of time (1 − D)TS, capacitor C2 is discharged by means Iout, and C2 is discharged due
to a current equal to IL2 − Iout. To accomplish the output voltage ripple cancellation, we can establish
two conditions. (i) The positive voltage derivative in one capacitor must coincide with the negative
voltage derivative in the other, and vice versa; (ii) The total voltage ripple of both capacitors must have
the same magnitude. The first is satisfied when D = D*. For the second condition, by considering the
voltage ripple equation, we have:

∆vC1 =
Iout

C1
D∗Ts = ∆vC2 =

Iout

C2
(1−D∗)Ts (15)

From (15), we can conclude that the relationship between C1 and C2 is given by

C1

C2
=

D∗

1−D∗
=

1
k

(16)

Then, in order to achieve the simultaneous output voltage ripple and input current ripple
cancelation, capacitors must be selected in a way that C2 = kC1, as well as in inductors.

5. Digital Control of the Converter with Switching Ripple Cancelation

This section focusses on the dynamical behavior and the switching ripple cancelation to design a
closed-loop controller with the desired characteristics. The dynamic model of the converter is described
by (17). The model (17) considers Equations (1) and (2) as well as the constant k that is determined by
design using (13) and (16). 

L1
diL1
dt = vin − (1− d)vC1

L2
diL2
dt = vin − (1− kd)vC2

C1
dvC1

dt = (1− d)iL1 −
vC1+vC2−vin

R
C2

dvC2
dt = (1− d)iL2 −

vC1+vC2−vin
R

(17)

where vC1, vC2, iL1, iL2 are the state variables, vin is a non-controller input of the system, which is also
a variable, and d is the control input of the system, the variable that we can change to control the
output voltage.

From (17), the small-signal linearization technique can be applied to get the small-signal model,
which is expressed as:

d
dt


δiL1

δiL2

δvC1

δvC2

 =


0
(1−D)

L1
0 0

0 0 0 −
(1−kD)

L2
(1−D)

C1
−

1
RC1

0 −
1

RC1

0 −
1

RC2

(1−kD)
C2

−
1

RC2




δiL1

δiL2

δvC1

δvC2

+


VC1
L1

kVC2
L2
−IL1
C1
−kIL2

C2


δD (18)

This model in (18) is expressed in incremental variables, where δIj = IL1 − IL1 is the increment
of IL1 in reference to the equilibrium reference value IL1, and so on for the other variables. In the
following, we consider the discrete-time version of (18), which can be obtained by standard methods.
Then, we obtain a state-space linear difference system of the form

δiL1(n + 1)
δiL2(n + 1)
δvC1(n + 1)
δvC2(n + 1)

 = A


δiL1(n)
δiL2(n)
δvC1(n)
δvC2(n)

+ BδD(n) (19)

where n represents the time; and A and B are constant matrices of dimension 4× 4 and 4× 1, respectively.
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We aim at guaranteeing the regulation of input current. Hence, a current control-loop is realized
with the controller in Equation (20).

δD(n) := −k1x(n) − k2(δiL1(n) + δiL2(n)) (20)

where k1, k2 are the controller gains; x1, is the error-integral of (δi1(n) + δi2(n)) in which the state-space
expression is (21).

x(n + 1) = x(n) + (δiL1(n) + δiL2(n)) (21)

Now that the controller was defined, the controller gains can be computed; it is important to
guarantee the stability in terms of the Lyapunov stability theorem [24] (Section 7.4).

Using Equations (18), (20) and (21) the new extended state-space model can be formulated as:
x(n + 1)
δiL1(n + 1)
δiL2(n + 1)
δvC1(n + 1)
δvC2(n + 1)


= (A− BK)︸    ︷︷    ︸

=:Ã


x(n)
δiL1(n)
δiL2(n)
δvC1(n)
δvC2(n)


(22)

where K = [k1 k2 k3 k4 k5] are the controller gains. If the system is characterized with the matrix Ãj.
As recalled in [24] (Th. 7.4.4, pp. 263–264), then it is asymptotically stable if a symmetric matrix P > 0
exists, in a way that

Q := ÃTPÃ− P < 0 (23)

The simultaneous computation of P and the controller gains can be obtained by iterative algorithms
(see [25]), which is a straightforward matter for solvers such as Yalmip.

6. Fuel Cell Mathematical Model

The realization of the fuel cell model is based on the Nernst reversible voltage equation and is
composed of four voltage stages [26–28], i.e.,

V f c = ENernst −Vact −Vconc −Vohm (24)

where ENernst is the Nernst reversible voltage Vact is the activation loss, Vconc is the concentration
loss, and Vohm is the ohmic loss. Figure 4 shows an equivalent electrical circuit model of the PEMFC
(Proton-Exchange Membrane Fuel Cell). The output voltage of the cell varies according to the electric
load. As mentioned before, three types of losses occur within the model; they are classified as activation,
concentration, and ohmic losses.Electronics 2020, 9, x FOR PEER REVIEW 9 of 16 
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The Nernst voltage or the reversible voltage corresponds to the potential at the output of the FC
without load. In [28] is presented a modified version of the equation of this voltage drop with a term
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that takes into account the temperature, while PO2 and PH2 are the partial pressures of oxygen and
hydrogen, respectively. The equation from [28] is:

ENernst = 1.229− 0.85× 10−3(T − 298.15) + 4.31× 10−5T
[
ln(PH2) +

1
2

ln(PO2)
]

(25)

where T is the temperature.
Activation voltage losses have a greater impact when low currents circulate through the cell [29].

The Tafel equation is employed to describe the connection between current density and activation
losses. This equation is valid if i > io.

Vact = −[ξ1 + ξ2T + ξ3T ln CO2 + ξ4T ln(IFC)] (26)

where Vact represents the activation loss, T is the temperature of the fuel cell, IFC is the fuel cell current,
and the ξ’s represent the parametric coefficients for each cell model, the oxygen concentration CO2 can
be calculated as:

CO2 =

(
PO2

5.08× 106e
−498

T

)
(27)

Concentration or diffusion losses occur when there is a change in the concentration of reactants,
on the contrary of the activation losses, this has a greater impact at very high current, according to the
following equation

Vconc = −B ln
(
1−

J
Jmax

)
(28)

where Vconc represents the concentration loss, B is a parametric coefficient which depends on each cell,
J is the current density of the fuel cell, and Jmax is the maximum current density of the fuel cell.

The ohmic losses occur because of electrode resistance, current collectors, and polymeric membrane.
They are proportional to the current that circulates in the fuel cell.

Vohm = IFC(RM + RC) (29)

where Vohm represents the ohmic losses, IFC is the fuel cell current, RC is the resistance of the transfer
of protons through the membrane with a value of 300 µΩ and RM is the resistance of the membrane
calculated by:

RM =

(
ρMl
A

)
(30)

The polarization curve of the fuel cell is shown in Figure 5. This type of graphic indicates the
different voltages in the fuel cell model (see Figure 4) vs. the current density [30]. When the current
density at the fuel cell changes, the Nerst voltage stays constant, but the fuel cell voltage VFC decreases
as the current density is increasing. The different voltage drops—activation, concentration, and ohmic
losses are also represented in Figure 5, to have an idea of their behavior. The parameters of the Avista
fuel cell stack 500 W are shown in Table 1.
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Table 1. Avista 500-W Fuel Cell stack parameters.

Param. Value Param. Value

N 32 ξ1 −0.948

T 333 K ξ2 0.00286 + 0.0002lnA + (4.3 × 10−5)lnCH2

A 64 cm2 ξ3 7.6 × 10−5

L 178 µm ξ4 −1.93 × 10−4

PH2 1 atm Ψ 23

PO2 0.2095 atm Jmax 469 mA/cm2

B 0.016 V Jn 3 mA/cm2

RC 0.0003 Ω Imax 30 A

7. Experimental Results

In this section, we show the experimental results of the proposed controller using the
hardware-in-the-loop FC implementation. In Figure 6, we show a picture of the experimental
prototype and the DSP that implements the proposed discrete time input current controller. The full
set of parameters of the experimental setup is shown in Table 2.
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Table 2. Experimental setup parameters.

Parameter/Component Value/Information

Maximum power 300 W

Frequency 50 kHz

Input voltage range 20 V–40 V

Output voltage range 80 V–150 V

Converter nominal gain 4

Constant k 0.6

MOSFET S1 and S2 IRFP4127 (200V, 75 A)

Diode LXA20T600 (600 V, 20 A)

Film capacitor C1 8 µF, 300 V, ESR = 4 mΩ

Film capacitor C2 4.7 µF, 300 V, ESR = 4 mΩ

Inductor L1 430 µH, 7 A, ESR = 64 mΩ

Inductor L2 240 µH, 10 A, ESR = 27 mΩ

Controller gains k1, k2, k3, k4, k5 0:0005; 0:0008; 0:0008; 0:0001; 0:0001

We first proceed to validate the hardware-in-the-loop implementation of the FC described in the
previous section. In Figure 7, we show the dynamic response of the implemented FC with respect
to continuous load variations. Several experimental measurements were performed to validate the
corresponding values of the characteristic curve of the FC. These measurements are illustrated in
Figure 8. Moreover, experimental measurements of some of the points A, B, and C in Figure 8 are
shown in Figures 9–11, respectively.
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Moreover, additional measurements of the fuel cell are illustrated in Figure 8, where each point
(A, B, C, D) corresponds to an operational point of the fuel cell. Points A, B, and C in Figure 8 are
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shown in Figures 9–11, respectively, which demonstrate that the fuel cell implementation used in this
paper corresponds to a real fuel cell.

Experimental results of the proposed current-controller with simultaneous cancellation of input
current and output voltage ripples are shown in Figure 12 for an input current set-point of Iin = 8 A.
As can be seen, the current from both inductors and the input current of the converter (output current
of the fuel cell) is shown, the input current (Iin) is almost pure DC component; this is the result of the
design of the converter and the control loop, which ensures that the duty cycles preserves the relation
“k”. A comparison between Figure 3, where equal inductors are considered, and Figure 12, where the
proposed design and control scheme is employed, the improvement in the input current ripple is clear.
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Figure 13 shows the output voltage of the converter, the output of each capacitor is shown since
capacitors of the prototype have the relation “k” between them, similar to the input current ripple the
output voltage (Vout) is a pure DC component.
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Figure 13. Graphic of voltages across capacitors and the output under the proposed input current
control and ripple cancellation with Iin = 8A as set-point.

The control over disturbances is demonstrated in Figures 14 and 15; in Figure 14, a step-down
voltage of 30% was made; as can be seen, the control ensures that the minimum current ripple is
achieved. In Figure 15, a load variation is considered; even when a load variation is present, the current
ripple remains at its minimum.
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8. Conclusions

This paper presented the implementation of a fuel cell generation system. The base of the
designed system is a dc–dc double dual boost converter. The implementation includes the design
and experimental validation of the converter, along with the design and validation of a closed-loop
digital controller. The designed controller, in coordination with a particular selection of inductors and
capacitors, minimizes the switching ripple on the topology, both switching ripples, the input current
ripple and the output voltage ripple.

The work includes a complex hardware-in-the-loop experiment, with a fuel cell emulator.
The emulator utilizes a controlled power source driven with a CompactRio data acquisition system.
The computer program ensures the emulator behaves like a fuel cell. The mathematical model was
programmed in LabView. The output of the fuel cell emulator is connected to the double dual
boost converter; this particular topology of converter provides a larger voltage gain compared to the
traditional boost converter and a smaller input current ripple.

The double dual boost converter was designed with a particular hardware design and operated
with a particular PWM; a digital controller was developed for this application and implemented on a
Texas Instruments TMS320F28335 digital signal processor.

The full experiment was developed in order to demonstrate that the double dual boost converter
under the particular hardware design and the developed digital controller is able to interact with a fuel
cell and provides good performance when operated in a fuel cell-based energy generation system.
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The developed digital controller considers the relation among duty rations, contributing to the
switching ripple minimization in both the input current and output voltage, the control must be
coordinated with the selection of passive components (inductors and capacitors). This technique
encompasses both a design procedure and a PWM strategy for which the designer can freely select the
gain at which the input current ripple is canceled. We presented the procedure to achieve this ripple
cancellation and showed that an unconstrained selection of the operating region of the converter could
be achieved. This technique encompasses both a design procedure and a novel control constraint using
the PWM strategy. The control loop was designed considering a small-signal discrete model, and PI
converters were tuned according to a Lyapunov stabilization condition that ensures the robustness of
the system against disturbances.

The proposed scheme was tested using a fuel cell emulator using Labview in a hardware-in-the-loop
fashion. Experimental results from this emulation are presented to corroborate that the behavior
is close enough to a real fuel cell. It is demonstrated how the control loop ensures that the ripple
mitigation technique is achieved even when the system is subjected to disturbances.
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