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Abstract—This paper presents a proportional-integral
passivity-based control (PI-PBC) approach for a system consisting
of a proton-exchange membrane fuel cell as the primary energy
source and a super-capacitor as an auxiliary energy storage device.
Its objectives are to regulate the output and super-capacitor
voltages while smoothing variations in the energy extracted
from the cell. The controller design leverages the difference in
time-scales , enabling the system dynamics to be partitioned into
fast currents and slow voltages. It follows a current-mode control
framework, where both inner and outer loops are developed
using the PI-PBC methodology. The inner loop adjusts the duty
cycles to track current reference trajectories, while the outer loop
generates these references to regulate voltages. Additionally, an
adaptive law based on Immersion and Invariance theory enhances
the robustness of the outer loop controller. Numerical simulations
validate the proposed approach, demonstrating stability and
precise regulation despite pulsating energy demand.
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I. INTRODUCTION

Clean energy applications of significant interest encompass
microgrids, transportation electrification, and energy storage
systems (ESSs), where one of the primary objectives is the
reduction of greenhouse gas emissions. Among the various
clean sources, fuel cells are considered next-generation devices.
This is attributed to advantages such as high energy density,
non-intermittent operation, high efficiency, and the use of
hydrogen-rich fuels, among others [1]. A type of fuel cell that
stands out for its high efficiency, low operating temperature,
and scalability is the proton-exchange membrane fuel cell
(PEMFC). A single fuel cell generates a small amount of
energy, so to meet higher power demands, cells are grouped in
series-parallel arrays. This configuration enables fuel cells to
supply energy for a wide range of applications, from low
to high power. For example, for the electric bus of 150
kW “UC Irvine AFCB”. And larger arrays can be made for
applications such as stationary power systems and microgrids
[2]. Nevertheless, this technology faces numerous challenges
for its proper implementation. Some of these challenges include
their short lifespan, which can be further reduced by very steep
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energy variations, slow dynamic response, as well as the highly
nonlinear relationship between the voltage-current supplied [3].
Additionally, obtaining the cell model is a difficult task due to
its complex dynamics, arising from the interaction of multiple
phenomena.

The use of power converters as an interface is a
well-documented method for regulating the output voltage of
an energy source to the desired level. Integrating a power
converter between the cell and the load results in a fuel
cell system capable of delivering regulated power. Adding
more energy sources into the DC bus can enhance system
performance and reduce fuel consumption. For instance, with
its high power density, the super-capacitor (SC) can rapidly
supply or store energy to meet high-power demands, enabling
regenerative braking. A battery provides high energy storage
capacity, while an electrolyzer enables to store energy in the
form of hydrogen, among other possibilities. Regenerative
braking is crucial for transport electrification, electrolyzers
support energy storage systems, and the DC bus voltage can
be utilized in DC microgrids. However, as the complexity of
the system increases, so does the difficulty of the controller
design. For example, in [4], a control system is developed
for a fuel cell system with a battery, which is connected
to the DC bus via a bidirectional converter. Its objective is
DC bus regulation, achieved indirectly. The control signals
are computed using traditional passivity-based control (PBC),
formulated with the Euler-Lagrange approach and employing
the energy shaping and damping injection methodology. A
power management strategy distributes the demand between
both sources, with the battery serving as a support. This
controller is improved by making it adaptive in [5], where
the load, an uncertain and time-varying parameter, is estimated
online with an integral action. On the other hand, in [6],
an adaptive controller is developed for a slightly modified
system, where a SC replaces the battery. Its objectives are to
regulate the output and SC voltages while smoothing variations
in the energy extracted from the cell. Its methodology is based
on singular perturbation theory and employs current-mode
control. The control structure consists of an inner loop that
tracks the reference current trajectories and an outer loop that
generates current references for voltage regulation. The inner
loop is designed using a classical PI controller, while the
outer loop employs a backstepping approach. Additionally,
load estimation is incorporated to enhance the robustness of
the outer loop. In [7], a control strategy is developed for
a system similar to the previous one, aiming to indirectly
regulate the output voltage. The control signals are computed
using PBC with interconnection and damping assignment. This



approach employs the Hamiltonian representation and aims
to impose a desired closed-loop dynamic behavior through
the design of the control signal. The cell current reference
is generated by an outer PI loop, while the SC reference
is determined based on its equilibria. In [8], the same PBC
strategy is applied to a similar system, replacing the SC
with a battery. The objective remains the regulation of the
DC bus, where the battery is considered a support source.
Unlike previous approaches, current references are generated
based on an energy management strategy. A drawback of the

aforementioned controllers is their reliance on load knowledge.

Moreover, these models do not consider parasitic resistances,
which play a crucial role in accurately representing real-world
conditions. Reference [9] presents a control strategy for an
isolated DC microgrid comprising a battery, PEMFC, and
electrolyzer interconnected via bidirectional converters. The
microgrid connects to a DC bus that integrates renewable
sources such as wind and solar. Using the same PBC strategy
as before, the system regulates the output voltage by storing
excess energy as hydrogen for later conversion. Integral action
compensates for parasitic resistances, while sliding mode
control limits bus voltage fluctuations. Like previous controllers,
it requires knowledge of the load.

For a fuel cell system with a SC, the following are the main
contributions of this research regarding to the output voltage
and SC regulation, while smoothing variations in the energy
extracted from the cell:

o The proposed control scheme follows a current-mode
control approach, implementing a simple and easy-to-tune
two-loop PI-PBC structure.

o To ensure stability, the design exploits the monotonic
behavior of the fuel cell polarization curve.

o To enhance robustness, an adaptive law based on
Immersion and Invariance (I&I) theory is incorporated
into the outer loop controller.

« Unlike previous studies, this approach explicitly accounts
for system parasitic resistances by integrating them into
a voltage drop model. Moreover, it does not require prior
knowledge of the load, an uncertain and time-varying
parameter and is computationally less demanding than
some previously proposed methods.

Notation. [,, is the n x n identity matrix. A column vector is
denoted a = col(ay,as,...,a,) € R™. Ly is referred as the
set of square-integrable functions f : R, — R, namely, they
satisfy [ [ f(t)]?dt < oo.

II. SYSTEM DESCRIPTION

Fig. 1 illustrates that the system under study comprises two

energy sources, a PEMFC for generation and a SC for storage.

In order to supply regulated energy, a protection diode and a
boost converter are used as interfaces between the load and the
cell. Furthermore, a bidirectional buck-boost converter is used
as the interface between the SC and the load. Thus, the cell
voltage can be raised to the desired operation level, while the
SC can either supply energy in a boost mode or recover energy

in a buck mode, depending on the control system requirements.

In this topology, the SC plays a major part in the energy

supply by managing fast transients. This allows the energy
extracted from the PEMFC to vary smoothly until it completely
meets the demand. It is emphasized that rapid variations in
energy reduce the cell lifespan [3]. The system comprises the
following elements: two energy sources, the PEMFC which is
protected from reverse flow by a protection diode D,, and a
SC whose leakage resistance I2,3 is considered, two inductors
Ly and Lo and their respective parasitic resistance R?;,; and
R0, three MOSFET switching devices My, My, and M3, the
boost converter diode D, a DC link capacitor C, and a purely
resistive load Ry. The system signals are the currents ¢y, and
1sc that are respectively the cell current and the SC current, the
voltages vy., Vs, and v,, that are respectively the cell voltage,
the SC voltage, and the output voltage, and the PWM signals
q1, g2, and g3 that drive its respective MOSFET.

The PEMFC dynamics result from the interaction of multiple
phenomena and systems, making its modeling a complex task.
This system converts hydrogen and oxygen into electrical
energy, heat, and water through an electrochemical reaction.
This process relies on the interaction of multiple systems such
as humidification, temperature regulation, and precise control of
the oxygen and hydrogen supply, among others. Capturing this
complex dynamics results in high-order models, which makes
them computationally demanding. Hence, for power system
applications, the cell is usually modeled statically using its
polarization curve. A highly non-linear relationship between the
voltage and current it supplies. In this work, the power function
model, detailed in [10], is used to describe this relationship as:

Vfc i = Vfc(ch) = Eoc - ali;iv (1)

where FE,., the voltage measured in no-load operation, is
the open-circuit voltage, and the parameters a; and ay are
positive, constant, and unit-less values. Both the parameters a;
and ao are computed offline from average experimental data
fitting procedures and E,. through a measurement. This model
accurately describes the polarization curve behavior of the cell,
it captures the three voltage drops named activation, ohmic,
and concentration. Furthermore, this model has been employed
to experimentally validate control strategies for regulation
purposes [11]. To simplify the overall system model, the SC is

Ry,

Fig. 1: Fuel cell system (FCS) with a SC-based ESS under
consideration.
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Fig. 2: Model of the 1.2 kW PEMFC Nexa® automatic power
module polarization curve, characterized by parameters E,. =
38.8697 V, a; = 1.995, and a2 =0.6100.

represented with an electric equivalent circuit model, as detailed
in [12, Fig. 4(a)]. This model includes a capacitor to represent
its capacitance, an equivalent series resistor to account for
internal resistance, and an equivalent parallel resistor 2,3 to
model the leakage current. The leakage resistance is included
to support the stability analysis, while the series resistance is
merged with the parasitic resistance of the inductor Rp.

Experimental current-voltage measurements obtained from
the 1.2 kW PEMFC Nexa® power module are used for
validation purposes. These measurements can be observed
in Fig. 2, where the complex hysteresis phenomena appears
as the power is increased and subsequently decreased. Then,
offline, average values are computed and used in data fitting
procedures to obtain the model parameters a; and as. The
monotonicity property of the polarization curve, described in
[13, Lemma 1], is also used in this work to support the stability
analysis. Thus, for completeness, it is described below.

Lemma 1 (Monotonicity): The function Vy.(is.) given in
eq. (1) is monotonically decreasing on the positive real axis
(positive cell currents). Specifically, for all ¢ > 0 and b > 0,
it satisfies:

(a —b)[Vic(a) — Vie(b)] < 0. 2)
. . . dVy.
Proof 1: The proof is established proving that — ffc <0,
which is computed as:
deC cap—1
dife = _alaﬂfi ) (3)

and is clearly non-positive.

Using Kirchhoff’s current and voltage laws and a redefinition
of variables = := col(% ¢, %sc, Use, Vo), the average behavior
of the system presented in Fig. 1 yields:

Lty = vpe — urxs — v1, (4a)
Lo = w3 — ugwy — 1o, (4b)
Cstg = —xo — 23/ Rps, (4c)
Ciy = urry + ugxy — v4/Ryp, (4d)

where u; := 1 — ¢ is the control signal of the boost converter,
the complement of the duty cycle of the switch M;. The
parameters v and 1vs comprise the voltage losses caused

by parasitic resistances in eqs. (4a) and (4b). Although the
largest parasitic resistance originates from the inductor [14],
this term also encompasses other parasitic resistances, voltage
drops across diodes and switches, and additional unmodeled
phenomena. Online estimation of this voltage drop has proven
to be effective in the experimental validation of adaptive
controllers, as shown in [15]. On the other hand, us is the
control signal of the bidirectional converter and is computed
according to:

&)

where m; = {1, 0} is a binary signal that depends on the
operation mode. Boost mode with m; = 1 and buck mode
with m; = 0. Similarly than before, v comprises the voltage
losses caused by parasitic resistances in eq. (4b), primarily the
parasitic resistance of the inductor Rs.

Finally, the following assumptions are made to simplify the
controller design.

ug = (1 — g2)mi + g3(1 — mq),

o All state variables i, isc, Vse, Vo, and vy, are assumed
to be measurable. Moreover, the parameters L1, Lo, Cl,
and C are considered constant and known, though they
may change slowly over time.

e The power switches are assumed ideal. Meaning that
switches My, M, and M3 have zero on-resistance, and
the diodes D and D, have zero on-resistance and zero
voltage drop.

o The voltage losses 11 and 1 are assumed to converge to
constant values during steady-state operation.

III. CONTROLLER DESIGN

The control objective of the power system described by
eq. (4) is to regulate the SC and output voltages to their
respective reference values, 23 > 0 and x} > 0, while ensuring
a smooth power draw from the cell. As previously discussed,
the role of the SC is to handle high and fast transient energy
demands, thereby reducing fluctuations in the power extracted
from the cell. In steady-state operation, the cell supplies the
total power demand, ensuring that the net energy exchange of
the SC is zero (z5 = 0). The controller design is simplified
using singular perturbation theory [16], following a time-scale
separation methodology. Accordingly, the system dynamics
described by eq. (4) are partitioned into a fast subsystem
for currents and a slow subsystem for voltages. Using a
current-mode control approach, the controller is designed with
two loops: an inner loop adjusts duty cycles to track current
reference trajectories, and an outer loop regulates voltages by
generating appropriate current references. Both control loops
are designed with PI-PBC. This control strategy is described
in detail in [17], [18]. Its core concept involves applying a
simple PI action over a passive output of the system. This
systematic approach ensures global asymptotic stability by
designing control laws that stabilize and regulate dynamical
systems. A key advantage of this scheme is that convergence
is guaranteed for any positive PI gains, greatly simplifying
the otherwise complex task of tuning the control gains [13].
Additionally, an adaptive law based on I&I theory is designed
to enhance the robustness of the outer loop controller. The



resulting adaptive multi-loop control scheme is detailed in
Fig. 3. This diagram illustrates that the core of the PI-PBC is
the passive output. It also depicts the required signal flow for
both control loops and how the PI action is implemented.

Before designing both control loops, the assignable equilibria
compatible with the control objective are determined. To
achieve this, after partitioning the dynamics, both subsystems
are expressed in a port-controlled Hamiltonian (PCH)
formulation. In the fast current partition, the voltages are
assumed constant, while in the slow voltage partition, the
currents are considered to track their references. Consequently,
if the currents are tracking their references, the control signal
are also at its reference or equilibria. To begin with, both
partitions are obtained with the Facts 1 and 2.

Fact 1 (Inner loop): The fast (current) dynamics of eq. (4)
can be represented by the PCH system:

Qcé = [30 - RC]Z + Gcle + 80, (6)

where Q. is a positive definite inertia matrix, J. is a
skew-symmetric interconnection matrix, R, is a positive
semi-definite symmetric matrix, g. is a port characteristic
matrix, and & is an external disturbance vector, by defining:

L1 0O _ = ._ ._

o L lu . |VUfe — 9u1
e = —x4ls, uc 1= LJ , Eci= ng —91/2] .

Subsequently, the control signal u, is obtained when the
fast dynamics are in equilibria. For this, the fast dynamics
described by eq. (6) are represented in the affine form Q.2 =
fe(2) + ge(2)u, with:

fc(z) = [3c - :Rc]z + 807 (8)

then, at equilibria (2 = 0), the control signal is solved from
fe(2) + ge(2)ur = 0 and computed with the inverse matrix
9-(2) = —1/x415 as follows:

(7b)

gc_l(z)gc(z)uz = _gc_l(z)fc(z)v )
up = —g; " (2)([de — ReJz + Eo), (10)
-0 -0
— col (”fc A ”2) , A
T4 Tq
subsequently, the slow dynamics partition is designed.
w*
T Adaptive outer loop
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Fig. 3: Schematic diagram of the adaptive multi-loop PI-PBC.

Fact 2 (Outer loop): The slow (voltage) dynamics of eq. (4)
can be represented by the PCH system:

va = (Hv - Rv)’w + GoUy + 81}7

_Cs 0 . |T3 L
-0 C:|7w'_|:x4:|7gv'_07

0, 0 0 -1
:R’U = |:6) 0L:| i gv = |:’Ufc—9u1 183—91,2:| 9 (13b)

T4 T4

(12)
by defining:

(13a)

[ *
21
Uy 1= *} , €4 :=0,
)

(13c)

which is obtained by replacing the control signal of the system
of eq. (4) by its equilibria, obtained in eq. (11). Since, in the
slow dynamics, the currents are assumed to be at equilibria
(track their references). Therefore, the control signals are also
at equilibria.

Once both the fast and slow partitions are obtained, the
assignable equilibria compatible with the control objective are
computed. This is performed in the following lemma.

Lemma 2 (Equilibria): The assignable equilibria of eq. (4)
and their corresponding constant inputs are the values contained
in the set:

T3 (ox (z3)?
(23— 0u2) + R

&= {(m,u) eRC: 2, = Bps . (14a)
Ufc_gul
7y = — =, @y = o, @4 =1, (14b)
3
0_91/ 3 _91/
Ulzvfi*l, UQZLJ} (14C)
Ty Ly

Proof 2: Both fast and slow dynamics partitions are used
to obtain these values. To begin, the slow dynamics described
in eq. (12) are represented in its affine form Q,w = f,(w) +
gv(w)u,, where:

fv(w) = [311 - va]w + Eus

this is then evaluated in equilibria, yielding f, (w)+ g, (w)u} =
0. Subsequently, the reference currents w; are computed by
solving this equation. The inverse matrix g, (w) is computed
as:

(5(73 - 9V2)/(Ufc - 91/1) $4/<vfc - 91/1)

-1
9y ( ) -1 0 )
(15)
using this value results in:
U: - _gqjl(w)([gu - :Rv]w + E’U)? (163)
which simplifies to:
2
&(.%‘3 - 91/2) + 5
uj = col | M LT L))
Ufec 0,1 Rp3

that by fixing x3 = «3 and x4 = x} yields the equilibria values
of the currents z; and x9 in Lemma 2.

The remaining equilibria are obtained with the fast dynamics
of eq. (6). Taking the equilibria values of the control v} in



eq. (11) and fixing the voltages x3 = 3 and x4 = x} yields
the control signals w; and wuy as given in Lemma 2.

Remark 1 (Equilibria): As discussed previously, the control
objective is to ensure that, in steady-state operation, the energy
supplied or stored by the SC remains at zero. However, in
practice, a small leakage current is always present, as shown
in eq. (14).

A. Current loop

This control loop leverages the fast dynamics of the system
described by eq. (4) to compute the control signals. Its objective
is to track the trajectories generated by the outer loop through
the duty cycles generation. This inner controller loop can be
found in Fig. 3. In the development of the control, the error
model (incremental) is used, where the error is defined as:

Ti=x—z", (18)

the difference between the state and its reference. Subsequently,
using the current dynamics partition of eq. (6), the design of
the PI-PBC and its corresponding passive output is outlined in
the following proposition.

Proposition 1 (Inner PI-PBC): Consider the closed-loop
model of the inner loop eq. (6). Assume that the state z is
measurable. Fix a constant current reference as z* € £ and
considering the PI-PBC scheme:

u:_KPcch_Kchc'i'U*a (19a)

Te =YNe, (19b)

where the matrices Kp. = diag{kipc, kopc} and Kj. =
diag{k1c, koic} are positive definite, and the passive output
is defined as:

YNe = col(—zaZ1, —x4Za), (20)

then the system converges asymptotically to the equilibria
(z,2.) = (2%, 0). Where z* € & denotes the current references
and u* € € is its required duty cycle.

Proof 3: Consider the energy storage function of the storage
elements as a candidate Lyapunov function:

1

g{c(g) = §ZTQC27 (21)

which satisfies that H.(0) = 0 and H.(Z) > 0 whenever
Z # 0. Then, by computing its time derivative along the error
dynamics of (6):

.(2) =27 Q.5 = T (geite + [vpe(Z1) 0]1),  (22a)
=% gelic + (21 — 27) (Vge(21) — vpe(2])),  (22b)
<zTgelic = Yp e, (22¢)

thus, the closed-loop system is passive for the output yy. of
eq. (20). This result is obtained because, in equilibria, the
following condition is satisfied:

0=(dc— Re)z* + geus + &5, (23)

and in the second line of eq. (30), the monotonicity property
of the polarization curve, described in Lemma 1, is employed

[13].

For the closed-loop system with the controller, the following
candidate Lyapunov function is considered [18]:
1 1
Vo(2,2.) = igTch + iijfcxc, (24)
then, computing its time derivative along the closed-loop system
and controller dynamics:

V(2,&c) =27Q.% + ] Kpoie, (25a)
=2Tgei+ 2] K1eyne, (25b)
= — yno(Kpeyne + Krexe) + 2] Kreyne, (25¢)

= — N Kpeyne <0, (25d)

hence, by the previous inequality and LaSalle—Yoshizawa’s, it
is concluded that:
(26)

lim z = 2*.
t—00

B. Voltage loop

The outer loop leverages the slow dynamics of the system
described by eq. (4) to generate current references. It aims
to achieve voltage regulation by generating current reference
trajectories for the inner loop. In Fig. 3 is presented the outer
loop controller. This control loop is responsible for the most
critical part of the control scheme, generating smooth references
for extracting energy from the cell and fast references for
managing energy flow to and from the SC. This approach
leverages the fast dynamics of the SC to compensate for the
slow dynamic response of the cell [19]. On the other hand, it
is important to mention that the generation of these trajectories
is typically managed by energy management systems, which
allocate energy demands among sources while leveraging their
specific advantages [20]. Where maximizing fuel (hydrogen)
efficiency is a critical objective, particularly in applications
such as transportation electrification and microgrids [!]. Finally,
using the voltage dynamics partition of eq. (12), the design of
the PI-PBC and its corresponding passive output is presented
in the following proposition.

Proposition 2: (Outer PI-PBC): Consider the closed-loop of
the outer loop described by eq. (12). Assume that the state w
is measurable. Fix constant voltage references as w* € € and
consider the PI-PBC scheme

Uy :_KvaNv _Klvxv+u;7 (273)
i‘v =YNuw, (27b)
where the matrices Kp, = diag{kipy, kopy} and K, =

diag{k1v, kair} are positive definite, and the passive output

is defined as:
- 11)1) ,  (28)

then, the system converges asymptotically to the equilibria
(w,x,) = (w*, 0). Where w* € & denotes the fixed voltage
references and u; € € represents its required current references.

Proof 4: Consider the energy storage elements of eq. (12)
to design the following candidate Lyapunov function:

1
Ho(@) = S0 Queb,

L - vfc_aul ~ wy — 09
YNv = col | wa , Wa
wa wa

(29)



that satisfies H,(0) = 0 and H, (@) > 0 whenever w # 0.

Then, by computing its time derivative along the error dynamics
of eq. (12):

Ho (@) =" Qi = @ " (— Ryt + gl ),

T~ T -
<w GolUy = YNy Uv,

(30a)
(30b)

thus, the closed-loop system is passive for the output ypn,
of eq. (28). Similarly to before, this result is obtained by
leveraging the fact that, at equilibria, the following condition
is satisfied:

0= (Jy — Ro)w* + gyuy + E. 31

For the closed-loop system with the controller, the following
candidate Lyapunov function is considered:
1 1
VU(’LZJ, -7311) = §wTQUw + §xIKIvav

then, computing its time derivative along the closed-loop system
and controller dynamics:

(32)

V (0, %) =0 " Quib + ] Kryicy, (33a)
== Ry@ + D' gylly + 2, Kroynw,  (33b)
- - ﬂ)Tj{vﬁ) - y]—\;v(KvaN'u + Kvav)+ (330)

z, Kroyno, (33d)
= — 0 Ry — Yo KPoYNo, (33e)
< — w0 Ry, (33f)

thus, by applying the previous inequality and
LaSalle—Yoshizawa’s theorem, it is concluded that:
lim w = w*. (34)

t—o00
C. Adaptive law

As observed in the controller design, the passive output
YN in Proposition 2 depends on the voltage loss uncertainties
vy and vp. To address this, an adaptive law based on I1&I
theory is designed, enhancing the robustness of the outer loop
controller. The objective is to compute an estimate éyl of the
voltage loss 0,1 and incorporate it in a certainty-equivalent
way into the outer loop PI-PBC. It is worth mentioning that
the application of I1&I theory has been widely reported in the
design of parameter estimators, stabilizing control laws, and
state observers for nonlinear systems. According to [21], this
estimation is obtained using two terms, one integral and one
proportional. The proposed online estimator is designed with
the following proposition.

Proposition 3 (Parameter estimator):
designed as:

The 1&I estimator

. (8]
¢ =aat (ve —mas — €+ S laal), G50
0, =€ — %lei’, (35b)

where « is a po§itive gain and x; ¢ Lo, satisfies that the

estimation error 6,,1:
lim |§V1| =0, (36)
t—o00

with all signals remaining bounded.

_ Proof 5: Taking the time derivative of the estimation error
0,1 yields:

B = 0,1 — 0,1, (37a)
=¢{—alizlin, (37b)
— a2? (vfc Cwgzy — €+ %leﬁ - Lljzl), (37¢)
= am% (vfc —uywy — 0, — [Vfe — w124 — 0V1]>, (37d)
= —ax?0,,, (37¢)

where the second line is obtained by assuming that the
uncertainty varies slowly compared to the dynamics of the
estimator; hence, 9,,1 = 0. And the fourth line through the
relation eq. (35b). Then, computing the solution of eq. (37¢)
yields:

0,1(t) = 0,1 (0)e— S widt, (38)

hence, it follows that 6,,; — 0 iff 21 & Ls.

The resulting adaptive control scheme is presented in Fig. 3.
As observed, the main challenge of this control approach
lies in obtaining both passive outputs. Both control loops are
inherently robust, as they do not require knowledge of the load,
which is an uncertain and time-varying parameter in practice.
This robustness ensures that the stability of the control strategy
is maintained without relying on load information. Making it
feasible to be extended for higher power levels, like an isolated
DC microgrid. However, to support distributed generation and
fault tolerance, some aspects need to be improved, as detailed in
[9]. Additionally, if the goal is to supply AC voltage, the system
must address the synchronization issue with other systems in
the grid.

Remark 2: Designing an adaptive law to estimate the voltage
loss 1o presents challenges due to the lack of persistent
excitation in steady-state conditions. Because the control
objective is to have zero energy supplied or stored by the
SC in steady-state, leading to short variation in its current.
Thus, the condition required for the estimation to converge,
To & Lo, is not met. This results in insufficient excitation for
its estimation, causing the estimation error to remain bounded
but not converge to zero. Moreover, it is assumed that the
integral action of the controller can handle effectively this
uncertainty.

Remark 3: It is important to note that the design of
this adaptive controller assumes the availability of full
state measurements in addition to cell voltage. However, in
real-world environments, this may not always be feasible,
necessitating the design of observers. Although this aspect
lies beyond the scope of this paper, it remains a crucial
consideration.

IV. NUMERICAL RESULTS

Numerical simulations validate the correct performance of
the controller by regulating both the output voltage and SC
voltage to some references x5 and z}, while ensuring smooth
variation of the PEMFC current, using Simulink/MATLAB. To
enhance the realism of the system, the simulation incorporates
the power function model of the 1.2 kW Nexa® as the PEMFC
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Fig. 4: Numerical simulation results: The cell current and
SC current are shown alongside their respective references,
showing that fast transients are managed by the SC, while the
cell handles the steady-state energy demand.

source. Experimental measurements from this module are
utilized to obtain the open-circuit voltage (F,.) under no-load
conditions. These measurements are displayed in Fig. 2. Then,
with the average values, offline data-fitting procedures are
performed to determine the values of parameters a; and as
in eq. (1). It is important to mention that this model captures
the average behavior and does not account for the complex
hysteresis phenomena, which is a characteristic of the cell
dynamics, as can be seen in Fig. 2. The simulation is carried
out using the system parameters and control gains reported
in Table I. As outlined before, the integration of a SC into
the fuel cell system through a bidirectional converter aims to
manage fast and high transients. Therefore, the rapid dynamics
of the SC are leveraged to compensate for the slow dynamic
response of the fuel cell, enhancing the system performance and
longevity. This makes it particularly attractive for applications
in DC microgrids and transportation electrification. Regarding
the control gains, unfortunately, there is no optimized method
to tune them. These gains are empirically adjusted. In the
inner loop, both current references are tracked using identical
proportional and integral gains. Starting with small values,
they were gradually increased until the tracking error between
the measured currents and their references became negligible
under pulsating conditions. For the adaptive law, the gain is
gradually increased from an initial value of 0.1 until, even
under pulsating conditions, the difference between the actual
signal and its estimated value is indistinguishable. Finally,
when tuning the outer loop gains, it is taken into account that
the proportional gain primarily influences the response speed,
while the integral gain determines the overall response time.
Thus, the proportional gains are adjusted to assign a higher
value to the SC, while the integral gains are adjusted to assign
a higher value to the cell. These gains are tuned until the
desired response is obtained. Supply transient power by the SC
and steady-state power by the cell. Allowing the SC to respond
quickly to fluctuations in demand while the cell supplies the
steady-state demand.

Numerical results of the system dynamics response are
presented in Figs. 4 to 7. Throughout the test, the SC voltage
reference is fixed at x5 =24.0 V. Then, the output voltage
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Fig. 5: Numerical simulation results: The SC voltage and output
voltage are regulated to their respective references, meanwhile
the cell voltage has smooth variations.

reference is set to xj = 48.0 V (500 W), with the load pulsating
between 9.216 Q2 (250 W) and 4.608 2 (500 W) at 0.1 Hz.
After 15 seconds, the load is fixed at 4.608 €2, and the output
voltage reference pulsates between z} = 48.0V (500 W) and
x; = 38.0V (314 W) at the same frequency of 0.1 Hz. As
shown in Fig. 4, it is evident that the current references are
accurately tracked despite pulsating changes in load or output
voltage reference. This indicates that the inner loop is effectively
adjusting the control signals within achievable ranges, as can
be seen in Fig. 7. Additionally, as desired, the cell current
exhibits smooth variations, even under pulsating changes in
load or reference voltage, maintaining values between about
5.50 A and 20.0 A. Thus, the SC is supplying or storing
energy during fast transients, before gradually reaching zero.
This current takes values around -14.0 A and 14.0 A. As
observed in Fig. 6, the voltage loss is accurately estimated,
with the difference between the actual value and the estimate
being negligible, except during some pulsating changes. And
finally, as previously mentioned, the control objective is the
regulation of both the output voltage and the SC voltage. As
shown in Fig. 5, the outer loop achieves this by generating
appropriate reference currents to regulate them. The regulation
of both the SC voltage and the output voltage to their respective
references confirms the proper functioning of the outer control
loop. Additionally, the voltage supplied by the cell exhibits
smooth variations, ranging from 27.0 V to 34.0 V. Throughout
the simulation, the SC voltage is effectively regulated at 24.0
V, with minimal variations of less than 1.0 V. This result
highlights the nature of the SC, as it can handle high charge
and discharge currents without a degradation of its lifespan. The
output voltage is tightly regulated despite pulsating changes in
load or voltage reference, maintaining values between 37.5 V
and 58.0 V.

V. CONCLUDING REMARKS

In this paper, a PI-PBC approach for a system consisting
of a PEMFC as the primary energy source and a SC as an



TABLE I: System parameters and control gains

Parameters ~ Values Parameters Values Gains  Values
Ly 38.63 uH | Eoc 4045V Kre 10.013
Lo 44.69 pH | a1 2219 Kpe 5.0x107°13
Cs 125 F az 0.5848 Ky diag{12, 0.5}
C 2634 uF | Rp3 .00 MQ | Kp, diag{21 x 107°,2.1}
Rp1 8.30 m§2 Ry, 4.608 Q a 1.0
Ryo 10.5 mQ
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Fig. 6: Numerical simulation results: Online estimation through
1&I of the voltage loss 6,1.

auxiliary storage device was presented. The control objective
was to regulate the output and SC voltages while ensuring
smooth variations in the energy extracted from the cell, even
under fluctuating energy demand. The controller design is
simplified by invoking the singular perturbation theory. Hence,
by the difference in time scales, the system dynamics can be
partitioned in fast for currents and slow for voltages. Then, the
controller is designed with current-mode control. Both control
loops were developed using the PI-PBC methodology. An inner
loop adjusts the duty cycles for tracking current reference
trajectories, while an outer loop generates these current
references to regulate the voltages. Additionally, an adaptive
law based on I&I theory is designed to enhance the robustness
of the outer loop controller. Numerical results demonstrate the
effective performance of the closed-loop system, maintaining
stability and proper regulation despite pulsating variations in
energy demand. Finally, future work is towards a connection
of the fuel cell system with a SC-based energy storage system
to support the grid under grid-following and grid-forming
modes, and consider issues such as synchronization, harmonic
mitigation, voltage regulation and dynamic interaction with
other grid-connected systems.
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