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Abstract: This paper proposes a multi-objective model predictive control (MPC) designed for the
power management of a multi-stack fuel cell (FC) system integrated into a renewable sources-based
microgrid. The main advantage of MPC is the fact that it allows the current timeslot to be optimized
while taking future timeslots into account. The multi-objective function solves the problem related
to the power dispatch at time that includes criteria to reduce the multi-stack FC degradation,
operating and maintenance costs, as well as hydrogen consumption. Regarding the scientific literature,
the novelty of this paper lies in the proposal of a generalized MPC controller for a multi-stack
FC that can be used independently of the number of stacks that make it up. Although all the
stacks that make up the modular FC system are identical, their levels of degradation, in general,
will not be. Thus, over time, each stack can present a different behavior. Therefore, the power
control strategy cannot be based on an equal distribution according to the nominal power of each
stack. On the contrary, the control algorithm should take advantage of the characteristics of the
multi-stack FC concept, distributing operation across all the stacks regarding their capacity to produce
power/energy, and optimizing the overall performance.

Keywords: PEM fuel cell; multi-stack; model predictive control; multi-objective; microgrid

1. Introduction

The beginning of a new decade is always expected as a period of new challenges and opportunities,
but the period 2020-2030 has started with global problems that directly and seriously affect humanity.
There are many voices that warn about current and future climate change impacts on human health,
and how our societies can lessen those adverse impacts through adaptation strategies and by reducing
greenhouse gas emissions [1]. In this sense, governments from different parts of the world and with
different political ideology, agree on the need for a worldwide effort during this decade to offset the
fossil fuel depletion and reduce the greenhouse gas emission. Then, the European Commission and
the United States Department of Energy (DOE) have set their targets for 2030 in the promotion of
renewable energy sources (RES), sharing up to 27% of energy from renewables [2,3]. Meanwhile,
China’s National Development and Reform Commission (NDRC) has set a draft policy to increase
the RES target from 20% to 35% by 2030 [4]. Therefore, the global population has not only started the
current decade facing a human health threat but also must end the decade by solving the challenges of
climate change.
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For this purpose, renewable sources-based electrical microgrids are a promising and efficient
solution by integrating various distributed renewable energy sources (RES), energy storage systems
(ESS), and interconnected loads that act as a single controllable entity with respect to the utility
grid [5]. Among the renewable alternatives to be integrated into the microgrids, such as wind, solar,
hydroelectric, and biomass, FCs has been demonstrated to be a promising solution to carry out the
conversion of these renewable energy sources into hydrogen, as it can provide reliable, efficient,
clean and quiet energy [6].

Given the stochasticity of most RES (e.g., solar, wind, etc.), FCs, along with energy storage
systems (ESSs), can be used to mitigate the intermittency induced by stochastic RES, and they serve
as an effective solution due to their reliable output power [7]. However, despite these numerous
advantages, the integration of FCs into microgrids requires an exhaustive energy management system
(EMS) that takes into account the low durability and high cost of FCs [8], at the time that guarantees
crucial features like reliability, resiliency, and safety, more and more crucial in microgrids [9,10].

On the other hand, regarding the architecture of hybridized microgrids, most of the studies
combine multiple ESSs with the aim to gather the advantages of different storage solutions [11-13].
However, despite the fact that all these researchers consider different RES and ESS into the microgrid,
in all these works, the FC system is made up of a single stack. Then, A. Kamel et al. [11] proposed
a system that combines photovoltaics (PVs), batteries, ultracapacitors (UCs), with a 10 kW-single stack
FC to supply a load dump. Anastasiadis et al. present in [12] an optimization model in order to
determine the viability and the environmental contribution of microgrids, taking into account the high
penetration of FC units and RES, but all the study cases are based on 10 kW to 50 kW single stacks.
Even at high power, Li et al. proposed in [13] a fuzzy logic-based EMS, and the major portion of the
low-frequency power demand can be dealt with a 150 kW-single stack FC. A single-stack FC system
simplifies the balance of plant (BoP) design and the power management inside the FC system, but its
main disadvantage is that in case of damage or excessive losses, the entire system must be disconnected
from the microgrid.

To solve this, Marx et al. announced in [14] that a multi-stack FC structure can provide
more redundancy than single stack-based systems thus that the system reliability can be improved.
The efficiency of multi-stack FC systems can also be increased by optimally distributing the demanded
power among different stacks [15]. That is, multi-stack FCs are manufactured in standard size and can
be easily combined to meet different power demands. More units can be added as the microgrid energy
demand grows over time without having to redesign and reconstruct the whole plant. Then, Palma and
Enjeti developed in [16] a multi-stack based fuel cell system connected to a modular DC-DC converter.
Under the premise that a stack producing a higher voltage can generate more power than a stack that
produces a lower voltage, the control algorithm defines the load current on each module as a function
of the voltage (the least damaged modules supply more power than the deteriorated). The loop control
is based on a Proportional-Integral-Derivative (PID) controller to calculate the required duty cycle
for each DC-DC converter module. The reference signals are calculated by taking into account the
voltage produced by each module. If one of the modules produces a voltage below the threshold level,
that module is considered damaged, and the reference signals of the remaining modules are increased
to compensate for the loss of that module. Despite the hardware implementation novelty, this work
lacks the possibility to include optimization criteria; the control algorithm just establishes the power
reference to each stack regarding the degradation of each stack.

A deeper study was carried out by Garcia et al. in [17], where the authors detailed the influence
of power-sharing methods on the efficiency of a multi-stack FC system. The power-sharing methods
tested were the following. (1) Equidistribution: Split the power reference equally between the
different fuel cells; (2) Daisy Chain: Distributes the power reference sequentially to the stacks; and (3)
Optimization-based distribution. The power reference is shared between the different FCs to achieve
the highest efficiency available at that power reference. Results show that the equidistribution method
provides results close to those of a single stack FC system, while the daisy-chain distribution method
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provides higher efficiency at low power outputs. The best behavior is offered by the optimization-based
power-sharing method. The optimization-based method is an interesting algorithm that calculates
power distribution coefficients to maximize efficiency at a given power setpoint. Results show that
the efficiency of the multi-stack FC system achieves the maximum efficiency available throughout
most of the power range. However, despite these interesting results, the work is developed under
two severe constraints: (1) The behavior of all the stacks is supposed similar, and (2) the aging and
operation condition dependence is not considered. These assumptions go against fuel cell fundamentals:
FC degradation is highly dependent on the operating conditions, and fault diagnosis is crucial to keep
the FC system operating safely and efficiently, and to mitigate performance degradation [18].

In this sense, Herr et al. proposed in [19] a mixed-integer linear programming (MILP) management
strategy for multi-stack FC systems to extend its lifespan in a prognostics and health management
(PHM) framework. The strategy consists of selecting at each time which stacks must run and which
output power has to be chosen for each of them to satisfy a load demand as long as possible. Multi-stack
FC system lifespan depends not only on each stack’s lifespan but also on both the schedule and the
operating conditions that define the contribution of each stack over time.

As can be seen, advanced control techniques are highly recommended for optimization problems
under constraints in a prediction horizon. Then, the proposal developed in [19] can be improved by
applying predictive control techniques that take into account not only technical but also economic
criteria. That is, a power-sharing control that takes decisions regarding not only the load supply and
lifespan extension, but also looking for economic savings, is considered one of the best solutions to
solve optimization problems [20].

Based on the above, this paper contributes to the control theory in multi-stack FC systems
integrated into a RES-based microgrid proposing a multi-objective model predictive control (MPC)
designed for the power management of a multi-stack FC system. The multi-objective function solves
the problem related to the power dispatch at time that includes criteria to reduce the multi-stack FC
degradation, operating and maintenance costs, as well as hydrogen consumption. The main advantage
of MPC is the fact that it allows the current timeslot to be optimized while keeping future timeslots
in account [21].

Regarding the scientific literature, the novelty of this paper lies in the proposal of a generalized
MPC controller for a multi-stack FC, and it can be used independently of the number of stacks that
make it up. Even though all the stacks that make up the modular FC system are identical, the level of
degradation that each one suffers can give it different behavior. Therefore, the power control strategy
cannot be based on a balanced distribution according to its nominal power. On the contrary, the control
algorithm should take advantage of the characteristics of the multi-stack FC concept, distributing
operation across all the stacks and optimizing the overall performance. To carry out this distribution,
the control system must always know the real state of each stack to determine its real capacity to
produce energy. In the revision of the scientific literature, no previous study has been found that
addresses the power management of multi-stack FC systems taking into account the optimization of
its performance while preserving the stacks’ lifespan and reducing the hydrogen consumption with
respect to a single stack-based FC system. Table 1 gathers the main features of this paper with respect
to previous works found in the literature.

The paper is organized as follows, Section 2 describes all the facilities, devices, and tools software
that have been used to carry out the research. Section 3 presents the MPC controller for the multi-stack
FC system, and results are discussed in Section 4. Finally, in Sections 5 and 6, discussions and principal
conclusions of the research are addressed.
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Table 1. Comparison of the findings of the proposed paper with previous scientific works.

Fuel Cell System Nominal Power Control PP I . .
Reference Configuration Power Algorithm Optimization Criteria  Predictability
Provide load demand
Authors Multi stack 7.5 kW Model Predictive Reduce degradation
roposal (3 stacks) 2.5 kW/stack Control (MPC) Reduce hydrogen Yes
prop (expandable) consumption
Minimize O&M costs *
[11] Single stack 10 kW - - -
[12] Single stack 10-50 kW - - -
[13] Single stack 150 kW - - -
[16] Multi stack 150 W PID Fault detection in stack No
Equi-distribution Load demand No
Daisy Chai Load d d N
[17] Multi stack 2.5kW aisy -ham oad deman ©
Optimization-based L. -
distribution Maximize efficiency No
Mulfi stack 15 kW Mixed Integer ‘Lmear Provide 'load demand,
[19] (3 stacks) 500 Wstack Programming Prognostics and Health Yes
(MILP) Management (PHM)

* Operation and maintenance costs

2. Materials and Methods

The microgrid under study was based on the production of energy entirely obtained from
renewable resources, which guaranteed the production and storage of energy with zero CO, emissions,
Figure 1. The microgrid included different renewable energy generation systems consisting of a 15 kWp
photovoltaic plant (5 kWp monocrystalline technology, 5 kWp polycrystalline technology, and 5 kWp
thin-film technology), along with a hydrogen system composed by a modular fuel cell of 7.5 kWe made
up of 3 stacks of 2.5 kW each, a 10 kWe alkaline electrolyzer (7 kWe for the bipolar electrolytic stack
and 3 kWe for auxiliaries), and a lead-acid battery storage bank with a storage capacity of 36 kWh [22].

It is located on “La Rébida” Campus, at the University of Huelva (Huelva is located in the
southwest of Spain), and according to its topology, all the generation and consumption systems
were connected to an internal DC bus supported by a battery bank. The renewable generation
was provided by solar radiation, which allowed the production of up to 15 kWp from PV panels.
To guarantee the power balance at all times, there were 2 ESSs available. The first ESS was a 36 kWh
lead-acid battery bank; the direct connection of this battery bank to the internal DC bus avoided the
need for power conditioners to guarantee the regulation of the bus voltage. The second ESS was
a hydrogen loop, consisting of an alkaline electrolyzer that produces 2 Nm3/h of hydrogen under
a rate load power of 10%-100% and efficiency of 85%. Additionally, a 7.5 kWe modular multi-stack FC
system acted as a hydrogen consumer with an efficiency of 47%, and a compressed hydrogen storage
tank of 1 Nm? and 30 bars (this is equivalent to 88 kWh; that is 2.4 times the energy stored in the
battery bank). This hydrogen loop allowed achieving a power-to-hydrogen and hydrogen-to-power
roundtrip efficiency around 40%. Finally, all the power conditioning, as well as the bidirectional
power flow between the main power grid and the microgrid, were guaranteed by DC/DC and DC/AC
power converters.

As has been commented in Section 1, one of the options for improving FC effectiveness, extending
its lifespan, and reducing costs, were to use such stacks in a modular architecture to develop scalable
power FC systems as needed [23]. Using a modular architecture to implement the FC system as
a connection of independent stacks (multi-stack) aimed to meet with the power demand (with one,
several, or all stacks running) while taking into account the level of stacks degradation and O&M costs.
This allowed the microgrid energy management system (EMS) to control the multi-stack FC system
according to technical and economic criteria, leading to optimized behavior, reducing the degradation,
preserving the lifespan, and minimizing the hydrogen consumption [24].
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Figure 1. General microgrid architecture (University of Huelva).

An additional advantage of a multi-stack configuration was the possibility to discriminate one of
them in the case of located damage or excessive losses, avoiding the disconnection of the entire FC
system. These characteristics provided high flexibility and scalability, robustness, reliability, and good
performance to the microgrid [19,25].

Considering n identical stacks (Figure 2a), our experience says that even in the beginning, when all
stacks are brand new, there is a great possibility that their behaviors will be different. Of course, with
time and use, the differences in the stacks’ behavior will be increasingly evident. Therefore, the control
strategy cannot be based on an equal distribution according to each stack nominal power. On the
contrary, the controller should take advantage of the characteristics of the multi-stack FC concept,
distributing operation in each stack and optimizing overall performance. That is, the input to the
MPC controller will be the reference power established by the EMS, and based on technical and
economic criteria, the MPC defines the setpoint of each stack. To carry out this distribution, the control
system must always know the real state of each stack to determine its real capacity to produce energy.
Figure 2b shows a branch of the fuel cell (stack + BoP + power electronics), and Figure 2c the complete
multi-stack real fuel cell system integrated into the microgrid (see Figure 1). The stacks are based on the
FCgen-1020ACS model from Ballard® (Seattle, WA, USA). It is a polymer electrolyte membrane (PEM)
stack made up of a stack with 80 single planar cells in series, with an active surface of 0.0145 m?/cell.
Its current nominal power is 2.5 kW [26]. Technical characteristics are reported in Table 2.

Table 2. FCgen-1020ACS stack technical characteristics.

Characteristics Value Unit

Nominal power 2.5 kWe

Number of cells 80 units
Active area 0.0145 m?/cell
Hydrogen consumption 1.3 Nm?/h

Hydrogen pressure 1.36 bar
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Figure 2. (a) Block Diagram and model predictive control (MPC) control architecture for a multi-stack
fuel cell (FC) system; (b) detail of a single fuel cell (stack + BoP + power electronics); (c) detail of the
real multi-stack system integrated into the microgrid.

3. Model Predictive Control (MPC) for Multi-Stack FC System

Regarding the microgrid scheme shown in Figure 1, the EMS was responsible for defining the
operating point of each source. In the case of the FC system, the EMS provided the power reference
that the FC system must supply to the internal bus.

Based on the advantages that a multi-stack FC system presents, the MPC controller receives the
power reference (Figure 2a), and it will decide the power setpoints under a multi-objective scenario
that involves both technical and economic criteria in the multi-stack FC system, that is: To guarantee
the power demand, to reduce the degradation, minimize the hydrogen consumption, and secondarily
to diminish the operating costs.

3.1. Generalized Model for Multi-Stack FC System with n Stacks

In a general way, MPC theory makes explicit use of the plant model to optimize its expected
future behavior. Then, a suitable model of the plant allows the MPC controller to lead it to its best
performance. Based on the above, the first step to carry out the controller design was to dispose of an
appropriate plant model that allows predicting the future behavior of the plant.
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In this section, the generalized model of the multi-stack FC system with n stacks will be depicted.
The proposed model was defined as a linear parameter variant (LPV) model, which allowed defining
the non-linear behavior of the multi-stack FC system as a linearized model in each sampling period [21].

3.1.1. Multi-Stack FC System Power

In accordance with the architecture under study, the predicted output power of the multi-stack
FC system, Pgys, will be determined by the sum of the individual operating powers of each of the n
stacks, Ps.,, x =1...n, at each sampling time k, Expression (1).

PsyS(k+1) = ZPfo(k) 1
x=1

3.1.2. Multi-Stack FC System Degradation

Regarding the multi-stack FC system degradation, due to the fact that its operating conditions
strongly influence its lifespan [27], each stack degradation, D , will be quantified in terms of its voltage
drop considering the operating hours and cycles (V/h), AV ,,. ., with respect to its nominal operating
conditions, Py, . Voltage drop, AV, 4, ., is an experimentally calculated parameter. It quantifies the
voltage drop of one cell based on the number of hours and operation cycles under nominal operating
conditions [28]. For simplicity, a linear relationship among the degradation factor and the working
power was assumed. This assumption was based on the experience of the authors with numerous
tests and works with fuel cells with different nominal power and their operation under different
working conditions. As a result of this research, it was shown that the degradation parameter normally
provided by the manufacturers was not constant and depended directly on the operating current/power
due to the interaction between these variables and the temperature and humidity on the membrane.
Similar considerations have been obtained in scientific works such as [29,30]. The instantaneous
minimization of the degradation parameter related to each stack did not guarantee the long-term
optimization of the multi-stack system. The controller required the accumulated degradation value
of each stack. Therefore, stack degradation, D fe, Was calculated from the integral of its accumulated
degradation, Expression (2).

Df..(t) = Dy (o) + AV o Pt
o) = Dy ) + AV e, [ 5

Discretizing Equation (2) according to the backward-Euler method, a linear model can be

dt @)

obtained to determine the accumulated degradation considering the instantaneous delivered power,
Expression (3).

AVfoX[ime 1h
Py, (k) 3600

Dy, (k+1) = Py (k) Ty + Dy, (K) = Pgc_(k)-Dx (k) + Dy, (k) ®)

where:
Dy (k) : Groups all the terms that multiply; Ps. (k) associated to stack x at sampling time k (V/W).

Based on each stack degradation, it is possible to determine the remained rated power value,
P Fen (k+1), according to the accumulated stack degradation, D fexr and the nominal current, I Fener
at sampling time k, Expression (4):

Ppey (k+1) = Prey (k) = Dye, (k) Igey, 4)
3.1.3. Multi-Stack FC System Cost

The operating cost of each stack, Cy,, in €, will be defined by 2 power variable terms associated
with the operation and maintenance (O&M) costs and the depreciation cost [31]. The last term will be
defined by the equipment acquisition cost, Cy,, the degradation associated with the operating power,
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Dy, and the maximum expected degradation, Dy, Expression (5). Unlike the degradation term,
the optimization of the overall multi-stack FC system cost can be ensured by minimizing the economic
cost function in each sampling period. For this reason, it was not necessary to take into account the
accumulated cost.

Dy (k 1h
Cfe,(k+1) = P, (k) Coemy,, +C ( ))

i chmax 3600 s Ts = Pfcx (k)cx(k) (5)

where:
Cx(k): Groups all the terms that multiply Py, (k) associated with stack x at sampling time k (€/W)

Considering the Expression (5), the overall cost of the multi-stack FC system, Csys, can be calculated
as the sum of the individual costs, Expression (6).

Caoys(k+1) Z Cre, (k) ©)

3.1.4. Multi-Stack FC System Hydrogen Consumption

Regarding the molar hydrogen consumption ratio for each stack, npp, it can be calculated
considering the Faraday Law [7], which defines linearity with respect to operating current, Iz (k),
as it is expressed in (7).

Ncell'Ich (k) 'Ts
z-F

Considering the operating stack voltage in each sampling period, V¢, (k), it is possible to obtain
the expression of the hydrogen consumption ratio, in volume, of each stack, Hy_, as a function of the
operating power, as expressed in (8). Like the cost term, the optimization of the overall hydrogen
consumption can be ensured by minimizing the consumption ratio in each sampling period. For this
reason, it is not necessary to take into account the accumulated consumption.

N> -Mpo Pfcx (k)'Ncell(x) ‘M2 1h

2+ ) PH2 zFpr2 Ve, (k) 3600s °° for ) 7:(8) ®

@)

n (k) =

where:
rx(k): Groups all the terms that multiply P, (k) associated to stack x at sampling time k (Nm3/Wh).

Considering the Expression (8), the overall hydrogen consumption of the multi-stack FC system,
Hy,,, can be calculated as the sum of each individual consumption, Expression (9).

Hy,, (k+1) Z Hy, (k )

If the stack operating voltage cannot be obtained through direct measurement, it can be estimated
from its polarization curve and the accumulated stack degradation, Expression (10). Due to the slow
dynamics of this type of system, it is possible to use sampling periods of the order of 10s of seconds,
without affecting the performance of the system. Based on the above, the use of static models, such as
the polarization curve, allows in a simplified way to obtain an acceptable approximation of the fuel
cell’s behavior.

Vfo(k) :a_b’log(Pfo(k_l))_C'Pfcx(k_l) del=Prer (k71)) Z‘chx (10)

where:

a, b, c, d, e: Fuel cell parameters for voltage model.
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3.1.5. Multi-Stack FC System Discrete State-Space Model

With the premises considered in Sections 3.1.1-3.1.4, the generalized LPV discrete state-space
model for a multi-stack FC system consisting of n stacks for a given sampling time Ts was presented in
(11a) and (11b). This can be expressed in the most compact way as (12).

x(k+1) A x(k) B
[ chl(k+1) 1 1 0 00O chl(k) ] D1 (k) 0
3 0000 : 0 0
chn(k—i-l) _|0 1 0 0O chn(k) + 0 -+ Dy(k)
Pays(k +1) 0 0 0 0 0[] Payslh) 1 - 1
Csys(k +1) 0 0 00O Csys(k) Cy(k) Cn (k)
| Hp, (k+1) ] [0 0 0 0 0[] Hy,(k) | [ r(k) ru(k)
(n+3)x1 (n+3)x(n+3) (n+3)x1 (n+3)
E o(k) (11a)
—_——
u(k) 1 000 017[ vy ()]
—_—— . .
Py, (k) : 0000
: 4|0 1.0 0 0]| opg, (k)
’ 0 01 00 vp,,. (k)
P, (k i
for (K) 0 001 0| o,k
nx1 L 0 0 0 01 i szsys (k) ]
———
(n+3)x(n+3) (n+3)x1
y(k) C x(k)
chl (k) 1 0 0 0 0] chl (k)
E 0000 :
Dy, (ky |_10 1 0 0 0 || Dy, (k)
Psys (k) 0 01 00 Psys (k)
Csys(k) 0 0 010 Csys(k)
Hy,,, (k) | 0 00 0 1][H,,(k
(n+3)x1 (n+3)x(n+3) (n+3)x1
o(k) x(k-1) Xyeat (k=1) (11b)
—_——
[ oDy, (K) 1 [ Dpe,(k=1) ] chlreal (k-1)
ODf, (k) | _ Dy, (k=1) Dy, real (k-1)
op,,, (k) Psys(k—1) Pgysreal (k—1)
chys (k) Csys (k - 1) Csysreﬂl (k 1)
UHZSys (k) ] stys (k_ 1) L stysreal (k_ 1) |
————
(n+3)x1 (n+3)x1 (n+3)x1

Each row in the state Equations (11a) and (11b) can be obtained as follows: Dy (k+1) to
Dy, (k + 1) from Equation (2). Regarding the power generated by the multi-stack FC system, Psys(k),
row n + 1, it can be obtained from Expression (1). The overall cost, Csys(k), row n + 2, can be



Energies 2020, 13, 4924 10 of 24

defined from each individual cost and its sum, Equations (5) and (6), respectively. Finally, hydrogen
consumption, Hp, (k), row 1 + 3, comes from (8) and (9).

Regarding vp ™ (k) to UHy,, (k), represent model disturbances, which are approximated as the
error between the value estimated by the model and the real value measured directly on the plant in
the previous sample time k — 1.

x(k+1) = Ax(k) + Bu(k) + Ev(k)y(k) = Cx(k) (12)
where:

T
x(k) : State vector Dy, (k) Dyc, (k) ... Dye, (k) Poys (k) Coys (k) Ha, (k)]

(k)
T
u(k): Input vector [Pfc1 (k) Pge, (k) ... Py, (k)]
v(k): Model disturbances vector [Uqu (k) Dy, (k) .. -UDy, (k) vp,,, (k) v, (k) Uy, (k)]T
T
y(k): Output vector [Dyc, (k) Dc, (k) ... Dfc, (K) Poys (k) Coys (k) Ha,y, (K)]

As can see in Expression (11a), (11b) and (12), the model proposed allows the inclusion
of uncertainties in the degradation parameter in the form of perturbations in the output vector.
This disturbance vector was estimated based on the difference between the real value obtained from
a stack voltage and the value obtained by the model in the previous instant. Thanks to the inclusion
of this parameter and the use of predictive control techniques, an intrinsic feedforward action was
integrated to estimate the error committed in the model and the correction in the control law.

3.2. MPC Controller

This section describes the formulation of a predictive controller for optimal power generation of
a multi-stack FC system, considering constraints, and technical and economic parameters. In this case,
a linear constrained MPC controller has been used, in which the solution of the optimization problem
is done by Quadratic programming (QP).

The main objective of the controller was always to guarantee the operating power defined by the
EMS that governs the microgrid. The second objective was to operate the FC system under optimal
considerations, increasing its lifespan, and reducing the operating losses and cost. For this purpose,
the controller calculates the optimal power distribution of the multi-stack FC system, considering the
accumulated equipment degradation, current hydrogen consumption, and operating cost.

The proposed control scheme is shown in Figure 3, where n manipulated variables have been
assigned to the controller, corresponding to the output power of each of the stacks in the modular
system, P, (k).

The multi-stack FC system outputs have been defined as the instantaneous degradation of
each stack, Dy, (k), as well as the total generated power, Psys(k), total hydrogen consumed, Ha,,, (k),
and operating and maintenance cost of the complete multi-stack FC system, Csys (k).

Finally, the controller receives the power setpoint of the multi-stack FC system, Prer(k), calculated
by the overall microgrid EMS in each sampling time k. This strategy allows the power reference of the
modular system to be included in the control scheme.
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PREF(k)

-——— P (K)
—— Fro, ()

MPC

Pan (k)

<. Dye, (k)

Dy, (k)

Multi-stack FC system
Figure 3. MPC controller architecture for the proposed multi-stack FC system.
3.2.1. Objective Function

According to the general formulation of the MPC controller, the objective function to be solved at
each sampling time k is given by Expression (13).

NP Ny

1= Y a()[otk+ )~k + D]+ Y A Aulk+ -1 (13)

j=1 j=1
where:

Nj: Prediction horizon.

N,: Control horizon.

a(j): Weighting factor of output tracking error.

9k + ]|k) Output prediction at sampling time k + j based on measurements known at sampling time
k.

r(k + j): Output reference at sampling time k + j.

A(j): Weighting factor that penalizes, from sampling time k, changes in the control action.

Au(k + j—1): control action at sampling time k + j — 1.

In this controller proposal, it is posed a tracking problem, in which the main objective of the
control system is established, the tracking of the reference power, Prer (k).

Similarly, the cost function presents an economic optimization problem, in which individual fuel
cell degradations are considered, as well as the system cost and hydrogen consumption. This raises
a multi-objective optimization problem, which allows a more conservative use of the system from
a technical and economic point of view according to the weighting factors, a(k).

Finally, a term associated with the weighting of the change in operating power is included,
APy, (k), thus that operating conditions related to system dynamics can be established, with the
appropriate tuning of the weighting factors, A(k).

Based on the above, and particularizing (13) for the LPV system model, (11a) and (11b), the designed
cost function is presented in (14):

n

Je= £ a{Dpe 0)) + i sa(Pay () = Prer () + tnsa(Cos () +tnsa(a, () + L A2 (k) (14)

X= X=
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where:

Prer(k): Multi-stack FC system reference power at sampling time k (W).
APy, (k): Variation of power delivered by each stack at sampling time k.

3.2.2. Constraitns

Model predictive control is an optimization control algorithm that allows managing constrained
optimization problems. In general, the optimization problem allows considering constraints of the
output vector and magnitude and dynamics of the control vector, Expression (15). These constraints
are normally restrictions imposed by the operating conditions of the real plant.

Ymin <Y < Ymax
Umin < U < Uy (15)
Aty < A < Aty

Restrictions on system output variables, D, (k), Psys(k), Csys(k) and Hp,,, (k) are imposed by the
real limits, i.e., always degradation, cost, and hydrogen consumption must be positive values, and the
multi-stack FC system output power should obviously be lower than the sum of individual stacks
nominal power in the sampling time k.

Similarly, the maximum operating power of each stack, Py, (k), will be given by the nominal
power value considering the accumulated degradation, Py, (k).

Finally, with the aim of making conservative use of the stacks, the constraints regarding the power
slew rate for the manipulated variables, AP Fox (k), are established.

Based on the above, and particularizing (15) for the LPV system model, Expression (11a) and
(11Db), the system constraints are presented in (16):

(16)

CNy (k)
<1000 W

~—

—1000 W < APy (k

3.2.3. Tuning

The main objective of the MPC controller was to ensure that the power reference demanded by the
EMS was met, fulfilling the premises of minimum degradation of the stacks and minimum costs and
losses of the multi-stack FC system. Considering the objective function, Expression (14), the tuning of
the weighting factors (ay, ay41, dnt2, ant3, and Ay, being, x = 1...1n,) will allow the problem to be
tailored to the fundamental objective determined by the design criteria.

Assuming there is a great amount of controller parameters, the analytical tuning process can
be very complex, and that is why it was proposed to face it in a heuristic way. To that end, a set of
cause-effect relationships that can help the tuning process was defined.

In the first instance, to increase the lifespan of the multi-stack FC system, the tuning analysis
focused on the power distribution according to the accumulated degradation of each stack. In this way,
the stack that develops higher degradation will have a greater associated weighting factor inside the
objective function (penalty), Expression (14), which will limit its operating power to the detriment of
those stacks with less accumulated degradation. For this purpose, ay must have a high value and it is
estimated considering the accumulated degradation with respect to the maximum one.

In response to the main objective of the controller, to assure the reference power at all times,
the weighting factor associated with the output power tracking error, a1, must have a high value
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(it acts as a strong constraint), in such a way that any difference between Psys(k) and Prer(k) should
be penalized.

The weighting factor a1 determines the weight of the economic objective in the optimization
problem. Because the cost term is closely related to the multi-stack FC system degradation, the increase
in the lifetime of the system will be translated in a parallel way into a cost reduction. Considering the
fundamental objectives of the controller, the reduced value of the weighting parameter will be used,
thus that the weight of this term was reduced, in favor of the technical optimization.

Weighting factor a3 was related to the hydrogen consumption of the multi-stack FC system,
thus that the use of a high value of the weighting factor will result in more balanced power distribution
between stacks thus that the hydrogen resource is used more efficiently. Increasing system performance
was a fundamental objective in the design criteria of the controller, and, therefore, a relatively high
value of the associated weighting parameter is used.

Finally, the term associated with the control effort, A, can be used to reduce power variations
and, therefore, avoid abrupt changes in the power setpoints of the stacks. As the sampling period
was relatively large (in fact, in practice, it was set at 1 minute), and considering the restrictions on
power variation, reduced values of this parameter can be used, thus that the penalty for variation of
the operating point was not a critical parameter.

Based on the design criteria and after some trial and error cycles, the controller parameters were
heuristically tuned (please, see Table 3).

Table 3. Controller parameters.

Parameter Value
Ts 60s
Np 5
N,,: Control horizon.
N, 5
Ny: Control horizon.
Qx 10 (%)
Apt1 250
Qi 0.005
an+43 2
Ax 2x1078

(*) Initially, the same degradation is considered for all the stacks. As each stack is put into operation, the respective
accumulated degradation varies.

4. Results

The MPC control strategy presented in this work has been carried out under Matlab® environment,
simulating an interval of 1125 days. This interval has been determined considering the time when
the first stack of the multi-stack FC system reaches the end of its lifespan in the most favorable case.
Given that the stack degradation has been quantified in terms of the voltage drop, the criterion taken
to establish that a stack has reached the end of its useful life has been that this voltage has dropped
100 mV/cell. In this case, as each stack was made up of 80 cells, the voltage drop at the stack output
will be 8 V with respect to its nominal operating conditions.

To analyze the effectiveness of the proposed MPC controller in terms of extending the stack
lifespan, minimizing hydrogen consumption, and reducing costs, according to the multi-objective,
the multi-stack configuration was compared with two other FC systems. The first one was a single-stack
FC system of 7.5 kW (the nominal power of the single-stack FC system coincides with the sum of the three
stacks-based FC system proposed by authors). The model was similar to that developed in Section 3.1
but considering a single stack that must always supply the demanded power. The second comparison
was made with a multi-stack FC system (also three stacks) that works under an equidistribution strategy
that shares the required power between the stacks uniformly. Table 4 shows the degradation rates
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associated with stacks in all the considered cases, according to the number of cells, and the average,
maximum, and minimum values determined by the tolerances given by the manufacturer [26]. As has
been commented in Section 3.1.2, the degradation rate was an experimentally calculated parameter.
For this purpose, a cell voltage monitoring system (CVM) was used [27]. This CVM monitors the cells’
voltage with the aim to evaluate the total degradation accumulated by the stack (stack degradation
is the sum of cell degradation). For the single-stack FC system, the considered degradation rate
corresponded to the average degradation of the multi-stack FC system.

Table 4. Fuel cell degradation rates.

Stack Voltage Drop
Stack Voltage Drop Value Case 2: Multi-Stack with Value
Case 1 (Single Stack) Equi-Distribution
Case 3: Multi-Stack with MPC
AV 960 x 1076 V/h
fe Leine (12 x 107 V/h-cell)
-6 -6
AVe. 960 X 107° V/h A 1200 x 107° V/h
fetine (12 x 1076 V/h-cell) Vfe 2ine (15 x 106 V/h-cell)
720 x 1070V,
AVf ¢_Btime /h

(9 x 1076 V/h-cell)

The sampling time chosen was 1 minute since it was short enough considering that the objective
of the paper was to check the performance of the strategy along the whole lifetime of the FC system
(1125 days).

Figure 4a shows the power profile that the EMS of the microgrid demands from the FC system
(please see Figure 3). This power profile has been chosen because it allows achieving different power
steps that force the multi-stack FC system works in different operating regimes and, therefore, allow to
validate the MPC controller performance. The same profile was repeated for the 1125 days with the aim
to compare three fuel cell systems along all is lifespan. To carry out this comparison, a common load
profile repeated during the whole period was needed. Figure 4b shows the reference power tracking
performance for the three cases. The reference power is always met by the FC system in the three cases.
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Figure 4. Cont.
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Figure 4. (a). Power profile required by the energy management system (EMS) of the microgrid.
(b). Reference power tracking performance for single stack, equal power distribution, and MPC cases

with respect reference power profile.

The stacks degradation is represented in Figure 5. DFCiingle-stack cOrresponds to the degradation
in the single-stack FC system (case 1), DFClgq, DFC2gq, and DFC3gq represent the degradation of
the stacks 1, 2, and 3, respectively, in case 2 (multi-stack FC system with equal power distribution),
and DFClypc, DFC2y\pc, and DFC3ypc show the degradation of the stacks 1, 2, and 3, respectively,
in case 3 (multi-stack FC system with proposed MPC control algorithm). As was explained in Section 3,
degradation was associated with the maximum power that each stack can provide at every moment.
The proposed control algorithm gave greater relevance to the current degradation to carry out the
power distribution between the stacks of the FC system.

Deg (V)

8

545 days /

960 days

1125 days

DFC,

Single stack

| !
200 400

! !
600 800 1000

Time (days)

Figure 5. Comparative of stacks degradation in the three cases (single-stack FC system, multi-stack FC
system with equal power distribution, and multi-stack FC system with MPC controller). Single-stack
lifespan: Day 545. Multi-stack FC system with equal power distribution lifespan: day 960. Multi-stack
FC system with MPC control algorithm lifespan: Day 1125.
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Another output variable of the developed state-space model was hydrogen consumption, drawn in
Figure 6a. Detailed plots at the end of the lifespan of the single-stack FC system were highlighted in
Figure 6b, and at the end of the lifespan of the multi-stack FC system in Figure 6¢c. As before, it has been
represented the hydrogen consumption in the three cases: Single-stack FC system, multi-stack FC system
with equal power distribution, and multi-stack FC system with the proposed MPC control algorithm.
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r . d
25 Single stack
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20+ , ’
— e
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§_, 15
N
I
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5L
0 L L L L
0 200 400 600 800 1000
Time (days)
(a)
23
135 hG
- wm \PC - s
ssmm EQ ’.}:: smmn EQ /
73] | s Single stack 9‘3' 22.5( | memm—Single stack R ”
4¢ “‘»/J
125 ',J" »
—~ s 22 PR
(YE’ g ’Q‘.
Z 12 3 Roa ’,
= o~ » »
g T 215 R 4
I ‘.. »
14
11.5 “""‘,/
21p"° ,/
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Time (days) Time (days)
(b) (o)

Figure 6. (a) Hydrogen consumption of the FC system in the three cases (single-stack FC system,
multi-stack FC system with equal power distribution, and multi-stack FC system with MPC controller).
(b) Detail to highlight the multi-stack FC system with MPC regarding the single stack system. (c) Detail
to highlight the multi-stack FC system with MPC regarding the multi-stack FC system with equal
power distribution (1 kNm? = 10° Nm?).

Finally, Figure 7 shows the costs of each analyzed FC system (O&M costs and the depreciation cost)
throughout their respective lifespan.

To summarize the obtained results, Table 5 offers a comparison between the three considered
scenarios (single-stack FC system, multi-stack FC system with equal power distribution, and multi-stack
FC system with the proposed MPC control algorithm). The comparison has been done in terms of stack
degradation, hydrogen consumption, and cost. Note that the data have been taken from the day when
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the single-stack FC system has arrived at the end of its lifespan, day 545 (Figure 5 and Table 5a,b shows
the values of day 960, when the first stack of the multi-stack FC system under equal power operation
reached its maximum degradation value. Finally, Table 5c shows the values obtained at the end of the
lifespan of the multi-stack FC system with the MPC controller developed in this work. This situation
occurs on day 1125 of operation.

50
----- MPC
- EQ
400 —— Single stack
35+
30
W
4
= 25+
[%2]
[e] -
©2. /S . - e
15 o
10 ..;-.':.:'—"’":—’
';“"‘gs‘
S u‘oo““d‘;)
0 -~ | | | | | |
0 200 400 600 800 1000 1200
Time (days)

Figure 7. Operating costs of the FC system in the three cases (single-stack FC system, multi-stack FC
system with equal power distribution, and multi-stack FC system with MPC controller) (1 k€ = 10° €).

Table 5. Simulation results.

Degradation (Volts)
Cases Analyzed H, (kNm®) Cost (K€)
Single Stack  Stack 1 Stack 2 Stack 3
Single-stack 8.007 12.886 45.063
Multi-stack 3.682 4352 3.022 12.426 11.078
Equ-Distribution ’ ’ ) ’ '
Multi-stack MPC 3.452 3.754 2917 12.360 10.147
(a) Day 545 (single-stack FC system at the end of its lifespan)
Cases Analyzed Degradation (Volts) H, (kNm?) Cost (K€)
Single Stack  Stack 1 Stack 2 Stack 3
Single stack - - N
Multi-stack
Equ-Distribution 6.722 8.006 5.479 22.458 20.247
Multi-stack MPC 6.240 6.762 5.333 22.254 18.375

(b) Day 960 (multi-stack FC system with equal distribution at the end of its lifespan)

Degradation (Volts)

Single Stack  Stack 1 Stack 2 Stack 3
Single stack - - -
Multi-stack
Equ-Distribution
Multi-stack MPC 7.392 8.004 6.339 26.298 21.779
(c) Day 1125 (multi-stack FC system with proposed MPC at the end of its lifespan)

Cases Analyzed H2 (kNm3) Cost (K€)

Background color is necessary to indicate that these positions are not possible.
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Graphs depicted in Figure 8 illustrates the evolution of the delivered power (plots on the left) and
the voltage supplied (plots on the right) by the three stacks of the multi-stack FC operating with the
MPC controller, at different times throughout the simulation period.
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Figure 8. Delivered power and voltage of the stacks 1, 2, and 3 of the multi-stack FC system operating
with MPC controller at different times. (a,b) Days 3 and 4. (c,d) Days 361 and 362. (e,f) Days 721
and 722. (g,h) Days 1121 and 1122.

5. Discussion

Based on obtained results, as can be appreciated in Figure 5, the degradation of the FC system is
considerably higher in the case of using a single stack to provide the power demanded by the EMS.
The lifespan in the case of a single stack decreases something more than 50% compared to the case of
using the proposed MPC controller to manage the multi-stack FC system. Furthermore, in the case of
using a multi-stack FC system, the lifespan of the whole system also increases when the proposed
MPC controller is applied to carry out the power distribution. The degradation by using the proposed
MPC controller is lower because the operating power is calculated to minimize the degradation of the
system, and, therefore, makes a power distribution between stacks based on the degradation level of
each one.

Additionally, the controller parameters have been selected before carrying out the simulations
(Table 3), ay has been set the same for all the stacks, thus, a; = a» = a3 = 10 in the simulations,
which would logically correspond to a set of brand new stacks. Therefore, there is no preference for
deteriorating (or preserving) some stacks more than others. Thus, depending on the degradation
dynamic of each stack, this will be its lifespan. In that way, as stack 2 has a higher deterioration dynamic
value, this is the first that finishes its lifespan. However, if the stacks are not brand new, with different
initial conditions (with respect to their degradation degree), it is possible to tune (even adaptively)
each ay depending on this. For that, it is compulsory to know at any time the degradation degree of
each stack. This has been resolved by authors [27,29,30]. Based on these developments, it is possible
that even from brand new stacks with the same a, at the beginning of their operation, knowing
the degradation degree in real-time for each stack, it is feasible to adapt it looking for a uniform
degradation degree for all stacks, pursuing that all reach the same lifespan. That is, achieving that all
the characteristics (DFC1ypc, DFC2\pc vy DEC3p\pc) coincide in Figure 5.

Regarding hydrogen consumption, as can be seen in Figure 6a, at the beginning of the lifespan of
the stacks, hydrogen consumption is similar in the three cases. However, as the stacks are degraded,
the voltage decreases. Hence, to provide the same power, a higher current is required, and, according
to Faraday’s Law, hydrogen consumption increases; therefore, the greater the degradation, the greater
the hydrogen consumption. Therefore, taking into account that FC electrical efficiency is directly
related with hydrogen consumption, systems operating at the same power, Figure 4b, but with
different hydrogen consumption, Figure 6b (single-stack FC system consumes more hydrogen than
multi-stack with equal power distribution, and FC system with equal power distribution consumes
more hydrogen than multi-stack with MPC) reveals that MPC-based control strategy improves the
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FC system performance. The percentage of efficiency improvement coincides with the percentage of
hydrogen consumption reduction.

This situation is even worse in the case of a single stack FC system, where hydrogen consumption
increases notably. Likewise, it can be verified that the hydrogen consumption of the multi-stack
system applying the MPC control strategy developed in this work is slightly lower than in the case
of equal power distribution operation, as can be appreciated in Figure 6c. From the analysis of these
figures, it can be established that hydrogen consumption worsens more as the degradation of the
stacks increases.

The degradation optimization implies a reduction in depreciation costs, as the lifespan is extended.
As shown in Figure 7, the cost of the single-stack FC system is very high compared to the multi-stack
one. Really, the final cost, if the availability of power needs to be satisfied over time, is considerably
higher, because it would be necessary to add the replacement cost to equalize the lifespan of the
multi-stack FC system.

On the other hand, a decrease in costs is also observed in a multi-stack FC system if the proposed
MPC algorithm is used instead of the uniform power distribution.

The analysis of the data presented in Table 5 emphasizes what was previously commented on.
There is a noticeable difference between using a single-stack and using a multi-stack system in terms of
lifespan and costs (both in terms of O&M and depreciation cost). In the case of the multi-stack FC
system with equal power distribution, while the single-stack is fully degraded at day 545, stack 1 is
degraded at 45.9%, stack 2 at 54.3%, and stack 3 at 37.7%. The hydrogen consumption is reduced by
3.6% (consequently, the FC system efficiency is improved in the same percentage), and a cost-saving
of 75.4%. This difference is even more pronounced in the case of the multi-stack FC system with
MPC-based control; stack 1 is degraded at 43.1% for stack 1, stack 2 at 54.3%, and stack 3 at 36.4%.
The hydrogen consumption is reduced by 4% (same percentage for the efficiency improvement),
and a cost-saving of 77.4%.

Taking into account the time when the FC system arrives at the end of its lifespan, an increase of
76.4% is observed in the stacks lifespan of the multi-stack FC system with equal power distribution
compared to the single-stack FC system. This improvement reaches 106.8% in the case of the multi-stack
FC system based on the proposed MPC controller compared to the single-stack FC system.

In each sampling period, the power delivered by each stack (Figure 8) is corrected (this is due
to the application to the multi-stack system), since it depends on the degradation suffered by
the corresponding stack. Since the stack voltage is progressively decreasing due to degradation,
stacks would need to supply higher current to provide the same power, increasing the hydrogen
consumption. The multi-stack FC system is connected to the microgrid by means DC/DC converters
(Figure 1), therefore, despite the fact that the stacks output voltages vary, the power conditioning stages
guarantee the DC bus voltage.

As results show, starting from three brand new stacks, the degradation dynamic of each one is
different (in fact, the own manufacturer informs of a tolerance, within it which can be any of the stacks),
thus, over time, the degree of degradation of each stack is different and, therefore, the voltage level
and obviously the power delivered of each one is also different.

Focused on the multi-stack FC system, analyzing the time intervals shown in Figure 8 (please follow
the sequence (a) to (h) with the reading), it can be observed that the power delivered by each stack to
satisfy the total power requirement is very similar at the beginning of their lifespan because the three
stacks present similar initial degradation. However, as the days go by, stack 3 is less damaged than
stack 1, and stack 1 is less damaged than stack 2, thus the MPC controller establishes that the power
supplied by each stack must be different (lower degradation, the higher capability to supply power).
Therefore, the MPC controller guarantees the degradation of all the stacks is homogenized, preserving
the lifespan of the most degraded one and, hence, prolonging the lifespan of the multi-stack system.

In summary, the MPC-based proposal presented in this work achieves an optimization,
both technical and economic, of the whole FC system in the short and the long term.
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6. Conclusions

In this paper, a multi-objective model predictive control (MPC) has been developed for the power
management of a multi-stack FC system integrated into a renewable sources-based microgrid. The MPC
controller has solved the problem related to the power dispatch to the microgrid while including
criteria to reduce the multi-stack FC degradation, O&M costs, as well as hydrogen consumption.

For this purpose, a generalized state-space model of the multi-stack FC system has been
developed that allows predicting the future output of the FC system by means of the MPC
controller. The model includes both technical and economic variables like stack degradation, hydrogen
consumption, and O&M cost, and depreciation cost. In addition, the proposal presents the advantage
that all the state vector is measurable, thus it is fully available to carry out, practically and easily,
control strategies based on the state vector feedback.

The developed model is defined as an LPV model, which allows defining the non-linear behavior of
the multi-stack FC system as a linearized model in each sampling period. Obtained results demonstrate
that the multi-stack FC systems working under the developed MPC controller meet with the microgrid
power demand over time; but also, at the same time, the stacks degradation and consequently, hydrogen
consumption and the total cost of operating the FC system, are reduced regarding other previous
solutions found in the scientific literature. In fact, as both the number of stacks in the FC and jumps in
power demand of the microgrid increase, the supremacy of the developed solution also increases.

The novelty of this paper lies in the proposal of a generalized MPC controller for a multi-stack
FC that can be used independently of the number of stacks that make it up. The controller takes
advantage of the characteristics of the multi-stack FC concept, distributing operation across all the
stacks regarding their capacity to produce energy and optimizing the overall microgrid performance.
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List of Acronyms

CVM Cell voltage monitoring system
EMS Energy management system.

ESS Energy storage system.

FC Fuel cell.

LPV Linear parameter variant.

MILP Mixed integer linear programming.
PEM Polymer electrolyte membrane.

QprP Quadratic programming,.

RES Renewable energy sources.

Notation and Symbols

a(j) Weighting factor of output tracking error.

Cre, (k) Total operating cost of the stack x at sampling time k (€).
CogM e Operation and maintenance cost of the stack x (0.00004 €/Wh).
Csys (k) Multi-stack FC system cost at sampling time k (€).

Cx, Acquisition cost of the stack x (8000 €).

APy (k) Variation of power delivered by each stack at sampling time k.
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Au(k+ j—1) Control action at sampling time k + j — 1.

AV e e Voltage drop of the stack x considering the operating hours and cycles (V/h).

AV ey Maximum expected fuel cell voltage drop considering the operating hours and cycles (V).
D e Maximum expected degradation (0.1 V).

Dy, (k) Degradation of the stack x at sampling time k (V).

D, Degradation associated with the operating power.

F Faraday constant (26.81 Ah/eq).

Hy,, (k) Hydrogen consumption of the muti-stack fuel cell system at sampling time k (Nm?).

Hy (k) Hydrogen consumption of the stack x at sampling time k (Nm?).

Ig (k) Operating current of the stack x at sampling time k (A).

Tten, Nominal current of the stack x (A).

A()) Weighting factor that penalizes, from sampling time k, changes in the control action.

M Molecular hydrogen molar mass (2.02 g/mol).

Neent Number of cells in the stack.

Np Prediction horizon (5).

Ny Control horizon (5).

i (k) Molar hydrogen consumption ratio of the stack x at sampling time k (mol/h).

Py, (k) Operating power of the stack x at sampling time k (W).

Py, (K) Nominal power of the stack x at sampling time k (W).

Prer(k) Multi-stack FC system reference power at sampling time k (W).

Pgys (k) Output power of the multi-stack FC system at sampling time k (W).

r(k+j) Output reference at sampling time k + j.

1+ (k) Hydrogen consumption ratio of the stack x at sampling time k (Nm3/h).

PH2 Molecular hydrogen gas density (0.0899 Kg/Nm?).

Ts Sampling period (s).

Vi (k) Operating voltage of the stack “x” at sampling time k (V).

(k4 ]|k) Output prediction at sampling time k 4 j based on measurements known at sampling time k.

z Number of electrons involved in the reduction-oxidation reaction (z = 2).
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