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Abstract—The paper presents a detailed analysis and compar-
ison of proton exchange membrane fuel cell (PEMFC) models
with different levels of complexity. Since the full PEMFC model is
highly nonlinear and depends on numerous technical parameters
that are not usually readily available, this paper investigates the
adequate complexity level of the PEMFC model for power system
dynamic studies. PEMFC models with associated control system
are presented and developed in DIgSILENT PowerFactory. The
performance of observed models in grid frequency control and
low-voltage ride through is demonstrated on a simple single
machine infinite bus system as well as on the IEEE 14-bus
test system. Results show that the PEMFC can be represented
with a simplified model in power system dynamic studies,
providing identical power response and satisfying the PEMFC
stack boundaries.

Index Terms—dynamic modelling, dynamic simulations, fre-
quency control, low-voltage ride through, power system dynam-
ics, proton exchange membrane fuel cell (PEMFC), transient
stability, virtual synchronous machine

I. INTRODUCTION

The most important step in reducing global CO2 emissions
is to find an alternative to fossil fuel. Since the energy
consumption contributes the most to air pollution, alternative
energy sources suitable for sustaining a clean form of energy
are investigated. In this respect, fuel cells are considered at
the top of the desirable technologies due to several reasons:
combined heat and power generation flexibility, high scalabil-
ity, negligible environmental emissions, high fuel conversion
efficiency, superior durability, co-location with demand, quiet-
ness, etc. Although fuel cells are commonly applied in the
automotive industry, in recent years their applications for res-
idential, commercial and industrial customers have increased.
Fuel cells benefit the power system through different ways
of integration, including stationary power units for primary
power, backup power, or combined heat and power (CHP).
Fuel cells have shown a compatibility with both conventional
and renewable primary power sources. Also, their always-on
nature contributes to system reliability, filling of intermittency

B. Barać, M. Krpan, and T. Capuder are with the Department of En-
ergy and Power Systems, Faculty of Electrical Engineering and Computing,
University of Zagreb, 10000 Zagreb, Croatia (e-mail: bojana.barac@fer.hr;
matej.krpan@fer.hr; tomislav.capuder@fer.hr).

M. Krpan is also with Hitachi Energy Sweden AB, 771 80 Ludvika,
Sweden.

This work has been supported by the European Union through the Eu-
ropean Regional Development Fund Operational programme Competitive-
ness and Cohesion 2014–2020 of the Republic of Croatia under Grant
KK.01.1.1.07 “Universal Communication and Control System for Industrial
Facilities”. Employment of Bojana Barać is fully funded by the Croatian
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Fig. 1: Layout of PEM fuel cell

gaps, and development of renewable energy sources. Further-
more, fuel cells are also used for backup power. Additionally,
they are commonly implemented as part of a CHP system,
providing thermal energy for heating and cooling of industrial
facilities, district energy systems and commercial buildings.
Among several types of fuel cells that use hydrogen as a fuel,
the proton exchange membrane fuel cell (PEMFC) is singled
out due to its high power density, short start-up and shutdown
time, low operating temperature and wide temperature range
[1].

A. Theoretical preliminary on PEM fuel cell operation

The fundamental structure of PEMFC is shown in Figure
1. Hydrogen, usually supplied from an external tank, flows
through channels to the anode where it is dissociated into
protons. The polymer electrolyte is a proton-conducting mem-
brane that allows only the transfer of hydrogen (positive) ions
to the cathode interface via osmosis, while electrons are carried
by an external electric circuit linking the electrodes. This way,
the energy of electrons is used [2], i.e. the DC electricity is
generated. Furthermore, the oxidant is usually fed from air to
the cathode where it is combined with electrons and hydrogen
ions. The total chemical reaction occurring in the fuel cell
results in water, residual heat and electricity [3]–[6].

B. Literature review

Different approaches to PEMFC modeling can be found in
the literature which can be divided into three groups.

The first group [7]–[12] consists of comprehensive PEMFC
models based on electrochemical equations that consider mass
and heat transport, and reactant flows. The cell temperature is
usually assumed to be constant during dynamic modeling due
to a large thermal constant [1]. However, these models are not
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suitable for large power system simulation using commercial
software.

In the second group [13]–[20], PEMFC models are based
on semi-empirical or empirical data, representing fuel cell
system performance for engineering applications. These mod-
els are derived from experiments and present the behavior
of commercial fuel cells under different load conditions.
However, these models are highly nonlinear and require a
large number of parameters, thus their applicability for power
system simulations is questionable as well.

The models in the third group [3], [5], [6], [21]–[31] are
based on equivalent electric circuit representation obtained by
electrochemical impedance spectroscopy (EIS) and they rep-
resent the simplest models. Using this approach, the electrical
performance of PEMFC is evaluated through its equivalent
electric circuit containing basic components (voltage source,
resistor, capacitor, and inductor). Several different equivalent
electric circuits of PEMFC can be found in the literature [3],
[5], [6], [21]–[29], even combined with linearized reactant
flows [30], [31]. These approaches avoid the use of complex
sets of equations and reduce the simulation time, and they are
very easy to parameterize as they are based on simple equa-
tions [21]. These models are significantly easier to implement
in commercial power system simulation software. However,
there were no comprehensive studies on the appropriate level
of complexity for power system analysis.

The main identified gap in the literature is that the PEMFC
modeling was not comprehensively analyzed within the con-
text of large power system operation. On the one hand, most
of the existing literature comprehensively analyzes the entire
fuel cell stack, but does not include any power conversion
control and does not observe the fuel cell behavior while it
is integrated in the power system. Moreover, some of them
are focused only on one component of the fuel cell stack
or on a particular fuel cell behavior. For instance, authors
in [7], [8] were focused mainly on the thermal dynamics
and temperature effect of the fuel cell, while dependence of
thermodynamics and reactant dynamics on the load current
changes were analyzed in [11]. Authors in [1], [3], [5], [6],
[9], [10], [14]–[16], [22], [24], [25], [27]–[29], [31] aimed
to develop a fuel cell model that fits the polarization curve.
They investigate the effects of different load conditions (load
insertion or extraction) or current step changes on the internal
fuel cell dynamic features. Variations in the internal impedance
under different load conditions have been studied in [15]
and [19]. Furthermore, the effect of current ripples on the
losses and fuel cell efficiency was discussed in [23], [26], and
[30]. Obviously, these papers simulate and investigate thermal,
reactant, or electrochemical phenomena encountered in fuel
cells, but it can be clearly concluded that these papers do not
provide insight into the suitable level of detail of fuel cell
modeling for power system simulations.

On the other hand, papers that analyze power system dy-
namic performance do not consider internal PEMFC dynamics.
Alsheri et al. [17]–[20] used a generic model of a PEM fuel
cell (Model #2 in our manuscript) for frequency stability
studies in the transmission network. However, the aim was
to ascertain the effectiveness of the fuel cell control system

for the provision of frequency reserves and its impact on
the grid-side dynamics, while the fuel cell dynamics were
neglected. Nevertheless, we have found out that this model
is unnecessarily complex for this type of simulation and
simpler models can be used without the loss of accuracy. In
[12], the fuel cell model validation was performed through
the incorporation of fuel cells into an electric microgrid.
Nonetheless, only power variations of fuel cells due to load
changes are observed without considering internal dynamics.

For power system dynamic studies, the PEMFC model has
to adequately estimate quiescent and transient performance of
PEMFC in reasonable calculation time. Therefore, the question
arises: which of the aforementioned models are accurate and
precise enough for dynamic analysis while simultaneously
being computationally efficient?

C. Contributions

Having presented the summary and shortcomings of exist-
ing research regarding fuel cell modeling for power system
applications, to the best of our knowledge, there were no
studies that comprehensively compare fuel cell models of
different levels of complexity and analyze their performance
in power system dynamic simulations. Hence, this paper aims
to clarify some of the uncertainties associated with fuel cell
modeling and identify the adequate model fidelity for dynamic
simulations. Contributions of this paper are summarized as
follows:

• detailed analysis and performance comparison of six
existing fuel cell models of varying levels of complexity
in the context of power system fundamental frequency
simulations (frequency control and transient stability);

• identification of a suitable level of detail of a fuel cell
model for power system dynamic simulations which pre-
serves the accuracy of relevant dynamics while improving
the simulation time;

• complete model of a PEM fuel cell system with the cor-
responding grid-forming converter control system based
on the virtual synchronous machine scheme that is
convenient for integration in commercial power system
simulation software.

The paper is organized as follows: Section I-A presents
the fundamentals of PEMFC operation. Section II shows
the detailed dynamic model of a PEMFC and its various
simplifications. Section II-D describes the PEMFC control
system based on the virtual synchronous machine. In Sec-
tion III, performance of different PEMFC models in power
system dynamic simulations is compared. Finally, Section IV
concludes the paper.

II. DYNAMIC MODELLING

A. Full nonlinear model of PEM fuel cell

First, we introduce the most detailed dynamic PEMFC
model which we refer to as the 1st (thermal) model in
the remainder of the manuscript. Since it captures all the
relevant PEMFC dynamics, it is highly nonlinear and depends
on numerous factors: current density, temperature, membrane
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Fig. 2: 1st (thermal) model of PEM fuel cell (includes energy balance, red dashed lines) and 2nd (nonlinear) simplified model
(neglects energy balance)
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Fig. 3: Fuel cell polarization curve

humidity and partial pressure of the reactant [9]. 1st (thermal)
model is shown in Figure 2 (red and gray blocks). All other
models result from the simplification of this model.

PEMFC is characterized by an I-V curve, i.e. a polarization
curve which shows that the terminal cell voltage decreases
with increasing current (Figure 3). The terminal cell voltage is
usually expressed by (1) and it is less than the internal voltage
developed inside the fuel cell (open-circuit reversible voltage)
E due to several voltage drops: activation voltage drop (Vact),
ohmic voltage drop (Vohm) and concentration voltage drop
(Vconc) [32].

Vcell = E − Vact − Vohm − Vconc (1)

The reversible voltage E is a function of: cell temperature
T , hydrogen partial pressure pH2

, oxygen partial pressure pO2

and water vapour pressure pH2O. Their relation is described
by the Nernst equation (2) [9]:

E = E0−0.85×10−3(T−298.15)+
RT

zF
ln

(
pH2p

0.5
O2

pH2O

)
(2)

where E0 is the theoretical reversible voltage at standard
conditions, R is the universal gas constant, F is the Faraday
constant and z is the number of electrons in reaction (z = 2
for hydrogen-oxygen reaction).

The activation voltage drop is a consequence of the lost
energy used to initiate the chemical reaction on the electrode
surface, i.e. it is directly related to the rates of electrochemical
reactions [11], [23], [32], [33]. It is described by the Tafel
equation (3):

Vact = 0.9514− 0.00312 · T + 0.000187 · T · ln (i)
− 7.4 · 10−5 · T · ln (cO2) (3)

where i is the current density and cO2 is the oxygen concen-
tration calculated by (4).

cO2
=

pO2

5.08 · 106 exp (−498/T )
(4)

As Figure 3 illustrates, the activation polarization loss is
dominant at low current density, and increases with the current
[34].

The concentration voltage drop is caused by a change in
reactant concentration at the electrode surface [11], [33]. This
drop is present over the entire range of current density, yet
it can become dominant for high current densities where it is
difficult to diffuse enough reactants to cell reaction sites [23],
[32], [34]. The concentration loss is usually attributed to mass
transport loss since the reactant change can be caused by an
inadequate amount of reactants transporting to electrodes [33].
It is a function of current density and cell temperature as given
by (5).

Vconc = (1.1 ·10−4−1.2 ·10−6 · (T −273)) · exp (8 · 10−3 · i)
(5)

The ohmic voltage drop occurs as a consequence of the
ohmic resistance of electrodes and the resistance to ion flow
in the electrolyte [11], [23], [32], [33]. Therefore, it is pro-
portional to current density and membrane resistance Rmem

as given by (6). The membrane resistance is a function of its
thickness tmem and conductivity σmem [9], [35].

Vohm = i ·Rmem = i · tmem

σmem
(6)

Membrane conductivity depends on the cell temperature and
proton concentration cH+ as shown by (7), where DH+ is the
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diffusion coefficient [1]. To determine the proton concentra-
tion, empirical differential equation (8) is used, where τH+ is
the time constant and αH+ is the relational parameter [1].

σ =
F 2

RT
·DH+ · cH+ (7)

dcH+

dt
+

cH+

τH+
=

1 + αH+ · i3

τH+
(8)

The ohmic loss is linearly proportional to the current. It should
be noted that the ohmic loss increases over the entire current
range as cell resistance remains almost constant. However, it
predominates in the range of normal fuel cell operation, as
shown in Figure 3.

It should be noted that most of the existing papers (e.g.
[7], [10], [11], [13], [23], [30]–[32], [36], [37]) mistakenly
express voltage drops as functions of the stack current, even
though they are a function of current density. If voltage
drops were calculated as a function of the stack current, the
cell terminal voltage would have a negative value which is
physically infeasible.

The current density is expressed by (9), where Acell is cell
area in cm2, while I is the stack current. The stack current
is initialized and calculated according to (10), where P is the
converter output active power and Vstack is the output stack
voltage.

i =
I

Acell
(9)

I =
P

Vstack
(10)

Fuel cells are connected in series and form a stack to
provide power at higher voltage levels, which reduces the
current requirements [37], [38]. The output stack voltage
can be calculated by multiplying the cell voltage Vcell with
the number of cells in series Ncell (11), assuming perfectly
balanced cells.

Vstack = Ncell · Vcell (11)

It is shown by (2) that the terminal cell voltage depends
on effective partial pressures of reactants. These pressures
can be determined using reactant flow rates and stack cur-
rent magnitude [39]. Changes in the stack current impose
changes in the consumption of reactants, and thus changes
of partial pressures. Reactant flows at the anode and cathode
are assumed to be laminar, while the total pressure inside
the stack is assumed to be uniform [9]. Therefore, the ideal
gas law is used to model the reactant flows that shows the
proportionality between the reactant pressure and the amount
of gas [32]. The hydrogen pressure at the anode is described
by (12), where va is anode volume, ṁH2−in is hydrogen inlet
flow rate, and ṁH2−out is hydrogen outlet flow rate. The
hydrogen outlet flow rate depends on the difference between
the hydrogen partial pressure pH2

and downstream pressure
pamb as given by (13), where ka is the anode flow constant.
The hydrogen inlet flow rate can be calculated by (14), where
FRH2

is the hydrogen flow rate set in the Standard Litre Per
Minute (SLPM), PCH2

is the hydrogen purity, and CFH2
is

the hydrogen flow rate conversion factor used to convert SLPM
to mol s−1 [1], [9].

va
RT

dpH2

dt
= ṁH2−in − ṁH2−out −

I

2F
(12)

ṁH2−out = ka · (pH2 − pamb) (13)

ṁH2−in = FRH2
· PCH2

· CFH2
(14)

Analogous equations are used to model oxygen and water
flows at the cathode. Equations (15) - (17) are used to calculate
the oxygen partial pressure, while the water vapour partial
pressure is obtained by solving (18) - (20).

vc
RT

dpO2

dt
= ṁO2−in − ṁO2−out −

I

4F
(15)

ṁO2−out = kc · (pO2
− pamb) (16)

ṁO2−in = FRO2
· PCO2

· CFO2
(17)

vc
RT

dpH2O

dt
= ṁH2O−in − ṁH2O−out +

I

2F
(18)

ṁH2O−out = kc · (pH2O − pamb) (19)

ṁH2O−in = FRO2 · PCH2O · CFO2 (20)

Furthermore, the operation of the fuel cell highly depends
on the stack temperature as well. The PEMFC typically
operates between 20C◦ and 100 C◦. Change of the stack
temperature is caused by a chemical reaction inside the fuel
cell. In a chemical reaction, the change in temperature can
be modelled via energy balance equation (21) [9], [33], [40],
[41]:

Ct
dTc

dt
= Ptot − Pelec − Q̇cool − Q̇loss (21)

where Ct is the thermal capacitance, Tc is the stack temper-
ature in C◦, Ptot is the total power delivered into the stack,
Pelec is the DC power output, Q̇cool is the heat flow rate of
the cooling, and Q̇loss is the heat loss. The total power is
proportional to the hydrogen consumed, i.e. it is related to the
stack current I and the cell number Ncell (22) [9]:

Ptot =
NcellI

2F
∆H (22)

where ∆H is the enthalpy of hydrogen combustion. The
electric power is the power injected into an external circuit,
and is calculated using the basic volt-ampere relation (23).

Pelec = Vstack · I (23)

The heat flow rate of cooling is given by empirical formula
(24):

Q̇cool = (hcond+hconv ·I) ·
(Tc − Tcw,in)− (Tc − Tcw,out)

ln [(Tc − Tcw,in)/(Tc − Tcw,out)]
(24)

where hcond is heat exchanger conduction index, hconv is
heat exchanger convection index, Tcw,in is the inlet cooling
water temperature, and Tcw,out is the outlet cooling water
temperature. The heat loss through the surface of the stack
is related to stack and ambient temperatures (25). Thermal
time constant of the fuel cell can be calculated using (26) and
it is proportional to the product of stack mass and average
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specific heat MC, and inversely proportional to the stack heat
transfer coefficient hA [9].

Q̇loss =
Tc − Tamb

Rt
(25)

τ = RtCt =
MC

hA
(26)

B. Simplifications of the PEM fuel cell model

This section presents and discusses common simplifications
of the full nonlinear (thermal) PEMFC model.

1) 2nd (nonlinear) model: Compared to the full model
described in the previous section, the most common simplified
model presented in the literature is the one that omits the
energy balance (Fig. 2, gray blocks only), i.e. it is assumed
that the stack operating temperature is well-regulated at the
nominal value by its cooling system. We refer to this model
as the 2nd (nonlinear) model. Such models can be found in
[1].

Accordingly, this approach neglects equations (21) - (26).
Due to a large thermal constant, it is legitimate to ignore the
impact of fuel cell response on the stack temperature, as well
as its consequent impact on model parameters. In other words,
the stack temperature is almost constant during the simulation
time horizon in power system dynamic studies. However, this
model is still highly nonlinear and complex. The additional
problem of nonlinear models is that all required technical
parameters are not readily available.

2) 3rd (flow) model: To avoid nonlinearity and reduce
simulation time, PEMFC can be represented by an equivalent
electric circuit model [30], [31] shown in Figure 4. We
refer to this model as the 3rd (flow) model. This equivalent
electric circuit is the dynamic model of Dicks-Larminie that
models the voltage losses of electrochemical reactions in a
fuel cell (activation, concentration and ohmic voltage drops)
with a voltage source in series with a double-layer branch and
a resistance [3], [29]. Activation losses, previously defined
by nonlinear Tafel equations (3)-(4), are instead represented
by the double-layer resistance Ra. Concentration losses are
modeled with the double-layer capacitance Cdl instead of
equation (5). This capacitance is used to evaluate the accuracy
of the model dynamic response, since the charging of the
double-layer is responsible for delay in the cell voltage change
after its current changes. The effect of ohmic losses related to
hydrogen flow and electrons is included in the resistance Rohm

[3], similarly to that described in the full model. However,
resistance Rohm is not calculated by (6)-(8) due to difficult
availability of parameters. Instead, equation (27) is used:

Rohm = R0 · exp
(
Eα,R

RT

)
(27)

where R0 is the pre-exponetial factor and Eα,R is the acti-
vation energy [18]. The circuit model incorporates linearized
reactant flow dynamics to calculate the Nernst voltage E
[30] under the assumption of constant output pressure in the
cathode, and small pressure change and constant input pressure
in the anode, as well as constant stack temperature. The Nernst
voltage E is calculated by (2), and reactant flows at the

−
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+
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Fig. 4: 3rd (Flow) model
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+
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Fig. 5: 4th (VRC) model

anode and the cathode are described in the same way as for
the thermal model, i.e. by equations (12)-(20). According to
Figure 4, the fuel cell voltage can be represented by equations
(28) and (29):

Vcell = E − Vdl −Rohm · i (28)

dVdl

dt
=

i

Cdl
− Vdl

RaCdl
(29)

where Vdl is the voltage drop caused by the double-layer effect.
Determination of double-layer parameters is provided in [42],
[43].

3) 4th (VRC) model: PEMFC model can be further simpli-
fied by neglecting reactant flow dynamics, i.e. represented only
by an equivalent electric circuit [6], [44] depicted in Figure 5.
We refer to this circuit as the 4th (VRC) model, described by
equations (28) and (29). This simplification assumes constant
pressure and temperature at the electrodes [45]. In other words,
it omits not only the thermal modelling (21)–(26), but also the
dynamics of reactant flows (12)–(20). The magnitude of Nernst
voltage is constant and calculated by (2). The resistance Rohm

is constant and determined by empirical equation (27).
The VRC model provides good dynamic performance since

the effect of double-layer capacitance results in smooth voltage
changes in response to a change in current demand, while
distinguishing between the main types of voltage drops.

4) 5th (VRL) model: Alternative simplification presented
in [27] uses an RL circuit instead of an RC circuit, as
shown in Figure 6. We refer to this model as the 5th (VRL)
model. Authors in [27] claim that this approach describes the
transient behaviour of the PEMFC more accurately, i.e. more
in agreement with experimental data. In this case, the cell
voltage is calculated by equations (30) and (31), where L
is the inductance and iL is the corresponding current. The
determination of model parameters is given in [27].

Vcell = E −Rohm · i−Ra(i− iL) (30)

L
diL
dt

= Ra(i− iL) (31)
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5) 6th (VR) model: The simplest model of the PEMFC is
discussed in [25], [46]. It consists only of a voltage source
in series with an ohmic resistance, as shown in Figure 7.
This model, referred to as the 6th (VR) model, considers
only ohmic voltage drop, while assuming constant temperature
and pressure at the electrodes, neglecting the activation and
concentration losses. In this case, the cell voltage becomes a
linear function of current density (32).

Vcell = E − i ·Rohm (32)

The voltage E and resistance Rohm are calculated by (2) and
(27), respectively. This model requires the least amount of
parameters so it is practical for planning studies.

C. A brief note on the feasibility of models and applicability
to PEM electrolyser

1st and 2nd model accurately represent the PEMFC per-
formance for current densities higher than 0.0323 Acm−2

[47]. Therefore, model initialization and simulation for current
densities lower than this boundary are often infeasible and
numerically divergent due to logarithmic dependency of the
activation voltage on the current density (3). Notwithstanding,
this problem can be partially mitigated by limiting the max-
imum cell voltage to the theoretical reversible voltage. Thus,
the terminal cell voltage saturates for low current densities
while operating normally otherwise. Using limiters on the
terminal cell voltage is acceptable since cell voltage changes
are not significant for low current densities.

It should be mentioned that the PEM electrolyser has the
same electrochemical model as the PEMFC. Therefore, the
PEM electrolyser model can be simplified in the same way
and represented by the described equivalent electric circuits.
However, the current direction is opposite as the electrolyser
uses electricity to produce hydrogen.

Table I summarizes the differences between each model.

D. PEM fuel cell control system

The complete control system of the converter used to inter-
face PEMFC to the grid is based on the virtual synchronous

TABLE I: Summary of PEMFC models

PEMFC model Characteristics

1st thermal

• full model including thermal dynamics
• highly nonlinear
• logarithmic dependence of Vcell and i
• numerical instability for low power operating

points
• data availability problem

2nd nonlinear

• nonlinear and divergent for low current densities
• assumes constant temperature due to high ther-

mal constant
• data availability problem

3rd flow

• equivalent electrical circuit combined with reac-
tant flow dynamics

• Dick-Larminie electric circuit with a voltage
source in series with ohmic resistance Rohm and
double-layer branch (Ra, Cdl)

• thermal dynamics are neglected
• nonlinearity is avoided
• stable for all operating points
• suitable for long-term dynamic studies

4th VRC

• Dick-Larminie equivalent electric circuit
• thermal and reactant flow dynamics are neglected
• constant pressure and temperature are assumed
• good dynamic performance
• stable for all operating points
• suitable for short-term dynamic studies

5th VRL

• Dick-Larminie electric circuit with inductance in
double-layer branch (Ra and L)

• omits thermal and reactant flow dynamics
• stable for all operating points
• suitable for short-term transient dynamic studies

6th VR

• the simplest model of PEMFC
• voltage source in series with ohmic resistance

Rohm

• assumes constant temperature and pressure
• neglects the activation and concentration losses
• linear dependence of Vcell and i
• stable for all operating points
• requires the least amount of parameters
• suitable for short-term dynamic studies
• lowest simulation time

machine (VSM) concept, as shown in Figure 8. It is a grid-
forming converter that emulates characteristics of a traditional
synchronous machine, such as inertia and damping. Addition-
ally, the VSM implementation incorporates active damping
and virtual impedance. Since the objective of this paper is to
compare PEMFC models of various levels of detail, the control
system is described only briefly. For detailed implementation
of VSM control system, we refer the reader to [48].

As shown in Figure 8, the reactive and active power con-
trollers provide reference signals for the inner control loops.
The active power controller (Figure 9) is based on the swing
equation (33):

dωVSM

dt
=

1

Ta

(
p∗ − p− kd(ωVSM − ωPLL)

− kω(ωVSM − ω∗
VSM)

) (33)

where p∗ is the active power reference, p is the measured
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converter electric power output and Ta is the virtual mechani-
cal time constant. The difference between the VSM frequency
ωVSM and the estimated grid frequency ωPLL, multiplied by
the damping constant kd defines the VSM damping power
pd. The grid frequency is estimated by a phase-locked loop
(PLL) taking the voltage vs of the converter AC terminal.
The droop effect is included through the droop gain kω
and the difference between VSM frequency and its reference
value ω∗

VSM. Since the control system is implemented in dq
synchronous reference frame, this controller outputs the phase
angle δθV SM representing the phase displacement between the
VSM reference frame and the grid reference frame (rotating at
the frequency of reference machine f∗). ωVSM is obtained by
numerical integration of d

dtωVSM during converter operation
(this is modeled with the block 1

Tas
in Fig. 9). ωVSM is further

numerically integrated to achieve the internal load angle which
achieves synchronization with the power grid.

The reactive power controller (Figure 10) is achieved
through Q/V (reactive power/voltage) droop strategy, as given
by (34):

vr∗ = v∗ + kq(q
∗ − qf ) (34)

where v∗ is the external voltage amplitude reference, q∗ is the
reactive power reference, qf is the (filtered) measured reactive
power, and kq is the reactive power droop gain. The voltage
reference vr∗ is then passed through a virtual impedance block
to calculate d and q voltage components, enabling decoupled
control of active and reactive power flows.

VSM parameters Ta, kω , kd, kq and ωf (Table VI) are tuned
slightly aggressively in order to induce a stronger response

+
−

+
+

ωf

s+ωf

kq
q qf

q∗

v∗

vr∗

Fig. 10: Reactive power control

Grid
Fuel
cell

1 MW

Fig. 11: Layout of a simple power system

from the PEMFC to better highlight differences between the
models. However, they are still within the standard range that
can be found in the literature [49]–[51].

The frequency, angle and voltage references are input sig-
nals to the standard cascaded inner control loops that generate
modulating signals for driving the converter [48].

III. SIMULATIONS AND RESULTS

A 1 MW and 100 MW PEMFC systems are used to evaluate
the performance of the presented models. The 1 MW fuel
cell system consists of 200 Ballard MK5-E PEM stacks in
parallel. Each stack has rated power of 5 kW and consists of
35 cells in series whose parameters are given in the Appendix.
The minimum stack voltage is 19 V (0.53 V per cell) and
the maximum current is 300 A (1.3 A cm−2) [9]. All results
figures (Figure 12 – Figure 17) show the behaviour of a single
stack. To get a 100 MVA PEMFC system, the stack nominal
power is increased to 0.5 MVA, consisting of 50 cells in series
and 200 stacks connected in parallel.

In the first case, PEMFC model performance is tested on a
single machine infinite bus system for a step increase in power
reference. In the second case, the PEMFC model performance
is tested on an IEEE 14-bus benchmark system for a generation
outage, load loss and a short-circuit fault.

A. Evaluation of PEMFC models on a single machine infinite
bus system

To validate whether the behavior of observed models corre-
sponds to the behaviour of a real fuel cell, the 1 MW PEMFC
system is connected to a simple 110 kV power system, as
shown in Figure 11. It is a 2-bus system, consisting only of
an external grid, load and a fuel cell. The change of active
power reference p∗ from 0.06 p.u. to 1 p.u. is triggered at
t = 4 s. As shown in Figure 12e, PEMFC increases its active
power in response to power reference change and smoothly
achieve steady-state. The active power response is the same
regardless of the fuel cell model. According to the fuel cell
polarization curve, increasing the current density decreases the
cell voltage. Hence, all models behave as expected. However,
3rd - 6th models have higher value of the cell/stack voltage
(Figures 12a and 12c, respectively) since they do not consider
energy balance (21) and reactant flow dynamics (12)-(20).
On the other hand, these models have lower value of cell
current density (Figure 12b) and Figure 12d, respectively).
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Fig. 12: Event of active power reference change in a single
machine infinite bus system for a 1 MVA PEMFC: a) Cell
voltage, b) Cell current density, c) Stack voltage, d) Stack
current, e) Fuel cell active power

The maximum fuel cell current is determined by the maximum
oxygen flow. Increasing the current increases reactant flows,
and therefore 1st and 2nd models are the most accurate for
verification whether the current limit is maintained. Since the
current of 3rd - 6th model will always be lower than the
current of 1st or 2nd model, it will be also lower than the
maximum allowed current. In other words, simplified models
accurately represented PEMFC behaviour in this study, giving
the same active power response and satisfying constraints of
the maximum current as well as the minimum stack voltage.

B. Evaluation of PEMFC models on IEEE 14-bus test system

Next, the performance of presented PEMFC models is
analyzed on IEEE 14-bus test system for three scenarios:
loss of generation unit, step load reduction and low-voltage
ride through event. In all scenarios, first a 1 MW, then 100
MW PEM fuel cell is connected to Bus 06. Generators are
equipped with a simple turbine-governor model (TGOV1) and
an excitation system (AC5A) with default design parameters
from the standard DIgSILENT PowerFactory library. The de-
fault parameters provided a stable voltage and frequency under
analyzed disturbances so they are considered satisfactory.

1
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Fig. 13: Layout of a standard IEEE 14-bus system (voltage
levels: 132 kV in red, 33 kV in green, 11 kV in blue, and 1
kV in yellow)

1) Loss of Generation Unit and loss of load: To induce
an underfrequency event, generator G02 delivering 40 MW
is disconnected at t = 4 s. There is no difference in the
power-frequency response. The fuel cell provides the same
active power response to the underfrequency event for full
and simplified models, as shown in Figure 14b. It results in
identical frequency response as demonstrated in Figure 14a.
Although there is a difference in the internal FC voltage and
current between the models, the limits of maximum current
and minimum voltage are not violated (Figure 14c – Figure
14f).

An overfrequency event is triggered by reducing the active
power of load L3 by 50% (Figure 15a). The PEMFC reduced
its active power in response to the frequency increase (Figure
15b). It can be deduced that the fuel cell provides the same
power-frequency response for all models. Differences in the
internal stack voltage and current do not have an impact on
model performance observed from the grid-side. Moreover,
there is no significant difference in current value after load
reduction.

The power imbalance in the presented cases was larger for
the load reduction, as can be noticed by the larger active power
change of the fuel cell. It can be perceived that for larger
disturbance sizes, the smaller are the differences in the internal
FC voltage and current between simplified and detailed mod-
els. The concentration voltage drop is exponentially dependent
on the current density, and therefore its response is slow
and insignificant for small currents. On the other hand, the
contribution of the activation voltage drop is more noticeable
for small power/current, which causes larger differences in
the internal FC dynamic phenomena. Its domination decreases
with larger currents, resulting in insignificant differences in the
FC cell voltage and current between different models.

Furthermore, the same G02 outage is performed for a 100
MVA PEMFC to demonstrate that the internal PEMFC models
behave identically regardless of the PEMFC size, as illustrated
in Figure 16.
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Fig. 14: Response of 1 MVA PEMFC for a loss of generation
unit: a) Frequency, b) Fuel cell active power, c) Cell voltage,
d) Cell current density, e) Stack voltage, f) Stack current

Thus, the results of generation/load loss study cases show
that the simplified models are accurate for frequency dynamics
simulations.

2) Low-Voltage Ride Through: Performance of PEMFC
models is also checked for a balanced 100 ms three-phase
fault at Bus 06. Figure 17a shows that there is no difference
in Bus 06 voltage, regardless of the fuel cell model. Figure
17b shows the DC voltage, i.e. the stack voltage. As already
mentioned, thermal and nonlinear models have a lower voltage
magnitude since they take into account reactant flow and/or
thermal dynamics in the calculation of voltage drops. However,
these internal differences in DC voltage and current are not
relevant for LVRT because grid-side behavior is defined by
the inverter control. In all cases, the minimum voltage and
maximum current requirements for the observed fuel cell were
not violated so the simplest model was adequate.

Regarding the critical clearing time (CCT), it is determined
by fault type and location, grid topology, load profile, gen-
erator loading, excitation systems as well as on the inverter
reactive power control scheme during LVRT, although inverter
contribution is limited due to thermal limitations. Therefore,
CCT is only slightly increased depending on the initial oper-
ating point as shown in Table II, while the internal PEMFC
model has no impact.
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Fig. 15: Response of 1 MVA PEMFC for an event of load
reduction: a) Frequency, b) Fuel cell active power, c) Cell
voltage, d) Cell current density, e) Stack voltage, f) Stack
current

TABLE II: Critical clearing time of short circuit at Bus 06

Study case Critical clearing time [ms]
Without
PEMFC

460.015

With 100
MVA
PEMFC

P = 1 MW, Q = 0 MVar 462.250
P = 10 MW, Q = 0 MVar 468.500
P = 50 MW, Q = 0 MVar 485.000
P = 0 MW, Q = 1 MVar 462.260

P = 0 MW, Q = 10 MVar 468.575
P = 0 MW, Q = 30 MVar 479.900

3) Summary: The performance was analyzed for a PEMFC
connected to an infinite bus, as well as for a PEMFC connected
to the IEEE 14-bus system for both a small and large PEMFC
compared to the size of the system. In all simulated scenarios,
we have observed that all fuel cell models have the same
behavior from the grid-side perspective regardless of the
complexity levels. Size of the system did not have the impact
on the results as the identical case studies were performed on
the IEEE 39-bus system without any observable difference.
However, as the system size did not affect the results, they
have been omitted for brevity.

Results show that the simplified models are accurate for
frequency dynamics and transient stability simulations. In-
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Fig. 16: Response of 100 MVA PEMFC for a loss of gener-
ation unit: a) Cell voltage, b) Cell current density, c) Stack
voltage, d) Stack current, e) Fuel cell active power

ternal cell voltage/current differences between nonlinear and
simplified models only suggest that the protective circuits may
be triggered sooner for nonlinear models if PEMFC operates
at its boundaries. However, using dedicated fuel cell models
based on the available data of real fuel cell systems, these
extreme boundaries were never reached in all of the simulated
case studies. According to the available data of the Ballard
MK5-E PEM fuel cell stack, the only boundaries that should
be taken into account are the minimum stack voltage of 19
V (0.53 V per cell) and the maximum stack current of 300
A (1.3 A cm−2). However, the voltage is a function of the
current density, and for power/current changes, its value will
not rapidly change. Even for fuel cell operation at its maximum
power, the mentioned limitations are never reached as shown
in Fig. 18, nor during three-phase fault (Fig. 17). The internal
differences between the models haven’t had any impact on the
PEMFC behavior observed from the grid-side perspective.

Moreover, Table III shows the enhancement of computa-
tional time by using simplified models. The computational
time is presented for the scenario of a generator outage in
IEEE 14-bus system. It can be observed that the simplest
model (VR) is 3 times faster than the Thermal model and 1.7
times faster than the Nonlinear model while still preserving
relevant accuracy. This enhancement is even more significant
in large power system studies with many state variables as
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Fig. 17: Results for a 100 ms three-phase fault: a) AC voltage
at Bus 06, b) DC voltage of a fuel cell, c) DC current of a
fuel cell
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Fig. 18: PEMFC operation at maximum power: a) Stack
current, b) Stack voltage

well as many fuel cell systems. The use of simplified PEMFC
models is encouraged in bulk power system dynamic studies.

TABLE III: Computational time of different models

Model Thermal Nonlinear Flow VRC VRL VR
Time [s] 2.400 1.300 1.224 0.970 0.889 0.777

4) On the available energy: The PEMFC response depends
on available hydrogen and its production is mostly the cause of
fuel cell delays as the processor used for hydrogen production
usually has a slow response. Therefore, hydrogen storage is
used to speed up the fuel cell response. This paper assumes
that there is enough stored hydrogen as the emphasis is on
the internal fuel cell dynamics, and consequently, the PEMFC
can react quickly. However, since PEMFC can provide all
tiers of frequency control which happen on different time
scales, the question arises: which level of simplification of the
fuel cell model is suitable for specific frequency regulation
studies? Results suggests that the simplest model (6th, VR)
can accurately represent the PEMFC response for the inertial
response and primary control studies since they finish < 30 s,
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and hydrogen reserve will be insignificantly depleted. On the
other hand, in studies aimed at secondary and tertiary control
provision, hydrogen production should be taken into account
as these studies observe long-term dynamics, i.e. the secondary
control considers the time frame up to 15 minutes after
disturbances, while the tertiary control takes over the economic
redispatching from 15 minutes after the disturbance and lasts
for several hours. Therefore, only models that incorporate
reactant flow dynamics can represent the fuel cell behavior.
The simplest model that includes the reactant flow dynamics
is the 3rd (Flow) model. The instantaneous state of charge
(SOC) of the hydrogen storage system is given by equation
(35), where SOC(ti) is SOC at the initial instant [p.u.], Ncyl is
the number of cylinders in hydrogen storage, Nmol,max [mol]
is the maximum mole number of hydrogen per cylinder [52],
I(t) is the stack current [A], and F is the Faraday constant
[As/mol]. Table IV summarizes the above discussion.

SOC(t) = SOC(ti)−
1

Ncyl ·Nmol,max

∫ t

ti

Ncell
I(t)

2 · F
(35)

TABLE IV: Suitability of simplified models for frequency
control

Frequency control Timeframe Model

Inertia ms - sec VR (6th)
Primary control sec - 30 s VR (6th)

Secondary control 30 s - 15 min Flow (3rd)
Tertiary control 15 min - hours Flow (3rd)

IV. CONCLUSION

This paper investigated the performance of different proton
exchange membrane fuel cell (PEMFC) models for power
system dynamic simulations. Although nonlinear models are
the most accurate, they require a large number of known
parameters. Furthermore, they can be numerically unstable for
low power operating points due to logarithmic dependency of
the terminal cell voltage on the fuel cell current. Starting with
the most detailed PEMFC model, the model complexity was
progressively reduced to the simplest model. Dynamic simu-
lations of power reference tracking, generator/load loss, and
short-circuit fault on a single machine infinite bus system and
IEEE 14-bus test system were conducted in order to scrutinize
how accurate different PEMFC models are compared to the
most detailed model.

From the grid perspective, it is shown that all models regard-
less of the complexity level provide identical power response
resulting in identical frequency and voltage dynamics.

From the device-level perspective, there are differences in
the internal PEMFC dynamics. Different current and voltage
values can be observed depending on the PEMFC model
complexity. By neglecting thermal and reactant flow dynamics,
simplified models have higher values of cell voltage and there-
fore lower current magnitudes. However, these differences
have no significant impact on PEMFC performance since the
limitations of maximum current and minimum voltage were
never violated. Hence, it can be concluded that simplified
models are adequate for power system dynamic simulations,

avoiding the need for numerous, hard-to-obtain, technical
parameters and reducing the simulation time.

Finally, the presented models are also applicable for PEM
electrolyser, with the difference of the the opposite current
direction.

APPENDIX

TABLE V: Parameters of the PEMFC stack [1], [9], [43]

Name Value
Rated power 5 kW
Number of cells Ncell 35
Cell area Acell 232 cm2

Universal gas constant R 8.314 Jmol−1K−1

Faraday constant F 96485 Cmol−1

Double layer capacitance Cdl 0.035 F
Membrane thickness tm 0.0175 cm
Time constant τH+ 12.78 s
Relational parameter αH+ 5.78 cm6 A−3

Diffusion coefficient DH+ 0.85 · 10−6 cm s−1

Ambient pressure pamb 1 atm
Anode volume va 0.0159 m3

Anode flow constant ka 0.004 mol s−1 atm−1

Cathode volume vc 0.0025 m3

Cathode flow constant kc 0.01 mol s−1 atm−1

Hydrogen purity PCH2
99%

Hydrogen flow rate conversion factor CFH2
6.85 · 10−4

Oxygen purity PCO2
21%

Oxygen flow rate conversion factor CFO2
6.804 · 10−4

Cathode vapour content PCH2O 1%
Hydrogen enthalpy of combustion ∆H 285.5 kJ mol−1

Inlet cooling water temperature Tcw,in 25 ◦C
Outlet cooling water temperature Tcw,out 30 ◦C
Ambient temperature Tamb 25 ◦C
Heat exchanger conduction index hcond 35.55 W ◦C−1

Heat exchanger convection index hconv 0.025 W ◦C−1 A−1

Thermal resistance Rt 0.115 ◦C W−1

Thermal capacitance Ct 17.9 kJ ◦C−1
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