Frequency Control of Low Inertia Power Grids
with Fuel Cell Systems in Distribution Networks

ABOUZAR ESTEBSARI, (Senior Member, IEEE), STEFFEN VOGEL?, (Student Member,
IEEE), RENATO MELLONI?3, MARIJA STEVIC?4, ETTORE BOMPARD?, (Member, IEEE), and
ANTONELLO MONTI?, (Senior Member, IEEE)

* School of the Built Environment and Architecture, London South Bank University, 103 Borough Road, SE1 0AA, London, United Kingdom.

2 Institute for Automation of Complex Power Systems, RWTH Aachen University, Mathieustrasse 10, Aachen, Germany.

3 Department of Energy, Politecnico di Torino, Corso Duca degli Abruzzi, 24, 10129 Turin, Italy.
4 OPAL-RT Germany GmbH, Nuremberg, Germany.

Corresponding author: Abouzar Estebsari (e-mail: estebsaa@Isbu.ac.uk).

ABSTRACT High penetration of variable renewable energy resources to distribution networks brings new
challenges to frequency control in transmission systems; notwithstanding, coordinated exploitation of some
widely distributed resources in distribution networks could support overall system frequency control. We
developed a centralized control scheme to utilize existing solid oxide fuel cell systems in distribution
networks to mitigate frequency deviation in the transmission system. This novel control scheme minimizes
curtailing renewable resources. It appropriately prioritizes adjusting active or reactive power of medium
voltage connected fuel cell systems to efficiently provides frequency support, while keeping the renewable
sources connected. A co-simulation platform was also developed to allow for analyzing the interactions
between transmission and distribution networks. It enhances simulation capability through parallel distributed
real-time simulations. This platform enables ex-ante analysis of the impact of control strategies of distribution
system on transmission system. A set of experimental results on European transmission and distribution
network benchmarks demonstrated the performance of the developed primary frequency control scheme

using solid oxide fuel cell systems.

INDEX TERMS Frequency control, fuel cells, power distribution, power transmission, simulation.

I. INTRODUCTION

Nowadays, distribution networks (DN) are changing rapidly
due to high penetration of distributed energy resources
(DER), energy storage systems (ESSs) and controllable
loads. Integration of these new technologies to DNs poses a
lot of challenges to the planning and operation of electrical
power systems. Whilst on one hand DERs can threaten the
overall reliability of the electrical power system, on the other
hand they could also have a positive effect if used properly
for network support [1], [2], [3]. For instance, in [4] a
centralized reactive power management strategy for PV
systems is proposed. It aims to reduce system’s losses by
using the capability of grid-connected PV inverter to provide
reactive power.

In case of absence or very low penetration of DERSs,
network normal operation and stability is less jeopardized
since the protection of local resources is conventionally
achieved by curtailing DERs under any abnormal conditions

(e.g. voltage drops or frequency deviation). Recent national
grid codes define advanced requirements for DER functions,
including active and reactive power control, voltage and
frequency support, and fault ride-through (FRT) capability.

The above-mentioned considerations lead to the need of
integrated simulations of transmission and distribution
networks, both represented with their corresponding detailed
models [5]. Such simulations allow investigation of the
impact of DERs, installed in DNs, on the transmission
network (TS) and their prospective support for system
stability and reliability. Combined simulation and analysis of
interactions between TN-DN is nowadays an emerging
research topic. Some projects focus on specific occurrences
and do not use complete joint simulations for TN and DN
[6], [7], [8], [9], while others introduce co-simulation
platforms that can be used for studying the modern power
system [10], [11].



In the context of TN-DN co-simulations, we developed a
new co-simulation platform by interfacing two digital real-
time simulators (DRTS) from RTDS and OPAL-RT
Technologies. This platform not only ensures general
benefits of performing real-time simulations (e.g. software
in-the-loop and hardware in-the-loop), but also improves
overall computation power by clustering several digital
simulators from different providers. Coupling the simulators
via field programmable gate arrays (FPGASs) and fiber optics
allows for a synchronized and a fully digital interface which
eliminates analog conversion errors and reduces end-to-end
latency between the simulators to few time-steps.

Besides setting up this co-simulation platform, we
implemented some benchmark models of TN and DN with
detailed models of some DERs such as Fuel Cell and PV
systems for real-time simulation, and designed DN
equivalents for realistic and scalable interaction studies.
These efforts would greatly contribute in studying the
impacts of widely distributed energy recourse of DN on TN,
and the role they can play in supporting system frequency or
voltage regulation.

The widespread of DERs is rapidly leading to new
business opportunities, different market models and new
alternatives for ancillary services. For this reason, in [12] the
electrical system is examined with a wider approach,
including commercial aspects (day ahead commitment, real-
time dispatch, etc.). In [13] TSOs and DSOs are involved in
the project in order to have a complete framework from each
point of view.

In scope of the analysis of TN-DN interactions, we focus
on the contribution of dispersed solid oxide fuel cell (SOFC)
systems along with existing PV generation in DNs to
frequency regulation.

Besides their potential use for virtual inertia, battery
energy storage systems (BESSs) are perfectly suitable for
participating in primary and secondary frequency regulation,
at least from a technical point of view. The biggest concern
about the use of BESSs for frequency control is the economic
feasibility. Participation in primary or secondary control,
stand-alone installation or supporting a non-programmable
power plant, strongly affect revenues and lifetime. Also, the
local market influences the economic feasibility: according
to [14] and [15] in Italy it is more convenient to participate
in secondary regulation, while in Denmark the most
convenient application for batteries is the primary regulation.

Likewise, with batteries, fuel cell (FC) power plants can
participate in primary frequency control. The type of fuel
processor used for providing the hydrogen-rich fuel to FC
stacks depends on the technology used for the fuel cell. The
former is often the main limit to the dynamic performances
of this kind of power plant. However, the use of certain types
of FC stacks and/or the presence of hydrogen storage, allow
participating in primary frequency control. FC stacks are of
particular interest for the grid support due to their
independency from weather conditions, fast response when
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fuel supplied from hydrogen storage and flexibility in terms
of hydrogen supply.

In [16] a good example of the contribution of combination
of fuel cells and wind turbines is presented for providing
inertial and primary frequency regulation.

By reviewing literature, in general the contribution of fuel
cells in frequency control is found to be more either on
frequency regulation in standalone microgrids or islanded
grids [17], [18], [19], or controlling fuel cell inverters to
ensure output power with set-point/reference frequency [20],
[21], [22].

Frequency regulation by fuel cells is found to be more
decentralized through local control systems. In this paper, we
present our developed centralized control strategy to
coordinate the fuel cell systems in the distribution networks
with high penetration of DER (e.g. PV) to provide support
for frequency regulation in transmission network. This
control system applies a priority-based strategy to manage
generation of active and reactive power by distributed fuel
cells in distribution network, eventually providing frequency
support directly by control of active power and indirectly by
control of reactive power.

Control of active power of SOFC could directly support
frequency regulation by prompt response of SOFCs in terms
of increasing or decreasing output active power. However,
neglecting the impact of critical conditions on the voltage
level of the nodes with DERs could result in DER
curtailment. Curtailing some DERs due to voltage drop
would diminish or even deactivate SOFCs’ frequency
support. Therefore, only controlling active power of SOFCs
is not sufficient and controlling reactive power to support
voltage regulation is also required not to lose other DERs.

The DERs with high penetration in our study are PV
generators with regulated low voltage ride-through (LVRT)
capability. The studies include intermittent behavior of
distributed PV systems under critical conditions, such as
sudden change in weather conditions. SOFC systems can be
used to support the primary frequency response of the
electrical power system also if the DNs which accommodate
them withstand some level of voltage at the connection
points of PVs. Contribution of SOFC to voltage regulation
allows PV generators to remain connected and thus
indirectly support mitigation of frequency deviation.

In this paper, different control strategies are proposed to
use the capability of power electronic inverters which
connect SOFCs to the network. The voltage support through
reactive power injection is included in the investigation and
the strategies are tested in laboratory experiments.

The evaluation of system frequency response is also made
using different strategies for FCs frequency controller and it
is based on frequency metrics for variable renewable
generation proposed by LBNL [23].

We also developed a co-simulation platform based on
digital real-time simulators to overcome the challenge of
computation demand of analyzing interplays in large scale



network. Coupling digital real-time simulators enables the
simulation of more complex scenarios by combining
modelling tools and/or existing models of different vendors.
The new interface allows for deterministic and error-free
exchange of analog interface signals by using a fully digital
path between the simulators. This eliminates jitter and
quantization errors introduced by traditional analog HIL
interfaces.

In the next section, Section |1, contribution of FC in power
system frequency regulation is discussed with introducing
the FC model and local controller we implemented as well
as frequency performance metrics. Section Il1 introduces the
platform designed for real-time co-simulation of
transmission-distribution networks, and in Section IV the
developed centralized control strategy to coordinate FCs is
introduced and its performance is assessed by some
simulation results in Section V. Finally, Section VI presents
some conclusions and remarks.

ll. FUEL CELL SYSTEM CONTRIBUTION TO
FREQUENCY REGULATION

Thanks to large bulk generators in traditional power systems,
frequency response of the system is well controlled and
optimized. But todays, the spread of RESs (Renewable Energy
Resources), distributed generators and the use of HVDC for
interconnection, introduce new concerns about frequency
security and reliability. Distributed, and often non-
dispatchable, generators are increasingly replacing traditional
large and well controllable power plants resulting in a lack of
inertia from rotating machines. Furthermore, performances of
primary frequency control strongly depend on the total
nominal power of (synchronous) generators participating in
primary regulation, which is reducing.

Since the minimum frequency value reached during a
frequency transient mainly depends on system inertia, a
system with a low kinetic energy level is more vulnerable to
power imbalance event. In the isolated power systems, two
main factors make the system particularly more vulnerable to
generation outages: the size of the system which is quite small
with a low inertia level, and the low number of available large
generators which provide power.

Besides issues and concerns, changing paradigm of
electrical networks can bring new opportunities and solutions
for frequency control [24], [25]. Distributed generation,
controllable loads and energy storage systems can support the
electrical system in every frequency-related aspect, from
inertial response to power reserves for frequency control. This
is possible thanks to new technologies and coordination
among components and actors involved in grid operations.

In this context, we focus on participation of existing solid
oxide fuel cells in primary frequency control and their impact
on the overall frequency response. As already mentioned, the
advantage of SOFC systems compared to solar or wind energy
sources is their independency from weather conditions and
fast response when fuel supplied from hydrogen storage. This
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overcomes reliability issues that would arise if the frequency
regulation was partly provided, for instance, by PV systems.
Before discussing the effectiveness of fuel cell’s contribution
in frequency regulation, first we shortly present the fuel cell
models and controller which we implemented, and then we
introduce performance indices for examining the primary
frequency control.

A. FUEL CELL SYSTEM MODEL

Solid Oxide Fuel Cell (SOFC) systems are widely used in
stationary applications because of their high efficiency.
Thanks to the high operating temperature of SOFCs, which is
around 1000°C, CO and hydrocarbons (e.g. CH4) can be
internally converted to hydrogen [26], [27]. Therefore, the
input of SOFCs is not necessarily pure hydrogen [28]. The FC
model implemented in MATLAB/Simulink is based on [29],
[30] and [31]. Itis implemented in the controller of a negative
controllable load block of the Simulink library and contains
the following assumptions:

--Gases are real,

--Fixed temperature at all times,

--Nernst equation can be applied,

--The channels, which transport gases, have a fixed value
but a small length: it is enough to define one pressure inside
the channel,

--Time response of the power converter is much faster than
that of the fuel cell system. For this reason, the dynamics of a
power converter has been neglected,

--The exhaust of each channel is via a single orifice and the
ratio of internal and external pressures is large enough to
consider that the orifice is choked.

The SOFC system model consists two main parts: the so-
called balance of plant (BOP) and the fuel cell stack.

In the BOP, high-pressure fuel is delivered to the reformer
by controlling a valve. Here, the fuel is converted into
hydrogen-rich fuel and delivered to fuel cell stack. Reformer’s
dynamic affects strongly the overall performance of the
system.

In SOFC stacks, the electrode reaction that occurs is shown
by (1). At the anode, oxygen ions react with hydrogen, and
water vapor besides is formed. Electrical energy is released in
form of electrons. At the cathode, electrons taken from the
anode react with oxygen.

Anode: H,+0" > H,0+2¢

Cathode: %02 126 50" (1)

When a mixture of gases of average molar mass, M
[kg/mol] and similar specific heat ratios passes through an
orifice that can be considered choked at a constant
temperature, the following characteristic is met:

V;V: K/M @)

u



Where W is the mass flow [kg/s]; K is the valve constant
and depends mainly on the area of the orifice
[/kmol kg /(atm s)] and Py is the pressure inside the channel
[atm]. Fuel utilization factor (u) is the ratio between the fuel
flow that reacts and the fuel flow injected to the stack and it
is a way to express the water molar fraction at the exhaust.
Therefore, (2) for the anode can be written as:

W _ Koo f(1-U)-M,, +uM,, 3)

n

)

where an indicates quantities regarding the anode. If the

molar flow of a gas through the valve can be considered

proportional to its partial pressure inside the channel, (5) is
derived from expressions (4).

NH2 K NH2O _ K

pH2 'VlH2 pHZO MHZO

Ean RGN

n

Where Kz, Knzo are valve molar constant [kmol/(s atm)]
for hydrogen and water, Nu2, Nuz2o [kmol/s] are molar flows
and P2, Pho are partial pressures [atm]. If u > 70%, error of
(5) is less than 7% compared to (3).

With the aim to obtain the partial pressure of hydrogen,
the derivate of the perfect gas equation is applied, using the
volume of the anode (Van):

d d

RT RT
a -N (6)
at Pw,

= nH2 N, H N
dt V., V.,

The hydrogen molar flow (gu2) has three relevant
contributions: the input flow Np," the output flow Nyt
and the hydrogen flow that reacts Ny,".

d

asz:(I\I'Tz_N'(')::t_'\l'[‘z)'ﬂ (7)

\Y/

an

The hydrogen flow that reacts can be computed according
to (8).
N, = Nl _ 2K, 1 ®)
> 2F
Where F is the Faraday’s constant [C/kmol], No is the
number of cells in series, | is the stack current [A] and K; is
model constant [kmol/(s A)] Therefore, (7) is rewritten as:

d

_ in out RT 9
asz_(NHZ—NHZ—zK,l).V— ©

an

In conclusion, the hydrogen partial pressure is obtained by
taking the Laplace transform while replacing the output flow
from (4):

——%(”2 (Nf —2K,1) (10)

p =
P14 7,8
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Where 7, is the time constant of the system pole
associated with the hydrogen flow. Similar operations lead
to obtaining partial pressure of other reactants and products.

According to Nernst’s equation and Ohm’s law (parameter
r represents ohmic losses), the stack voltage is computed as:

0.5
V=N, | E,+ R p PrePo ||y (11)
2F P,0

Where Eq [V] is the voltage associated with reaction free
energy. Fig. 1 summarizes above equations and represents
the SOFC model implemented in Simulink.
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FIGURE 1. SOFC - block diagram

B. FUEL CELL LOCAL CONTROLLER

The fuel utilization factor is one of the most important
parameters which affects the FC performances is [31]. The
fuel utilization factor u is defined as the ratio between the
rate of hydrogen that reacts and the rate of input hydrogen:
N NG 2K (12)

Ny Ny

The fuel utilization factor must be kept within a certain
range. Indeed, overused-fuel conditions could result in
permanent damage to the cells. On the other hand,
underused-fuel conditions will rapidly lead to overvoltages.
Furthermore, if the stack voltage output drops below a
certain value, the power converter will not be able to manage
the operating condition, it will lose synchronism and the
SOFC will disconnect.

The power conditioner controls the output current for
matching the required output power while maintaining the
fuel cell within operational limits described above. When a
change in the reference power occurs, the output current is
changed as fast as possible for providing the required amount
of power within a short time.

However, for maintaining a proper value of fuel utilization
factor, current dynamic should be limited with regard to the
dynamic of the fuel processor: Once maximum and
minimum values for fuel utilization factor are set (0.9 and
0.7 in the model), current thresholds follow the dynamic of
the input hydrogen flow:

u




e (1) :M i (1) _NE (DU (13)

2K, 2K,

The ideal current that allows the FC to provide the
required power change continuously during a transient
because voltage changes according to (11).

P

ref

ligeat (t) = v (t)

(14)
P

ref

= 0.5
N, E(,+ﬂ I Pr: Po. -r.l(t)
2F P.0

The output current is set by imposing limits defined in (13)
to the ideal current, and the valve is controlled in order to
obtain, in steady-state, the nominal fuel utilization factor.

The nominal utilization factor in steady state conditions is
set to u=0.8 to ensure margins with respect to limits of 0.7
and 0.9 representing the safe operating area [30]. Thus, given
a certain output current, the input hydrogen is as formulated
in (15):

in 2K/ 15
Ne, 0.8 (19)

In the model, power converter and its controller are
considered as ideal components and their dynamics are
neglected. Therefore, the Simulink implementation of
chemical processes and control strategy discussed above
imposes power values directly to a controllable load. Fig. 2
is a schematic representation of the SOFC system.

All the parameters used for FC modelling are based on a
100kW fuel cell model proposed in [31] and further
enhanced with fuel processor model in [30]. The SOFC
model is connected to low voltage lever in this work.
However, the model can be connected to the medium voltage
network, and its output power can be scaled up, with the aim
of representing the aggregated behavior of several SOFC.

upper and lower
current limits

| valve
controller

FIGURE 2. SOFC system control and interface with the network
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FIGURE 3. SOFC system response

The dynamics of SOFC system response for the case of
step change of power reference is illustrated in Fig. 3.
Immediately after the reference changes, output power
follows the reference thanks to the fast electrical response
within fuel cells.

Although this fast response results in a relatively small
change of output power, it is very beneficial for frequency
support. The total response of SOFC system is slower due to
dynamics of chemical process in fuel reformer. It ranges
from 10s for the change in output power of 0.2 p.u. to 30s for
the change of 0.4 p.u. This dynamic can be sufficient for
utilization of SOFC systems in primary frequency control.

The time response of SOFC system could be significantly
reduced if a hydrogen storage is utilized and thus the slow
dynamics of fuel reformer can be avoided.

C. FREQUENCY DROOP CONTROL

In order to allow fuel cell systems participating in primary
frequency regulation, a frequency controller must be
implemented in the model.

The frequency controller for the FC power plants is
designed following the Italian guidelines as an example for
the demonstration purpose, and it is illustrated in Fig. 4.
According to the Italian rules for frequency control by means
of power plants which participate in the primary control, the
power change in case of frequency variations (Af) is
determined as following:

Af P (16)

The Italian TSO (TERNA) suggests a droop constant ¢ in
the range of 2-8% for traditional generators. Furthermore,
the frequency controller can have a dead zone of up to
+10mHz.

Pnre | APec Pror

fo Oprc T

f0+ T /
T_’ / |
f dead zone

FIGURE 4. Fuel Cells' frequency controller
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D. PERFORMANCE INDICES

The traditional metric for examining the primary frequency
control of a power system considers the steady-state
frequency value after the action of primary controller.
Although this method has been widely used, it does not



provide an evaluation about the minimum frequency value
reached during the transient.

Initially the detection of the lowest frequency point was
not possible due to lack of appropriate tools, but, nowadays,
it is possible and even necessary for the complete analysis of
the frequency response. Indeed, the lowest value determines
the action of load-shedding strategies or the disconnection of
generators because of their under-frequency protection
systems.

Since slope of the initial variation in frequency after a
power imbalance depends on the systems’ inertia, the
minimum frequency value is determined by the combination
of inertial response and primary regulation. Therefore, using
a metric which considers the lowest value can be a good
method to evaluate also the inertial behavior of the system.

Following the above-discussed considerations, in our case
study, the metrics of frequency response introduced in [23]
are used for assessing the integration of renewable
generation in the power system.

Power unbalance [MW | (17)
f f

FRI, =

init — ! fin

Power unbalance [MW ]| (18)
f f

init — 'min

FRI, =

where finit, fmin and fsin are respectively the frequency values
before a disturbance occurs, the minimum value and the
stabilized frequency after the action of primary frequency
controllers.

The first metric (FRI;) provides the leading information
for assessing the adequacy of primary frequency control
reserves.

Frequency response index 2 (FRIy) is an evaluation of the
inertial response and of the rate at which the power, which is
used for restoring the generation-load balance. Indices 1 and
2 ((17) and (18)) are used for comparing system frequency
performances with and without participation of FCs in two
different scenarios.

In this work, the focus is on the initial 15-20 seconds after
the power imbalance. This is the most critical period from
the primary control perspective, because during this time, the
frequency decline must be stopped to avoid reaching the set
point of under-frequency load shedding scheme.

III. TRANSMISSION-DISTRIBUTION GRID CO-
SIMULATION

The simulations of TN and DN in a separate way and
independently is no longer enough to catch all interactions of
the two voltage level systems [34].

If the total inertia in the system is too low, a temporary
power imbalance could cause deteriorated initial
frequencies. Initially, the renewable generation units did not
have any role in primary frequency control, because of the
source uncertainty and the intention to exploit the renewable
sources without margins.
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Studies have been done to allow certain type of distributed
generation (wind turbines, micro turbines and fuel cell) to
contribute in primary frequency regulation [16].

Combined simulations of transmission and distribution
networks are made by decoupling the model at the
interconnection point. In our work, we dedicated two
different digital real-time simulators for co-simulations:

--Distribution network model has been implemented in
Simulink using Artemis solver from OPAL-RT and
simulated using an OP5600 machine of OPAL-RT.

--Transmission network model has been developed in
RSCAD and simulated on an RTDS simulator.

For local co-simulations, communication between real-
time simulators is obtained thanks to an optic fiber
connection between GPC card of the RTDS system and a
Xilinx ML605 FPGA board, which is connected to OPAL-
RT via PClexpress as shown in Fig. 5.

In this setup, the RTDS simulator acts as a synchronization
master by providing an external synchronization of the
simulation time-step through the fiber optic link to the
OPAL-RT system. Without this synchronization, a
simultaneous start of the simulation and a concurrent
execution of the simulation steps is not possible and causes
a drift in time between the two subsystems which might
result in a significant degradation of accuracy.

This digital connection allows exchanging voltage and
current values between transmission and distribution
network models (Fig. 6). Substantially, the interface used is
an ideal transformer [35]:

--TN voltages are used as input values for controllable
voltage sources that supply DN.

--DN currents are used as input values for controllable
current sources, which represent the DN consumption, in the
TN model.

FIGURE 5. Co-simulation setup showing the fiber interface

real-time simulator real-time simulator

PCI >
I.“,I.BIDS RTDS fiber FPGA| EXPRESS OPAL-RT
Technologies MLB05] === | === TecHNOLooiEs
" VOLTAGES .
© TN i *(@~ DN
T G P, REEE L
X w......_CURRENTS ___ 7

DETAILED MODEL
IMPLEMENTED IN SIMULINK (SPS)

DETAILED MODEL
IMPLEMENTED IN RSCAD

FIGURE 6. Co-simulation setup



It is important to evaluate fidelity of the interface between
the two simulators, in order to ensure that the co-simulation
is working properly and simulation results are reliable. For
this purpose, time-step counters are sent and looped back by
both simulators. Subtracting the current time-step counters
from the loopback value yields the round-trip time (RTT) in
multiples of the time-step period.

Long running tests have proven that the interface is
capable of exchanging signals between simulators within a
constant RTT of two time-steps (100 us) without showing
overruns. Albeit not applied in this study, such latencies are
in a range which allow for compensation through Bergeron
transmission lines by hiding the communication latency in
the time-shift caused by travelling wave properties of the
line.

Additionally, voltages and currents at the interface are
monitored during the simulation from the RSCAD runtime
console. As can be seen in Fig. 7, voltages and currents at
the interconnection point are very similar in both simulators.
Values showed here are collected during a voltage transient
and, even in this situation, the interface guarantees reliability
by communicating the right values.

It should be noted that voltage waveforms have a
monitoring delay that is the two times larger than currents’
delay; since this data is collected from RTDS. Namely,
voltage waveforms from OPAL are plotted after being sent
to the RSCAD runtime console through the interface, thus
doubling the delay time. Therefore, voltages from OPAL
here plotted have one time step delay because of the
communication from RTDS to OPAL and another time-step
delay due to the communication between OPAL and the
runtime console in the RSCAD software.

IV. CENTRALIZED CONTROL STRATEGY

The frequency control strategy for FC systems described
in Section Il is applied to each FC system installed in the DN
represented with detailed models, and it is thus used as a
local controller. Besides the local controller, by which each
fuel cell autonomously varies its output power, a centralized
controller for FCs is implemented. This controller mainly
aims to support frequency regulation by coordinating FCs in
DNs, however it is also possible to improve the voltage
profile along distribution feeders by controlling the reactive
power provided by FCs at certain buses.

This voltage profile improvement during incidences or
frequency disturbances leads to maintain the required
voltage for DGs with voltage ride-through capability to
remain connected. Therefore, further power imbalance and
frequency deviation in the system can be avoided. The
centralized controller is based on a simple logic with the
main goal to demonstrate how different control objectives or
strategies reflect to system performances in providing
frequency support. We demonstrate that controlling the
output reactive power to improve voltage profile as instance
could indirectly improve system frequency.
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FIGURE 7. Voltages and Currents at the interconnection point

The centralized controller considers that a SOFC plant is
not an infinite source (or sink) of reactive power, the
maximum reactive power that it can provide at each instant
is determined by its fixed apparent power capability and the
instantaneous real power generation:

|Q|<Vs?-P? (19)

Obviously, the active power output can be reduced if the
most important objective is voltage support. Our
implemented controller considers the scheduled P and Q
output (Pset, Qset) Of each fuel cell system and uses the
residual margin for frequency and voltage support (4P, 40).

J(Pu +APY +(Qu +AQ) <., (20)

When additional active and reactive powers are required
at the same time, the controller utilizes the inverter capability
in different ways by giving priority to frequency or voltage
support.

If the priority of the controller is given to “frequency”, the
required 4P will be provided and the residual capability
margin will be used for reactive power. Vice versa, if the
voltage support has the priority, the reactive power will be
guaranteed (without exceeding the inverter capability limit)
and active power for frequency control will be provided only
if possible according to the inverter capability characteristic.

Each FC system sends the voltage measurements at its bus
to the controller and receives 4P and AQ values computed
according to the control strategy. Fig. 8 gives an overview
of the control algorithm which determines the references 4P
and 40 for each SOFC system following the selected control
strategy and calculated 4P, and AQ; based on droop
characteristics.

In Fig. 9 a schematic illustration of the centralized
controller and its communications with fuel cell systems is
presented. Control strategies and the diagram are explained
in the following section where different test cases of this
study are introduced.
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FIGURE 1. Flowchart of centralized control algorithm

Considering both local and centralized controllers, four
control strategies are designed and compared for managing
FC systems in the DNs. Each control strategy has been tested
with two different penetration levels of fuel cell systems in a
detailed DN model, while additional simulations provide the
frequency behavior when FC systems do not participate in
frequency regulation.

To get clear solution of the problem supported by
thorough and internal investigations in the under study DN
we use detailed model of a DN. Other DNs can be
represented by equivalent models, which reproduce the
behavior of the real network as realistic as possible without
demanding too much computational power.

We developed an equivalent and modular model for DN.
Modularity means that parts of the model can be easily added
or removed according to the necessities, thereby maintaining
the model as less demanding as possible in terms of
computational power.
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FIGURE 9. Centralized controller for fuel cells

The following subsections describe control strategies
applied to fuel cells installed in the detailed distribution
network. When enabled, grid support of fuel cells in
equivalent DNs is limited to frequency control. Furthermore,
the droop constant has been always set to 2% for every fuel
cell system.

A. TEST CASE “C0”: REFERENCE SYSTEM RESPONSE

In this scenario the fuel cells do not participate in frequency
regulation. This simulation provides the frequency behavior
of the system when only conventional power plants
compensate frequency deviations. This test case is used as a
reference for evaluating the effectiveness of FC participation
in primary frequency control.

B. TEST CASE “C2”: ACTIVE POWER CONTROL WITH
EQUAL PARTICIPATION OF SOFC UNITS

The centralized controller computes the additional active
power required for frequency support and equally share (in
per-unit) this amount among fuel cells installed in the DN.
The voltage support is disabled in this case; therefore, no
additional reactive power is provided by fuel cells in case of
low-voltage observation. The objective of this test case is to
demonstrate the performance of the simplest approach to
frequency support without considering voltage profiles.

C. TEST CASE “C3”: ACTIVE POWER CONTROL WITH
VOLTAGE-DEPENDENT PARTICIPATION OF SOFC
UNITS

In simulation “c3”, the voltage support with reactive power
is not enabled in centralized controller, the same as in
simulation “c2”. However, the total active power required
for frequency support is partitioned among fuel cells
considering the local voltage levels. Where the voltage level
is more critical, a larger amount of active power is generated.
This method aims to provide local active power generation
where needed to reduce the total power flow along a feeder
which compensates voltage drop and improves its voltage
profile. The objective is to determine whether this method



could improve voltage profile without including reactive
power control.

D. TEST CASE “C4” — ACTIVE AND REACTIVE POWER
CONTROL WITH FREQUENCY CONTROL PRIORITY
Both active and reactive power control are enabled in
centralized control. Frequency control priority is considered,
thus in first step the centralized controller computes the
active power required for frequency support based on droop
characteristic and equally divides (in per-unit) this amount
among fuel cells installed in the DN. The remaining inverter
capability is then used for providing reactive power for
voltage support. Since the voltage can vary substantially
along distribution feeders, the reactive power that would be
necessary for voltage support is different for every fuel cell.
The objective of this test case is to compare the cases of
frequency control priority and voltage control priority.
Voltage control priority is analyzed in the test cases below.

E. TEST CASE “C5” VOLTAGE CONTROL PRIORITY
WITH EQUAL ACTIVE POWER PARTICIPATION OF
SOFC UNITS

In this strategy, the main purpose is to improve voltage
profile. Firstly, the required additional reactive power is
allocated for each FC system. The controller, then, tries to
equally share the additional active power request for
frequency control among all fuel cells. Since the frequency
is a global variable inside DN, when a FC system is not able
to provide its portion of active power, because of the inverter
capability limitations, that power is provided by other fuel
cells. This algorithm, which redistributes the missing active
power, is repeated until all the required 4P is allocated, or
until the capability limit of every inverter is reached. In this
way, the maximum possible amount of the required active
power is provided.

F. TEST CASE “C6”: VOLTAGE CONTROL PRIORITY
WITH VOLTAGE-DEPENDENT ACTIVE POWER
PARTICIPATION OF SOFC UNITS
Similar to strategy of test case “C4”, the controller dispatches
firstly the reactive power and then uses the remaining
capability for frequency control. However, here in “c6”, the
active power is divided among fuel cells considering also the
voltage levels. Where the voltage level is more critical, a
larger amount of active power is generated. This aims to
improve voltage profile by reducing voltage drop along
certain parts of the feeders. When the maximum capability
of one inverter is reached, the missing active power is
redistributed among other FCs like in simulation case “C5”.
The control strategies in ¢2 to c6 have been tested also
with the higher FCs’ penetration level (“c2_h” to “c6_h”).

V. CASE STUDY AND SIMULATION RESULTS

Simulations are carried out in a real-time mode thanks to the
developed platform of interconnected real-time simulators:
the OPAL-RT real-time simulator is connected to an RTDS
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rack through a GTFPGA card. European configuration of
transmission and distribution network models proposed by
CIGRé [32] for studying DERSs integration, are implemented.
The medium voltage network is modelled in
MATLAB/Simulink for real-time simulation on OPAL-RT
using a fixed-step solver for power systems (ARTEMIS)
provided by OPAL-RT. The high-voltage transmission
benchmark model is implemented in RSCAD, which is the
dedicated software of RTDS real-time simulator.

According to the considerations above, PV and SOFC
systems are modelled, considering their features from the
network perspective. PV model includes LVRT capability
required for distributed generation according to the Italian
grid code.

In scope of the analysis of transmission-distribution
system interactions, different scenarios of frequency control
by FC systems are considered [33]. FC systems are used to
support the primary frequency response of the electrical
power system. Different control strategies for using the
capability of inverters that connect SOFCs to the network are
tested, and the voltage support through reactive power
injection is included in the investigation.

A. CASE STUDY

The European configuration of the TN benchmark (Fig. 10),
is a three-phase high voltage network with ideal
transposition and solidly grounded ground wires. Four large
synchronous generators provide power to constant-
impedance loads through the 13-bus network.

The rated line-to-line voltages are 220 kV and 380 kV, and
nominal frequency is 50 Hz. Furthermore, three fixed
capacitor banks support the voltage by injecting reactive
power in the network. Physical models of synchronous
generators with turbine governors and exciters represent
generators.

Depending on the needs of the simulation, certain portions
of the constant loads have been replaced by the detailed DN
model simulated in OPAL-RT or by an appropriate
equivalent DN model.

The developed DN equivalent model consists of a local
controller that imposes active and reactive power values of a
controllable load (Fig. 11). Voltage and frequency at the
interconnection point are measured on the transmission
network and are sent to the controller.
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FIGURE 10. Topology of European High Voltage TN Benchmark
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FIGURE 11. Equivalent model for DNs - conceptual scheme

Other inputs, such as load profile and solar irradiation,
allow for having more realistic behavior. The controller
contains also parameters for calibrating the model depending
on the network to be represented (installed load power, PV
penetration, etc.). The controller consists of four modules:
loads, PVs, FCs and losses.

The aggregated loads behavior incorporates load profiles
and dependencies of voltage and frequency:

R(t)=Py (t)-[vv(:)]a .[1+ Ko Affj (21)

0

Q.(1)=Q, (t)-{v\/(t)Jﬁ.[l+KQf.Aff] 22)

0 0

Equations (21) and (22) have been therefore implemented
in the model. Pro and Qo inputs respectively represent active
and reactive power profiles at nominal voltage and frequency
values. Parameters Kepr, Kor, o and £ define the frequency and
voltage dependence of loads.

The essential features of the PVs’ behavior that have been
considered to develop the controller are:

--Dependence on solar irradiation

--Voltage disconnection with LVRT capability

--Reconnection algorithm after low voltage tripping

The solar irradiation is the model input, while cosg of PV
power generation and photovoltaic penetration level can be
set as necessary. Disconnection and reconnection times as
well as low voltage thresholds can be calibrated according to
system operator rules.

The essential features of SOFC systems participating in
frequency control that have been considered to develop the
controller are:

--Feasible operating area of fuel cell stacks according to
maximum and minimum values of fuel utilization factor;

--Dynamic behavior affected by chemical processes;

--Frequency controller that allows FC systems to
participate in primary frequency regulation.

Since power absorption due to ohmic losses is
proportional to the square of the current, a simply calculation
is made inside the controller.
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PLUSS o Iz :> PLUSS
2 (23)

_ \/( Pload B PDG )2 + (Qload _QDG )2 K
Vi loss

The total current of the distribution network is considered
for computing ohmic losses by using the parameter Kjoss as
proportionality factor. Kiess depends on the overall ohmic
losses of the real DN and must be calibrated depending on
the real network.

Part of the total reactive power absorbed by a distribution
network is due to lines and transformers. For including such
contribution in the equivalent model for DNs, the overall
inductive and capacitive behavior of these components is
approximated by implementing (24) and (25) in the
controller.

2

Qg c1” = 2 (24)
_ \/( Pload B PDG )2 + (Qload B QDG )2 K

Qind - Vv ind

Qu cVZ = Qu =V2K,, (25)

The contribution of lines and transformers to the reactive
power absorbed is therefore implemented as the difference
between the inductive contribution (Qing) and the capacitive
contribution (Qcap).

The European configuration of the DN benchmark is a
three-phase medium voltage network with two transformers
and two feeders and it is based on a real network in the
southern Germany, which provides electric power to a small
town and its surrounding rural area. The rated line-to-line
voltage is 20 kV and nominal frequency is 50 Hz. Industrial
and residential loads have a total installed power of 46,215
MVA and load values follow load profiles showed in Fig.
12. These profiles are proposed by CIGRé in [32] together
with the benchmark networks.

For analyzing the system’s frequency response, this
medium-voltage benchmark network has been used as detailed
model for one distribution network considering a photovoltaic
penetration level of 6.9 %. Seven SOFC systems have been
placed according to Fig. 13 in this DN for providing frequency
support.

1.5 - . .
Industrial Loads Residential Loads

i— 1
9]
3
Sos

0

0 2 4 6 8 10 12 14 16 18 20 22 24

Time [h]

FIGURE 12. Load Profiles
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FIGURE 13. SOFC systems placement in MV benchmark network

CIGRé’s report suggests using an 110kV sub-transmission
line for connecting this DN benchmark to the TN benchmark
described above. Two identical 110 kV lines are therefore
used for supplying the two transformers.

These lines are very useful for implementation in OPAL-
RT because they allow dividing the model across different
cores of the real-time simulator. In fact, sub-transmission lines
can be designed for introducing a delay of one time step, which
is required by OPAL-RT to execute the model on multiple
cores. Splitting the model across different cores is necessary
for the real time simulation. DN is not computationally
intensive considering the number of nodes, but given the
number of components that will be connected (PV and fuel
cell systems), one single core does not have enough
computational resources to avoid overruns.

Fig. 14 is a schematic representation of model partitioning
among three OPAL-RT cores. The interface for OPAL-RTDS
co-simulations and the 220/110 kV transformer are executed
on one core, while each distribution feeder is implemented on
a dedicated core.

B. CASE SCENARIO

In this work, the fuel cell systems are considered as a resource
available to system operators for supporting the network
operation in case of critical circumstances. As discussed in
[36], SOFC systems are capable to withstand larger voltage
sags than specified by LVRT considered in this paper and
illustrated in Fig. 15.

OPAL

10KV 20kV
{0) DISTRIBUTION
FEEDER |
w1

1 time-step stion delay
20KV 110KV core B

10KV 20kV
W TRANSAISSION ! ) DISTRIBUTION
¥ . FEEDER 2
- o - ! TR2

FIGURE 14. Split-up into OPAL cores
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FIGURE 15. LVRT Curve for DGs in Italy

Namely, SOFC system can maintain its normal operation
even with voltage sags of 0.2 p.u. which resulted in minimal
transient effects on SOFC operation. As in our scenario
voltage levels of SOFC buses do not drop below 0.8 p.u.
during analyzed transients, SOFC systems do not disconnect
in case of low-voltage level, yet stay connected. This is not the
case for PV systems that follow Italian regulation for LVRT
requirements, illustrated in Fig. 15.

Two different FCs’ penetration levels have been tested: a
total installed power of 1.4 MW and a higher level, namely 3.5
MW of installed fuel cells’ power. We analyze the
effectiveness of FCs’ participation in primary frequency
regulation when a sudden change in weather conditions causes
a power imbalance in scenarios with high level of PV
penetration.

The generator G1 connected (according to CIGRé) to TN’’s
bus number 2 was disconnected for representing the shut-off
of traditional generators that are not dispatched because they
were replaced by a large number of DGs. Here, the power
imbalance between generation and load is caused by a
reduction in solar irradiation in the area of the DN (equivalent
model) connected to TN’s bus 5 (Fig. 17).

Besides the equivalent model that represents this DN, loads
of other three buses have been partly replaced by the
equivalent model that emulates the participation of FCs in
frequency support. Table I and Table I contain the data used
for constant-impedance loads and equivalent DN model as
well as the resulting aggregate properties for case scenario.

BUS 2 BUSS

constant Z

SOLAR IRRADIATION:
from 1000Wim2
10 300W/m2

DETAILED DN —
DN equivalent model

FIGURE 16. Scenario Case
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TABLE |
AGGREGATE DNS’ DATA

Aggregate DNs’ Data
) ©
S = = s _
g E £ £8
5| Eg £3 g2 E
o o2 o2 &5 a's
3 325.20 245.42 19.46 21.62
4 326.13 240.46 15.70 22.83
5 110.88 157.98 40.00 0.00
6 425.50 291.05 16.19 32.39

The reduction of PV generation in distribution network
(equivalent model) connected to bus 5 is assumed as the
generation loss as the cause for frequency decline. Therefore,
it is used for computing frequency metrics.

Any other PV disconnection in other distribution network is
considered as a result of an event in DN at TN’s bus 5. This
assumption is made with the aim to identify a common initial
cause for all the simulations. Strategies that avoid PV’s
disconnection will hence result better, since they reduce the
net power imbalance between generation and loads.

Since PVs in the DN at bus 5 disconnect after the drop in
solar irradiation level, the 4P, which causes the frequency
decline, is the PV generation power in this distribution
network before the perturbation: 184 MW.

TABLE I
CONSTANT-Z LOADS AND EQUIVALENT DN MODELS
Constant-Z load Equivalent DN model
kS
[}
¥ § £ % & B
s $ B2 { = Eg ¢ E
S & I ¢ 3z g2 3 BT
[t} — 1%2) > 1 %]
2l o 23 3 38 ¢ z Z E£2
3 1625 122 300 09 1 30 0.97 100
4 163 122 275 088 1 25 09 100
5 0 0 495 091 06 40 094 0
6 2175 148 400 091 1 25 0.92 200

C. SIMULATION RESULTS

Fig. 17 illustrates the improvement in frequency response
achieved thanks to the participation of SOFCs in primary
frequency regulation. When fuel cells do not contribute to
frequency regulation (simulation c0): during the transient, the
frequency reaches the minimum value of 49.844 Hz and then
it is stabilized at 49.927 Hz.
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€0: FCs freq cirl OFF in all the
DNs (detailed and equivalent)

——— c2: freq clil ON, V support OFF

frequency [Hz]

L
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FIGURE 17. Frequency at TN's bus 8 - without and with FC
participation (test cases c0 and c2)

EG is computed as the ratio between the power imbalance
(it is the reduction of PVs in the equivalent DN at bus 5: 184
MW) and the steady state frequency error, which is 0.0721Hz.

Fig. 18 compares both maximum and steady state Afin case
without and with FC participation in frequency regulation
(simulation c0 and c2).

The control strategy used for managing fuel cells strongly
affects voltage profiles in the distribution feeders. The reactive
power provided by SOFCs in simulations c4, ¢5 and c6 result
in voltage levels along feeders which are higher than the
disconnection threshold for PVs (we set 0.85 p.u. just to
examine Italian LVRT regulation shown in Fig. 15).

Therefore, photovoltaic systems remain connected to the
detailed DN model in simulations c4, c¢5 and c6. Fig. 19 shows
data about voltages along the feeder 1 of the detailed
distribution network model.

Obviously, the detailed DN withdraws less active and
reactive power when photovoltaic systems do not disconnect.
The total PV generation within the detailed DN is illustrated
in Fig. 20 for different control strategies.

I <0 without FCs participation
I 2 with FCs participatian

MAK delta 1 STEADY-STATE delta 1

FIGURE 18. Comparison of Maximum and Steady-State Af (test cases
c0 and c2)
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FIGURE 19. Voltage at buses 5, 7, 9 and 10 of the detailed DN
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FIGURE 20. Active power generation from PVs installed in the
equivalent DN

It must be noted that the control strategy “c3” does not avoid
the disconnection of PV generators; it allocates larger portions
of active power to those buses where the voltage level is more
critical but does not involve reactive power. Its only effect is
to barely delay the disconnection compared to the strategy in
which the additional active power for frequency support is
equally divided among SOFC systems (c2).

In terms of steady state frequency value following the
primary regulation, strategies that allow PVs to stay connected
by providing reactive power for voltage support prove to be
more effective, even though the participation of FCs’ in
frequency regulation is completely annulled. Actually, these
strategies indirectly involve FCs in frequency support.
Although improvement of voltage levels in the transmission
network results in an increase of consumption of constant-Z
loads, but this effect is negligible compared to the power
provided by PV systems installed in the detailed network.
Therefore, strategies ¢5 and c6 ensure better performance
compare to strategies that do not consider the voltage support
through injection of reactive power at specified DN’s nodes.
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TABLE Il
SIMULATIONS' RESULTS - FREQUENCY METRICS

oy
2 ~ i~y )
kS| i~ N < < <
= I T £ 2 2 & 2
73} =] 8 E Tz Tz
c0 49.9991 49.9270 49.8436 2552.7 11834
c2 49.9988 49.8596 49.9180 3741.4 2278.1
c3 49.9988 49.9495 49.9180 3734 2276.8
c4 49.9988 49.9501 49.9175 3782.8 2263.7
c5 49.9988 49.9501 49.9174 3782.6 2260.7
c6 49.9988 49.9501 49.9175 3783.6 2263.9
TABLE IV
SIMULATIONS' RESULTS - FREQUENCY METRICS (HIGHER FC PENETRATION
LEVEL)
N N i~
i~ N < < <
g Tz = = = N3
& e 8 E £ T2
c2_h 49.9997 49.9512 49.9186 3789.9 2266.9
c¢3 h 49.9997 49.9512 49.9190 3791.8 2279.5
c4_h 49.9998 49.9504 49.9173 3727.2 2230.2
¢5 h 49.9996 49.9504 49.9177 3737.7 2244.8
c6_h 49.9997 49.9504 49.9174 3728.9 2234.4

V. CONCLUSION

High penetration of DGs in DNs brings new challenges for
power system stability control. One of the challenges are due
to creation of low inertia systems. However, applying
appropriate control strategies could exploit some of DGs in
DNs to provide frequency and voltage support for the whole
system. We presented a developed centralized coordinated
scheme to control SOFC systems aiming at mitigation of
system frequency deviation.

Different scenarios are created to demonstrate different
configurations of the control scheme in prioritizing voltage
and frequency regulation. Although the main objective of the
control scheme in all cases is to support primary frequency
regulation, but there are scenarios in which the scheme
chooses to firstly regulate voltage to make frequency deviation
corrected. The simulation results prove that the use of SOFC
systems for primary frequency regulation are a promising
solution if an appropriate control strategy is in place. Due to
the fast response of SOFCs, the inertial frequency response is
improved significantly as well as primary regulation.

Furthermore, since fuel cell systems are easily controllable
and do not rely on an intermittent energy resource, their
participation in frequency control is guaranteed regardless to
weather conditions. Under certain conditions, exploiting the
FCs inverter capability for providing voltage support through
reactive power injections instead of for providing active power
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can be more effective even from a frequency response point of
view. In summary, if the voltage improvement avoids the
disconnection of distributed generation, the resulting effect is
a lower power imbalance and, consequently a better frequency
response.
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