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Abstract—This article examines the use of interconnected syn-
chronous system requirements for frequency containment reserves
(FCR) on isolated industrial grids that use turbogenerators as
main source of energy, have high penetration of wind energy, are
equipped with energy storage, and have a high level of constant
power loads coupled by power electronic converters. Leveraging on
the recent Nordic requirements for reserves in islanded operation
(FCR}), we propose an expansion that allows prioritizing among
various reserve providers accounting for different isolated grid
conditions. The study case of a complex, isolated industrial grid is
selected to test this approach. The stability of this grid is evaluated
via eigenvalues and participation factors considering the detrimen-
tal effects of constant power loads. It is demonstrated that, by
prioritizing the reserve allocation to the faster converter-interfaced
storage devices and loads, the overall stability is increased in addi-
tion to allowing the turbogenerators to operate at a more constant
load. The results are supported by computer simulations of the
complex isolated grid in DIgSILENT PowerFactory and by labo-
ratory power-hardware-in-the-loop tests which compare the per-
formance of the proposed concept with the industry consolidated
droop control. The computer simulation models developed for this
article are made publicly available for reproducibility purposes.

Index Terms—Power system control, frequency control,
industrial power system control, energy storage, stability, dc-ac
power conversion.
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Energy storage system.

Energy storage system grid converter.
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Large disturbance FCR.
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Power electronic converter.
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Power management system.
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Renewable energy source.
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1. INTRODUCTION
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HE petroleum sector is responsible for a considerable
amount of the total greenhouse gas (GHG) emissions in
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many countries and is, simultaneously, one of the foundations of
their socio-economic development. For instance, approximately
20% of the total GHG emissions of Norway come from single-
cycle gas turbines in operation in the oil and gas (O&G) fields
in the Norwegian Continental Shelf (NCS) [1]. Considerable
emissions from the offshore O&G sector are also observed in
other nations as the United Kingdom [2] and the Netherlands [3].
As part of the effort to reduce such emissions, a floating wind
farm (WF) with eleven wind turbines (WTs) connected to two
0&G platforms isolated from the continent [4] has recently been
put in operation on the North Sea [5]. Such isolated indus-
trial system presents several challenges in the design, control
and operation, as for example, constant power load-induced
instabilities or the effects of active power imbalances. These
phenomena need to be addressed from the early design stage
by possibly adapting the control of generation units and by best
exploiting existing assets. The challenges of balancing excess or
underproduction from wind power in isolated O&G platforms
have been identified and assessed in [6], [7], [8]. For mitigating
wind variability in offshore applications, energy storage systems
(ESSs), both centralized [9], [10], [11] and distributed [12],
have been investigated in the literature. The operation of the
platform’s water injection system [13] as a flexible load in
conjunction with wind power has, for instance, been assessed
by [14], [15], [16].

Two critical operational aspects are the frequency control and
the continuous compensation of imbalances between consump-
tion and generation. These are normally counteracted by the
activation of distributed power reserves in a hierarchic man-
ner. Primary reserves perform a droop-based frequency control
responding automatically after power imbalances and limiting
frequency deviations in a time scale of seconds. Secondary
reserves are subordinated to the grid’s automatic generation
control, which brings the frequency back to its rated value within
seconds to minutes after power imbalances [17]. In the European
context, primary reserves are named frequency containment
reserves (FCR) and are coordinated nationally by transmission
system operators (TSOs) [18].

Three types of FCR have recently been defined for the Nordic
synchronous area, which includes the power grids of Finland,
Sweden, Norway, and eastern Denmark. These types are [19]:
normal operation frequency containment reserves (FCRy), large
disturbance frequency containment reserves (FCRp), and is-
landed operation frequency containment reserves (FCR;). FCRy
and FCRp cooperate in the interconnected system, whereas
FCR; are a simplified version of the pair FCRn;p that are
activated only during islanding events. The same provider can
supply any of these reserves, depending on the fulfillment of
technical requirements, which are evaluated in a qualification
process, and the grid operating conditions. Markets under the
responsibility of the national TSOs are expected to be established
for coordinating the availability and provision of these three
types of FCR in the Nordic synchronous area [20], [21], [22].

Only the FCRy are active when the grid frequency is within a
given band around the rated value. If the frequency goes outside
this band, the FCRy saturate and the FCRp are activated. This
frequency band is common to the whole grid and is defined
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by the TSO. When in interconnected mode, an FCR provider
may feature two different slopes in its power-frequency droop
characteristic, namely, one for operation as FCRy and another
one for operation as FCRp [19]. For larger frequency varia-
tions or in case of large rates of change of frequency, both
criteria being defined by the TSO, a primary reserve provider
must switch to the FCR; mode. In this mode, the reserve
provider adopts a single slope for its power-frequency droop
characteristic [23].

Offshore isolated industrial grids typically employ one of
three strategies for active power sharing between power gen-
erators [24], [25], [26], [27]: 1) all units operate in isochronous
mode, 2) one unit operates in isochronous mode while all
others operate in droop control, and 3) all units operate in
droop control with a centralized secondary frequency controller
located in the grid’s power management system (PMS). The
first strategy demands a fast communication link among the
generators implemented via an analog hardwired line or via
serial communication. In case of faults in this communication
line, the system defaults to the strategies with droop control
which are analogous to the FCR; operation defined for the Nordic
synchronous area. It is worth noting that, despite operating in an
analogous manner to FCRy, the generators in isolated offshore
installations are not required to fulfil grid codes defined by TSOs.

In this article, an expansion of the Nordic synchronous area
FCR; concept is proposed together with a theoretical frame-
work for the analysis of the distribution of reserves among
multiple providers. The single slope power-frequency droop of
the original FCRy is expanded into a segmented droop with
different regions for normal and for large disturbance operation.
To the best extent of the authors’ knowledge, the expanded FCR;
concept has not been explored in the offshore industry [24], [25],
[26]. It has neither been investigated in the literature of isolated
offshore O&G platforms expected to be connected to WFs with
the support of ESSs [10], [11], [28], without the support of
ESSs [7], [8], [29], [30], nor with inertial support provided by
the WTs [8]. Moreover, the extended FCR; concept was not em-
ployed in studies on the stability of power-intensive land-based
isolated grids fed by hydro, diesel, and coal-based traditional
synchronous generation that have to balance the intermittency of
aconsiderable wind or photo-voltaic (PV) contribution [31], [32]
and it was not employed in the literature of ac microgrids [33],
[34], [35] either.

This article analyzes the stability and performance improve-
ment due to the coordinated distribution of primary power
reserves based on the expanded FCR; concept in a relevant case
study representative of an O&G installation, using numerical
simulations in DIgSILENT PowerFactory 2020 SP2A and ex-
perimental validation. The impact of different contributions of
the traditional synchronous generators and converter-interfaced
devices controlling the grid frequency in the eigenvalues of the
system is assessed first. Then, the article presents experimen-
tal results obtained with real-time system (RTS) and power-
hardware-in-the-loop (PHIL) tests which proved to be efficient
tools for analysis and validation of devices and their controls in
isolated grids [36]. As demonstrated in Section VII, when com-
pared to the traditional droop control employed in the offshore
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0&G industry, the expanded FCR; provides better performance
especially in regard to frequency regulation and nadir.

The main contributions of this article are: (1) It presents an
expansion of the Nordic concept of FCRy and demonstrates with
numerical simulations and experimental tests the advantages,
from a frequency control perspective, of replacing slower turbo-
generators (GTs) by faster converter-interfaced ESSs as the main
providers of primary power reserves. Moreover, it shows that
this replacement causes a non-critical reduction in the damping
of oscillation modes associated with frequency measurement
transducers and controllers of constant power devices. (2) It
takes into consideration the negative effects caused by constant
power loads (CPLs) in the electrical grid, an issue commonly
overlooked in the literature of power-intensive isolated grids. (3)
It performs a comparison with an industry state-of-the-art con-
trol strategy that provides valuable insights for the application
of the extended FCR; in increasingly complex islanding sce-
narios in interconnected systems with traditional synchronous
generation, large participation of intermittent renewable energy
sources (RESs), and ESSs.

The article is organized as follows: the expanded FCR; con-
cept and the issues caused by CPLs are presented in Section II,
the sharing and the coordination of power reserves in an isolated
grid are explained in Section III, a theoretical approach for the
expanded FCR; concept via modeling and stability analysis is
performed in Section IV, the study case is introduced in Section
V, a validation of the theoretical analysis is presented in two
sections with a detailed stability assessment in Section VI and
an experimental validation with laboratory PHIL tests in Sec-
tion VII, a comparison between the proposed concept and an
offshore industry state-of-the-art control strategy is performed
in Section VIII, a discussion is made in Section IX, and, finally,
the concluding remarks are listed on Section X.

II. FREQUENCY CONTAINMENT RESERVES FOR OPERATION IN
ISOLATED GRIDS DOMINATED BY CONSTANT POWER LOADS

A. Frequency Containment Reserves for Isolated Operation

Large interconnected systems and isolated grids have to face
the challenges brought by an increased penetration of intermit-
tent RESs. In the Nordic synchronous area, primary reserve
providers are required to have two parameter sets, one for island
operation and another one for interconnected operation. In case
of an islanding event, the reserve provider must switch to the
FCR; mode and adopt a single slope for its power-frequency
droop characteristic [23], as illustrated in Fig. 1. Within this
context, an expansion of the single-slope power-frequency droop
characteristic of the Nordic FCR; concept into a segmented
one with different regions for normal and large disturbance
operation is proposed in this article, see Fig. 2. This expanded
concept is applied to a study case representing an O&G platform
connected to a WF and equipped with an ESS. For simplicity
of notation, the normal isolated operation reserves are named
FCRy and the large disturbance reserves for isolated operation
are named FCRyp. These new FCRy and FCRp, for isolated grids
are analogous to the ones for interconnected operation defined
in [19].
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Fig. 2. Proposed expanded FCR; characteristic of the system, adapted from

the FCRnyp for interconnected operation defined by [19].

The expanded FCISI characteristic of the system is illustrated
by Fig. 2. The limit fy between the regions of FCRy and FCRp
activation is defined in terms of the deviation of the measured
ac frequency f from its nominal value f;, namely f = f — f,.
FCRy are active and FCRp are inactive when the |f| < ﬁ\;
The value of fN is 0.1 Hz (0.2%) for the Nordic interconnected
grid [19]. However, isolated grids usually have to endure more
severe relative power imbalances and resulting frequency distur-
bances than a country or continental wide grid. For instance, the
recommended practices for the design of electrical power gen-
eration in merchant, commercial, and naval vessels [37] define a
tolerance of +3% for the “maximum permitted departure from
nominal frequency during normal operation, excluding transient
and cyclic frequency variations.” Hence, a value between 0.2%
and 3% will later be adopted for j~’N in Sections VII, and VIII. The
system is considered under a large disturbance when |f| > fN
In this condition, the FCRy are saturated at Py and the FCRp
are activated.

B. Constant Power Loads

WTs as well as solar PV panels can be considered constant
power sources (CPSs) as their controllers typically operate in
maximum power point tracking, in other words, tracking the
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optimum power for a given wind speed or solar irradiation [38].
Storage devices (SDs) connected to a common ESS dc link, as
the ones studied in [9], [10], can also run as CPLs or CPSs.
Isolated industrial grids can, moreover, serve a considerable
amount of CPLs such as variable frequency drives [13], [39].

Even though constant power loads and sources are known
to cause instabilities in dc microgrids [40], [41] and in ac
microgrids [42], [43], it is common in studies of the integration
of wind power supported by ESSs and by converter-interfaced
flexible loads (FLX) [9], [10], [14], as well as only supported
by an ESS [11], [28], to represent the total electrical load of the
isolated O&G platform as constant impedance loads (CZLs).
Power electronic oriented studies on CPLs in microgrids [44],
[45], moreover, tend to focus on the stability of the converters,
not in frequency control nor in the stability of the complete grid.
If combined with power electronic converters (PECs), CPL and
CPS also give rise to new instability phenomena both in micro
and in large interconnected grids [36], [46]. Remark that modern
type 4 [47] WTs, solar PV farms, ESSs, and some types of loads
are all connected to the grid via full-power PECs. Converter
driven instabilities, therefore, should not be overlooked when
integrating this equipment in isolated grids.

III. SHARING AND COORDINATION OF PRIMARY AND
SECONDARY RESERVES

The stochastic nature of wind can lead to an increased number
of start-stop operations and more variable load profiles for the
GTs of an O&G platform connected to a WF resulting in higher
wear and tear, unintended higher nitrogen oxides (NOy) emis-
sions, and an overall degradation of the electric power quality
and grid frequency stability [48], [49]. Therefore, coordina-
tion strategies that allow prioritizing converter-interfaced loads
(CILs) and ESS instead of GTs as the main source of power for
fast frequency control are key to a successful integration of wind
power into offshore O&G facilities. In this section, a hierarchic
frequency control structure that allows such prioritization and
employs the extended FCR; concept is explained.

A. Secondary Reserves

Fig. 3 depicts the frequency control structure of the study
case’s autonomous grid where reserve providers play a subor-
dinate role under a centralized PMS. The secondary frequency
controller, which is a part of the PMS, is responsible for cor-
recting steady-state errors in the frequency of the isolated grid.
It employs a proportional and integral (PI) regulator that reacts
to the frequency deviation and generates the total secondary

power reference Pg which is shared among two GTs and a pair
of fuel cell (FC) and electrolyzer (EL). The measured and filtered
value of the power delivered by the FC and EL, denoted by Prc
and Fgp, respectively, are deducted from the secondary power
reference sent to the governors of the GTs, see (1). Although not
represented in Fig. 3, the reserve providers have their own limits
for rate of change of power and the GTs have an extra input for
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Fig. 3. Hierarchic structure of the ac frequency control.

the base load power reference.

T
PE- = pEC = pg, PST = p§T? = w (1)

B. Primary Reserves

The distributed primary frequency control is performed lo-
cally at each reserve provider. All FCRy providers shall be
able to supply their allocated reserve power Py for a frequency
drop of ﬁ\l Conversely, the providers should absorb Py for a
frequency increase of '}T]\] Therefore, the frequency-to-power
gain of a FCRy provider is

Ky =N
N

[W/Hz] . (2)

When considered for the whole system, this gain is called regu-
lating strength in [19] and frequency bias in [17]. In this article,
it will be referred to as FCR gain or as frequency-to-power gain.
The FCRp frequency-to-power gain is defined as

_ o [W/Hz]. 3)

Jfo— /N

The total frequency-to-power characteristic of the system is,
therefore, a composition of the normal and large disturbance
reserves as illustrated in Fig. 2. The FCRp controllers feature
a dead band between :i:ﬁq which ensures that only the FCRy
are activated in normal operation, as shown in Fig. 3. Notice
that gains Ky and Kp do not necessarily have to be equal. It is
also worth reminding that the FCRy are saturated at Py and the
FCRp are activated when |f| > fx.

Kp
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C. FCR Controllers

The power contribution of the FCR prov1ders is a function of
f Each provider measures the ac frequency f and subtracts it
from the rated frequency f,, see Fig. 3. The resulting f is fed
to two proportional controllers, one for FCRy and one for FCRp.
Each controller has its own gain (K ), limiters (max, min), and a
symmetrlc dead band (fg,N and fN) The FCRN power reference

(PN) and the FCRp power reference (PD) are summed to the

secondary power reference (PS) which is given to the providers
by the PMS via communication link. The total power reference

X
output (P) has its own independent maximum and minimum
limits.

The PMS allocates a primary reserve quota to each provider
based on a security assessment, which takes into consideration
the grid operational conditions and the forecasts of loads and
RES. To receive a quota, the provider must be able to respond
symmetrically to both positive and negative variations in fand
deliver the total assigned reserve power Py (up or down) when
|f | fN Based on the assigned reserves, each provider calcu-
lates its gains Ky and K according to (2) and (3), respectively.
Remark that the transient response of each FCR provider does
not rely on a fast communication link with the PMS, as the FCR
control loops are implemented locally and fast dynamic changes
to the power allocation are not expected.

D. Role of Dead Bands in FCR

The normal operation and large disturbance reserves are prop-
erly coordinated by a dead-band block in the FCRp providers,
shown in Fig. 3. The limit frequency ]?N is unique for the system
and is known by all FCR providers. By adjusting the FCRp

dead band to fy, one guarantees that the large disturbance
reserves will only be activated once the FCRy are saturated. The

limits PN pmax and Pnin of each FCRy provider are assumed
to be symmetric and their absolute values are equal to Py.
Although not a desirable feature, a non negligible dead band
faon might be necessary for a proper operation of a specific
FCRy provider. In this case, calculating the gain Ky with (2)
leads to areduced FCRy capacity. If the provider requires a small
dead band for proper operation, the effects of the dead band can
be compensated locally by calculating the frequency-to-power
gain according to (4) without the intervention of the PMS.

Ky = —N @

SN

IV. STABILITY ASSESSMENT WITH A ROTATING MASS MODEL

Converter interfaced reserves have much faster responses than
traditional turbogenerators [50]. The benefits of these faster
responses can be evaluated, initially, with the classical rotating
mass model [51], [52]. For that, the spinning reserves of the
system (the GTs) are aggregated into a single rotating mass with
moment of inertia .J. The turbines apply torque to increase the
angular frequency w of the rotating mass, whereas the aggregated
electrical loads apply torque to reduce w. When expressed in
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terms of power, the balance of torque of this simplified model is

dw
J—
Ut
where w = 27 f, Pgcr is the power supplied by the FCR, Ps
is the secondary frequency control power, and P is the total
electric load power.
Let the following variables be introduced:

~ Prcr . PL—Ps ~ w—uwy
711 = = f = 6
25“ » PFCR Sn y P ) ( )

Sh Wn
where [ is the inertia constant of the spinning reserves, wy
is the nominal angular frequency, S, is the base power of the
isolated grid, prcr is the normalized power supplied by the
FCR, p is the normalized imbalance of power between load
and secondary reserves, and £ is the normalized deviation of
the system frequency.

By using the variables in (6) and assuming w ~ wy, (5) can be
re-written in the Laplace domain as (7), where s is the complex
angular frequency. The FCR provider features a proportional
controller and actuator that react to deviations in the system
frequency. In the Laplace domain, the FCR power response can
be represented in a simplified way as in (8), where k = Kw, /S,
is the normalized FCR gain and the delay introduced by the
actuator is modeled by a first-order low-pass filter (LPF) with
a time constant 7'. From (7) and (8), it is possible to obtain the
transfer function G(s) between p and £, as show in (9).

2HEs = Prcr — D @)
Eo

=k =
DFCR ST+ 1 ()
f(s)

sT +1
p(s)

2HTs? 4+ 2Hs + k

A constant imbalance of power p causes a steady-state vari-
ation in the system frequency that is inversely proportional to
the gain k. It is important to emphasize that the inertia constant
H does not influence the steady-state error. However, H, T',
and k play a role in how fast and how smoothly f reaches the
steady-state after a power imbalance. The damping ¢ and the
natural frequency of the system wy,, which can be calculated by
algebraic manipulation of (9), are a function of H, k, and T, as
shown in (10). The higher the inertia constant, the more stable
the system is. The longer the delay 7', the more oscillatory the
system is and the slower wy,c becomes.

c= L _ .k
“Voaorr o U= \apr

The FCR control strategy adopted in this article does not
include, on purpose, virtual synchronous machines (VSMs) nor
terms with the time derivative of the frequency. The reasons
for that are: 1) the equivalence between frequency droop and
VSMs has been pointed out by [53]; 2) enough physical inertia is
available in the study case presented in Section V due to the GTs;
3) the time delay 7" of the actuator controlling the primary reserve
power has a considerable impact on the damping of oscillations
in the system frequency, as indicated by the second order transfer

= Prcr + Ps — P (5)

2
H=J2

G(s) = &)

(10)
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function G/(s) in (9) and by ¢ in (10). The longer the delay of
the actuator, the more oscillatory the system becomes. As it will
be demonstrated in this paper, the primary frequency reserves
provided by a fast ESS improve the stability of the system even
without the use of VSMs.

When the primary reserve is provided by traditional GTs,
the total intrinsic delay of the governor and turbine is in the
order of hundreds of milliseconds [54]. However, if the primary
reserve is provided by an ESS, the delay drops by at least one
order of magnitude [50]. When 7" in (9) approaches zero, the
transfer function between the power imbalance and the system
frequency tends to a first-order low-pass filter. For the normal
operation of an isolated grid, a two-fold advantage is obtained
by allocating the FCRy to the ESS and leaving the GTs only with
FCRyp,. Firstly, the GTs are allowed to operate at a more constant
power which reduces the wear and tear of the mechanical parts.
Secondly, the system becomes less oscillatory even without a
VSM scheme or derivative terms at the ESS reserves.

A. Multiple FCR Providers

The balance of power in (7) can be written as (11) for a system
with n reserve providers that are modeled as first-order LPFs
with gains k; and delays T; as in (8). The resulting transfer
function G/(s) between pand f becomes of order n 4 1, as shown
in (12). A constant imbalance of power p causes a steady-state
deviation in £ that is inversely proportional to the sum of gains
k1 to k, and depends neither on the inertia constant nor on the
providers’ time delays, as demonstrated in (13) by the applica-
tion of the final value theorem to G'(s)p(s) when the unbalance
p(s) is a step with amplitude p. However, H, delays T;, and
gains k; concurrently affect the location in the complex plane of
the poles of G(s), in other words, they influence the damping
and natural frequency of the system’s oscillation modes. It is,
nonetheless, important to remark that the linearized rotating
mass model which results in (9) and (12) disregards the involved
dynamics of the electrical grid. Although a thorough stability
analysis demands a more sophisticated model, this simplified
approach gives valuable insights on the roles of the system’s
inertia, gains, and time delays. The interested reader may find
more information on conditions for robust frequency stability of
power grids in [55].

- _ " i k; ~
2Hf5:pFCR_p:_<i_1 .sT,;+1)f_p (11)
£(s)
Gls) = =2
(#) p(s)

_ — Il (T + 1)

(Hs Ty (5Ts+ 1)) + X5y (5 Ty 6T 1)
(12)

N PR o —p
thﬁlglc £(t) = ilg[(l) sG(s)p(s) = thﬁrrolof(t)—722;}:1 B

13)
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TABLE I
SIMULATION DATA FOR FIG. 4, AND 5

Parameter Value

Total apparent power GTs 88 MVA

Electric load 44 MW

Total FCR gain 12MW /Hz

System inertia constant 2.5s

ESS time constant 50 ms

GTs fuel valve time constant 0.1s

GTs turbine time constant 0.4s
= 50.00 -
= —— GTs only
5 49.95 GTs+ESS
S D =Nt ESS only
g
s 49.90 A

0 5 6 7 8

Time (s)

Fig. 4. Frequency during a step load of 1.2 MW with different sharing of
FCRy between ESS and GTs.
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Fig. 5. Eigenvalues with linearized rotating mass model for a total gain of
12 MW /Hz and different sharing of FCRy between ESS and GTs.

B. Modal Analysis

Itis interesting to assess the stability of the study case with the
simplified model given by (11) when the FCR is shared between
two GTs and the ESS. For that, the normalized pgcr is split into
three components, one for the ESS and two for the GTs. The
ESS component is modeled as a first-order LPF. For the GTs,
two first-order LPFs are used in series representing the fuel valve
and turbine delays. The model data is shown in Table I. The total
power-to-frequency gain of the FCR is setto Ky = 12 MW /Hz
and is shared between the GTs and ESS. This gain is reasonably
high when compared to the installed GT power of 88 MVA and
the electric load of 44 MW. For large interconnected grids in
North America, the typical gain in W/Hz is on the range of
10 % of the peak demand in W [17].

Figs. 4 and 5 show, respectively, the frequency after a step
load of 1.2 MW and the eigenvalues of the system obtained with
MATLAB Simulink R2018a for seven different FCR sharing
configurations as listed on Table II. The model and dataset
are available at [56]. The frequency nadir (the minimum value
attained after the step) in Fig. 4 is greatly improved by shift-
ing the primary reserves from the slower GTs to the faster
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Fig. 6. Single line diagram of the study case.

TABLE II
FCRy SHARING VALUES AND CHART INFORMATION FOR FIG. 4, 5, 8, AND 9

Chart legends | GTs | GTs+BTC+FLX | BTC+FLX
GT12 Ky[MW/HZz | 6 |5 4 3 2 1 0
BTC Kn [MW /Hz] 0 1 2 3 4 5 6
FLX Kn MW/ Hz 0 1 2 3 4 5 6
Line style — _
Marker + *

converter-interfaced ESS. In Fig. 5, for all FCR configurations,
the eigenvalues associated with the ESS are not oscillatory and
lie on the real number axis. The governors are associated with the
only oscillatory mode. When only the GTs are supplying FCR,
this mode features a natural frequency of wp, = 1.651rad/s
and a damping of ¢ = 0.606. These are the same wy,, and ( one
would obtain with (10) if the GTs, with gains and time constants
in Table I, were aggregated into a single unit modeled with one
first-order LPF. Notice, also, that the more the reserves shift
towards the ESS, the more the oscillatory mode moves towards
the real number line. When only the ESS provides FCR, the
imaginary parts of all eigenvalues are zero.

V. STUDY CASE: AN ISOLATED INDUSTRIAL GRID

The study case used in this article is based on an exist-
ing O&G platform in the North Sea. The platform operates
isolated from the continent and is fed, in normal operation,
by two 35.2 MW aero-derivative single-cycle GTs. A techno-
economical study [49] suggested that a reduction of approxi-
mately 30% of the annual CO5 emissions can be achieved if

the platform were connected to a 12 MW floating offshore WEF.
The reduction, however, relies on the installation of a centralized
hybrid ESS with 4 MW proton exchange membrane (PEM) fuel
cells and 6 MW PEM electrolyzers. A set of three 4 MW WTs
was used by [9] as a prospective scenario for proposing a sizing
methodology for the platform’s hybrid ESS. This same scenario
was also used by [10], [57]. Fig. 6 shows a single-line diagram
of the study case. The average electrical load of the platform
is 44 MW. Each of the 35.2 MW GTs alone is not able to feed
the platform. Additionally, the thermal load of the industrial
processes [13] requires one of the GTs to be in operation
at all times. Due to safety concerns, the prospective scenario
investigated by [9], [10], [57] assumed that two GTs would still
operate simultaneously even with full production from the WE.
The premise of two GTs operating at all times is kept in this
article to allow the re-use of the aforementioned scenario.

The loads of the study case are divided into three groups in
Fig. 6. The first group represents the platform’s water injection
system, whose variable frequency drives can act as flexible
loads (FLX) and provide primary frequency control reserves.
For simplification purposes, the whole water injection system
is grouped under a single 8.5 MVA active-front-end PEC. The
second load group aggregates 26 MW of CPL which are mod-
eled as instantaneous constant power consumers, in other words,
there are no delays associated to them. The third group gathers
11 MW of CZL. Both CPL and CZL can be changed in steps
for testing the dynamic characteristics of the model.

The FLX are modeled as a single ideal controlled current
source feeding a dc link. The current supplied by this controlled
source depends on the power consumed by the flexible loads
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Fig. 7. Current reference calculation for the controlled current sources FLX,
WT1, WT2, and WT3 in Fig. 6 that operate as CPL or CPS.

(FLX) and on the dc-link voltage. Fig. 7 illustrates the calcula-
tion of the reference for the FLX controlled current source. The
dc voltage measurement is modeled as a first order LPF with
a time constant 7,. The flexible loads grid converter (FLXGC)
interfaces the dc link to the platform’s ac grid. It operates as a dc
voltage controller and, in addition to that, regulates the reactive
power exchange with the grid to zero.

The WTs with their wind turbine grid converters (WTGCs)
are modeled in a similar way to the flexible loads and FLXGC.
The turbines including generator and machine side converter
are simplified to a single controlled current source that supplies
constant power even when the dc-link voltage varies. Fig. 7
illustrates the calculation of the references for the WT controlled
current sources. Similarly to the FLXGC, the WTGCs operate as
dc voltage controllers and regulate the reactive power exchange
with the grid to zero. As the back-to-back PECs employed in
modern type 4 WTs isolate the mechanical oscillation modes
from the states on the electrical grid side [58], this simplified
representation of the wind turbine units can be adopted.

For counteracting wind variability, a hybrid ESS is employed.
A fast energy storage device (ESD) composed of a battery and
a dc/dc converter provides reserves for the short term wind and
load variations. The main goal of the battery is to reduce the
burden of the GTs on the fast frequency control. The pair of
electrolyzer and fuel cell form one single ESD. Energy is stored
as hydrogen when there is wind overproduction and hydrogen is
transformed into electricity when there is little production from
the WE. Even though the reactive power provided by ESSs can
have an important role in avoiding the loss of synchronism of
nearby machines in the event of faults [59], the energy storage
system grid converter (ESSGC) of the study case keeps the
reactive power exchange with the grid equal to zero. Reactive
power support from the ESSGC is going to be addressed in a
future work. Similarly to the grid converters (GCs) of the FLX
and WTs, the ESSGC also runs as a dc voltage controller. The
choice of setting the GC as a dc voltage regulator while the
ESDs provide power to the dc link has been previously addressed
by [10], [60]. The PowerFactory models developed by [10],
which are publicly available at [61], are used as base for this
article.

VI. DETAILED STABILITY ASSESSMENT

The mechanical rotating mass model which results in the
transfer functions (9) and (12) disregards many interactions be-
tween the devices of the platform. Therefore, CPL and converter-
driven instabilities are not captured by these transfer functions.
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Fig.8. Voltage and frequency at the main busbar during a step load of 1.2 MW.

To gain an insight into these complex interactions and to vali-
date the results of the simplified stability assessment presented
in Section IV-B, computer simulations were performed with
DIgSILENT PowerFactory 2020 SP2A. Due to brevity concerns,
the consolidated tuning techniques in line with industrial and
academic praxis employed for the various controllers in turbine
governors, excitation systems, and PECs are not discussed in
this article. Nevertheless, the interested reader may find more
information on electrical power systems in [51], [52], on the
models employed in this article in [62], on turbine governors
in [54], on excitation systems in [63], on traditional tuning
techniques for PI controllers in [64], and on the tuning of ac
current and dc voltage regulators applied to PECs in [65]. It
is important to remark that the models and datasets used for
obtaining Figs. 5, 8, and 9 are available at [56].

Fig. 8(a) shows seven instances of frequency changes caused
by a step load of 1.2 MW. The frequency shown is the one
at the platform’s main busbar measured with a phase-locked
loop (PLL) [66]. The FCRy sharing is different in each of the
seven instances as listed on Table II. The step load is applied
at t = 1s. Within the next 4s, the frequency reaches a new
steady state at 49.9 Hz. The response when the GTs are the only
FCRy providers is shown in solid red. In this case, the minimum
value reached by the frequency (known as nadir) is 49.886 Hz.
The responses when the FCRy are shared between GTs, battery
converter (BTC), and FLX are shown in dotted gray. The dash
dotted blue curve denotes the response when only BTC and FLX
provide FCRy. From a frequency control perspective, the system
becomes more stable as the FCRy contribution is shifted towards
the BTC and FLX. These faster primary reserves improve the
nadir. It is worth comparing the response in Fig. 8(a) to the
one obtained with the simplified rotating mass model in Fig. 4.
Although very similar, the detailed modeling with DIgSILENT
PowerFactory 2020 SP2A shows that other complex interac-
tions can destabilize the grid. The response of the main busbar
voltage, for instance, becomes slightly less damped (Fig. 8(b)).
The voltage control dynamics of the active front-end converters
ESSGC and FLXGC should always be considered in a thorough
stability analysis.

When the steady state is reached in the simulations shown in
Fig. 8, the eigenvalues of the system are calculated together with
the participation factors of each state in each eigenvalue. The
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Fig. 9. Complex plane with eigenvalues, for legend information see Table II.

result is shown in Fig. 9. See Table II for information regarding
chart legend and markers. The devices whose internal states
have a participation factor higher than 50% are named on the
side of some specific eigenvalues. The real and imaginary axes
are partially linear and partially logarithmic in Fig. 9(a). Both
axes of Figs. 9(b) and (c) are linear. Constant damping (¢) lines
are plotted to help identifying the more oscillatory eigenvalues.
The system is stable in all configurations and, as expected, all
eigenvalues have negative real parts.

Fig. 9(a) shows an overview of the complex plane. The neg-
ative half of the imaginary axis is mostly omitted as oscillatory
modes appear as complex conjugate eigenvalues. The eigenvalue
related to the BTC and the battery main reactor (BTL) leave
the real number line and reach a damping of ¢ = 0.94 with a
natural frequency of 22 rad /s when the reserves are exclusively
supplied by the BTC and FLX. The modes related to fuel cell
converter (FCC) and fuel cell main reactor (FCL) are marked
with FCC,FCL and the ones related to the electrolyzer converter
(ELC) and electrolyzer main reactor (ELL) are marked with
ELC,ELL. The eigenvalues related to the wind turbines includ-
ing its converters are clustered together and are marked with
WTs. The modes associated with the FCC, ELC, and WTs are not
affected by the FCRy sharing. They are, nevertheless, influenced
by the tuning of the controllers of their PECs. However, due
to brevity concerns, the influence of controller tuning in the
location of these eigenvalues will not be investigated in this
article. It is worth noting, though, that FCC, ELC, WTs, and
BTC operate as constant power devices. Other eigenvalues worth
remarking are the ones associated with the excitation system of
the turbogenerators (Excs), the ones related to the grid converter
of the ESS (ESSGC), and the ones related to internal states of
the turbogenerators (GTs).

Fig. 9(b) shows a detail of the complex plane with eigenvalues
related to the frequency measurement (performed with PLLs)
of the flexible loads (FLXpll), battery converter (BTCpll), and
secondary frequency controller (SECpll). When the reserves are
provided by the GTs only, three eigenvalues are clustered close
to the point —5 + 52.25. Each of those eigenvalues is related to
one frequency measurement device. Once the FCRy is shifted
from the GTs to the FLX and BTC, two eigenvalues start to
move towards less damped regions of the complex plane. States
of the PLLs of the BTC and FLX have a participation factor

above 50% in these eigenvalues. The eigenvalue related to the
secondary frequency controller PLL, however, is not affected by
the sharing of FCRy.

Fig. 9(c) presents a detailed view including the oscilla-
tion modes associated with the governors and turbogenerators
(Govs,GTs). The dynamic of this mode coincides with the one
observed in Fig. 5. As indicated by the gray + markers, the
less the GTs provide FCRy, the more this eigenvalue moves
towards the real number line. The other oscillatory eigenvalues
in Fig. 9(c) are not affected by changes to the FCRy sharing.
They are associated with internal states of the excitation systems
(Excs) and turbogenerators (GTs).

It is important to remark that eigenvalue analyses rely on
approximating a nonlinear system, which should be at the
steady-state operating point of interest, to a time-invariant linear
model [67]. The analyses performed in Section IV-B and in
this section are inadequate for predicting system stability after
large perturbations which excite nonlinear features, that force
controllers to switch parameter sets, or that result in changes
to the grid topology. Therefore, eigenvalue analyses cannot be
employed to evaluate the transition period while the FCRp, are
already activated and the FCRy are not yet fully settled at
their maximum contribution due to actuator delays. To enable
the study of the dynamic response to large disturbances of the
expanded FCR; proposed in this article, including the effects of
nonlinearities as saturations and dead bands, a reduced-scale
PHIL test setup is implemented. This setup is validated in
Section VII and the response to a large disturbance which forces
FCRy and FCRp to interact is shown in Section VIII.

VII. VALIDATION OF THE POWER HARDWARE IN THE LOOP
TEST SETUP

In this section, the PowerFactory model used in Section VI
is compared to a model running in a RTS [68] in a scaled-down
PHIL test setup at the National Smart Grid Laboratory of NTNU,
as seen in Fig. 10. This test setup is also employed later in
Section VIII for comparing the performances obtained with
the proposed extended FCR; concept and with a state-of-the
art technique employed in power-intensive isolated industrial
grids. The hardware under test is composed of the ESSGC,
dc link capacitance, and inductive-capacitive-inductive (LCL)
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Real-Time Grid Emulator Transfrmer Power Electronic Converter
Simulator ac & dc ESSTR ESSGC, ESSCqyc, ESSRac, ESSLyc, and ESSCyc
Fig. 10. PHIL setup at the National Smart Grid Laboratory.
TABLE III
SCALED DOWN PHIL AND FULL SIZE CONVERTER DATA
Device Quantity Full-Scale Converter (SW PowerFactory)  Scaled-Down Converter (PHIL)
ESSGC (ac side)  Apparent power 10 MVA 1pu 14.3kVA 1pu
Voltage 690V 1pu 115V 1pu
Current 8367 A 1pu T2A 1pu
ESSGC (dc side)  Voltage 1200V 200V
Current 8333 A 71.7TA
ESSTR Transformer ratio 11kV / 690V 400V / 400V
Short-circuit inductance (from LV)  12.1uH 0.08 pu 316 uH 0.108 pu
Short-circuit resistance (from LV) 238 uQ2 0.005 pu 49.37m) 0.0535 pu
ESSLac Main reactor inductance 25.8uH 0.17pu 500 uH 0.17 pu
Main reactor resistance 952 us) 0.02 pu 20mQ2 (estimated)  0.0217 pu
ESSCyc Capacitance 3.343mF 0.05 pu 50 uF 0.0145 pu
ESSRac Damping resistance 18.16 m2 (series)  0.381 pu 47k (parallel) 50967 pu
ESSCqc Capacitance 69.4mF H = 5mst 14mF H =19.5ms!
T H equals the energy in the capacitor at rated dc voltage divided by the converter rated apparent power.
P ESSGE sl ESSTR 3% defined for normal operation in the recommended practices
Cc ~ ac ac ..
grid : B grid for maritime vessels [37].
emulator L ESSC ESSR emulator In this section, a step load of 3 MW is chosen as test transient
ESSCyc T for comparing the scaled-down PHIL setup against the Power-
Factory model. According to [9], this is the maximum expected
Fig. 11.  Scaled-down PHIL test rig. load variation under normal operational conditions with 99.9%

filter. These devices are marked with a dashed rectangle in Fig. 6
and their connections to the ac and dc grid emulator [69] are
illustrated in Fig. 11. The ac grid emulator runs as a controlled
voltage source and is connected to the high voltage side of
ESSTR. The dc grid emulator runs as a controlled current source
and feeds the dc link of the ESS with the net current coming from
the ESDs. The scaling of the hardware under test is presented in
Table II1.
Three test cases are devised for the experimental results:

Case 1 — FCRy provided only by the GTs;
Case 2 — FCRy shared between BTC and GTs;
Case 3 — FCRy shared between BTC and FLX.

For all cases: the total available FCRy is Py=3 MW, the
FCRp are provided only by the GTs, the boundary for normal
and large disturbance operation is ﬁ\; =1Hgz, and the total FCRp,
gain is 6 MW /Hz concentrated only in the GTs. The value of E\I
represents 2% of the rated system frequency, which is larger than
the 0.2% limit required for the Nordic region [19] but lower than

of probability for the platform. The step load is divided between
CPL and CZL proportionally to their rated values. For all three
cases in this subsection, the FCRy providers operate with a
0.25% frequency dead band and their frequency-to-power gains
are compensated with (4). It is worth remarking that, given the
choices of Py and ]?N a step load of 3 MW does not activate the
large disturbance reserves.

The comparison of the PowerFactory model and the PHIL
setup are shown in Fig. 12. The results obtained with power-
hardware-in-the-loop are marked with “PHIL” and the ones
obtained with PowerFactory are marked with “SW”. Initially,
the system is in steady state and the ELC is absorbing power
(Fig. 12(i)). At t=10s, the step load of 3MW is applied
(Fig. 12(e)). The initial transient caused by the step load is
noticeable at the busbar voltage (Fig. 12(a)) and at the total
power supplied by the WF (Fig. 12(c)). The imbalance of power
of 3MW is, initially, fully covered by the GTs (Fig. 12(d))
and causes the ac frequency to drop (Fig. 12(b)). When the
FCRy are shared between BTC and GTs (Case 2), the burden
on the GTs is quickly halved. For Case 3, when the FCRy are
provided exclusively by the BTC and FLX, the power of the
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Fig. 12.  Validation of the PHIL test bed with the PowerFactory model (marked as SW). Responses to 3 MW step loads with three different sharing of FCRy.

For clarity purposes, the WTs mechanical power is fixed and the action of the secondary controller after the frequency changes is delayed.
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Fig. 13.  Comparison between the extended FCR; concept and the industry state-of-the-art droop. Responses to a loss of 11 MW production from the

WEF: FCRn4p Case 3 in blue, traditional droop in red. The secondary controller responds to the frequency changes without intentional delays. Effects of wind

turbulence in the power delivered by the WTs are considered.

flexible loads (Fig. 12(f)) is reduced proportionally with the
frequency deviation. This, together with the power delivered
by the batteries (Fig. 12(h)), drives the generator power back to
the level of before the step. The secondary frequency controller
is activated at t=30s. The ELC is quickly shut-down and the
FCC (Fig. 12(g)) slowly starts to supply power regulating the
frequency back to the nominal.

VIII. EXTENDED FCR; VERSUS INDUSTRY STATE-OF-THE-ART

In this section, the extended FCR; concept is compared to
the industry state-of-the-art droop with centralized secondary
frequency controller. Case 3 from Section VII is selected for
this benchmarking. The dead bands previously adopted for the

FCRy providers are now set to 10 mHz. For the traditional
droop scenario, the total frequency-to-power gain of 3 MW /Hz
is divided among the primary reserve providers in the following
manner: 0.5 MW /Hz is assigned to each GT, 1 MW /Hz is
assigned to the BTC, and the remaining 1 MW /Hz to the FLX.
The turbulence effects on the WTs are now considered, see [9],
[56].

Fig. 13 shows the comparison of the performance of the
traditional droop method and the FCRy,p Case 3. At t=10s,
11 MW of wind power production is lost, as seen in Fig. 13(c).
The PI regulator of the secondary power controller reacts to
the frequency variation without intentional delays and changes
the secondary power reference causing the ELC and FCC
to respond (Fig. 13(f)). The difference between the required
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secondary power and the measured delivered power by the ELC
and FCC is sent as reference to the GTs, as specified in (1).
For that reason, the mechanical power delivered by the turbines
to the synchronous generators (Fig. 13(d)) contains both the
droop and the secondary power response. The FCRn;p Case 3
prioritizes the BTC and FLX as providers in normal operation.
The 11 MW production loss leads those FCRy providers to
saturation (Fig. 13(b) and (e)) when the frequency crosses
49 Hz (Fig. 13(a)). A possible shortage of power caused by the
saturation, however, is automatically covered by activation of
the FCRp from the GTs. By defining fN and calculating the
gains Ky and Kp with (2) and (3), one ensures that an eventual
saturation of the FCRy providers is automatically covered by
the activation of the FCRp.

IX. DISCUSSION AND FUTURE WORK

The main advantage of the extended FCR| concept when com-
pared to the traditional droop method is the flexibility provided
for the selection of which units will be responsible for normal
operation reserves and which ones will be responsible for the
large disturbance reserves. Additionally, the proposed concept
enables the choice of different frequency-to-power gains for
the different operating conditions in isolated grids. It is also
important to remark that the same provider can participate as
both types of reserves depending on technical or economical
reasons.

The provision of primary reserves by the faster ESS and FLX
lessens the burden of the slower GTs with frequency control
which leads to reduced wear and tear of the turbine governors,
reduced NOyx and COgy emissions, and an improved overall
electric power quality in the platform. Although the higher
participation of the faster reserves results in a more damped
response of the frequency after sudden load changes, there is
a non-critical increase in the oscillations at the main busbar
voltage. Therefore, interactions between the excitation system
of the GTs and the reactive power control of the ESSGC need
special attention. Additionally, the tuning of the ESS and FLX
frequency measurement devices needs to be carefully performed
as the oscillation modes associated with them move towards less
damped regions of the complex plane when the contributions of
these providers increase. Nevertheless, the eigenvalue analysis
and dynamic simulations performed with PowerFactory and the
results obtained with the PHIL test setup indicate that the bene-
fits, from a grid stability perspective, outweigh the disadvantages
of increasing the share of converter interfaced FCRy reserves for
primary frequency control in isolated grids.

As the total allocated reserve power is maintained by the PMS,
a higher participation of the battery in the primary frequency
control means a higher FCR gain in the BTC and a lower gain in
the governors. This results in increased damping of an oscillation
mode associated with governors and GTs, whereas oscillation
modes associated with the BTC and battery main reactor (BTL)
become less damped. While the reduction in damping of the
BTC and BTL modes is not critical, as ( is still larger than
0.87, the increased damping of governors and GTs modes is
much more expressive, from ¢ = 0.64 to the real number line.
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Notwithstanding, there is a series of modes with ( close to or
lower than 0.5 which are associated with constant power devices
as the fuel cell, electrolyzer, and WTs. Different tuning strategies
for the controllers of these devices influence the location in
the complex planes of these oscillation modes. However, an
assessment of such tuning strategies is considered outside the
scope of this article and will be addressed in a future work.

There are a few discrepancies between the results obtained
with the PHIL setup and the PowerFactory simulations. The
most noticeable one is in the FCC power which is due to
higher losses in the scaled-down hardware devices (denoted by
ESSGC, ESSL,., and ESSTR in Figs. 6, and 11) that are not
present in the PowerFactory simulations. Normalized resistive
losses in laboratory equipment as transformers, reactors, and
converters tend to be higher than the normalized losses in their
full-scale counterparts. A compromise between reducing losses
and matching reactance and capacitance values in pu has to be
made for a scaled-down PHIL test. This topic is addressed in
more detail in [70].

X. CONCLUSION

In this article, the Nordic synchronous system concept of
islanded operation frequency containment reserves (FCRy) was
expanded and subdivided into two categories. This strategy of
categorized FCR;y was applied to the study case of an isolated
complex industrial system which is fed by traditional GTs and by
a WF, is dominated by CPLs, equipped with fast flexible CILs,
and supported by an ESS. The analyses performed in this work
took into consideration the detrimental effects of the CPLs and
demonstrated that the overall stability of the system increased
by shifting the primary power reserves from the slow GTs to the
fast ESS and CILs. This also allowed the GTs of the study case
to operate at a more constant power, which has the potential
to reduce wear and tear in the turbine governors. While the
reduction in the damping of oscillation modes associated with
the CPLs and the PECs were not critical, the oscillation mode
associated with the slow turbine governors were considerably
damped when ESS and CIL reserves were prioritized. The
results of this article were supported by computer simulations,
made publicly available, and PHIL tests. They demonstrate the
versatility of the expanded FCR; concept for coordinating fast
primary power reserves in autonomous grids with increased
participation of non-synchronous intermittent RESs.
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