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Abstract: The increasing complexity of power systems has warranted the development of geographically distributed real-time
simulations (GD-RTS). However, the wide scale adoption of GD-RTS remains a challenge owing to the (i) limitations of state-of-
the-art interfaces in reproducing faster dynamics and transients, (ii) lack of an approach to ensure a successful implementation
within geographically separated research infrastructures, and (iii) lack of established evidence of its appropriateness for smart
grid applications. To address the limitations in reproducing of faster dynamics and transients, this paper presents a synchronous
reference frame interface for GD-RTS. By means of a comprehensive performance characterization (application agnostic and
application oriented), the superior performance of the proposed interface in terms of accuracy (reduced error on average by 60%
and faster settling times) and computational complexity has been established. This paper further derives the transfer function
models for GD-RTS with interface characteristics for analytical stability analysis that ensure stable implementations avoiding the
risks associated with multiple Rl implementations. Finally, to establish confidence in the proposed interface and to investigate
GD-RTS applicability for real-world applications, a GD-RTS implementation between two Rls at the University of Strathclyde is

realized to demonstrate inertial support within transmission network model of the Great Britain power system.

1 Introduction

The transition of power system operation and control from a cen-
tralized to decentralized and distributed paradigm has brought forth
challenges in validation and de-risking of novel solutions in sup-
port of their accelerated roll out and adoption. Recognizing the
limitations of any single research infrastructure (RI) to support the
transition, the concept of geographically distributed real-time sim-
ulations (GD-RTS) enables exploitation of the complementarity of
diverse equipment, models and expertise to address the challenge
[1-3]. With the first reported use of the term GD-RTS within the
power systems context reported in 2006, deployments to date around
the world span across continents - a transatlantic implementation
[4], transpacific implementation [5] and a transoceanic link between
Europe and Southeast Asia [6].

Technologically, advancements in GD-RTS have been realised
on two fronts, improving the communications (comprising network,
protocols, time delay determination and compensation) between
the two RIs and enhancing the interface (comprising the interface
algorithm , interface signals and corresponding transformation). As
the information exchange between two geographically separated RIs
is typically over the Internet, there is only minor enhancement to
the network that can be made by the power system community.
However, incremental advancements in protocols [7], time delay
determination [8] and compensation [9] have been reported.

The interface algorithm defines the interconnection approach of
the two subsystems of the GD-RTS. A number of interface algo-
rithms have been described in the literature for power hardware-in-
the-loop (PHIL) setups, as summarized in [10], and can be readily
utilized for GD-RTS setups, owing to similar electrical subsys-
tem division and real time operation. Through extensive experience
gained from PHIL simulations, the ideal transformer method has
established its dominance as the "go to" choice for GD-RTS inter-
face algorithms given its straightforward implementation and good
stability performance[11]. The use of instantaneous time domain
representation of interface signals was shown to be inappropriate
for GD-RTS due to the lack of an approach to compensate for
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the time delay and significant distortion introduced by time vary-
ing communications delays [12]. The interface signals are therefore
transformed before their exchange over the Internet. To allow elim-
ination of the effect of the time delay on the interface electrical
waveforms, the exchange of interface signals in the form of Root
Mean Square (RMS), frequency and phase angle was proposed
in [13] and alternatively using Fourier coefficients (referred to as
dynamic phasors) in [14]. Although the incorporation of phase infor-
mation allowed for the effect of time delay to be compensated in
the RMS approach, reduced fidelity for adequate reproduction of
waveforms under dynamics and transients in comparison to that of
phasors was highlighted in [15]. Phasor interface, currently acknowl-
edged as the state-of-the-art, suffers from two shortcomings: (i)
reduced speed of response, limiting faster transients reproduction
(such as phase shifts) due to its windowing characteristic [14] and
(i1) high computational complexity [7]. To address the challenge of
increased computational complexity on resource constrained real-
time simulators, an external FPGA node exclusively for phasor
decomposition and exchange was discussed in [16]. However, this
leads to additional costs (for FPGA node) and increased delays due
to additional interface requirements (between the real-time simulator
and FPGA node). As an alternative, a custom phasor decomposition
model using moving average filter was developed for real-time sim-
ulators in [7]. However, this still encompasses reduced speed due to
the windowing characteristics and the implementation has not been
rigorously assessed.

Similar to PHIL setups, the stability analysis of GD-RTS configu-
rations should be undertaken analytically to avoid risks of equipment
damage (if involved) and to save time. The analysis of tthe stability
of GD-RTS setups thus far reported has been time-domain simula-
tion based [17] , presenting a risk where stability is assessed upon
implementation and during run-time. Analytical stability assessment
and the impact of interface transformations have not been taken into
consideration. The interface transformation utilized can impact the
stability of the GD-RTS, similar to the improvement when a filter is
included in a PHIL simulation [11]. Therefore, the precise character-
istics of interface transformation techniques needs to be incorporated
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Fig. 1: Geographically separated real-time setup comprising two subsystems.

within stability analysis to optimally evaluate the use of the most
appropriate interface for each scenario.

With the primary objective of GD-RTS to enable the capability to
undertake high-fidelity large system validation studies, examples of
synchronously coupled setups in literature have so far been limited
to (i) small electrical circuits [4, 14] or (ii) setups where systems are
split across a stronger grid (e.g. transmission grid) and weaker grid
(e.g. distribution grid) [2, 15, 18]. Furthermore, applications have
been limited to slower dynamics studies (such as voltage control)
with some work on droop control reported in [19]. However, these
examples do not provide a rigorous assessment of the applicability of
the GD-RTS for smart grid applications that can enforce confidence
in its wide-spread utilization.

Therefore, the contributions of this paper are two fold: (i) advanc-
ing the state-of-the-art and (ii) establishing the art-of-the-possible,
as summarized below:

To address the shortcomings of the phasor interface, a novel
synchronous reference frame interface is proposed. Although syn-
chronous reference frame is an established transformation technique,
its incorporation within the interface algorithm and the correspond-
ing adaptations to enable GD-RTS presents novel knowledge appli-
cable not only to GD-RTS setups but directly translatable to PHIL
setups. Thorough comparative performance evaluation (application
agnostic and application oriented) with the state-of-the-art phasor
interface establishes its superior performance addressing the two
shortcomings of the phasor interface dentified.

To enable accurate analytical stability assessment of GD-RTS
setups, transfer function models of setups with phasor and syn-
chronous reference frame interface have been derived. In a step-
change from the state-of-the-art, the derived model allows for assess-
ment of stability of a GD-RTS setup incorporating the impact of the
transformation utilized. The stability analysis with derived model
applied to a reference system has highlighted the following use-
ful insights: (i) the use of a phasor interface inherently impacts the
stability of a GD-RTS due to its windowing characteristics equiv-
alence to a moving average filter, (ii) the proposed interface does
not inherently impact the stability, however, when required allows
for the stability of the setup to be enhanced by incorporation of a
low pass filter (LPF) with high cut-off frequency ensuring minimal
loss of speed of response and accuracy. This further demonstrates
the value of the model derived that will help potential users of the
GD-RTS approach to make an informed selection of interfaces and
also demonstrates the additional flexibility of the proposed interface.

The applicability of the interface to enable large scale system
studies has been established by two means: (i) demonstrating a com-
plex system split where a larger transmission network is split into
two synchronously coupled subsystems as opposed to the conven-
tional approach of stronger grid - weaker grid coupling, and (ii)
undertaking a rigorous assessment of a frequency control study to
establish confidence in the fidelity offered by the interface.

The remainder of the paper is organized as follows. The proposed
interface for GD-RTS setups is presented in Section 2, followed by a
derivation of the transfer function model of phasor and synchronous
reference interface for stability analysis in Section 3. A comprehen-
sive application agnostic performance assessment of the proposed
interface with the state-of-the-art phasor interface is presented in
Section 4. Section 5 presents an application oriented performance
characterization with GD-RTS implementation between two RI’s at
the University of Strathclyde, the Dynamic Power Systems Labo-
ratory and the Power Networks Demonstration Centre, wherein the
suitability of the proposed interface for frequency control within the
transmission system of Great Britain (GB) is established. Section 6
concludes the paper.

2 Proposed Interface for GD-RTS

A single line diagram of the GD-RTS setup comprising two subsys-
tems considered for this work is shown in Fig. 1 with the following
subsections detailing the different components that are used for the
interfacing of these subsystems.

2.1 Interface Algorithm

The interface algorithm defines the interconnection approach of the
two subsystems of the GD-RTS. A number of interface algorithms
have been described in the literature for PHIL setups, as summarized
in [10], and can be readily utilized for GD-RTS setups, the reason
being that these setups share the same electrical subsystem division
and real time operation. For the purpose of this work, the voltage-
type ideal transformer method (V-ITM) [20] where the voltage from
subsystem 1 end is represented at the subsystem 2 end using a con-
trolled voltage source, and the currents from the subsystem 2 end are
fed back using a controlled current source at the subsystem 1 end (as
shown in Fig. 1). This interface algorithm has been selected due to
its straightforward implementation and good stability performance

[11].

2.2 Interface Signals Decomposition

As is evident from the previous subsection, the choice of signals
that are exchanged at the interface is determined by the interface
algorithm chosen. For the given setup, the output interface signals
from subsystem 1 are the three phase voltages while the three phase
currents are the output interface signals from subsystem 2. As time
domain signals have been proven to be unsuitable for direct trans-
mission over packet-based communication [21], the instantaneous
values of the interface signals need to be transformed. A requirement
for choosing the transformation method for the interface signals
of GD-RTS is the capability of time delay compensation, which
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requires access to the phase of the signal [22]. The method cho-
sen at one end dictates the choice of interface signal reconstruction
at the other end. In this paper, Park’s transformation (dq0), also
referred to as synchronous reference frame transformation, is used
for performing the signal decomposition.

The voltage direct component (Ug), quadrature component (Ug)
and zero component (Ug) can be obtained from the instantaneous
three phase voltages (Ua, Uy and Uc) using:

2 9 9 3
2 3 cos(1t) cos It 5 cos !t+? 2 3
Ug 2 Ua
4Uq5:§ sin(1t) sin It 2 sin It 4upS
Uop 3 Uc
1 1 1
2 2 2
M

In a similar manner the current direct component (ig), quadrature
component (ig) and zero component (ig) can be obtained from the
instantaneous three phase currents (ia, iy, and ic):

2 2 3
2 3 cos(!t) cos It 3 cos It+ — 2 3
ig ia
4ig5=28 sin(1t)  sin It 2 sin 11+ 2 74i5
i 3 3 ic
1 1 1
2 2 2
(2)

2.3 Communications Protocol and Time Synchronization

The GD-RTS interface setup requires the exchange of information
from one subsystem to the other, and an appropriate communications
protocol and technology are required to be chosen. User datagram
protocol (UDP) has been selected as the communications protocol
to be implemented due to its suitability for real-time applications
[23]. The interface signals from each subsystem are packed into a
UDP packet and transferred to the other subsystem. As shown in
Fig. 1, subsystem 1 has five output interface signals, voltage dq0
components (Ug, Ug and Ug respectively), the phase of the volt-
age ( u), and the time stamp (Ty). Similarly, the output interface
signals of subsystem 2 are the current dq0 components (ig, iq and
ig respectively), phase of the current ( ) and the time stamp (Tj).
As the two subsystems are geographically separated, the exchange
of information can be completed via a number of technologies
over the internet. The technologies (for example, ethernet, fiber,
LTE, etc.) involved will depend upon the available communications
infrastructure interlinking the two subsystems.

The communication of the interface signals between the two
subsystems introduces delay that for the purpose of accuracy and
stability needs to be compensated. Accurate time delay compensa-
tion requires of an accurate measurement of the time delay [8]. For
GD-RTS, the only feasible option is to implement a time synchro-
nization method, either using public network time protocol (NTP)
over internet or global positioning system (GPS). A public NTP
would be an economical option, however the accuracy would depend
upon the reliability of the internet connection and the frequency at
which a ping for synchronization can be obtained. For reliable oper-
ation, GPS time synchronization becomes imperative, requiring a
GPS clock at either end of the GS-RTS setup.

For the setup under consideration, a GPS-based time synchro-
nization is utilized. The interface signals at each end (subsystem 1
and subsystem 2) are time stamped before being sent as part of the
exchanged signals over the interface.

2.4 Time Delay Compensation and Interface Signals
Reconstruction

Time delay is calculated at each subsystem end upon receipt of the
UDP packet by means of subtracting the time stamp of the UDP
packet from the current GPS time. The time it takes for the UDP
packet to reach from subsystem 1 to subsystem 2 is referred to
as the feed-forward time delay 4, and the time taken for UDP
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Addition of phase

compensation

Fig. 2: Phase compensation on instantaneous phase signal.

packet to reach from subsystem 2 to subsystem 1 is referred to as
feedback time delay ¢, . The feed-forward time delay advances
the reconstructed voltage at subsystem 2 in reference to the volt-
age at subsystem 1 by a phase equivalent to the measured time delay
calculated as

TFF = der 2 T 3)

where the frequency T, is the nominal frequency of each harmonic
component to be compensated. Similarly, the feedback time delay
advances the reconstructed current waveform at subsystem 1 in ref-
erence to the current at subsystem 2 by a phase equivalent to the
measured time delay calculated as

“fb = dep 2 fh “

The impact of time delay can be compensated while reconstructing
the waveform at each subsystem end by means of shifting the mea-
sured phase signal [9]. In this manner, the shifted waveform will
be equal to the ideal, non-delayed waveform. For an accurate com-
pensation, the feed-forward and feedback phase compensation term
("¢ and 7 fp), need to be adaptive to frequency, this is illustrated
as:
TFF = der 2 Thn
. (5)
b= dp, 2 T,

where the frequency fp,,, is the measured frequency of each har-
monic component under consideration rather than a fixed nominal
frequency. Using fixed nominal frequency results in steady-state
errors following any transient. The interface signals are recon-
structed using inverse Park’s transformation as:

2 Cos(lt+ "et) sin(1t+ ~¢f) 15 3
. 2 - Ug
4u 5_ §COS 1t 7+ ff sin It ?"— ff 12 4uq5
cos lt+?+ F sin !t+%+’ff %
(6)
2 cos(1t+ ") sin(Yt+ "p) 15 3
2 . 2 i

1t 4+ Tt —+7 d
gcos It S+ sin 1t =+ 7 124!(15
12 g sin 1t+2+7g 1 ©

3 3

@)

3 Stability Analysis of GD-RTS

In this section, the transfer function models of GD-RTS setups with
phasor and synchronous reference frame interface for stability anal-
ysis are derived and consequently utilized for a comparative stability
assessment of the proposed interface to that of a phasor interface.
The single input single output (SISO) representation of the GD-
RTS setup is presented in Fig. 3a and its open-loop transfer function



(a) SISO representation of GD-RTS setup.

(b) Representation of GD-RTS incorporating transformation transfer func-
tion.

Fig. 3: Representation of GD-RTS setups.

is de ned by
s Tyq
Zi(s)e ®)
Z3(s)
where Z1(s) and Z(s) are the series connected equivalent

Fo(s) =

wheref , is the frequency of tha™ harmonic under consideration.
The transfer function of the DFT with reconstruction can therefore
be de ned as

e (S SO)TW

GprTR(S) = 1 (17)

1
(s so)Tw
The analysis so far only considers the fundamental component,
however, if stability with multiple harmonic components is to be
analyzed with parallel DFT functions, the representative transfer
function is then described by the sum of each component transfer
function as

1

(S SO)TW
—_— e
So) Tw

1 (18)

Similar to DFT, the Park's transformatiodg0 also exhibits the
frequency shifting property. No Itering is applied to the fundamen-
tal component when utilizing the transform, with LPFs employed
for harmonic transformation. The transfer function can be therefore
represented by

1
SO) TW ch

— soT
Gdqor, (8) = 1+ (s e’d  (19)

impedances of subsystem 1 and subsystem 2 respectively. Thevherewy, represents the corresponding harmonic cut-off frequency.

time delayTy is the sum of the feed-forward and feedback delay
represented as

Td= dy + do ©)

Similar to the stability assessment of PHIL setups, the stability of
the GD-RTS setups can be evaluated with the Nyquist stability crite-

The GD-RTS open-loop transfer function with DFT can therefore be
represented as:

Z1(S)CoFTr, (S)CGpFT, (S)€ s To

rion [24, 25]. The assessment requires the determination of poles of

the closed-loop system equivalent to the zeros of the following two
characteristic equations [26]

1+ Fo(s)=0 (10)

det(l + Fo(s)) =0 (11)

wherel is the appropriate dimension identity matrix. Incorporating
the transfer function of the transformation, represente@as(s),
within the feed-forward and feedback loop of GD-RTS as shown in
Fig. 3b, the open-loop transfer function can be represented as

Z1(8)Grry (S)Grryy (S)E ST
Z3(s)

where the sufxesss andy, represent the transfer function in
feed-forward loop and feedback loop respectively. The windowing
characteristic of a discrete Fourier Transform (DFT) can be approx-
imated as a moving average lter, represented in continuous domain
as 1
Tws

Fo(s) =

(12)

Tws

1

S

e 1 e

Tws

Tw

Gorr (8) = (13)

]
whereTy is the length of the window. The frequency shifting prop-
erty of the Fourier transform shifts the input signal by, upon
decomposition and bf, during reconstruction. This shifting in fre-
guency does not impact the signal itself, however, its impact on the
approximated windowing characterist®pr1 (S) should be taken
into consideration for stability assessment. The frequency shifting
property can be represented as

x(t), X(s) (14)
x(t)et | X (s so) (15)

where, for the case under consideration,
so=j2fp (16)

F S) = 20
o(®) 7 (20)
and withdqQ as:

Z1(5)Gaqog,, (5)Guaor, , (S)e ° ™
F sS) = 21
o(s e (21)
Table 1 System values for Nyquist assessment
Subsystem 147) R;=1.2 L1 =3mH
Subsystem 24,) R2=1 L,=2mH
Other Tw =0.02s T4=600 s

Fig. 4: GD-RTS stability assessment.
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(a) Application agnostic performance characterization setup. (b) Dynamic response.

(c) Transient reproduction. (d) Harmonics reproduction.

Fig. 5: Application agnostic performance characterization setup and analysis.

With the GD-RTS transfer function representations at hand, the is shown in Fig. 5a, where two digital real-time simulators (DRTS)
stability is analyzed on an example GD-RTS system such as that offrom RTDS Technologies are utilized with the simulated model
Fig. 1. The parameters of the system are presented in Table 1 andun at a time step of 50s. This involves the decomposition of a
the results of the analysis are shown in Fig. 4. The system with- three-phase signal (voltage waveform in this case) in DRTS 1, trans-
out any transformation is referred to as the reference system and asnission over a local network using UDP (sent out of DRTS 1 to
can be observed from Fig. 4 (top left) is unstable with the chosen DRTS 2) with a static delay of 16 ms and its reconstruction using
parameters. The use of synchronous reference frame interface doethe same method with time-delay compensation in DRTS 2. As the
not impact the stability of the system as is evident from Fig. 4 (bot- signal being decomposed and reconstructed is sinusoidal, the metric
tom left). On the other hand, the use of phasor interface improvesused for comparison is the instantaneous error calculated as
the stability of the system (Fig. 4 top left). Typically, the use of a
transformation should not impact the stability of a system, however, =W W (22)
this improvement in stability is due to the DFT windowing char-

acteristic equivalence to a moving average lter. The typical use \yherevy is the reference waveform whild is the reconstructed
of a one cycle window length for a DFT, even though it improves \ayeform. The following sub-sections report the comparison in
the stability of the system, the dynamic and transient response argyetail.

negatively impacted as has been demonstrated in Section 4.1. The
proposed synchronous reference frame interface enables the use
a more traditional approach to improve the system stability, that is
the incorporation of a LPF on the feedback path of the system. The
assessment of stability of the system with the proposed interface
incorporating a feedback path LPF is presented in Fig. 4 (bottom
left). The incorporation of a relatively high cut-off frequency LPF

(2kHz) provides stability improvement similar to that of the pha-

sor interface with much faster response under dynamic and transien

9{.1 Steady State, Dynamic and Transient Performance

In this subsection, the performance of the two methods in steady

state condition, response to dynamic and transient events is com-

pared. Here, steady state refers to the condition when there is no

change in frequency, dynamic event refers to a change in frequency
ver seconds, whereas a change in frequency over milliseconds is
ttributed to a transient event.

events. The results of the comparison for phase a of the three-phase sig-
nal are shown in Fig. 5b and 5c. As can be observeddégrthe
steady state error is 0V and for a dynamic event the error is less

4  Application Agnostic Performance than 0.5V. In comparison, the phasor interface presents a continu-

Characterization of Proposed Interface ous error in steady state of up to 2V and a varying error up to 4V

during the dynamic event. From Fig. 5c¢, it can be observed that the
In the literature, the use of phasors for transmission of interface instantaneous error upon sudden change in frequency is relatively
signals over packet-based communications has been consistentiigh for both the proposed and phasor interface. However, the error
reported, with claimed bene ts of improvement in delity and sta- for the proposed interface returns to a steady state value much faster
bility [12, 15, 17]. As described in Section 2.2 and 2.4, the proposed than the phasor interface. The error for the phasor interface returns to
interface utilizes Park's transformation for decomposition /recon- steady state, however with an increase in the magnitude of the tran-
struction rather than phasor decomposition /reconstruction usingsient, it takes a longer time for the error to return to the steady state
DFT as in a phasor interface. This section presents an applicationvalue. From the above, it can be said that the decomposition and
agnostic comparison of a phasor interface with the proposed inter-reconstruction method using the proposed interface presents better
face for the sole purpose of geographically distributed simulations. steady state accuracy, better dynamic response and faster transient
The setup for application agnostic comparison of the two methodsresponse compared to a method that utilizes a phasor interface.
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(a) Imbalance reproduction. (b) Response under variable communications delay.

Fig. 6: Application agnostic performance characterization analysis.

In the above implementation, the utilized for two interfaces is Table 2 Computational complexity
the same, however the DFT is much more sensitive to changes in fre-

qguency. This behaviour of a phasor interface has also been veri ed in dqo DFT
another commercial power systems simulator (MATLAB) where the Decomposition abc=d®  n-sample DFT
accuracy of DFT for signal reconstruction deteriorates at off nom- Eunction 43 s 3%0.18*n+0.5) s
inal frequencies. Custom implementations of DFT algorithms with Reconstruction dgo=abc o
additional signal processing can rende erior performance. ’ -

iti signal processing can render superior performan Function 405 s 313 s
4.2 Performance under presence of Harmonics Total 8.55 s 0.54*n+5.4 s

In this subsection, the performance of the two methods for accu-

rate reproduction of a waveform with harmonics is discussed. Any o performance of the two approaches is shown in Fig. 6b. The
individual harmonic component can be extracted using the pro- 4ejay pro e is a summation of the static delay, Gaussian noise
posed interface with the use of appropriate LPFs [27]. A waveform 0210 016, standard deviation=0.005) and random value as in Fig.

comprising a fundaraental of magnitude _2305?3 harmonic of =~ gp (top). As can be observed from the results, the performance of
magnitude 20V and™ harmonic of magnitude 10V is used as a the two approaches is not signi cantly impacted by the sudden ran-
reference. The results are shown in Fig. 5d. As can be observed, thgjom spike in communications delay, however the proposed interface

accuracy of the proposed interface is improved in comparison with yie|gs superior performance in comparison to the phasor interface.
the accuracy of the phasor interface. It is worth mentioning that the

reproduction of harmonics using DFT is limited to 88 harmonic

within the DRTS utilized here, while no such limitation exists when 4.5 Computational Complexity

usingdaQ. In this subsection, the computational complexity of the two meth-
ods is compared. Many components utilized for decomposition and
4.3 Performance under Unbalance reconstruction are common for the two methods, for example the

] ] phase locked loop to acquire the, therefore, only the compu-
In this subsection the performance of the two methods for accuratetational complexity of the components unique to the methods are

reproduction of three-phase waveform with imbalance is discussed.presented in Table 2. The method utilizing Park's transformation
A three-phase waveform with 230V, 236.3V and 223.7 V as respec- requires one function for decompositioabE=d®) and one for
tive phase magnitudes is used as reference as shown in Fig. 6aeconstructionqdg0=abg with a total computational time of 8.55
These magnitudes have been chosen as per ANSI C.841 standargh the target DRTS processor. The method utilizing DFT requires
that de nes a design and operational limit for an electrical supply three functions for deconstruction (one DFT for each phase) and
system to maximum voltage imbalance of 3 %. It is known that the tyree for reconstruction (orgn function for each phase). The com-
performance oflg0 under imbalance is not appropriate but as can be pytational time of the DFT is a function of, i.e. the number of

observed from Fig. 6a, the error is limited to 10'V. samples per cycle acquired for calculation. The DRTS utilized offers
a maximum ofn = 64, leading to a total computational time of
4.4  Performance under Variable Communications Delay 39.96 s. As is evident, the method utilising DFT is 4.5 times

computationally more expensive than the method utilizig@. This
In the previous subsections, the performance characterization iscalculation presented is for the fundamental component only, the
undertaken with a static delay of 16ms. This subsection discusses theomplexity increases linearly with an increase in the number of
performance of the two approaches under variable communicationsharmonics. Recursive DFT or sliding DFT methods offer improved
delay. computational performance, however their performance has not been
Communications delays between Rls in Europe are stable givencompared to that oflg0 due to their unavailability within the
their interconnectivity through GEANT - the pan-European data simulation tools utilized.
network for the research and education community [28]. GEANT
interconnects 19 European countries with data link speeds in mag-
nitude of multiples of 100 Gbps, extended Europe with link speeds 5 Application Oriented Performance
in magnitude of multiples of 10 Gbps, and wider continental Europe Characterization: GD-RTS for Frequency Control
with links of 1-9 Gbps. A topology map can be found in [29]. A simi-
lar network exists within the USA, referred to as the Energy Sciences5.1  GD-RTS Setup
Network (ESnet) supported by the Department of Energy [30] and
is connected to GEANT via the transatlantic bre link between the 5.1.1  Geographically Separated Research Infrastructures:
continents [31]. The GD-RTS experimental setup is shown in Fig. 7a. Two Rls
However, owing to the non-deterministic nature of the commu- at the University of Strathclyde have been utilized: (i) Dynamic
nications delays, the impact of random communications delays onPower Systems Laboratory (DPSL) is a 100kW microgrid facility
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