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Abstract—Virtual integration of geographically dispersed labo-
ratories through real-time co-simulation presents powerful capa-
bilities for co-simulating massive complex systems but it is hin-
dered by communication delays that compromise accuracy and
stability. This challenge is particularly concerning for real-time
power system co-simulation, where delays can induce synchro-
nization loss and limit dynamic and transient studies. This study
proposes an adaptive, multi-parameter model-free framework for
predicting and compensating delays in co-simulated systems, ad-
dressing this critical issue. This framework leverages the improved
damping impedance method interface algorithm and an adaptive,
parameter-tuning predictor system that predicts and compensates
for delays without requiring complex interface signal transforma-
tion, processing, decomposition, reconstruction, phase estimation,
system models, and no human interference. The proposed approach
is validated using a joint experiment between two laboratories at
Clemson, SC, USA and Greenville, SC, USA, with the Damping
Impedance Method as an Interface Algorithm between the two
partitioned subsystems. The coupling errors, state tracking errors,
and residual complex power are used as evaluation metrics for
the proposed delay compensation. This approach enhances co-
simulation accuracy and stability, facilitating reliable dynamic and
transient analyses.

Index Terms—Co-simulation, damping impedance method,
delay, delay prediction, interface algorithms, interface signals.

I. INTRODUCTION

EOGRAPHICALLY distributed real-time co-simulation
(GDRTCS), leveraging Hardware-in-the-Loop (HIL),
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Power Hardware-in-the-Loop (PHIL), and Controller
Hardware-in-the-Loop (CHIL) techniques, enables geographi-
cally dispersed simulators to function as a unified computational
system. Widely applied in power systems [1], aerospace, and
automotive engineering, GDRTCS facilitates the simulation of
complex systems under diverse conditions, reducing the reliance
on physical prototypes and expensive testing facilities [2]. In
power systems, which encompass generation, transmission,
and distribution networks integrated with renewable resources
and control mechanisms, GDRTCS allows for comprehensive
testing and validation while addressing operational, economic,
and regulatory challenges [3], [4]. By integrating physical
hardware with computational models, HIL simulations—
comprising CHIL for control algorithm validation and PHIL for
testing power equipment—support performance optimization
and real-time assessment [5], [6]. Using high-bandwidth
communication networks [7] and precise synchronization
protocols [8], GDRTCS enhances productivity, promotes
cross-geographical collaboration [9], [10], and creates realistic
testing environments, ultimately improving safety, efficiency,
and performance across industries [11], [12].

The surge in research on GDRTCS, integrating geographically
dispersed software and hardware, has revealed critical chal-
lenges, with communication latency as a primary issue [7], [9].
Latency, the delay between transmitting signals and numerical
integration [13], can destabilize networked co-simulations, es-
pecially in power systems sensitive to delays, risking synchro-
nization loss and reduced fidelity. High-bandwidth, low-latency
networks [8] and advanced synchronization algorithms [14]
are essential to ensure consistent results. Despite these chal-
lenges of latency, real-time simulator integration has become
increasingly prevalent [15], [16], supported by advancements
in HIL techniques and the growing need for flexible, scal-
able, and distributed testing environments [17], [18]. To miti-
gate communication latency challenges, various solutions have
been proposed, including the use of fiber-optic communication
networks, precise clock synchronization techniques, parallel
processing architectures, predictive compensation algorithms,
and specialized co-simulation frameworks [7], [19]. These
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advancements drive the adoption of real-time co-simulation,
enabling accurate, stable dynamic analyses for complex systems
like power grids [10], [20].

Handling and computation of interface signals are pivotal in
GDRTCS, as the signals undergo transformation and reconstruc-
tion at both local and remote locations. This transformation ad-
dresses communication delays and mitigates their effects using
delay compensation techniques [2], [21]. GDRTCS Interface
Algorithms (IAs) process these signals as slowly varying quan-
tities to overcome challenges such as time-varying delays, packet
loss, and reordering inherent in shared communication networks.
The transformation process include Root Mean Square (RMS),
Dynamic Phasors (DPs), Synchronous Reference Frames (SRF),
and Wave Variable (WV) transformation involves converting
voltage and current waveforms into slowly varying equivalents
at the sending end, transmitting these signals across the network,
and reconstructing them into their original time-varying forms
at the receiving end [8], [9]. These reconstructed signals are
then utilized by the controlled source of the IAs to simulate the
behavior of the remote subsystem locally. This approach, com-
prising signal transformation, network transmission, reconstruc-
tion, and IA integration, ensures that the fidelity and stability of
signals are preserved in GDRTCS, enabling accurate and stable
co-simulation of power systems despite the challenges posed by
GDRTCS. However, these methods struggle to maintain fidelity
during transients [22].

The RMS, frequency, and phase angle method is a fundamen-
tal approach for representing interface quantities in GDRTCS.
It decomposes interface signals into RMS value, frequency, and
phase angle, enabling accurate data exchange between simu-
lators [21], [22] and reconstruction of time-domain signals at
the receiving end, ensuring fidelity and stability. This method
is widely used in GDRTCS. For example, it was employed
to integrate an IEEE 14-bus system on a Real Time Digital
Simulator (RTDS) platform at Idaho National Laboratory (INL)
with a wind turbine model at the National Renewable Energy
Laboratory (NREL) [23]. Similarly, a modified IEEE 13-bus
system simulated in Real Time Digital Simulator Computer
Aided Design (RSCAD) was interfaced with hardware under
test using this technique [24].

DPs are co-simulation tools that use time-varying Fourier
quantities to model and analyze power systems, particularly use-
ful for capturing dynamic state changes in grids with increasing
power electronics integration. The Dynamic Phasor approach
enables efficient simulation of larger grids with relatively low
computational costs of Electromagnetic Transient (EMT) simu-
lations [2], [25]. By approximating complex time-domain wave-
forms using Fourier series, DPs handle non-stationary situations
in power systems [12], [26]. In GDRTCS, DP coefficients are
transmitted to remote simulators, where time-domain signals
are reconstructed. This method mitigates delays, integrates fre-
quency into signals, and supports co-simulation of subsystems
in different domains [27]. For instance, [22] demonstrates parti-
tioning a power system into subsystems, where DPs simulate less
transient-sensitive sections while EMT captures fast transients
caused by power-electronic switches. Combining DP and EMT
simulations offers detailed yet computationally efficient power
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system modeling, particularly for areas where fast transients are
negligible or computational efficiency is crucial [22], [28]. In
a stability comparison of RMS and DP methods for GDRTCS
in [21], the DP approach demonstrated greater stability, improv-
ing accuracy, especially under non-stationary conditions, though
it involves higher computational complexity.

The SRF interface addresses the shortcomings of phasor-
based interfaces in GDRTCS [29]. While RMS and DP are
commonly used for exchanging interface signals, they have
limitations such as reduced fidelity during transients, phase
shifts, and high computational complexity [30], [31]. To over-
come these drawbacks, the SRF interface integrates traditional
transformations into the IA to facilitate GDRTCS, applicable to
real-time co-simulation and PHIL setups [29]. By transforming
time-domain signals into a synchronous reference frame [32],
the SRF interface makes them suitable for packet-based trans-
mission and compensates for time delays. Comparative evalua-
tions show that the SRF interface outperforms DP methods in
fidelity, delay compensation, and computational efficiency [33].
For example, [29] demonstrates its effectiveness in partition-
ing power systems into subsystems, where it handles signals
with higher accuracy during dynamic conditions compared to
traditional methods. The SRF interface represents a significant
improvement for GDRTCS by addressing time delays and syn-
chronization challenges, simplifying computational processes,
and enabling high-fidelity real-time co-simulation across geo-
graphically dispersed systems [22], [28].

To address time delays, WV Transformations are employed,
replacing direct power transfer with wave-based communica-
tion to ensure stability during delays. This approach stabilizes
GDRTCS under conditions that destabilize traditional Ideal
Transformer Models (ITM) [28]. Wave variable-based methods
transform interface signals to enhance stability and accuracy
under small communication delays; however, their performance
under larger delays depends on the development of improved in-
terface algorithms [1], [7], [28]. In High-Voltage Direct Current
(HVDC) simulations, Wave Variable Transformations maintain
stability where ITM fails, and integration with dynamic phasors
enhances IA fidelity and stability. GDRTCS divides large net-
works into subsystems, using interface techniques like RMS,
dynamic phasors, or SRF transformations to ensure precise
real-time data exchange [34], with communication interfaces
managing data conversion and synchronization for stability in
distributed simulations.

The selection of IA is critical in GDRTCS, as it directly
impacts simulation accuracy, computational speed, and sys-
tem stability [5]. Many existing algorithms employ advanced
signal processing techniques—such as signal decomposition
and reconstruction—to mitigate the effects of communication
delays [25], [35]. These methods exhibit a slow response speed
due to their inherent windowing characteristics, which can
constrain their ability to accurately reproduce faster transients,
such as phase shifts. [7]. Also, the high computational com-
plexity associated with their implementation is a significant
shortcoming. Lastly, these methods limit applicability to non-
power systems and non-alternating current variables. To mit-
igate the challenge of increased computational complexity on
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resource-constrained distributed Real-Time Simulators, the
deployment of an external Field-Programmable Gate Array
(FPGA) node dedicated to these decomposition and exchange
was proposed in literature [7], [36]. However, this approach
introduces additional costs due to the inclusion of the FPGA
node and may incur increased delays resulting from the addi-
tional interface requirements between the real-time simulator
and the FPGA node. Minimizing communication latency is par-
ticularly crucial in power systems, where time synchronization
and high-fidelity simulations are essential for dynamic studies.
To address these challenges, this paper implements an adap-
tive, multi-parameter model-free framework for predicting and
compensating delays in co-simulated systems. The proposed ap-
proach combines an improved interface algorithm, the Damped
Impedance Method (DIM), with an adaptive parameter-tuning
predictor system to achieve accurate delay compensation with-
out relying on complex signal transformations.

This framework enables efficient and stable dynamic analy-
ses for geographically distributed power system models, over-
coming limitations of traditional approaches while maintaining
computational efficiency.

II. INTERFACE ALGORITHM

The established interface methods used in monolithic Power
Hardware-in-the-Loop setups can be adapted for virtual cou-
pling and integration of distributed or geographically dispersed
real-time co-simulation experiments. The literature presents var-
ious co-simulation IAs, including the ITM and Partial Circuit
Duplication (PCD) [1], [8], [37]. An accurate IA should enhance
co-simulation accuracy and stability while facilitating interac-
tion between subsystems in separate environments [7]. Desirable
characteristics include low computational cost, robustness, flexi-
bility, scalability, and high accuracy. Selecting the most suitable
A is crucial to ensure accuracy, stability, and efficiency, as differ-
ent IAs offer varying suitability depending on subsystem charac-
teristics and simulation environment. Therefore, careful evalua-
tion of available [As is essential for making an informed choice.

The ITM is a widely used co-simulation interface algorithm
(TA) for integrating distinct subsystems within a co-simulation
environment. It utilizes controlled voltage and current sources to
emulate the behavior of remote subsystems on local ones [38].
However, its reliance on the assumption of zero transmission
delay leads to degraded stability and accuracy under communi-
cation delays, rendering it unsuitable for real-time co-simulation
environments where latency is critical. The ITM’s transfer func-
tion is shown in (1), and its operational range, where Nyquist
stability criteria are violated, is detailed in [38]. To overcome
these limitations, alternative IAs such as the DIM have been
developed. DIM introduces a damping impedance Z* between
current and voltage sources, optimizing the convergence factor
to improve precision and stability compared to the PCD algo-
rithm, whose transfer function is shown in (2). DIM serves as a
hybrid of PCD and ITM, where Z* — oo replicates ITM behav-
ior, and Z* — 0O replicates PCD behavior, as illustrated in (3).

Gy = 21(5) o (1)

Za(s)
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Fig. 1. Nyquist plot representing the operational range of the DIM system.
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Fig. 1 shows the Nyquist plot for the DIM system. It in-
dicates that when the coupling impedance (Z*) matches the
characteristic impedance, no gain in stability conditions occurs.
Significant instability arises when Z* deviates from subsystem
1’simpedance. Fig. 1 also confirms that DIM transitions between
PCD and ITM behaviors based on Z* selection, with stability
critically dependent on accurate Z* estimation. Absolute sta-
bility is ensured when Z* matches subsystem 2’s impedance,
making DIM superior in stability and computational efficiency
compared to ITM and PCD [1], [37]. The DIM interface connects
subsystems using specific arrangements of current and voltage
sources. Two voltage sources are controlled by the voltage
outputs of remote subsystems [1], while the current source
in subsystem 1 is regulated by the current output from local
subsystem 2. A damping impedance (Z*) is placed between the
current and voltage sources within subsystem 1 [37].

The proposed delay prediction and compensation method,
discussed in the subsequent section, is designed to address
the challenges associated with the typical interface signals of
DIM like other IAs without relying on signal transformation.
Unlike PHIL setups, DIM and other interface algorithms in
GDRTCS environments do not utilize instantaneous current
and voltage waveforms. This is because the shared network
for communication introduces time-varying delays, packet loss,
and reordering, which degrade waveform fidelity and introduce
undesirable dynamics. To overcome these issues, rather than
transforming waveforms into quantities that vary more slowly
with respect to time, this work utilizes these time varying signals
directly with their respective derivative with respect to time
to make accurate prediction of the undelayed and undistorted
coupling signal sent from the remote system, ensuring stability
and accuracy in co-simulation environments despite the inherent
communication delays.
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III. INTERFACE SIGNAL DELAY COMPENSATION

Within the DIM interface configuration in Fig. 2, three predic-
tors model the closed-loop coupling variables and predict com-
plex power system signals. In Subsystem 1 (Simulator 1, Lab-
oratory 1), two predictors estimate undelayed coupling signals
(va(t) and i2(t)) from Subsystem 2 (Simulator 2, Laboratory
2) [1], feeding control signals to voltage and current sources.
A predictor in Subsystem 2 estimates the undelayed coupling
signal (vq(t)) from Subsystem 1 [37]. The interface employs a
sliding mode control-based predictor [17], [39], which simplifies
control to first-order behavior. It defines a sliding surface in the
state space, ensuring robustness against disturbances, parameter
uncertainties, and unmodeled dynamics, while achieving fast
convergence. However, high control gains cause chattering,
detrimental to precision, whereas low gains hinder convergence.
Proper gain selection ensures convergence without oscillations.

Consider a single-input system with a non-linear structure
described by (4), where x(t)™ and wu(t) represent the system’s
output and input. The state vector is z(t), with f(z(t)) and
g(x(t)) capturing the non-linear dynamics. Although f(x(t))
is unknown, its uncertainty is bounded by a known continuous
function of z(¢). Similarly, the control gain g(z(¢)) has a known
sign and is constrained by identifiable, continuous functions of
x(t). (4) models the system’s behavior, providing insight into
its dynamics. (4) represents the state-space model of the system,
where () captures state variables for calculating coupling sig-
nals at the virtual interface, and u(¢) denotes system inputs. The
non-linear functions f(x(t)) and g(x(t)) govern state dynamics
and interactions. While non-linearity complicates analysis and
prediction, it is essential for modeling systems with complex
dynamics [17]. Using mathematical models and analysis tech-
niques provides insights into such systems’ behavior. Tools like
sliding mode control manage system inputs and outputs to meet
performance specifications [39], which is crucial in applications
across robotics, aerospace engineering, and power systems.

#(t) = f(z(t) + g(x(t)) - ult)

Sliding mode control provides a framework for analyzing
the system in (4), ensuring optimal operation and adherence
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to performance specifications [39]. (5) define sliding surfaces
within the two-dimensional phase plane, corresponding to the
error systems e, (t), e,2(t), and e;2(t). These error systems rep-
resent control deviations for the coupling signal voltages vy ()
(from Simulator 1 to Simulator 2) and vo(¢) (from Simulator 2
to Simulator 1), and current iz (¢) (from Simulator 2 to Simulator
1). where: I is the 3 x 3 identity matrix, and «, /3, and -y are the
prediction system parameters.

d d2 €yl (t) 0
€i2 (t 0

Within the error systems, parameter « dictates the surface’s
slope, which can be further adjusted with an additional term,
introducing parameter 5 and yfor greater flexibility. This ap-
proach uses a local model of the remote system to establish a
model-based observer, with a sliding mode controller ensuring
close convergence between the model’s states and those of the
remote system [17]. Thus, this design constructs a predictor’s
dynamic equation using a sliding surface, independent of a pre-
defined remote system model. The goal is to develop a predictor
that accurately tracks the remote system’s actual state, avoiding
the constraints of model-based approaches. State tracking errors
between the predictor states (0y(t), 02(t), and i5(t)) and the
initially transmitted remote system states (vy (t), va(t), and ia(t))
are presented in (6).

ev1(t) v1(t) 7:11 (t)
eia(t) | = [ia(t) | — |22(t) (6)
eva(t) va(t) 02(1)

In the absence of communication delays, (7) can be employed
to derive the observer state’s dynamic equation, ensuring the
error system remains on the sliding surface. The principal ob-
jective of these observers is to predict the instantaneous response
of subsystem 2 to the influence exerted by subsystem 1 and vice
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versa, neglecting any communication latency.

deyq (T dvy (t ~

) ) ; ) vi(t) — 01 (t)

de”&i(t) = :;t(t) + o |vy (t) — ﬁg t
o (t lio (t . 2
call 2 ia(t) = i(t)

oy | L (ua(t) — Dot %)

However, practical applications encounter delays in receiving
the remote signals (v1(t), i2(t), v2(t)) and their derivatives
(d[vé t(t)} d[iégt)] , d[vs t(t)] ). Consequently, (7) is transformed into
(8), incorporating the remote signals with their respective delays.
It is important to note that vy (¢) is transmitted from Subsystem
1 to Subsystem 2, while i2(¢) and v5(t) are sent from Subsystem
2 to Subsystem 1.

)

dezéllt(t) dU1£1tth) t _ 7_ — (t)
dewn(D) | = degi_T) +a|v(t—T1)— ’Ug(t)
deiigt(t) d’LQ(;t—T) t _ T _ 7/2 (t)
%(Ul t—T)— U1 t)
+ B | & (ot —7) = a(1))
& (ialt =)~ ia(0))
& (ni(t—7) = 01(1))
2 ~
+7 | g (vt = 7) = 02(t)) @®)
& (22@ — ) — (D)

Equation (8) incorporates the delayed remote states vy (t — 7),
va(t — 7), and i3 (¢t — 7), along with their derivatives. However,
the difference terms on the right-hand side represent the discrep-
ancy between the delayed states and the predicted states (01 (),
5 (t), 12(t)), not the actual state errors. This distinction is crucial
because the predictor would track the delayed states rather than
the current states (vq(t), va(t), i2(t)), making the prediction
ineffective. Additionally, comparing states from different time
instances (delayed vs. predicted) makes the term “state errors”
inappropriate. A revised approach is needed to define a more
meaningful error metric. Thus, (8) must be modified to account
for delays in the predicted states. This leads to the new predictor
designs in (9). The introduced delays in the predictor states
ensure alignment with the actual remote system states, enabling
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accurate tracking.

el G o) iy )
de«:izt(t) — ;2((;7) +a|vt—T1)— ?2(75 -7)
10 ia(t-1) io(t —7) —ia(t — 7)

it )
+ 5 | g (va(t =) = oot — 7))
& )

( 7)
Ty | (alt = 7) = Bl = 7)) )

The observer’s output functions in (9) estimate the non-
delayed states (0 (), 12(t), and 05 (t)) of the remote subsystem.
Modifying these equations to incorporate delays results in a
first-order time-delay observer parameterized by «, (3, and .
When ~ and 3 are zero, the predictor becomes a single-parameter
system with reduced design freedom. Assuming all terms on the
right-hand side of (9) are known exactly, the designed predictors
aim to minimize the discrepancy between their predicted states
and the actual remote system states. Notably, the predictor design
requires no knowledge of the underlying system dynamics. The
expressions for the predicted signals are presented in (10).These
expressions incorporate error feedback loops within the predic-
tors, effectively compensating for propagated errors. They are
derived by integrating the final dynamic equation, as shown in
(8) for respective coupling signals in different subsystems.

o1 (t) vi(t =)
@2 (t) = | V2 (f, — 7')
%2 (t) ig (t — 7')

’Ul(t—T)—'lA}l(t—T)
Jr’y% Ug(f—T)—?Q(t—T)
ig(t—T)—iQ(t—T)

The delay (7) can be determined by synchronizing clocks
at both ends of the communication channel and using times-
tamps on data packets. The observer functions as a second-order
time-delay system, with «, 8 and v as the design parameters
for predicting the state variables at the current time (¢). Using
(11), the transfer function (the ratio of the error signal to the
coupling error) can be derived for both single-parameter and
multi-parameter predictor systems. The two parameters will
influence system performance differently; thus, using all of «,
B and ~ as tuning parameters significantly expands the design

(10)
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space, offering the potential for superior system performance.
E(s) s
C(s) s+vys2e ™ + Bse ™ + ae™ s

This shows the transfer function a multi-parameter system
and the characteristic equation is given by (12):

Y

s+ys’e T 4 fse T Fae T =0 (12)

To analyze the multi-parameter (12), the exponential terms are
eliminated by multiplying the entire equation by ¢”* as given in
(13):

s€ +ys°+Bs+a=0 (13)

This simplifies the equation by isolating the terms involving

s and the time delay 7. For stability analysis, substitute s = jw,

where w is the frequency of oscillation. This transforms (13)
into (14):

jwe?T + y(jw)? + Bjw +a =0 (14)

Using Euler’s formula, expand e/“” into its trigonometric
components: /7 = cos(wT) + jsin(wr) . Substituting this
back into (14) gives (15):

jw(cos(wT) + jsin(wr)) +y(—w?) + Bjw +a =0 (15)

Separating into real and imaginary parts, jw is distributed
on the left-hand side as jw cos(wT) — wsin(wr) + y(—w?) +
Bjw + o = 0 and this is grouped as (16) and (17), respectively:

(16)
a7

—wsin(wr) —yw? +a =0
wcos(wT) + fw =0

Consequently, solving for «, /3, and  from the real and
imaginary parts, the expressions for a, 3, and ~ are given as
(18) and (19):

(18)
(19)

o = wsin(wt) + yw?
B = — cos(wT)

The frequency w is expressed in terms of 3 from the imaginary
part as cos(wt) = —f and solving for wr is given as wr =
arccos(— (). Thus,the frequency is expressed as (20)

1
w = — arccos(—pf) (20)

T
Substituting (20) into (18) will give (21). Simpli-
fying sin(arccos(x)) using the trigonometric identity

sin(arccos(z)) = vV1 — 22 and substituting this identity
gives (22):

o= % arccos(—03) sin (arccos(—f))

+ (%(arccos(—ﬁ))Q) (1)
T
a= %arccos(—,é’) 1-02+ 7_12(arccos(—ﬂ))2 (22)

Consequently, this is the stability boundary for « in terms of
B, 7, and T and forms the open-loop stability boundary for the
multi-parameter system. The relationship between «, 3, and 7y is
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Fig. 3.  Stability boundaries of the tuning parameters «, 3, =y as a function of
delay 7 for a multi-parameter predictor system.

further analyzed to determine specific stability regions as shown
in Fig. 3.

The stability limits for the three design parameters «, [,
and ~ are derived by considering the system dynamics under
various delays 7. As shown in Fig. 3, the stability boundaries
contract with increasing 7, indicating reduced design flexibility.
However, the inclusion of the third parameter v extends the
permissible values of o and 3 by providing an additional de-
gree of freedom in the design space. This compensatory effect
mitigates the destabilizing influence of larger delays, enabling
greater stability flexibility compared to single-parameter sys-
tems. For moderate values of +, the stability region expands
significantly, even under higher delays, underscoring its critical
role in enhancing the predictor system’s robustness.

The transfer function for the multi-parameter system is given
as (11) and replacing s with jw to analyze in the frequency
domain gives (23):

B(jw) o

= - - . 23
Cjw)  jw+v(jw)?2e 1T + Bjwe 79T 4+ qe T 23)

The denominator in (23) is separated into its real and imag-
inary components and the frequency domain magnitude is de-
rived as given in (24). The frequency response M (w) is the
ratio of the numerator (state-tracking error) magnitude to the
denominator (coupling error).

|w]
\/’yuﬂ cos(wt) + Bw cos(wT) + « cos(wr))2

+(w — yw? sin(wT) — Bw sin(wr) — asin(wr)) g
(24)

Mw)=

System stability, while necessary, is not sufficient for effective
delay compensation, as a stable observer might not reduce pre-
diction error below the coupling error. Frequency domain anal-
ysis assesses the observer’s delay compensation effectiveness.
The stability margin for the o parameter in a single-parameter
predictor system ranges from O to o= [39]. In this study, the
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Fig. 4. Impact of varying delay values 7 on a multi-parameter prediction

system with fixed «, (3, and .

values of o were set to 0.95 and 0.85 of the maximum allowable
limit for the single- and multi-parameter predictor systems,
respectively, in order to avoid operating exactly at the stabil-
ity boundary. The lower « value used in the multi-parameter
system reflects the increased flexibility afforded by introducing
additional tuning parameters 5 and -y, which allows the sys-
tem to remain stable without pushing « to its critical thresh-
old. Multi-parameter predictors offer greater tuning flexibility.
Fig. 4 further analyzes varying delay values (7) with fixed «,
B and ~ for the prediction system. This shows that increasing
T raises the high-frequency error gain, medium-frequency over-
shoot, and reduces bandwidth. However, the low-frequency error
gain and high-frequency oscillation amplitude remain indepen-
dent of 7. To mitigate oscillations and enhance 3 and ~y flexibility
in the multi-parameter system, « is reduced.

The stability limitations of the multi-parameter predictor are
similar to those of a single-parameter predictor as delay (7)
increases, with the stable operating region shrinking and reduc-
ing the range of design choices that ensure stability as given in
Fig. 3. Single and multi predictor designs face the challenge of
compensating for larger delays. However, the additional 5 and ~y
parameters in the multi-parameter predictor offer an advantage
by allowing a larger maximum allowable delay for stability.

Figs. 5, 6 and 7 analyze the effectiveness of delay compensa-
tion in the multi-parameter predictor in the frequency domain.
Fig. 5 shows the effect of a (with fixed /3, v and 7). Increas-
ing « reduces low-frequency error gain but initially decreases
bandwidth before a gradual rise, also increasing overshoot in
medium frequencies. Fig. 6 shows the impact of parameter
(with fixed «, v and 7). While 3 doesn’t affect low-frequency
error gain, it reduces bandwidth and increases overshoot at
higher frequencies, especially for negative 5. This suggests
restricting (3 to [0, 1] for practical use. Positive 5 can improve
bandwidth and overshoot, beneficial for low-bandwidth systems.
Fig. 7 shows that the addition of a smaller v helps maintain
stability by keeping the magnitude response relatively flat across
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Fig. 8. Two virtually coupled subsystems 1 and 2 exchanging power through
apower bond 1 — 2 as S12 = vi2 - i12.

abroader frequency range. At higher frequencies, the differences
in the magnitude response due to v become more noticeable.
For larger ~ values, the system exhibits increased gain at high
frequencies compared to smaller . The parameter «, 3, and ~y
does have different frequency responses on the system and these
contrasting effects of o,  and y highlight the advantage of using
a multi parameter system for design flexibility.

The flow and conservation of energy between virtually cou-
pled real-time digital simulators and laboratory assets can be
effectively analyzed using power bonds, which establish direct
energetic links between subsystems [40]. Power bonds are de-
fined by two variables—flow (e.g., current, velocity) and effort
(e.g., voltage, force)—whose product represents physical power.
For example, in electrical systems, the interface current (i12)
and voltage (vi2) define the power bond, with power given
by Si2 = vi2 - 412, representing the rate of energy exchange.
In co-simulation, subsystems progress independently in time,
and communication delays introduce coupling errors, leading to
energy residuals that distort system dynamics and compromise
the accuracy, stability, and reliability of the coupled system.
Monitoring voltage and current at power ports enables the anal-
ysis of energy flow and conservation, forming the basis of bond
graph theory and ensuring energy consistency in the coupled
system.

The residual power is the power discrepancy introduced dur-
ing the time step, which results from the mismatch between the
power transmitted between the subsystems as shown in Fig. 8.
In a power system co-simulation environment, each subsys-
tem operates independently. Thus, Subsystem 1 calculates its
voltage v12(t) and current 412 (¢) while Subsystem 2 computes
va1(t) and io1 (¢) at different time instance with the presence of
communication delay. If there is a delay the coupling variable
v12(t) # v21(t) and i12(t) # i91(t). Thus, due to this asyn-
chronous exchange of coupling signals, energy conservation will
be violated as the power exchanged between the subsystems is
not consistent. Therefore:

v12(t) - i12(t) # v21(t) - i21(t) (25)
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The coupling variables will, therefore, be computed by the
subsystems at different time steps. The delayed signals for
v12(t), 412(t), va1(t), and i2; (¢) introduce errors into the power
transfer, leading to an imbalance in the power exchange. From
(25), the power conservation violation can be expressed as:

Si2 # Sa1

This indicates discrepancies in the total power exchange be-
tween the subsystems, leading to a power imbalance. Thus, the
residual power arises due to the discrepancy between the power
exchanged by the two subsystems during the co-simulation. This
residual power is caused by the independent time integration of
the two simulators as a result of the communication delay. When
the voltage and current in one subsystem are updated at different
times from the other subsystem, the coupling signals transferred
are not accurately accounted for. This incorrect power generation
or loss is expressed as Residual power §.512 in (27) which affects
the overall accuracy and stability of the co-simulation. Thereby
distorting the overall system dynamics.

05 = |512 — 521|

(26)

27)

Consequently, the measurement of discrepancies in power at
the coupling interfaces, or residual power, is a critical perfor-
mance metric for evaluating the fidelity and accuracy of power
co-simulation. This will indicate the extent to which power
conservation violations are mitigated and residual power in the
interface.

IV. EXPERIMENTAL RESULTS

This work describes the virtual integration of laboratory assets
across Clemson University’s main campus in Clemson, SC,
and the Clemson University International Center for Automo-
tive Research iICAR) Greenville campus, SC, using VILLAS
nodes. VILLAS nodes act as gateways for processing and for-
warding data between real-time simulators, facilitating joint
experiments with delay estimation. For a collaborative exper-
iment, the system was partitioned into two subsystems located
in separate laboratories on each campus. The basic hardware
setups in Remote Laboratory 1 (housing Subsystem 1) and
Remote Laboratory 2 (housing Subsystem 2) are depicted in
Fig. 9. Synchronization of the Speedgoat Performance Real-
Time Target Machine simulator (Simulators 1 and 2) to the
GNSS SEL-2488 Satellite-Synchronized Network Clock via the
IEEE 1588 PTP ensured precise alignment and synchronization
of the entire system, enabling accurate alignment of experimen-
tal results and estimation of latency. The estimated communica-
tion delays between these laboratories, critical real-time inputs
to the prediction system, are illustrated in Fig. 10. Analysis of the
Nyquist plots for various interface algorithms further justifies the
selection of DIM over ITM and PCD, ensuring system stability
and simulation fidelity [1].

The test system used in this study is the IEEE 14-bus sys-
tem, a benchmark for representing transmission and distribution
networks in co-simulation studies. The system is partitioned
at Bus 14, a load bus, to delineate the transition between the
transmission and distribution networks. Bus 14 represents a
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Fig. 10.  Estimated communication delays between the two laboratories.

typical distribution node characterized by a specified voltage
of 1 p.u. under nominal operating conditions. The active and
reactive power demands at this bus are 0.149 MW and 0.05
MVAR, respectively, reflecting realistic load conditions. This
partitioning enables detailed co-simulation studies by separating
the high-voltage transmission network from the medium-voltage
distribution network, thereby allowing the examination of inter-
actions between the two subsystems [41].

Figs. 11, 12, and 13 show the impact of communication
delays on coupling signals (vy(t), va(t), and i2(t)) acting as
control inputs for the controlled voltage source in Simulator
2 and the controlled voltage and current sources in Simulator
1. These figures show the discrepancy between the transmitted
reference signal and the delayed received signal, necessitating
a prediction algorithm to counteract the delay effects. The
coupling signals exchanged between the simulators exhibit a
latency shift between transmission and reception. In addition to

Communication

Communication

Simulator 2 Greenville iCAR Campus

Basic hardware setups in the Two laboratory facilities: Remote Laboratory 1 (housing Subsystem 1) and Remote Laboratory 2 (housing Subsystem 2).

27.25 27255 2726 27265 272%

| A W r h tﬂ
2 o5 I_IIH ‘x 10|
S vw[t} sent
= _vw[t} multi
D 1 vy (t) received I
_____ vw[t} single L
0.5 :
1 4 =
27.05 271 2715 272 2725 27.3 27.35 27.4 2745 275
Time (seconds)
Fig. 11. Comparison between the transmitted voltage signal (vi(¢)) from

Subsystem 1, the predicted signals (01 (¢)) received and uncompensated signal
received in Subsystem 2 for the single-parameter and multi-parameter prediction
approaches.

the traditional DIM coupling signals (v1(t), v2(t), and i2(t)),
their time derivatives are also transmitted and received at the
respective remote simulators, similarly impacted by latency.
To validate the theoretical analysis and gain insights into the
transient behavior of the single- and multi-parameter predictors
in a power system context, this work applied the predictors to
the three coupling signals within the DIM model. This process
involved using the observer’s predictions for the control sig-
nals of the controlled voltage source in Simulator 2 (vy(t)),
the controlled voltage source in Simulator 1 (vs(t)), and the
controlled current source in Simulator 1 (i2(t)), followed by an
evaluation of their performance. The obtained results substanti-
ate the theoretical basis and provide insights into the dynamics
of the three predictors. The real-time experiment offers practical
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Fig. 13.  Comparison of the transmitted current signal (2 (¢)) from Subsystem
2 and the predicted signals (ia (t)) received and uncompensated signal received
in Subsystem 1 for the single-parameter and multi-parameter prediction ap-
proaches.

experience and reveals limitations or unforeseen issues not ev-
ident in theoretical analysis. At 60 Hz, variations in real-time
delay can introduce amplitude shifts and distort the predicted
signal, with severity proportional to the delay magnitude. An
offline characterization quantifies the amplitude shift for differ-
ent delay magnitudes, leading to a normalization factor look-up
table. This table enables real-time adjustment of the predicted
signal based on measured delay, mitigating the impact on pre-
diction accuracy.

This work is crucial for developing robust prediction al-
gorithms for real-time power system operations as Figs. 11,
12, and 13 show a relative alignment of the predicted signals
with the undelayed transmitted signals. Fig. 11 compares the
transmitted voltage signal (vq(¢)) from Subsystem 1 with the
predicted signals (9 (t)) received in Subsystem 2 for the single-
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Fig. 14.  Coupling error for the transmitted voltage prediction system using
single-parameter and multi-parameter approaches for v1 (¢).
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Fig. 15.  Coupling error for the transmitted current prediction system using

single-parameter and multi-parameter approaches for va (¢).

and multi-parameter approaches. Similarly, Fig. 12 compares
the transmitted voltage signal (vo(¢)) from Subsystem 2 with
the predicted signals (02(t)) received in Subsystem 1. Finally,
Fig. 13 compares the transmitted current signal (ix(¢)) from
Subsystem 2 with the predicted signals (i2 (t)) received in Sub-
system 1. These comparisons demonstrate the predictors’ ability
to accurately forecast the original undelayed remote signal, even
with only the delayed signals available.

Communication delay introduces a coupling error, defined as
the difference between the transmitted (undelayed) and received
(delayed) signals, which quantifies the impact of delay on the
received signals. This error serves as the input to the prediction
system, which aims to minimize it. State tracking error, on the
other hand, represents the difference between the predicted sig-
nal and the original undelayed signal from the remote simulator,
reflecting the prediction system’s output performance. Fig. 14
shows the coupling error ¢, (t) for vy (t), which is similar to
error ¢,s(t) for vy (t) shown in Fig. 15 except for transients in
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Fig. 17.  State-tracking error for the transmitted voltage prediction system
using single-parameter and multi-parameter approaches for v (¢).

Cy2(t) due to differences in delay estimation and phase. Fig. 16
shows the coupling errorc;s (t) for io(t).

Fig. 17 illustrates state-tracking errors for the v; () prediction
system using single- and multi-parameter approaches, while
Figs. 18 and 19 show state-tracking errors for the vy(t) and
i2(t) prediction systems, respectively.

By analyzing both coupling and state tracking errors, we can
evaluate the effectiveness of our prediction system. For all three
coupling signals in the DIM interface, the state tracking errors
are significantly smaller than the coupling errors, highlighting
the prediction system’s effectiveness in mitigating communica-
tion delay. Table I compares these errors across different delay
values. As seen, prediction errors remain significantly lower than
coupling errors for the three coupling signals. The additional
tuning parameters /3 and 7y influence state-tracking errors. As
shown in Figs. 17, 18, and 19, the predictors achieve minimized
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Fig. 19. State-tracking error for the transmitted voltage prediction system

using single-parameter and multi-parameter approaches for i (¢).

state-tracking error with the inclusion of 3 and ~. In steady-
state conditions, the ratio of state-tracking error magnitude to
coupling error magnitude decreases, consistent with the stability
analysis based on Bode plots. This reinforces the efficacy of the
proposed predictors, particularly the multi-parameter version,
in enhancing state-tracking performance. The multi-parameter
predictor framework improves delay compensation capabilities
while retaining its model-free nature, enhancing prediction ac-
curacy across the three coupling signals used in power system
co-simulation. Additionally, power balance preservation is crit-
ical for energy conservation, reflecting the fidelity of real-time
co-simulation experiments.

The trends observed in Fig. 3 are supported by the « val-
ues used in simulations for different delay values, as shown
in Table II. With increasing delay (7), the theoretical upper
boundary for « reduces, limiting stability. The single-parameter
predictor operates near this limit (approximately 95% of tmax),
confirming that it lacks flexibility to accommodate additional
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TABLE I
PEAK COUPLING VS PREDICTION ERRORS UNDER DIFFERENT DELAYS FOR SINGLE AND MULTI-PARAMETER SYSTEMS

7 (S) Cyl ey1 —multi | ey1 — single Cv2 ey2 —multi | ey — single [ e;i2 —multi | e;o — single
0.001 0.2826 0.005746 0.008292 0.2826 0.005746 0.008374 3.3370E-09 6.5390E-11 9.5680E-11
0.002 0.5652 0.005763 0.008301 0.5652 0.005763 0.008377 6.7080E-09 6.5560E-11 9.5700E-11
0.003 0.8378 0.005768 0.008311 0.8378 0.005768 0.008377 1.0000E-08 6.5790E-11 9.5730E-11
0.004 1.103 0.005771 0.008322 1.104 0.005771 0.008383 1.3400E-08 6.6070E-11 9.5770E-11
0.005 1.356 0.005844 0.008333 1.356 0.005844 0.008383 1.6550E-08 6.6210E-11 9.5780E-11
0.006 1.595 0.006586 0.008342 1.595 0.006586 0.008384 1.9530E-08 6.6620E-11 9.5780E-11
0.007 1.803 0.006795 0.008353 1.803 0.006795 0.008385 2.1750E-08 6.6760E-11 9.5780E-11
0.008 1.970 0.006819 0.008354 1.970 0.006819 0.008385 2.3530E-08 6.6090E-11 9.5790E-11
0.009 2.086 0.006832 0.008362 2.086 0.006832 0.008377 2.4610E-08 6.8340E-11 9.5800E-11
0.010 2.141 0.007386 0.008807 2.141 0.007386 0.008374 2.4910E-08 6.8480E-11 9.5810E-11

TABLE II powers at interfaces 1 and 2 under the single and multi-parameter

MAXIMUM ALLOWABLE AND MEASURED o VALUES FOR SINGLE- AND
MULTI-PARAMETER PREDICTORS

7 (s) XM azimum X Multi ASingle

0.001 1.5714E+03 1.2571E+03 1.4929E+03
0.002 | 7.8571E+02 | 6.2857E+02 | 7.4643E+02
0.003 5.2381E+02 | 4.1905E+02 | 4.9762E+02
0.004 3.9286E+02 3.1429E+02 | 3.7321E+02
0.005 3.1429E+02 | 2.5143E+02 | 2.9857E+02
0.006 | 2.6190E+02 | 2.0952E+02 | 2.4881E+02
0.007 2.2449E+02 1.7959E+02 | 2.1327E+02
0.008 1.9643E+02 1.5714E+02 | 1.8661E+02
0.009 1.7460E+02 1.3968E+02 | 1.6587E+02
0.010 1.5714E+02 1.2571E+02 | 1.4929E+02
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Fig. 20.  Estimated Residual Powers and Interface Powers at the interface 1

and 2 under the two predictors.

tuning. In contrast, the multi-parameter predictor adopts a more
conservative « (approximately 85% of amayx), thereby staying
well within the stability region shown in Fig. 3 and enabling
stable tuning of  and ~. This empirical choice supports the
theoretical relationship between «, 7, and the tuning space
observed in Fig. 3.

In addition to analyzing coupling and prediction or state-
tracking errors, the residual power between the two subsystems
was evaluated to understand the impact of time delays on the
proposed delay compensation technique across the three phases
of the power subsystems. Fig. 20 shows the estimated residual
complex power, which indicates the discrepancies in interface

predictors. §.S,p.-single and §.5,4. -multi represent three-phase
residual complex power between the two interfaces for the
single and multi predictors. This difference serves as a metric to
evaluate real-time co-simulation accuracy. The power difference
between interfaces 1 and 2 must approach zero to uphold power
conservation.

V. CONCLUSION

This paper proposes a model-free adaptive framework for pre-
dicting and compensating delays in power system co-simulation,
eliminating the need for complex signal processing, improving
parallel computation and enabling broader applicability. The
framework, implemented on the three coupling signals of the
damping impedance interface algorithm, includes both single-
and multi-parameter model-free predictors. Nyquist plot anal-
ysis justifies the selection of the DIM, with stability analysis
exploring the relationship between tuning parameters and pre-
dictor stability. Dynamic performance evaluations validate the
design and theoretical analysis of both predictors. The multi-
parameter predictor demonstrates superior delay compensation
and expanded operational stability, making it more robust across
various scenarios. These findings show the importance of robust
interface algorithms in GDRTCS for maintaining high-fidelity
simulations despite communication delays. Future work will fo-
cus on refining these techniques and exploring their applications
in more complex, large-scale power system simulations.
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