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ABSTRACT

Voltage control in modern power systems has become increasingly complex due to the high penetration of
renewable generation. Numerous solutions have been proposed from both the transmission and distribution
sides, involving generators and system operators. However, the contribution of loads has remained limited,
mainly to demand shifting and basic demand response strategies. This work introduces a novel approach
that leverages digital twins to enhance the active participation of loads in supporting voltage control.
Unlike traditional methods, the proposed framework builds digital twins exclusively from measurable data,
enabling virtually any converter-interfaced load connected to a grid, regardless of whether the network is
fully known or not, to contribute effectively to voltage regulation. The methodology is first demonstrated
through a parametric study, which evaluates the impact of different load behaviors and control strategies
on network voltage stability. To further validate the approach, hardware-in-the-loop (HIL) experiments
are conducted, confirming the feasibility of real-time implementation. Four voltage control use-cases are
developed and tested for a controllable thermal load, showing that even individual loads can provide
meaningful support to grid voltage regulation. The results highlight the potential of data-driven digital
twins to unlock new, scalable, and flexible contributions from loads, reinforcing the stability of future
power systems with high renewable penetration.

INDEX TERMS Demand response, Digital Twins, Voltage control, Hardware-in-the-Loop, Machine
learning, Methodology, Thermal loads.

I. INTRODUCTION
Mitigating climate change requires a deep transformation of
the energy sector, including tripling renewable capacity and
improving efficiency by 2030 [1]. Large-scale integration
of renewable generation (RG) advances decarbonization but
poses two main challenges [2]: achieving a cost-effective
supply—demand balance and ensuring grid security with high
shares of converter-interfaced generation (CIG) [3]]. Address-
ing these challenges demands further research on converter
technologies, control strategies, and their grid integration.
The increasing share of CIG introduces new challenges
to power systems. Traditional dynamics are being reshaped
by the variability of renewable sources such as wind tur-

bines (WT) and photovoltaic (PV) plants, along with the
widespread use of power electronic devices [4]. These de-
vices are embedded not only in CIG, but also in modern
loads, energy storage systems (ESS) [5]], and transmission
equipment, making it necessary to redefine power system
stability concepts [6].

Voltage stability has become one of the most critical issues
under these conditions. The integration of non-dispatchable
renewable generation and distributed storage in active dis-
tribution networks is creating new challenges for real-time
voltage regulation. Traditional voltage control schemes were
not designed to handle the dynamics imposed by high
penetration of power electronics, and may therefore limit the
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Nomenclature

Acronyms ctrl control
Al Artificial Intelligence eq equivalent
CIG Converter-interfaced generation grid grid
CILs Converter-interfaced loads imag imaginary
DR Demand response inj injected
DT Digital twin max maximum
ESS Energy storage systems mid average
EV Electric Vehicle min minimum
FACTS Flexible AC transmission systems mtr motor
FIDVR  Fault-induced delayed voltage recovery net net
HIL Hardware-in-the-Loop NoCtrl  without control
HVAC  Heating, ventilation, and air conditioning P-to-w  Power to angular speed
LR Linear regression real real
ML Machine learning set setpoint
MPC Model predictive control unk unknown
OPF Optimal Power Flow zone zone
PMUs  Phasor Measurement Units Variables
PV Photovoltaic ™ HVAC system mass flow in Kg/s
RG Renewable generation Wintr angular speed in rad/s
RMS Root mean square I Line current in A
SST Solid-state transformers Egia Equivalent balanced grid voltage in V
STATCOMs Static Synchronous Compensators P Controllable load active power in W
SVCs Static Var Compensators Pret Load active power in W
WT Wind turbine Pxocu1 Uncontrollable part of the load active power in W
Parameters Py (t) Time-dependent unknown active power in W
n HVAC system efficiency Prv ac HVAC system electric power in kW
Aji Heat transfer area related to it and 7 th thermal systems  Qnet Load reactive power in VAR
in m2 Qj 4" heat gain in kW
C; Thermal capacity of the it thermal system in kJ/ °C Quvac HVAC system heat gain in kW
C1,2,3 Linear regression coefficients in V, V/W, and VIW?2, TP-to-w Power to angular speed ratio in W/(rad/s)3
respectively t Time in s
n Number of unknown loads T; ith thermal system temperature in °C
Peryx  Oscillation period of the unknown load in s T} 4" thermal system temperature in °C
Req Equivalent balanced grid resistance in Ohms Ting Injected air temperature in °C
Uji Heat transfer coefficient related to " and jth thermal  Tlet Setpoint temperature in °C
systems in kI/V/m2 /°C T.one  zone temperature in °C
Xeq Equivalent balanced grid reactance in Ohms Vimag Imaginary component of the equivalent balanced load
sh Phase shift in boolean node voltage in V
Subscripts Vieal Real component of the equivalent balanced load node
7 it" thermal subsystem voltage in V
J jth thermal subsystem Vet Setpoint voltage in V
base base
2 VOLUME ,
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adoption of renewable energy resources in the future grid if
not properly addressed [7]. The development of real-time
voltage control schemes that exploit the capabilities of RG
is essential to mitigate grid stability problems and to support
the transition to 100% renewable-based consumption.

Il. STATE OF THE ART

Traditional control schemes are often insufficient to address
new challenges. Grids are increasingly vulnerable to voltage
fluctuations, cascading trips, and phenomena such as Fault-
Induced Delayed Voltage Recovery (FIDVR), especially in
systems with many induction motor loads. In distribution
grids, additional issues arise from distributed RG, including
PV-induced overvoltage at low-voltage feeders, voltage drops
from electric vehicle (EV) charging, and reversed power
flows that challenge line voltage regulators. Coupling be-
tween transmission and distribution operators also increases
coordination needs to ensure secure operation [8].

Advanced voltage control strategies, including novel
means of provision such as solid-state transformers (SST)
[9], are therefore essential. Conventional reactive compen-
sation devices (e.g., capacitor banks, Static Var Compen-
sators (SVCs), and Static Synchronous Compensators (STAT-
COMs) remain vital for fast regulation but are more effective
when combined with optimal placement, sizing, and coordi-
nation. Distributed RG inverters provide dynamic active and
reactive power support to reduce variability. Hierarchical and
model predictive control (MPC) improve multi-time-scale
coordination, while adaptive droop controllers enable smart
inverters to adjust to varying conditions. Demand Response
(DR) programs [10] further help alleviate peak stress and
limit violations [7]], [[L1]].

The evolution of voltage control is increasingly linked to
digitalization and data-driven methods. Measurement-based
approaches using Phasor Measurement Units (PMUs) and
real-time digital simulators provide high-resolution monitor-
ing and fast response capabilities [7[]. At the same time, arti-
ficial intelligence (AI) and machine learning (ML) methods
are enabling predictive, adaptive, and distributed control so-
lutions that enhance resilience against RG uncertainties [8].
Voltage stability can be strengthened by synergies between
ESS, flexible AC transmission systems (FACTS), and grid
modernization initiatives [12].

Most traditional and emerging proposals to improve volt-
age control in grids are designed for generators and auxiliary
components (i.e., FACTS) [[7], [8], [11], [12]. Approaching
global objectives [[1]] directly implies an increase in smart and
sustainable consumption. Grid-responsive loads may reduce
the extension of ancillary services provided by generation
[L3], [14].

Recently, converter-interfaced loads (CILs) have been
widely considered to provide distributed frequency control
[15]—[18]], mainly thermal loads such as refrigerators and
heating, ventilation, and air conditioning (HVAC) systems.
These loads may easily leverage the basis of advanced
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control proposals (e.g., distributed approach, data-driven,
AI/ML-based, etc.) by adapting their controllers. Addition-
ally, an emerging concept that integrates these characteristics
is the Digital Twin (DT) [19]. As evidenced in [20], DTs
are growing for frequency control provision, although most
works do not implement the self-update capacity, i.e., the
ability of the DT to adapt and reconfigure itself to mirror
changes in the physical asset.

A few works have proposed the use of DT for enhancing
voltage performance. In [21], a spatio-temporal graph DT
is proposed to improve the computing time and accuracy of
the state estimation. Although it is not voltage control, it
can be extended to this service. In [22]], a DT is proposed
to ensure the resilience and voltage levels of space-based
power systems under faults. In [23]], an optimal power flow
(OPF) is performed in a DT of the grid to improve the
voltage performance. Similarly, in [24], the capacitor banks
and transformer taps are also included in the OPF, in addition
to the RG. Some authors do not explicitly mention DT, but
still create AI/ML-based grid models to improve voltage
control [25]], [26].

Research on responsive loads enabled by DTs is even
more limited. In [27], a grid DT is developed to monitor
voltage stability and system performance, thereby deter-
mining the optimal load shedding strategy. Although not
explicitly framed as a DT, [28] applies Al techniques for load
forecasting and DR, where voltage regulation is achieved
through load curtailment.

Currently, DTs have been mainly proposed for the opera-
tion, management, and control of energy assets; maintenance
and fault diagnosis; energy management; system optimiza-
tion and resource allocation; cybersecurity; planning and
disaster response; and stability assessment and enhancement,
including voltage control; among other uses [29]—[31].

As noticed, the implementation of DTs in CILs for the
provision of ancillary services is underexplored. Some au-
thors have proposed DTs to update the load consumption
[27], [28]]. However, load consumption is not considered
to be constantly updated; load intrinsic dynamics is not
considered; the DT of the grid does not show its self-update
capability; and the DT quality depends on high-complexity
AI/ML techniques, high-memory availability, and extensive
measurements.

Addressing the identified gap, this work proposes a
methodology for using grid DTs to enhance the contribution
of locally controllable distributed loads to voltage control,
covering both steady-state and slow dynamics. The main
contributions are summarized as follows:

e Highlighting the limited attention given to load-based
voltage control and the absence of DT-oriented DR
strategies.

e Introducing a self-adaptive grid DT that updates online
to provide local system awareness.

e Presenting an ML-based procedure to construct and
refresh the DT, suitable for partially unknown grids.
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o Introducing representative DT-enabled control logics
to illustrate how the proposed methodology can be
applied.

e Validating the practical feasibility of the framework
through dual-HIL experiments on an HVAC system
with coupled electrical and thermal dynamics.

The remainder of the paper is structured as follows:
Section presents the methodology for creating the DT,
load, and voltage control. Section [[V|includes the parametric
study and real-time validation of the DT, as well as the real-
time experimental validation of the voltage control. Section
E states the findings, conclusions, limitations, and future
works.

lll. METHODS

Implementing a voltage control-oriented DT requires the
model of the grid to be supported, as well as the load and
possible voltage control schemes. As noticed in Section [II}
extensive information is required for an accurate model. The
present work focuses on enabling nearly any controllable
load to provide voltage control in unknown grids, where
having access to feeders and other load data is not possible
or realistic.

A. Grid Digital-Twin

Grids at the transmission or distribution [32] level can be
modeled in numerous ways [33]. For voltage phenomenon
studies, it is common to implement Kirchhoff’s laws, where
feeders are described as impedances, and generation and
consumption as power flows. From the perspective of a load
connected to any grid node, a simple two-bus model can be
analyzed [31]:

Egrid = (Req + .leq) I+ (V;eal + j‘/imag)

Pnet+anel >*
V;eal + ] V;mag
Equation () describes the equivalent balanced grid with
voltage Frq, resistance R4, and reactance X.4. The sub-
script ’eq” refers to the equivalent grid (e.g., Thévenin
equivalent) as perceived at the load terminals, providing a
generalized representation of any underlying network. The
controllable load connection point voltage is described by its
real and imaginary components, Ve, and Vim,g, respectively.
The current, I, is defined by the net active and reactive

powers, Ppei, and Qpe, respectively. Equation (@) is obtained
by solving (I for Viey and Vimag.

where [ = ( (1)

(‘/real)2 - Egrid‘/real + Reqpnet + Xqunet + (‘/imag)2 =0
Re net — Xe Pne
qQ tE‘ q t (2)
grid
As observed, V.., can be obtained through a quadratic so-

lution. Together with Vi, both the amplitude and the angle
can be readily determined. However, complete information

where  Vipe =

about the impedance of each grid element, as well as the
power of every load and generator, is required. In practice,
any load connected to the grid, ranging from factories to
household appliances, is unlikely to have access to such data.

By considering the superposition principle from basic
circuit theory and the well-known relation between voltage
and active power [12]], it is possible to solve by only
accounting for the controllable load of interest, while treating
the impact of other loads and generators as noise. Equation
presents the general formulation of the DT within a
physics-inspired, data-driven framework.

‘V‘ = f(Pctrl) ~ Cl + OQPctrl + CB(Pctrl)2 (3)

In (@), |V| denotes the measured voltage magnitude at the
load connection node, and P, is the measured controllable-
load active power. These two quantities constitute the input
measurements used to identify the DT. The output of the
identification process is the regression model characterized
by the coefficients C;, C5, and Cj3, obtained through linear
regression (LR). As discussed in [20], multiple approaches
may be adopted depending on the specific requirements.
Here, (@) is used solely to show a possible implementation
of the proposed digital-twin methodology, rather than to
benchmark numerous techniques. A comparative assessment
of these techniques is beyond the scope of the present work.

It is important to note that the precision of the proposed
linear approximation, commonly described by R? [34],
strongly depends on the influence of neglected variables
(i.e., the power of other consumers/producers, including
reactive power) at the time the measurements are collected
for LR. Consequently, the probing signal developed by the
controllable load should be operated to sufficiently and ap-
propriately excite the system while respecting this constraint
[20], [35].

It should be noted that (3) does not aim to represent the
full “Voltage—Active Power” relationship, but rather the local
voltage sensitivity to the controllable load, which can vary
over time. For this reason, the DT is updated online by
collecting recent voltage and probing-signal measurements
and recomputing the LR model whenever user-defined trig-
gering conditions are met. These conditions may depend
on implementation-specific thresholds, such as clock-based
refresh, voltage deviations, voltage-to-power ratio changes,
load variations, unacceptable R?, or detected abnormalities,
thereby enabling continuous adaptation of the DT to the
evolving grid state.

In addition, to ensure low memory usage and reduced
computational cost, a linear regression with a single control
variable is adopted. In practice, it is usually more feasible to
adjust the active power consumption of loads through their
current controls than to modify their reactive power [17].
For this, both signals, |V| and P, are commonly accessible
without the need for additional devices.
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B. Controllable load modeling

Depending on the specific study, the dynamics involved, and
the hypotheses under investigation, loads can be represented
using different modeling approaches [20]], [36]. As detailed
in [17]], the compressor/fan/pump-motor assembly of con-
trollable loads, such as HVAC systems and refrigerators, is
typically driven through a series connection comprising a
rectifier (single- or three-phase, often with a rheostatic brake)
followed by a DC/AC or DC/DC converter, depending on the
type of machine. Commonly, the assembly setpoint speed
comes from an outer control loop that follows a thermal
setpoint (e.g., temperature, mass flow, etc.).

1) Thermal load modeling

Thermal loads represent one of the most heterogeneous,
relevant, and rapidly growing categories of demand in power
systems, encompassing applications such as HVAC equip-
ment, refrigeration units, and district heating networks [20].
Owing to their flexibility and ubiquity, they are increasingly
regarded as suitable resources for the provision of various
grid services. The scientific literature already contains a
broad body of work addressing their modeling, control strate-
gies, and contribution to ancillary services [13]-[18], [20].
From a practical implementation standpoint, these models
are generally structured into two interacting subsystems:
the thermal zone to be regulated and the device or system
that enforces the control action (). The thermal behavior
of the zone can be represented through a one-dimensional
lumped parameter formulation, applied to a collection of
k subsystems (walls, roof, floor, etc.). Thereby, C; denotes
the thermal capacity, determined mainly by the mass and
specific heat of the i subsystem, while 7} and T} represent
the respective temperatures of the subsystems ¢ and j. The
term UjAji corresponds to the product of the heat transfer
coefficient and the effective area between subsystems 7 and
j, and Qj accounts for the j® heat input among [ possible
gains (e.g., heat infiltration, solar radiation through windows,
internal occupancy).

Additionally, QHVAC denotes the heat extracted by the
HVAC system. As discussed in [20]], a variety of HVAC
modeling approaches can be considered. In general, the
system dynamics are governed by parameters such as mass
flow rates m (both refrigerant and air), setpoint temperature
Tier, supply air temperature 1i,j, zone temperature, and the
rotational speed of fan and pump motors wy,, among other
possible variables. Equation (@) can be extended to incorpo-
rate time-varying characteristics, higher-order dynamics, and
system-specific constraints as needed.

1 dT;
a dt ZUJIAJI T T + ZQ] QHVAC
Jj=1
where QHVAC = nPuvac = f (M, Tiet, Thnj, Tyones Wintr)
“4)
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2) Demand response voltage control

In Section various approaches have been proposed to
design control loops. In the context of responsive HVAC
systems, some works focus on modifying the temperature
setpoint [13]-[16], the power setpoint [17], [18]], or the
mass flow in thermal circuits [20]]. Depending on hardware
accessibility, adjusting or redefining the power setpoint is
often considered a more reliable solution [[17]].

Beyond the chosen setpoint modification strategy, the DT
model in (3) can be employed to optimize controller tuning,
predict system behavior, and constrain or scale control ac-
tions, among other applications. Equation (3) introduces five
low-computational-cost, easy-to-implement voltage control
schemes to determine the controllable load power setpoint,
P.:. As mentioned in Section the low-complexity
nature of the control schemes is intended to ensure their
implementability across a wide range of controllable loads.
In this context, V' denotes the load voltage, Vi the voltage
setpoint, Vi the base voltage, Vi, the average voltage,
Procu the fraction of load power not subject to control, and
the subscript “at (3)” indicates that the variable is evaluated
according to (3).

P ctrl( a@ = Si‘ mid at@) Mode A
Pe (Va @ = Vaer) Mode B
Proce + (V( ) > Veer) Mode C
Pret = | Pert(V (1)) — P (Vier)|
Procut + (V(t) = Vier) P{‘“jﬂ‘%‘i“;‘ . Mode D
Procut + (V(t) = Vie )&Tmmk‘lm Mode E
®)

Modes A and B determine the closest power value asso-
ciated with the setpoint voltage, with Mode A additionally
scaling the voltage reference to remain within the feasible
range. Modes C, D, and E adjust the required power to
satisfy the voltage setpoint. Specifically, Mode C follows
the characteristic defined in (3), while Modes D and E
implement droop-based strategies. It should be noted that the
droop coefficients and operating limits in Modes D and E are
directly derived from the same power and voltage extrema
used by the DT (i.e., the values indicated with the subscript
“at (3)). As a result, all five control modes operate under the
same constraints and admissible ranges, ensuring a consistent
and fair comparison across strategies.

Figure [I] presents a generalized interaction scheme be-
tween the grid and a controllable load, together with the
dual-HIL validation framework. This diagram is not limited
to a specific application. It applies to both the HVAC
system and to any demand-response-oriented controllable
load, mainly those with controllable motors. The structure
follows the holistic validation approach introduced in [20]],
and is consistent with the testing concepts in [37] and the
discussions in [38]. A co-simulation between Typhoon HIL
and OpenDSS [39]] enables real-time grid representation
while allowing any load model, implemented in a second

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Open Access Journal of Power and Energy. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0AJPE.2026.3666226

J. Aralz et al.: A Measurement-Driven Digital-Twin Methodology for Flexible Loads Voltage Control in Unknown Grids

HIL device, to be interfaced with a selected grid node.
Continuous arrows indicate the standard exchange of signals
between the two HIL platforms.

H IL1 Power Flow
Section I11-A Solved
Update
Voltages
Analog
HIL 2 eemceemo - Signal
; Load model
Section 111-B
___S_fzqi_qg_!!l__B_f_
;_-_NéW_B:l:’i"'I ----- e BT oot = e |
s © \oltage control
V =[Cy,CpC5]| Pemn ‘
(Pctrl)

FIGURE 1. Generalized concept and modeling scheme with dual-HIL
validation. HIL 1 - Orange: power system side. HIL 2 - Blue: load side.
Arrow colors denote the signal target zone. Dashed arrows with ”Y” (from
”Yes”) represent the enabled data flow for DT update when required.

IV. DIGITAL TWIN VALIDATION, IMPLEMENTATION AND
APPLICATION
For implementing and evaluating the DT, along with its use
for voltage control, computational simulations in Section
[A] and real-time experimental tests in Sections and
|§| are carried out. The grid model (i.e., OpenDSS, Simulink,
and Co-Sim) is adapted from [40] and accessible at [41], a
highly reconfigurable reduced-scale (20 to 0.4 kV, and 30 to
0.03 MW) 14-node distribution grid. Fig. [2] shows the grid
under study adapted for dual-HIL validation. For Sections
and one thermal load model is adapted from [20]].
The model of a space vector PWM voltage source inverter
induction motor drive [42] in Matlab/Simulink 2018b is used
for the electrical part of the HVAC system. The assembly’s
rated power is scaled to the rated power of the 9" node,
to which the controllable load is connected, while all other
nodes, lines, and devices remain as in the base case of [40].
Based on Figure [I] the HIL 1, Typhoon HIL 402, hosts
the grid model (solved every 250 ms in OpenDSS by Co-
Simulation approach [39]). The HIL 2, OPAL-RT OP5700,
hosts the load model (solved every 20 us) and the grid DT
(both built in Matlab/Simulink/RT-Lab). Figure [3] shows the
utilized testbench for the tests of Sections [V-Bland [V-Cl To
properly emulate the continuous-time stochastic interaction
between any commercial controller, a controllable load, and
the surrounding power system, analog I/O signals, sampled
at a 100-us rate and with amplitudes of up to 10 V, are
exchanged asynchronously.

Distribution system operator arrival

FIGURE 2. Distribution grid under study. N; _;, denotes the grid nodes.
L, _17 denotes the connection lines. Pg; _g5 means generators. P_; 1o
means loads. Discontinuous red lines represent normally open lines.
Zone colors from Fig.|I|(i.e., orange zone for HIL 1 and blue zone for HIL
2). Grid’s base characteristics from [40].

‘Typhoon HIL sch
OpenDSS Co-

1
| Load power ivmmge
1

RT-Lab { Simulink

FIGURE 3. Experimental dual-HIL testbench. From left to right: board
front, Typhoon HIL 402 (back) vs. OPAL-RT OP5700, and example signal
exchange between models. Orange: power system side; blue: load side.
Arrow colors indicate signal origin.

A. Parametric study
Firstly, a parametric study is conducted to theoretically eval-
uate the reliability of using (3) for DT creation. The study is
performed by running the OpenDSS software [43] through
the Python library opendssdirect [44]. After defining the grid
operation setup (in this case study, adapted from [40]), the
procedure is as follows: (i) update the consumed power at
the selected node according to the unknown load profiles,
time step, and probing signal (launched by controlled load);
(ii) execute the power flow and store voltages and powers;
(iii) repeat until the end of the simulation; and (iv) apply (3)
to the collected data. By means of this procedure, numerous
scenarios can be considered to analyze the DT performance.
In this work, (@ defines the unknown-load power (Pynk)
at the same node as the controllable load. The expression,
inspired by Fourier-type decompositions, is proposed as a
flexible parametrized model to represent a wide range of
distribution-side load behaviors, including those influenced
by converter-interfaced devices with richer spectral content,
within DT-oriented parametric analyses.

27t

Peryk
1 p

|Punk| cos + |Punk|

sh

2
unk t) = P
n

-
(6)

The Digital Twin is continuously updated to capture
uncertainties from other time-varying consumptions. When
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no information is available, (]§[) assumes the p‘h load has
the same amplitude as the remaining n — p loads. “’sh” is
a Boolean variable that activates the angular shift between
cosine functions. If sh = 1, the loads are phase-shifted pro-
portionally to their index p. The parameter Pery, denotes
the consumption period.

The controllable load employs a simplified version of
() to generate the probing signal, neglecting additional
loads, temporal shifts, and varying periods. Figure ] presents
the goodness of fit for 10,000 scenarios (combinations of
100 values of Pk and Peryy). The y-axis represents the
ratio between the periods of the unknown and controllable
loads, while the x-axis represents the ratio between their
power amplitudes. Lighter colors, as shown in the color bar,
correspond to a better fit (R?). Red and green markers on the
surface indicate cases with B2 > 0.9 and 0.8 < R? < 0.9,
respectively.

25
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Punknown
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20 25

FIGURE 4. Goodness of fit (R?) of (3) under different periods and power
amplitudes of a single unknown load with non-varying period.

It can be observed that slower cumulative unknown loads
yield better fits. Conversely, when the unknown load is
significantly larger than the controllable load, the likelihood
of a good fit decreases. As noted in Section [[II-A] the
implemented LR considers only a single power. Conse-
quently, if the voltage dynamics are sufficiently sensitive
to the neglected terms, the fit provided by (3) may not
accurately capture the system behavior. Figures [5] and [f]
show the influence of the power factor of the connection-
node and load unbalance, respectively, as disturbance terms.
Under the same parametric conditions as in Fig.[d] both cases
exhibit similar performance, with about 30% of the scenarios
achieving R? > 0.9.

Depending on the grid under study, a single node may
host multiple loads with diverse patterns and amplitudes.
Since the proposed DT is intended to operate with any load,
it is reasonable to consider a larger number of loads from
the end-user perspective. Equation (6) can be extended to
incorporate additional loads and thus generalize the results
illustrated in Fig. [ Figure [7] depicts the percentage of
cases with R? > 0.9 as a function of the number of loads
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FIGURE 5. Influence of the global power factor in the load connection
node over R > 0.9 density.
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FIGURE 6. Influence of the power unbalance of the unknown load over
R? > 0.9 density.

(up to 100 loads). Each point represents a set of simulated
scenarios analogous to those in Fig. ] Although no strictly
monotonic relationship is observed, the overall trend is
positive, suggesting that increasing the number of dispersed

loads does not necessarily compromise the accuracy of the
DT.

20 i i i i
40 60 80
Number of unknown loads

100

FIGURE 7. Influence of nhumber of shifted and period-varying unknown
loads over R? > 0.9 density.
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B. Digital Twin real-time experimental validation

Once the theoretical feasibility of the DT creation is estab-
lished, the methodology is evaluated under more realistic
operating conditions, including analog signal processing,
communication delays, high-frequency noise (e.g., switching
effects, digital-analog conversion), computational load, and
the accuracy limitations of numerical methods. These practi-
cal aspects are often neglected in purely theoretical studies.
The framework illustrated in Fig. [T] is implemented without
voltage control. In this case, in HIL 2, the dashed-arrow data
flow predominates over the continuous arrow.

For a technically viable implementation relying on a
reduced set of measurable signals, the motor shaft speed is
employed to map setpoint power into setpoint speed. This
is enabled by the well-known affinity laws [45]]. In parallel
with voltage and power measurements, the rotational speed
is recorded, and the ratio 7p.o., = C ‘i‘r“)?, is calculated to

further obtain the setpoint speed as (wse)® = Tfl—‘ In this
sense, both the probing signal and the Voltage—cdg&ol—based
power setpoint are inherently constrained by the intrinsic
dynamics and operational limits of the controllable load.
As detailed in Section more than 1e5 ([n]io0x1,
[Punk]100x1> @and [Perynk]100x1) scenarios are simulated. With-
out aiming for completeness, only representative selected
cases are presented. Validation of the DT creation methodol-
ogy highlights potential regions of optimal operation. Figures
[l B} and[T0]depict the voltage behavior (blue), probing signal
power (orange), and predicted power from the DT model (3)
(green). Compared with Fig. |4] the three cases demonstrate
R? > 0.9, particularly Figs. 8] and @ The case in Fig.
instead falls within 0.8 < R? < 0.9, showing the strongest
influence of realistic conditions. The three DT-based power
predictions accurately fit the real power. Additionally, it
can be seen how the lowest fit (Fig. [[0) provided slightly
larger deviations. Overall, the trend indicates that higher
probing signal frequencies enhance the goodness of fit. From
a mathematical standpoint, faster probing signals effectively
render other dynamics quasi-static. It is important to note
that, for all cases shown, the probing signal produces a
voltage deviation range below 4%. As illustrated in Fig. [8]
the minimum observed deviation is approximately 1.3%.
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FIGURE 8. Online DT creation. The probing signal period and amplitude
are 20 and 5 times smaller, respectively. Goodness of fit: RZ = 0.97.
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FIGURE 9. Online DT creation. The probing signal period and amplitude
are 15 and 2 times smaller, respectively. Goodness of fit: B2 = 0.91.
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FIGURE 10. Online DT creation. The probing signal period and amplitude
are 10 and 2 times smaller, respectively. Goodness of fit: R = 0.82.
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C. DT-enabled voltage support real-time demonstration
Once the DT creation methodology performs accurately in
real-time, one possible use is to enable the controllable load
to provide voltage control. As mentioned, the provision of
this control aims to enable distributed load to contribute
to the global enhancement of voltage performance, not to
solve deviations themselves [18|]. Therefore, the scenarios’
conditions are set to clearly appreciate the contributions of
non-extensive distributed loads.

Under a rated power penetration of 25% controllable load,
power perturbations up to one-third of the controllable-load
rating are considered. This penetration level is selected as a
representative operating point for real-time validation, while
the large-scale parametric study in Section already
explores a wide range of penetration ratios and disturbance
amplitudes. The voltage-control schemes in (3)) are evaluated
under the same admissible power range (6e% < P.y, (W) <
6e3), where Mode E represents a grid-code-based droop
control [8]].

For assessing multiple asynchronous scenarios, with dif-
ferent initial conditions and exposed to different non-
controllable conditions (e.g., delays and noise), the use of
common statistics is proposed. Table [T| shows the maximum,
minimum, and root mean square (RMS) voltage deviation
(AV) of the ten different scenarios: five compared controls
and two amplitudes of power perturbation (the extrema from
5/5 to 1/5 of maximum power amplitude considered).

At first glance, every DT-based voltage control performs
better than a classic droop (Mode E). The smallest RMS
AV is obtained by Mode B and the largest by Mode E,
in both perturbation amplitude scenarios. Under the same
perturbation, Mode B still provides the smallest maxima and
minima. The DT-based droop control, Mode D, outperforms
the classic droop control, Mode E, in almost any statistic
(except Max AV at larger perturbation amplitude).

TABLE 1. Assessment of the voltage performance. Provision of voltage
control according to the modes of (3) under different perturbation signal
amplitudes.
Mode -
Max AV (V) Min AV (V) RMS AV (V)
| Pertmax|
A-1/5 4.2867 3.8691 4.0661
B-1/5 2.1051 0.7638 1.0088
C-1/5 6.9180 1.1863 3.7675
D-1/5 3.7245 0.8376 2.5399
E-1/5 43129 3.8097 4.0718
A-1 5.0345 3.0068 4.0390
B-1 1.9560 -0.0384 1.2602
C-1 7.9586 0.5698 3.6786
D-1 6.7188 0.0823 2.6178
E-1 4.9906 3.2149 4.0625

In terms of the selected statistics, Mode B performed
the best among all scenarios. Figure [IT] shows the volt-
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age deviations under different perturbation power amplitude
conditions, all during Mode B voltage control. This figure
illustrates the impact of the perturbation power on the global
voltage deviations.

As stated above, the scenarios are run asynchronously and
sequentially without interruptions on the testbench of Fig.
accounting for continuous real-time deployment of the DT
creation methodology and DT-based voltage control. This
can be inferred by the time shifts among Fig. |11 signals.
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FIGURE 11. Mode B voltage deviations under different perturbation signal
amplitudes. Data recorded in the Typhoon HIL 402.

Although the impact on thermal comfort has been an-
alytically demonstrated in [[14f], prior studies on ancillary
service provision through DTs have generally neglected
this requirement during experimental validation [20]. Figure
illustrates the evolution of temperature deviation under
voltage control. The deviation remains negligible and ex-
hibits nearly identical values across scenarios. The minor
discrepancies observed are attributed to the inherent behavior
of individual heat gains, Q 7, and thermal exchanges between
adjacent systems, UjiAj;. These results indicate that even af-
ter five consecutive 25-second voltage control events, thermal
comfort is expected to be preserved.
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FIGURE 12. Mode B temperature deviation referred to the scenario initial
value under different perturbation signal amplitudes during voltage
control provision. Data recorded in the OPAL-RT OP5700.
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V. CONCLUSION

The growing presence of converter-interfaced generation
and loads introduces major challenges for modern power
systems. This work extends the use of Digital Twins by
enabling almost any load to support voltage control, even
when grid information is limited or unavailable. A data-
driven grid Digital Twin is proposed that relies only on
one grid-voltage signal and the load’s consumed power,
allowing simple and low-cost deployment without additional
hardware. The Digital Twin is obtained through a probing-
signal-driven, one-input/one-output linear regression model
that treats unmodeled dynamics as temporary noise, and is
periodically relaunched to ensure continuous model updat-
ing.

To assess the proposal’s reliability, three testing environ-
ments were used. First, a Python—OpenDSS setup enabled a
large parametric study (over one million cases) to evaluate
accuracy under varying load conditions. Second, a dual-
HIL platform validated Digital Twin creation under real-
time and analog I/O constraints. Third, the same setup was
extended to test voltage control by generating the Digital
Twin, computing a power setpoint from measured voltage,
and applying it as a speed reference through the HVAC
controllers.

The findings of the Digital Twin validation, implementa-
tion, and utilization can be summarized as follows:

e Using sinusoidal probing and unknown-load signals,
highly accurate Digital Twins (R? > 0.9) are obtained
when the probing is faster than the unknown-power
variations.

e Across more than 1e* combinations, over 30% achieved
R? > 0.9, while including R? > 0.8 raised the cover-
age to approximately 80%, demonstrating robustness
across diverse operating conditions.

e Increasing load heterogeneity does not reduce the likeli-
hood of highly accurate Digital Twins; with 100 simul-
taneous loads, the probability of achieving R?> > 0.9
rises to 50%.

e Dual-HIL experiments confirm that higher model com-
plexity and technical realism do not hinder Digital Twin
creation, with selected cases achieving R? = 0.97, 0.91,
and 0.82, and with faster probing consistently yielding
higher accuracy.

e Digital Twin-based voltage control (Modes A to Mode
D) exhibited lower RMS AV than the classical droop
reference (Mode E) across the considered scenarios.
Under 20% perturbation amplitude, the reductions were
0.14%, 75.22%, 7.47%, and 37.62%; under full load,
0.58%, 68.98%, 9.45%, and 35.56%, respectively.

This work shows that a low-cost, data-driven Digital
Twin can be accurately developed and effectively used to
enhance voltage control from distributed loads, particularly
converter-interfaced thermal loads. To our knowledge, it is
among the first applications of Digital Twins to flexible

loads. The results show that Digital Twins performance is
chiefly limited by load characteristics, including relative size,
controllability, and intrinsic dynamics.

A. FUTURE WORKS

Future research will include validating the methodology with
high-resolution, real-world load profiles and extending the
data-driven formulation to more complex load and control
models and higher penetrations of converter-interfaced re-
sources. The Digital Twin framework will be generalized
to support multi-phase measurements, detailed unbalanced
conditions, extensive reactive power effects, highly-distorted
grids (e.g., due to converters’ penetration), faults (including
multiple types and durations), as well as topology changes or
other operating conditions, that alter the grid’s local sensitiv-
ity. Additional work will establish probing-signal constraints
for safe operation of converter-interfaced loads and quantify
latency, timing, and bandwidth effects for integration into
controller design and hardware testing. Lastly, developing a
coordinated framework for Digital Twin creation, updating,
validation, and operation will facilitate the transition from
HIL-based prototyping to practical field deployment.
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