EAIl Endorsed Transactions

on Scalable Information Systems Research Article EALLEU

Quantum Communication-Assisted Synchronization
Framework for Distributed 3D Power Grid Models
Across Multi-Regional Control Centers

Youhui Chen!*, Zhonghua Lv!, Ruixue Hu!, Xinying Zhao and Dongxue Li'

IState Grid Liaoning Electric Power Company Limited Economic Research Institute, Shenyang 110015, China

Abstract

INTRODUCTION: The synchronization of three-dimensional digital twin models across geographically distributed power
grid control centers represents a critical challenge in modern power system operations. Traditional synchronization methods
including Network Time Protocol (NTP) and Precision Time Protocol (PTP) achieve only millisecond-level accuracy, which
proves fundamentally insufficient for monitoring and responding to critical power grid transients that occur on sub-
millisecond timescales. The proliferation of renewable energy sources and distributed generation resources further intensifies
synchronization requirements. OBJECTIVES: This research develops a comprehensive quantum communication-assisted
synchronization framework designed to achieve unprecedented temporal accuracy for distributed 3D power grid models
spanning multi-regional control centers while maintaining compatibility with existing infrastructure. METHODS: A
hierarchical quantum-classical hybrid architecture is proposed that strategically utilizes quantum entanglement channels for
time-critical synchronization signals and classical communication channels for bulk data transmission. An adaptive fault-
tolerance mechanism dynamically adjusts quantum error correction strategies based on real-time quantum channel quality
assessments, with graceful degradation to classical protocols when necessary. RESULTS: Extensive simulations utilizing
128 IEEE 118-bus system models demonstrate sub-10 nanosecond synchronization precision—representing 10,000-fold
improvement over NTP—with end-to-end latencies maintained below 10 microseconds. The framework exhibits robust
performance with synchronization success rates exceeding 90% under 15% node failure conditions and demonstrates
logarithmic O(log M) time complexity compared to O(M?) scaling for classical consensus protocols. CONCLUSION: The
quantum communication-assisted framework delivers superior accuracy, scalability, and fault tolerance compared to
classical synchronization protocols, establishing viability for next-generation smart grids with extensive distributed energy
resources.
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and are comprised of various types of generation resources
such as traditional thermally powered stations, renewable

energy resources, energy storage devices, and distributed
resources [1]. The successful management and control
processes within these large-scale interconnected electrical
grids are highly dependent on real-time awareness

1. Introduction

Complex cyber-physical networks such as the present-day
electrical power grids involve widespread geographical areas
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capabilities that are made possible through the accurate
synchronization of digital twin models within various
regional control centers [2]. These digital models are virtual
representations of the real-world electrical grids that include
electrical values such as voltage magnitudes, phase angles,
active and reactive power flow values, and dynamic
conditions of thousands of components spread over
continents [3].

The requirements imposed on digital twin models in the area
of synchronized data exchange are further tightening with the
development of more complex and dynamically variable
power grids. The use of inverter-based renewable energy
resources causes sub-second variations of generation activity
[4]. Electrically driven charging stations produce rapid
variations of the load profile with an impact spreading over
the borders of regions [5]. Wide area monitoring grids
produce extensive data streams with rates similar to 30 to 120
frames/sec read from phasor measurement units (PMUs) [6].
To ensure stabilized operations and subsequent synchronized
reactions to critical phenomena, regional grids are to be
updated with synchronized digital models in time intervals
below 100-500 ms corresponding to critical processes in
electrical grids such as electro-mechanical oscillations and
voltage collapses [7].

The present synchronization infrastructure in the power grids
is mainly based on traditional communication protocols and
techniques. The Network Time Protocol (NTP), commonly
adopted among devices connected to the internet, provides
synchronization within 1-50 ms with optimal settings [8].
Yet, the accuracy of NTP synchronization deteriorates
drastically in heavily loaded networks and over multiple
routing layers, with error margins often above 100 ms over
continent-wide networks [9]. These margins are clearly
undesirable in time-critical applications within the power
grid, as the error ranges are about to enter or already exceed
the characteristic timescales of transients (100-1000 ms) and
sub-synchronous oscillations (10-100 ms) [10].

The Precision Time Protocol (PTP), standardized as IEEE
1588, provides better precision with synchronization
accuracy in the microsecond to submicrosecond range [11].
The PTP protocol provides this precision with the aid of
hardware timestamping and  specialized network
infrastructures. But the implementation of PTP faces many
challenges in large-scale environments in the power grids.
The PTP protocol has to be supported by hardware in network
switches and routers on the entire communication path. This
results in significant infrastructural costs and compatibility
problems within heterogeneous regional networks [12].
Additionally, the PTP protocol experiences deteriorated
accuracy with the traversal of non-PTP-aware networks
within the entire communication path, making it
inappropriate within multi-regional grids with various
communication infrastructures [13].

In addition to these protocol constraints, there are
fundamental physical limitations that apply to all classical
synchronization techniques due to the speed of propagation
of electromagnetic signals. The speed limit imposed by the
special theory of relativity is 300,000 kilometers/sec; that is,
the speed of light in free space [14]. The propagation speed

through fiber-optic cables is lower due to the fiber's refractive

index and is reported to be about 200,000 kilometers/sec [15].
Assuming transcontinental-scale RMS grids that are 3,000-
5,000 kilometers apart, the round-trip time difference due to
light speed delays would be 15-25 milliseconds [16]. When
the entire delay due to signal routing within the network
nodes, protocol overheads, and delays are taken into account,
end-to-end delays in excess of 50-100 milliseconds are
conceivable [17].

Consensus-based synchronization techniques like those in
Paxos, Raft, and Byzantine fault-tolerant algorithms ensure
reliable coordination among components in distributed
architectures [18]. Yet these approaches come with
significant communication overhead, which becomes
unscalable with an increase in the number of components.
The various traditional consensus approaches are inherently
inefficient since they may involve O (N”2) communication
overhead among N participating components to attain
consensus, thus introducing critical scaling challenges in real-
world applications with hundreds and thousands of regional
sub-stations in the power grids [19]. The delay with such
consensus approaches becomes worse with the increase in the
number of components [20].

Recent breakthroughs in the area of quantum information
science have made possible the development of practical
quantum communication technologies that provide novel
functionalities for cooperative behavior in distributed
systems [21]. In contrast to quantum computing, which still
remains mainly in its research stages, quantum
communication has matured to the stage of operational
applications in various countries [22].

The Quantum Key Distribution (QKD) protocols BB84 and
E91 allow unconditionally secure communication over
distances by taking advantage of quantum mechanical
principles [23]. Commercial QKD solutions are already
installed in metropolitan fiber networks spanning different
continents, with more than two dozen quantum-secured
communication connections established in the financial,
governmental, and telecommunication sectors [24]. The
quantum communication backbone network built between
Beijing and Shanghai in 2017 spans 2,000 kilometers and
connects metropolitan areas with quantum-secured
communication lines [25]. The satellite 'Micius', launched in
2016, has already proven intercontinental quantum
communication and has successfully established quantum
connections over more than 7,600 kilometers between ground
stations [26].

Quantum timing and synchronization techniques are another
established area  within quantum communication.
Entanglement-based clock synchronization techniques enable
the establishment of time references between distant sites
without the need to exchange classical messages in both
directions, thus overcoming the latency constraints that
hinder classical clock synchronization techniques [27].
Demonstration experiments have shown sub-100 ps clock
synchronization with entangled photon pairs over fiber-optic
channels [28]. Experiments over satellite links have
substantiated the potential use of quantum clock
synchronization over continental distances [29].
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Quantum communication networks use quantum repeaters to
increase the distance coverage of quantum channels beyond
50-100 kilometers due to the limitation caused by the loss of
photons in optical fibers [30]. State-of-the-art quantum
repeater technology utilizing quantum memories and
entanglement swapping has been shown to enable distances
above 500 kilometers to be covered over quantum channels
[31]. Hybrid quantum-classical networks consisting of
quantum communication channels carrying time-critical
signals and classical communication channels carrying data
offer viable platforms to integrate quantum technologies
within current communication settings [32].

Although there has been notable progress in the digitalization
of the power grid and the development of quantum
communication technology, there has been no research in the
area that combines these two areas. The application of
quantum to the power sector has been covered in various
research works with either quantum computing applications
to optimize tasks such as unit commitment and optimal power
flow [33], or quantum cryptography to protect SCADA data
transmission [34]. The application potential of quantum
communication technology to provide synchronization in the
microgrid digital twin has yet to be researched.

The current state of research in distributed synchronization in
distributed systems with quantum resources was almost
exclusively theoretical and concerned with laboratory-scale
prototyping. The question of how quantum communication
resources might be properly integrated with those already
present in the power grid communication infrastructure has
yet to be answered. Moreover, there are outstanding questions
with regard to scalable architectures that would allow the
distributed synchronization protocols to ‘degrade’ instead of *
fail’ if the quantum resources are unavailable/inoperable.
What are the potential gain factors for such distributed
synchronization protocols within realistic operating
conditions?

In this paper, these research voids are filled with the
development of an integrated quantum communication-
assisted synchronization solution targeting the coordination
process among digital twins in multi-regional power grids.
The key aims of this research are: A hybrid quantum-classical
communication architecture needs to be designed that
combines quantum timing channels with the existing
communication infrastructure of the power grid (SCADA
systems and wide area communication), with backward
compatibility with existing solutions, as well as conformance
with industry standards (IEC 61850 and 61970). Develop
distributed synchronization protocols that exploit the use of
quantum communication channels for time-critical
synchronization signals and then use classical channels to
transmit the data in accordance with the application
requirements and availability of the quantum and classical
communication channels. Develop adaptive fault-tolerance
techniques that adjust error correction approaches
dynamically according to real-time evaluations of quantum
channel qualities (fiber loss and rates of decoherence and
quantum repeater performance), and degrade in a graceful
manner to classical synchronization if quantum resources are
impacted. Carry out rigorous theoretical analysis with respect
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to synchronization time complexity, communication
overheads, and scalability properties, and compare quantum-
aided approaches with classical synchronization algorithms
on various parameters. Carry out extensive simulation tasks
with more realistic models of the power system (IEEE test
systems expanded to multi-region models) and parameters of
the quantum communication channel taken from real
quantum networks.

2. Quantum Communication-Assisted
Synchronization Framework

2.1 Quantum Channel Characteristics and
Capabilities

Quantum key distribution (QKD) offers unconditionally
secure communication links utilizing the fundamental
principles underlying quantum mechanics, specifically the
no-cloning theorem and state collapse due to measurement.
State-of-the-art QKD technology has adopted protocols such
as BB84 and measurement device-independent (MDI) QKD
with error rates that allow 1-10 kbps secure key exchange
over metropolitan ranges (50-100 km) with standard
telecomm fiber cables. The quantum bit error rate (QBER),
an essential parameter in evaluating the efficacy of QKD
communication links, measures the fraction of erroneous
quantum bits and affects the efficiency of key exchange rates.
In practical QKD implementations, the quantum bit error rate
is measured by the formula:

QBER = Yemr _ 1(1—(5*‘)+pwk

total ( 1 )

where ~ eor js the number of erroneous bits, = @l is the

total transmitted bits, M is the mean photon number per

pulse, and Paark represents the dark count probability of
single-photon detectors. Operational QKD systems maintain
QBER below 11% to ensure positive secure key generation
according to information-theoretic security bounds.

The quantum channel fidelity F , measuring the overlap
between the transmitted and received quantum  states,
characterizes the overall channel quality, including photon
loss, decoherence, and measurement imperfections:

F = <l//0ut | lr//in>2 = Tr(poutpin) (2)

where |l//in> and ’l//"u‘> represent input and output
quantum states, and P denotes the corresponding density

matrices. High-fidelity quantum channels (F > 0-99) are
essential for reliable quantum timing synchronization
applications.

The method of quantum clock synchronization uses entangled
photon pairs to enable coordination among distant nodes
without the need to exchange signals over round-trip times.
When two nodes possess entangled photon pairs generated
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from a common source, there are correlated detection events
in each node. The quantum correlation coefficient for
maximally entangled Bell-states is given by the equation:

Clz(t1 B tz) = <ﬁ1 (t1 )ﬁz (tz )> - <ﬁ1 (t1 )><ﬁ2 (tz )> = 5(t1 =1L = Atlz) (3)
where " () represents the photon detection operator at node

! and ha is the clock offset between nodes. By analyzing
the temporal correlation of detection events, nodes can
determine their relative clock offsets with precision limited
only by single-photon detector timing jitter (typically 50-200
ps for modern superconducting nanowire detectors).

The achievable synchronization precision ! scales with the

number of distributed entangled pairs N and detector

resolution O det :
o =Zd . 14 !
SNR

where SNR is the signal-to-noise ratio is determined by the
ratio of coincident detection events to accidental

N=10°

coincidences.  For

Ot = 100 ps, sub-nanosecond synchronization precision
becomes achievable even over continental distances.

Quantum repeaters are designed to take quantum
communication beyond the normal 50-100 km range due to
the exponential loss of photons in optical fibers (about 0.2
dB/km fiber attenuation). The architecture of quantum
repeater networks comprises quantum memories and

entangled pairs and

entanglement swapping functions within intermediary nodes.
For a linear quantum repeater chain connecting two end nodes

separated by a distance L with " intermediate repeater

. . o R
stations, the effective entanglement distribution rate = °ff
follows:

Reff = RO : (nrep )n ’ ])snwap (5)

where ~ 0 is the raw entanglement generation rate, Thep is

the repeater station efficiency, and % is the entanglement

swapping success probability. Modern quantum repeater

Nwep = 0.9 . P.. =095

designs achieve nd SW%P enable multi-
hop quantum channels spanning 500-1000 km.

For multi-regional power grid applications, a hierarchical
star-tree topology provides optimal balance between resource
efficiency and fault tolerance. Regional control centers
connect to provincial quantum hubs, which interconnect

through a backbone quantum network. The network diameter
D (maximum number of hops between any two nodes)
scales logarithmically with the number of regions M fora

tree topology with a branching factor b :
D=2|log, M
I' g —l (6)

This logarithmic scaling enables efficient synchronization
across large numbers of regional nodes, as demonstrated in
subsequent sections. Table 1 compares quantum and classical
synchronization technologies.

Table 1. Quantum communication technology comparison with classical approaches

Parameter QKD Channel Classical Quantum Sync ~ NTP PTP
Encryption
Security Basis Information- Computational Physical Authentication  Authentication
theoretic complexity correlation
Key Rate 1-10 kbps Unlimited N/A N/A N/A
Range (fiber) 50-100 km Unlimited 100-500 km Unlimited Unlimited
Synchronization N/A N/A <l ns 1-50 ms 0.1-1 ps
Precision
Distance Exponential loss ~ None Logarithmic Linear Linear
Dependence
Hardware Single-photon Standard network Quantum Standard Hardware
Requirements detectors memories timestamping
Latency ~500 ps (100 km) ~500 ps (100 km) <10 ps 10-100 ms 0.1-1 ms
Repeater Spacing 50-100 km N/A 100-200 km N/A N/A
Quantum Resource  Entangled None Entangled None None
photons photons
Scalability Moderate Excellent Good O( M2 ) Moderate
Poor (
)
Maturity Level Commercial Mature Prototype Mature Mature

Note: Values represent typical performance for current-generation systems. QKD = Quantum Key Distribution; NTP = Network Time Protocol; PTP =

Precision Time Protocol; N/A = Not Applicable.
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The proposed synchronization scheme uses a hierarchical
architecture that has three layers to combine the quantum
communication capabilities with the existing infrastructural
setup of the power grid in a seamless manner, as shown in
Figure 1.

2.2 Hybrid Quantum-Classical
Communication Architecture

Classical Application Layer

Quantum Encoding Repetition Code

3D Visualization State Estimator EMS/SCADA
Real-time Grid Model WLS Algorithm IEC 61850
State Display Data Fusion Historical DB
* Classical Data
Quantum-Classical Interface Layer
State Prep & Error Correction Entanglement Resource
Measurement Verification Manager

Fidelity Monitor Channel Alloc.

Single-photon Det. Steane Code Quality Assessment Load Balance
Classical Conversion Surface Code Adaptive Control QoS Control
+ Quantum Signals
Quantum Physical Layer
Quantum Sources Quantum Memory Q-Channels Repeaters
Entangled Photons Coherence: 100 ms Fiber/Free-space 100 km span
Single-photon Gen. 100 qubits/node Loss: 0.2 dB/km n=0.9

Figure 1. Hybrid quantum-classical three-layer architecture for power grid synchronization

The quantum physical layer offers the quantum
communication connectivity infrastructure with entangled
state creation by means of single photon sources, quantum
memories with coherence times above 100 ms, quantum
communication channels that are either fiber-optic cables or
free-space channels with quantum repeater nodes placed
every 100-200 kilometers. The regional control centers come
with quantum terminals featuring about 100 physical qubits
realized on either trapped-ion quantum platforms or
superconducting circuit quantum platforms.

The interface layer between quantum and classical
components consists of four functional blocks. The state
preparation and measurement module performs quantum-
classical encodings between the parameters (voltage
magnitudes and phase angles corresponding to active and
reactive power) in the power grids and quantum bits and vice

versa. The error correction module executes adaptive
quantum error correcting codes depending on assessments
made by the channel quality evaluation module in real-time.
The entanglement verification module ensures that quantum
channel reliability is maintained above operational thresholds
by operating re-entanglement processes if it drops below
those thresholds. The resource manager module manages
quantum and classical communication resources dynamically
depending on synchronization requirements.

The traditional application layer retains all traditional power
system operational functions, such as 3D graphics engines for
rendering the grid models in real-time, state estimators with
weighted least squares algorithms, and database management
systems that connect to existing SCADA-EMS systems
through the use of IEC-61850 protocols.

The hybrid architecture uses an integrated channel allocation
protocol to fully leverage the strengths of quantum and
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classical communication channels. As illustrated in Figure 1
below, quantum communication channels are used strictly for
time-critical synchronization signals in which the sub-
nanosecond precision and correlation over distance properties
are most beneficial. Classical communication channels are
best suited for bulk transmission of grid state data
(measurement data, topology changes, history records).

The total communication capacity C‘Otal of the hybrid

system combines quantum and classical channel
contributions:
P
Cor = Couantam + Cotassicat = Rew 108, (d) + Byjygiicar 108, [1 + ﬂ]
(7)

R . e .
where = " is the entanglement distribution rate, d is the

dimensionality of quantum states, ~ classical s classical

channel bandwidth, and the second term represents the
Shannon capacity of classical channels with signal-to-noise

ratio signal noise

Region 1

Control Center
500 nodes

Region 3
Control Center
380 nodes

Natiogal Quantuyp Hub

Hybrid WDM System o
Az 1550nm (Classical data)

Az: 1310nm (Quantum signals)

The resource allocation optimization problem determines the
optimal partition of synchronization and data transmission
tasks between quantum and classical channels:

min, ;[ T + (1) Ty + B+ C o + (1= ) Copa

®)
Subject to:
ael0,1], Bel01], F 2 QBER<QBER,
where & represents the fraction of synchronization

workload assigned to quantum channels, B represents the

data transmission workload fraction, Tsync denotes
synchronization latency, and constraints ensure quantum
channel quality meets minimum operational requirements.
The quantum-based synchronization framework is integrated
with the existing communication infrastructure in the power
grids through standard interfaces, as shown in Figure 2. The
regional control centers are further linked to the provincial
quantum network hubs either through quantum fiber cables or
hybrid classical-quantum WDM networks that use shared
fiber cables.

Region 2

Control Center
450 nodes

Legend
. Regional Control Center
. Quantum Repeater
O Provincial Quantum Hub
Quantum Channel

=== Classical Channel
=== Hybrid Channel (WDM)

Region 4
Control Center
520 nodes

Figure 2. Multi-regional power grid quantum communication network topology

As illustrated in Figure 2, the quantum network consists of a
hierarchical star-tree topology with regional control nodes
interconnected by provincial quantum hubs to form the
national quantum backbone network. The quantum repeater
stations (QR1-QRS8) are spaced about 100 km apart as
quantum repeaters to mitigate the effect of photon loss in the
fiber connections. The proposed quantum network
architecture promotes the hybrid WDM configuration that
combines quantum signals with classical data signals
operating on 1550 nm and 1310 nm wavelengths,

respectively. The use of WDM technology enables the shared
use of existing communication cables within the power grid.
Integration with standard protocols such as 61850 ensures full
and seamless compatibility with already existing SCADA
infrastructures. The quantum-classical interface layer has the
task of mapping quantum clock references to standard
GOOSE messages containing built-in timestamps with high
accuracy. In areas that do not yet rely on quantum technology,
the architecture will fall back to classical PTP
synchronization.

The scalable nature of this hierarchical topology means that
the quantum repeater network architecture has only
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logarithmic scaling requirements with respect to the quantum
repeaters whenever new regional control centers need to be
added to the network architecture.

2.3 Quantum Time Reference-Based
Synchronization Protocol

The synchronization protocol makes use of the entanglement
correlation present in quantum entangled particles to create a
shared time standard among the distant regional control
centers without the need to exchange messages over round-
trip times. The protocol consists of three stages that take place
concurrently, as shown in the sequence diagram in Figure 3

Quantum Regional
Source Node A

Regional
Node B

below.
] [ Regional ] ‘
Node M

1
Phase 1: Quantum Entanglement Distribution

Qubit 2

'
Phase 2: Simultaneous Quantum Measuirement

Measure

'
t_A: Local ime
'Result: 0) or [1)

Qubit M

!
Phase 3: Classical Timestamp Exchande & Offset Calculation

t_dist: Distribution time ~O(log M)

| GHZ) 1/N2(100...0) + |1D...1))

1.B: Local time
identical result
1

Measure

1
t_M: Local ime
Correlated

1 1

Quafitum correlation ensures identical outcorhes

(t_M, outcome_M

Compute At

At_i,master =t_i - t_master
1
Phase 4: Clock Correction & Data Consistency Verification
Synchronized time: t_sync=t_i- At_i
] — — ﬁl:

decapecadiddeccccccccas

Time

Figure 3. Quantum time synchronization protocol sequence diagram showing four-phase message interaction

During the quantum timestamp generation phase, a central
quantum source prepares an M-partite GHZ entangled state
and distributes individual qubits to each of the M regional
control centers through quantum channels with quantum
repeater assistance. The distributed entangled state maintains

|GHZ) =—— (| 0)®" +| 1)®")
the form \/E , where the

superscript notation indicates a tensor product over all M

qubits. This distribution process requires O(log M) time
complexity due to the hierarchical tree topology, as qubits can
be routed through intermediate quantum hubs in parallel
rather than sequential point-to-point transmission.

Following entanglement distribution, each regional node
performs a quantum measurement in the computational basis

at its local clock time g . Due to the quantum correlation
encoded in the GHZ state, all nodes obtain identical

measurement outcomes (either all measure ’O> or all

measure D ) with equal probability, despite the spatial
separation and independent measurement timing. This
instantaneous correlation is the key quantum resource that
enables synchronization precision beyond classical
communication constraints. The measurement events
establish quantum-correlated reference time points that can
be used to detect clock offsets between nodes.

After completing quantum measurements, nodes exchange
their local timestamps and measurement outcomes through
classical communication channels, as shown in Figure 3.

Each regional node ! reports its measurement time g and
outcome to a designated master node (typically the node with
the most reliable clock stability or the central geographical
location). The master node computes the clock offset for each
regional node relative to its own clock reference using the
formula:
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At

i,master i

L
C

master

)

L. . . . 1
where "~ is the physical distance between the node ! and the
master node, € is the speed of light in the communication

medium, and the last term L provides first-order
compensation for light-speed propagation delay. For fiber

optic channels with a refractive index 7 ~ 1.5 , the effective

. ..¢/n=200,000
propagation speed is km/s.
The synchronized clock time for each node is then computed

t. .=t —At . .
g Symet o fmaster - aligning all regional clocks to a
. o .. O,

common time reference. The synchronization precision

achievable through this protocol depends on the quantum

.. .. (o} .
measurement timing jitter ~ d¢t | the number of distributed

entangled pairs N used for statistical averaging, and the
stability of the classical timestamp exchange process:
2

(o}
o = det

N (10)

[ .. . . .
where classical repregents timing uncertainty in classical
message exchange (typically 10-100 microseconds for wide-

+0?

clock

+ o2

classical

O .
area networks), and ~clock  quantifies the local clock

_104
instability during the synchronization interval. For N=10

entangled pairs with detector jitter Ot =100 ps, the
quantum contribution to synchronization uncertainty is
approximately 1 nanosecond, which dominates over the
classical and clock drift terms for high-quality oscillators.

To maintain long-term synchronization stability, the protocol
incorporates a frequency drift correction mechanism that

tracks the relative frequency offset Af" between each
regional clock and the master reference. By performing

repeated synchronization measurements at intervals Y™ |
the frequency offset can be estimated as:

Ati,master (t2 ) - Ati,rrnaster (tl )
Af, =
L=t

(11)

t t . L
where ! and "2 denote consecutive synchronization epochs.
This frequency correction is then applied continuously to
maintain clock alignment between synchronization updates:

tcorrected,i (t) = ti (t) - Ati,master - Af; ’ (t - tsync)
(12)

In addition to clock synchronization, the protocol consists of
a data consistency verification process that verifies the
consistency of state data replicated among different regional
nodes of the power grid. Each node keeps a replica of the 3D
model parameters, such as voltage values, phase difference
values, flow values, and topology setups for each device in its

2 EA

assigned area of monitoring. To check data consistency
among the different areas, each node derives cryptographic
hash values that are compared among nodes to check if there
are any mismatches among the values (i.e., inconsistency
among regional data). If data mismatches are found, it
triggers the process of data reconciliation, during which each
node compares the state vectors to determine the most
accurate values according to the priority levels assigned to
them in terms of timestamps and confidence levels. This
process has a much slower timescale (1-10 seconds)
compared to the sub-nanosecond timescale involved in clock
synchronization processes.

2.4 Grid State Parameter Encoding Scheme

The efficient encoding of state parameters representing the
power grid state is essential to reduce communication
overhead and quantum resource requirements within the
synchronization process. The digital twin models in the
power grid include various parameters such as continuous-
valued electrical variables (voltage magnitudes, phase angles,
active and reactive power), spatial coordinates to facilitate 3D
visualizations, and discrete topology parameters signifying
the position of circuit breakers and switches. The parameters
are represented with distinct approaches depending on the
parameter type. Table 2 summarizes the encoding scheme for
all grid parameters.

The voltage magnitude parameters are normally varied within
a narrower operational range about the nominal voltage
values and are represented in per unit values with the normal
operational values between 0.90 to 1.10 p.u. The 20%
variation range can be represented with 8-bit coding (256
levels) with an accuracy of about 0.08% per level, which
surpasses the normal substation voltmeters’ accuracy. Phase
angle values that are critical to identify the direction of active
and reactive power flow, as well as to identify problems
posed by stable operation, vary between 180° to 180°. The

10-bit coding (1024 levels) offers 0.35°, with which precise

active and reactive power flow can be calculated without
taking up more space.

The active and reactive power flow parameters have more
extensive dynamic ranges that include negative values;
therefore, sign magnitude coding methods are more
appropriate. In the case of transmission lines with thermal
capacities no greater than 1000 MW, 12-bit sign magnitude
coding (1 sign bit and 11 magnitude bits) is employed with
0.5 MW resolution over the 1000 MW range. Reactive power
transfers that are normally within +500 MVAr limits in most
transmission apparatus are represented with 11-bit sign
magnitude codes with 0.25 MVAr resolution. The rationale
here is due to the differing dynamics and requirements in
managing active and reactive power in power flow
applications.

The use of three-dimensional spatial coordinates to visualize
the components of the grid applies block coding techniques
that take advantage of the spatial locality of components
within the power grid. Instead of coding the absolute
geographical coordinates of each component separately, the
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coding method divides the regional service area into a
hierarchical spatial grid with various levels of granularity.
The coding process discerns the regional area at the coarse
level with 8 bits (supporting 256 areas), and then locates
within those areas at the fine level with 16 bits (8 bits each
for the x and y coordinates). This helps to reduce the entire
spatial coordinate coding from 48 bits (supporting full
latitude and longitude values) to 24 bits per component.

The parameters that calculate the topology state featuring the
on-off status of the circuit breakers, disconnect switches, and

protective relays use the binary basis form of encoding that
requires only 1 bit to denote each state. The encoding method
further adds temporal information to enable change detection
and analysis over time. Each transition event that affects the
topology is labeled with the 32-bit timestamp that has
millisecond precision over timescales spanning multiple
years, and further carries a 4-bit status indicator that shows
normal state, manual changeover action, automatic protection
actuation action, and fault state.

Table 2. Grid parameter encoding scheme for multi-regional synchronization

Parameter Type Operational Range Encoding Method Bits Required ~ Resolution Update Rate
Voltage Magnitude 0.90-1.10 p.u. Linear quantization 8 0.0008 p.u. 10 Hz

Phase Angle -180° to +180° Linear quantization 10 0.35° 10 Hz
Active Power -1000 to +1000 MW Sign-magnitude 12 0.5 MW 10 Hz
Reactive Power -500 to +500 MV Ar Sign-magnitude 11 0.25MVAr 10Hz
Frequency 59.5-60.5 Hz Delta encoding 8 0.004 Hz 10 Hz
Topology Status ON/OFF Basis encoding 1 Binary Event-driven
X-Coordinate (3D) Grid-dependent Hierarchical block 12 Zone/local 1 Hz
Y-Coordinate (3D) Grid-dependent Hierarchical block 12 Zone/local 1 Hz
Z-Coordinate (3D) 0-500 m (elevation) Linear quantization 10 0.5m 1 Hz
Component ID 1-65536 devices Integer indexing 16 Unique ID Static
Timestamp System time Unix epoch 32 1 ms Per update
Status Code Operational flags Enumeration 4 16 states Event-driven

Note: Update rates indicate typical refresh frequencies for each parameter type in wide-area monitoring systems. Bits required represent per-parameter encoding
costs. Total data payload for a regional grid model with N components requires approximately 90N bits plus overhead for message headers and error correction

codes.

The coding method provides significant compression over
naively coding floating-point numbers (requiring 32-64 bits
per parameter), thereby limiting communication bandwidth
by factors 3-8 depending on parameter composition. This
becomes critical in scalable synchronization of multi-region
grids with requirements to exchange hundreds of thousands
of parameters with sub-second rates over wide area
communication links with bandwidth capacity limits.

3. Distributed Synchronization Algorithm
Design

3.1 Quantum Time Reference Distribution
Algorithm

The quantum time reference distribution algorithm uses a
hierarchical approach to efficiently distribute the entangled
quantum states from the quantum source to the M regional
control centers. Instead of performing entanglement
generation in a sequential point-to-point manner, the quantum
time reference distribution algorithm makes use of a binary
tree topology in which entangled quantum signals are
distributed from the quantum source to the two first-tier
provincial quantum hubs and then to the next tier of four
regional hubs and so on until each regional node has been

2 EA

assigned its qubits. This hierarchical approach achieves a
distribution time complexity O(log, M)
oM) o - .
at for sequential distribution, providing substantial
scalability advantages for large multi-regional power grids.
The distribution process begins when the central quantum
source prepares an M-qubit GHZ state using a cascade of
controlled-NOT (CNOT) gates applied to an initial
superposition state. For M regional nodes, the preparation

compared to

circuit requires M -1 two-qubit gates and can be executed

in time Ly =(M 1) T, ~100

nanoseconds for typical superconducting qubit platforms.
After preparation, individual qubits are injected into quantum
communication channels targeting their respective regional
destinations. Quantum repeater stations along each path
perform entanglement swapping operations to extend the
transmission range beyond the direct fiber loss limit, with

each repeater hop introducing latency E‘Op =50
microseconds dominated by quantum memory read/write
operations.

Upon receiving their designated qubits, regional nodes

perform local measurements in the computational basis at
local

their local clock times # . Each node records both the
measurement outcome (0 or 1) and a high-precision

T
ate , where gate
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timestamp generated by GPS-disciplined rubidium oscillators

1

with Allan deviation better than
local

time. The timestamp is captured using hardware
timestamping circuits with sub-nanosecond jitter, typically
implemented using time-to-digital converters (TDCs) that
measure the temporal separation between photon detection

Atipe =25

-11
0 a 1-second averaging

events and local clock edges with a resolution
of picoseconds.
Following local measurements, regional nodes transmit their

local
timestamp-outcome pairs @™ m;) to the designated
master node through classical communication channels. The
master node collects all timestamps and computes clock
offset estimates for each regional node. The time offset

imaster  hetween the regional node ! and the master

reference is calculated as:

At _ tlocal _ 4local di,master _
i,master ~ Ui master / process
cln (13)
where ™3 jg the physical fiber distance between nodes,

C/ N s the speed of light in optical fiber with refractive

~ T
index "~ 1.47 , and PSS accounts for measurement

processing delays at both nodes. The corrected synchronized
t‘local — AL

i,master

. sync __
time for the node ! isthen '
To maintain long-term synchronization accuracy against
clock drift, the algorithm implements a frequency offset
estimation and compensation mechanism. By performing

synchronization measurements at two consecutive epochs

separated by an interval AT , the relative frequency drift

5f" between the node i and the master can be estimated as:
5](' — Al’i,master (t + AT) - Ati,master (t)
| AT (14)

This frequency offset is used to continuously correct the local
clock between synchronization updates according to

t;:orrected (T) = tilocal (T) - Ati,master - 5f; ’ (T N ts}mc) where

T represents elapsed time since the last synchronization
epoch. The frequency compensation reduces accumulated

timing error growth from linear drift or) ot to quadratic

. 2
drift o) oc t associated with second-order clock
instabilities, extending the interval between required
synchronization updates by factors of 10-100 for high-quality
oscillators.

3.2 Inter-Regional Data Consistency
Guarantee Mechanism

To maintain synchronized state information about the grid in
regional control centers, there must be efficient techniques to

manage discrepancies that occur due to communication
delays, losses, time differences in measurements, and
autonomous processes of state estimation in other sites. The
data consistency mechanism employs quantum-inspired
fingerprinting techniques that enable exponentially faster
consistency verification compared to classical bit-by-bit
comparison methods, reducing communication overhead

O(Nparams) O(log N,

params

arams )

from for grids with

monitored parameters.
Each regional node maintains a local

T
Xi:[VI,GI,E,QI,...,VN,QN,PN,QN] Containing

voltage magnitudes, phase angles, active power flows, and
reactive power flows for all buses and branches within its
oversight region, updated at a 10 Hz rate from PMU
measurements and state estimator outputs. To generate a
compact fingerprint of this high-dimensional state vector,
nodes compute a polynomial hash function evaluated at a

randomly selected evaluation point 7 :
N

params

H(r)= z x, -’ modp
j=1

state vector

~

where P is a large prime number (typically
X .
"/ are the quantized grid parameters.

This polynomial fingerprint requires only ﬂogz p —l ~32
bits to represent, providing massive compression compared
to transmitting the full state vector, which may contain
thousands of parameters requiring megabytes of data.

and the coefficients

To verify consistency between two regional nodes ! and J ,

, H.(r
they exchange their fingerprint values H’ () and (r)
compute at the same random evaluation point 7 . If the

X =X
underlying state vectors are identical ( * /), then the
H.(r)=H (r
fingerprints will match exactly ’( ) J () .
Conversely, if the state vectors differ, the probability that
fingerprints collide despite different underlying data is
bounded by the Schwartz-Zippel lemma:

P(collision) < Nparams/ p ~ 10~ for typical grid

models, providing high-confidence discrepancy detection
with minimal communication.

When an inconsistency is detected (fingerprint mismatch),
nodes initiate a binary search procedure to identify the
specific parameters causing the discrepancy. The parameter
space is recursively partitioned into halves, with fingerprints
computed for each partition until the differing parameters are

isolated. This binary search requires O(log Np rounds
of fingerprint exchange, dramatically reducing the overhead
compared to transmitting full state vectors.

The global data consistency metric across all M regional
nodes is quantified as:

arams )
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M-1

f ILH,(r,0) = H,(r,1)]

Jj=i+l

1
Cglobal (t) = 7

2

i=l1

(16)

where 1] is the indicator function equal to 1 when
fingerprints match and 0 otherwise. A fully consistent system
achieves Cglo"al =1 , while significant discrepancies drive
the metric toward zero.

The data reconciliation protocol guarantees convergence to a
consistent state under the condition that the network
communication graph remains connected and message
delivery delays are bounded. The convergence criterion is
satisfied when:

maXi,jel,...,M Hxi (t) - Xj (t)HZ < QOl (17)

where Qo is the acceptable tolerance threshold set based on
measurement accuracy and state estimation uncertainty. For

[
-

Measure Channel Fidelity

F =Tr(p_out p_in)
QBER = N_error/ N_total

F 20.999
QBER <0.1%

F 2 0.990

QBER < 1%

Continuous
Monitoring

F 2 0.950
QBER < 5%

Classical Fallback
Switch to PTP
Precision: ~100 ns
Log quantum failure

Y

typical power system applications, Qi is configured to 0.1%
of nominal voltage and 0.5% of rated power flow values,
ensuring that residual inconsistencies remain within the noise
floor of grid monitoring instrumentation.

3.3 Adaptive Fault-Tolerance Strategy

Functional quantum communication networks are realized in
noisy media with entangled state distributions deteriorating
due to photon loss and measurement uncertainty. The
adaptive fault-tolerance method assesses quantum channel
conditions in real-time and adjusts error correction rates
dynamically to ensure quantum  synchronization
performance. As shown in Figure 4, this method follows a
three-level hierarchical quantum error correction scheme
with codes that increase in redundancy and fall back to
classical synchronization techniques if quantum resources are
depleted.

Low Noise Mode
Repetition Code (3-qubit)
Code Distance: d=3
Overhead: 3x qubits

Medium Noise Mode
Steane Code (7-qubit)

Distance: d=7

Overhead: 7x

qubits

High Noise Mode
Surface Code (5%5)
Code Distance: d=5
Overhead: 25x qubits

Execute Synchroni

Distribute entangled states

A

Figure 4. Adaptive fault-tolerance mechanism flowchart with decision tree and mode switching conditions
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The fault-tolerance mechanism continuously monitors
quantum channel quality by measuring the fidelity F of
F:Tr(poutpin)

distributed entangled states, computed as
where Pin and Pou are density matrices representing the
ideal prepared state and the actual received state after
transmission through noisy channels. High-fidelity

entanglement (F 2 0-999) indicates low channel noise,
enabling the use of lightweight repetition codes with 3-qubit
encoding that correct single bit-flip or phase-flip errors. This
low-overhead regime provides optimal performance when
quantum channels operate near their design specifications
with photon loss below 0.1 dB/km and decoherence rates

y=001_ -

below s .
When channel quality degrades to moderate fidelity levels (

0.990 < F < 0.999 ), as illustrated in Figure 4, the system
automatically transitions to Steane code error correction, a 7-
qubit CSS (Calderbank-Shor-Steane) code capable of
correcting arbitrary single-qubit errors. The Steane code
encoding maps logical qubits to 7 physical qubits according
to the stabilizer formalism, providing enhanced error
protection at the cost of 7x quantum resource overhead. The
decision to switch error correction modes incorporates

hysteresis (AF = 0~005) to prevent oscillation between
modes near decision boundaries. Table 3 details fault-
tolerance parameters under different noise levels.

For severely degraded channels with fidelity

0.950< F < 0-990, the mechanism escalates to surface
code error correction, a topological quantum error correction
code arranged in a two-dimensional lattice geometry. A
distance-5 surface code requires 25 physical qubits per logical
qubit but provides robust protection against error rates up to

approximately 1% per gate operation, well-suited for noisy
intermediate-scale quantum (NISQ) hardware operating in
challenging environmental conditions with elevated
decoherence.

The performance of each error correction tier can be

logical

quantified by the logical error rate as a function of

Ppnysical and code distance d:
(d+1)/2
p physical

physical error rate

Py >

ogical =~
pthresho]d ( 1 8)

where € is a code-dependent constant and Prwestold i the

error correction threshold below which increasing code

distance exponentially suppresses logical errors. For

pthreshold ~ 05

repetition codes,

~ -3
pthreshold ~ 10

for Steane codes,

-2
~10
; and for surface codes, Prvveshold

When quantum channel fidelity drops below F=0.950 ,
indicating QBER exceeding 5% or severe photon loss, the
adaptive mechanism triggers a graceful degradation to
classical synchronization protocols, as shown in Figure 4.
The system automatically switches to IEEE 1588 Precision
Time Protocol (PTP) operating over the same physical
communication infrastructure, maintaining operational
continuity with reduced synchronization precision
(approximately 100 nanoseconds versus sub-nanosecond
quantum performance). This classical fallback ensures that
power grid coordination continues uninterrupted even during
quantum channel outages, preventing catastrophic loss of
inter-regional synchronization.

Table 3. Fault-tolerance parameters under different noise levels

. c 1 Error .
Mo Bl T om0 QMR iy ovebsd S
Low <0.1%  F>0.999 Regztégon d=3 3 99.9% 3x <1ns
Medium 01' lgﬁz_ O'<9(9)'09§9F Steane Code d=7 7 99.0% 7x <5ns
High 15%2' Oy SufaceCode  d=5 25 95.0% 25x <10ns
ng >5.0%  F<0.950 Fal%:‘:ffgln) N/A N/A N/A N/A ~100 ns

Note: Threshold fidelity represents the minimum channel quality required for each operational mode. Overhead indicates the quantum resource multiplication
factor relative to unencoded transmission. Synchronization precision reflects end-to-end timing accuracy achievable in each mode under typical operating
conditions. Mode switching decisions incorporate 10-second averaging windows and hysteresis margins to prevent rapid oscillation between states.

The adaptive strategy assesses the switching conditions every
10 seconds by performing a sliding window average on the
measures of fidelity to remove channel variability. A 60-
second minimum switching time prevents rapid switching

2 EA
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among the modes that might destabilize the synchronization.
The channel quality evaluation aims to ensure reliable noise
level categorization by incorporating more parameters, such
as entanglement fidelity, quantum bit error rate, and
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coincidence detection statistics, through the decision tree
layout shown in Figure 4.

4. System Implementation

The quantum communication-assisted synchronization
framework promotes a hierarchical architecture that consists

of three layers and combines quantum technology with
current power grid infrastructure, as shown in Figure 5. The
modular architecture keeps quantum technologies isolated on
the physical layer with full compatibility with current
SCADA/EMS on the application layer.

APPLICATION LAYER

Power Grid Operational Systems

3D Visualization State Estimator

EMS/SCADA Wide-Area Monitoring

Engine

+ AGC/ED/UC Functions
« Alarm Management

* Historical Database

« IEC 61850 Gateway
Standard: IEC 61970

« WLS Algorithm

* Bad Data Detection

« Topology Processor

« Convergence: |IEEE std
Latency: < 100 ms

+ PMU Data Concentrator (PDC)
+ Oscillation Detection (Prony)

+ Voltage Stability Index (VSI)

« IEEE C37.118 Protocol

Rate: 30-120 fps

* Real-time Grid Model
» Component Rendering
« WebGL/Three.js
Update: 10 Hz

API Calls / Data Requests

QUANTUM-CLASSICAL INTERFACE LAYER

Middleware & Protocol Translation

Quantum State

Preparation & Measurement

* GHZ State Generator

« Single-photon Detector
* Hardware Timestamping
« TDC Resolution: 25 ps

Quantum Error
Correction Module

» Adaptive Code Selection
« Syndrome Measurement
« Decoder (MWPM)

« Fidelity Threshold: 95%

Entanglement
Verification & Control

+ CHSH Inequality Test

« Fidelity Estimator

* Re-entanglement Trigger
* Quality Metrics Logger

Protocol Translator

+ |EC 61850 Mapper

+ GOOSE Message Gen.

+ Quantum Timestamp — SV
« Classical Fallback Handler
« Data Format Converter

Quantum — Classical
Binary outcome + timestamp

|

Error Pattern Detection
Correction Operations

Reaktime Monitoring
F, QBER, coincidence rate

Standard Compliance

} i Bridge Legacy Systems

Quantum Commands / Measurements

QUANTUM PHYSICAL LAYER

Quantum Hardware Infrastructure

Quantum Light Sources

«» Spontaneous PDC Source
Type-ll PPLN crystal
810 nm pump — 1550 nm pairs
* Quantum Dot Emitter
InAs/GaAs QD
Single-photon purity: 99%
« Rate: 107 pairs/s
Heralding efiiciency: 40%

Quantum Memory

* Atomic Ensemble

Rb-87 vapor cell

EIT protocol
« Coherence: 100 ms
« Storage Efficiency: 75%
« Capacity: 100 qubits
« Temperature: 80 K
Cryogenic cooling required

Single-Photon Detectors

+ SNSPD (Superconducting)
NbN nanowire
Detection efficiency: 95%
Dark count: 10 Hz
Jitter: 50 ps.

+ Si-APD (Backup)
Room temperature
Lower performance

Quantum Channels

« Fiber Optic Links
SMF-28 fiber
Loss: 0.2 dB/km @ 1550nm
« Free-Space Channels
Weather-dependent
Satellite uplinks
* Quantum Repeaters
Spacing: 100 km

Data Flow: Grid Measurements — Application Layer — Interface Layer — Quantum Physical Layer — Distributed Entanglement

Figure 5. Layered system implementation architecture showing module composition and interface definitions.

The quantum physical layer offers essential quantum
resources to enable entanglement-based synchronization.
Single-photon sources produce entangled photon pairs by
means of spontaneous parametric down-conversion (SPDC)
in PPLN crystals to yield signal-idler pairs with 1550 nm
operation rates above 107 pairs per sec. Quantum memory
modules with rubidium-87 atomic ensembles entangle
quantum bits with 100 ms coherence times and 75%

efficiencies to temporarily store quantum data during
synchronization processes. Single-photon detection with 95%

efficiency and 50 ps jitter is possible with superconducting
nanowire single-photon detectors (SNSPDs), facilitating sub-
nanosecond synchronization precision. The quantum data
channel employs standard SMF-28 optical fiber (0.2 dB/km
attenuation), with quantum repeater nodes every 100 km to
boost quantum channel coverage.
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The quantum-classical boundary layer connects quantum
computing and classical data processing (Figure 5). The state
preparation and measurement module transforms grid
parameters to quantum-encoded data and maps the detection
of photons to classical timestamps with 25 ps TDC resolution.
The quantum error correction module employs adaptive fault
tolerance to allow the optimal use of repetition codes, Steane
codes, and surface codes depending on the error channel
capacity within 3x to 25x overhead quantum qubits to one
logical qubit. The entanglement verification module checks
quantum state quality by testing the violation of the CHSH
inequality and measures state fidelities to initiate re-
entanglement upon degradation. The protocol translator
module provides seamless communication with the IEC
61850 standard by incorporating quantum timestamps within
GOOSE messages and sample values. When quantum
communication is lost, it automatically switches to classical
PTP synchronization.

The traditional application layer is presented with classical
EPS processes utilizing quantum-synchronized data. The 3D
visualization engine is responsible for the rendering of digital
twin models with 10 Hz updates and sub-nanosecond
synchronization among regional centers. The state estimation
components are based on weighted least squares algorithms
with faster convergence utilizing quantum-synchronized
data. EMS/SCADA solutions are presented with AGC
services, economic dispatch, and unit commitment with
improved inter-area coordination functions that lower
regulation reserves by 10-15%. Wide area monitoring
solutions are presented with data aggregation of PMUs at
rates between 30-120 frames per second, utilizing the IEEE
C37.118 standard with quantum synchronization offering
continuous GPS backup and improving inter-PMU clock
coherence from 1 microsecond to sub-10 nanoseconds.

5. Simulation and Results Analysis

5.1 Simulation Environment and Parameter
Configuration

Extensive simulations are carried out on the simulation
environment setup that has integrated the QuTiP (Quantum
Toolbox in Python) quantum channel simulator with
MATLAB/Simulink to simulate the dynamics within the
power sector. The simulation environment setup simulates
entanglement distribution within quantum  systems,
decoherent processes within quantum computing, fiber
photon loss within fiber-optic channels, and classical
communication processes over the IEEE 118 bus test power
system expanded over various geographical areas. The
regional control centers use 3D voltage grids with voltage
magnitude values, angle values corresponding to phases,
active and reactive power flow values updated to 10 Hz with
10 MB/s data rates. Table 4 lists the simulation parameter
configuration.

Table 4. Simulation parameter configuration
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Parameter Value Unit  Description

Number of regions8, 16, 32,- Regional  control

M) 64, 128 centers

Grid nodes per region500-5000 nodes Buses and
branches

Quantum channel(.2 dB/km Fiber attenuation

loss @ 1550nm

Fiber distance100-1000 km Inter-regional

between regions spacing

Quantum gate99.5 % Two-qubit  gate

fidelity accuracy

Qubit coherence time100 ms Decoherence

(T2) timescale

Measurement  time0. 1 ns TDC precision

resolution

Classical  network1-50 ms Round-trip time

latency

Decoherence rate (y) 0.01-0.1 ms™"  Environmental
noise

Simulation duration 3600 secondsOne-hour test
period

Power flow updatel0 Hz Grid state refresh

rate

Entanglement 107 pairs/s Photon source

generation rate output

Quantum  repeater90 % Per-hop fidelity

efficiency (n)

SNSPD detection95 % Photon  detection

efficiency rate

Dark count rate 10 Hz Detector noise
floor

5.2 Synchronization Accuracy Testing

The accuracy of synchronization is tested by calculating the
error in clock synchronization between the quantum-
augmented protocol and atomic clock references with
different numbers of nodes. As shown in Figure 6 above, the
quantum protocol holds below 10 nanoseconds error with 128
nodes, which is 10,000 times more accurate compared to NTP

by

L Qe -
on the same scale. The synchronization error "¢ is

computed as the root-mean-square deviation:

0O = Li(t_sync —t )2
Sync M P i ref

sync . ¢
where "7 is the synchronized time at the node ! , and "rf
is the reference atomic clock time. The standard deviation

(19)

SYN¢ characterizes error distribution:

o= |3 @0y
sync M_li:1 1

(20)
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The results demonstrate logarithmic error growth for the

O logM

quantum approach ( ) compared to linear growth

for classical protocols ((‘)oc M ), confirming the theoretical
complexity analysis.

T T Vo NtPiosps ¥ T T .

_._ Quantum (Proposed)
4 + PTP (IEEE 1588)
10 5

NTP

b

PTP: 680 ns.

\

S

Synchronization Error (ns, 1og scale)

Number of Regional Nodes

Figure 6. Synchronization error versus network scale
for quantum, PTP, and NTP protocols

5.3 End-to-End Latency Analysis

End-to-end latency includes quantum state distribution
latency, measurement latency, classical exchange latency,
and clock correction computation latency. Figure 7 illustrates
the end-to-end synchronization latency for 64-region graphs
that use various protocols. The quantum solution offers 6.5
us latency, which is 19,000 times faster than NTP (124 ms)
and 130 times faster than PTP (850 ps). The latency
decomposition reveals that quantum distribution dominates

total time at Ty = Olog M) T, =30

T
where "~ Pop s
per quantum repeater hop.

5.4 Robustness Verification

The robustness of the system to node faults and degradation
of the quantum channel is tested. The results shown in Table
5 indicate that with fault rates below 15% for node faults and
0.05 ms™ for decoherence rates, the adaptive fault tolerance
maintains more than 90% synchronization success rates. The
result shows that the system has the property of graceful
degradation, with more than 75% maintained even after node
faults of 25%. This is achieved through the use of quantum

error correction levels and classical PTP.

Enu Lawncy (ps, 10y St

2%7.0ms

Figure 7. End-to-end latency comparison across
synchronization protocols

Table 5. System performance under different fault conditions

Node Failure Rate Decoherence Rate Sync Success Rate Avg Error Mode Performance
(%) (ms™) (%) (ns)
0 0.01 96.8 1.2 Quantum-Low High
0 0.05 91.5 4.8 Quantum-Low High
0 0.10 76.8 12.3 Quantum- Medium
High
5 0.01 95.1 1.8 Quantum-Low High
5 0.05 89.7 6.2 Quantum-Med Medium
10 0.01 93.2 24 Quantum-Low High
10 0.05 87.4 8.1 Quantum-Med Medium
15 0.01 91.2 3.2 Quantum-Low High
15 0.05 84.6 9.7 Quantum- o giym
High
15 0.10 65.7 28.5 Hybrid Low
EAl Endorsed Transactions on
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20 0.05
25 0.05
30 0.10

Quantum- .
81.2 11.4 High Medium
76.3 15.8 Hybrid Medium
52.9 87.2 Classical Low

Note: Mode indicates active synchronization method - Quantum-Low/Med/High refer to repetition/Steane/surface code tiers; Hybrid uses
quantum-classical channels; Classical uses PTP fallback. Performance categories: High (>90%), Medium (75-90%), Low (<75%).

5.5 Scalability Analysis

Scalability testing evaluates synchronization time growth as
the network scale increases from 8 to 1024 regional nodes. As
shown in Figure 8, the quantum protocol exhibits logarithmic

. oclogM

scaling (™ ) while classical consensus

2
protocols show quadratic growth ( ). At 1024
nodes, classical NTP requires 52.4 seconds for full
synchronization compared to 23 milliseconds for the quantum
approach—a 2,278x speedup. The throughput metric reaches
44,522 nodes/second for quantum synchronization versus
19.5 nodes/second for NTP at this scale.

The simulation outcome confirms the theoretical benefit of
quantum communication-assisted synchronization in terms of
all parameters: sub-10-nanoseconds accuracy with 128 nodes,
submillisecond delay, resilience to 15% node failures, and
logarithmic scaling that makes it viable to implement in a
continental-scale electrical energy network with thousands of
local management centers.

sync

Quantum (Proposed)

-
-
el

+Paxus

onization 1ime (ms, log scale)

O(log M)

Number of Regional Nodes (log scale)

Figure 8. Scalability analysis showing synchronization
time versus network scale with complexity trends

6. Conclusion

The article above highlights the development of an extensive
quantum communication-assisted synchronization solution to
facilitate the key issue relating to real-time synchronization
among three-dimensional digital twin models in
geographically distributed power grid control centers. The
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current need to manage massive continental-scale power
grids demands synchronization accuracy that -classical
solutions, such as Network Time Protocol (NTP), Precision
Time Protocol (PTP), and other approaches, are inherently
incapable of achieving due to propagation delay factors that
lead to synchronization error times measured in milliseconds
to hundreds of milliseconds—matching those within critical
power grids during transient phenomena.

The proposed solution utilizes the entanglement correlation
functions in quantum physics to provide instantaneous time
references among regional nodes with accuracy below 10
nanoseconds, even in scenarios that involve 128 regional
control centers. The proposed solution boasts improvements
of 10,000 times that of NTP and 130 times that of PTP in
terms of accuracy over similar-scale networks. The critical
insight underlying the solution is encapsulated in the hybrid
quantum-classical design that provides time-critical quantum
signaling over quantum channels and data transfer over
classical channels, ensuring compatibility with the present
communication technology in the power grids as defined by
the IEC 61850 standard.

The hierarchical quantum state distribution method allows
O(log M) time complexity to reach synchronization among M
regional nodes over the classical O(M”2) time complexity of
existing consensus-based protocols. The adaptive fault
tolerance supports reliable operation in practical settings with
synchronization success rates above 90% within critical node
failure rates of 15% and quantum channel decoherence rates
of 0.05 ms”-1. In adverse quantum resource environments,
the scheme degrades smoothly to classical PTP
synchronization rather than causing complete failures.

The end-to-end simulation results carried out on IEEE 118
bus models of power systems clearly indicate sub-10
microsecond synchronization latency — supporting event
detection and joint action in the power domains with
unprecedented temporal granularity. The above-mentioned
features identify quantum communication-aided
synchronization as one of the promising technologies that can
be adopted for the next-generation smart grids with heavy
renewable energy integration, EV charging stations, and other
distributed resources demanding tight synchronization over
various regional areas.
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