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Abstract

Power grids are complex networks; their dynamics have strong nonlinearity due to the
symmetry breaking in their topological structure. Synchronization stability, which is
essential for secure and reliable operation, is the focus of this study. In this paper, the
effects of phase shift on dynamics and stability in symmetry-breaking power networks are
investigated. To clarify the influence of phase shift parameters, power networks of different
sizes and topological structures are systematically analyzed, including a two-node power
network, the Nepal power network, and the UK power network. The results show that
phase shift significantly changes the collective dynamical behaviors of power networks,
leading to transitions from frequency synchronization to complete synchronization or
desynchronization under different parameter conditions. Moreover, the stability region
shrinks as the phase shift increases. The stability transition region is further found to
be strongly related to network size, topological structure, and the spatial distribution of
generators and consumers in the power network. The results indicate that the stronger the
symmetry-breaking in a power network, the more significant the impact of the phase shift
parameter on the dynamics and stability. The results of the basin stability analysis for the
power system provide quantitative support for this result and reveal the mechanism of
power system instability under the effect of phase shift parameters. These findings provide
a deeper understanding of the effect of phase shift on the dynamics of symmetry-breaking
power networks and offer new insights into synchronization stability and structural design
in complex power systems.

Keywords: power network; phase shift; dynamics; synchronization stability; basin stability

1. Introduction

Power grids, which are complex artificial networks, play important roles in people’s
lives and production [1-3]. Due to its nonlinearity and special structure, it exhibits com-
plex dynamics, leading to various dynamic effects [4,5]. In fact, the safe operation and
synchronization stability of power generators are major concerns in a power system.

So far, many researchers have investigated synchronization stability in power grids
from different engineering and network dynamics perspectives [6—11]. For example,
Demello et al. [6] investigated the stability of synchronous machines under small per-
turbations. Their results provided explanations for the effects of thyristor-type exci-
tation systems and suggested stabilization requirements for such systems. Filatrella
et al. [9] studied the dynamics of a power grid using a Kuramoto-like model. In addition,
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Gupta et al. [11] presented an adaptive power system stabilizer in the generator to cancel
negative damping.

It should be emphasized that studying the synchronization stability of power grids us-
ing network dynamics approaches is crucial and universally applicable. Many researchers
have applied various methods to study power grids [12-19]. For example, Shahperi
et al. [16] analyzed the vulnerability of power grids in Iran using a network science ap-
proach, combining grid network topology and centrality measures with real and physical
characteristics of the power grid.

In such studies, three main models are used to examine collective dynamics in power
grids: the effective network (EN) model [20], the structure-preserving (SP) model [21],
and the synchronous motor (SM) model [22-24]. In fact, the synchronous motor (SM)
model, in which the network nodes are treated as oscillators, is similar to the famous
Kuramoto oscillator model [25,26], which has been used to study synchronization and phase
transitions in complex networks [27-31]. For example, Liu’s team studied synchronization
and phase transition in complex networks using the classical Kuramoto model under
different conditions [30,31].

Based on these models, many excellent studies on collective dynamics of power net-
works have been conducted from different perspectives in the past several years, such as
their synchronization stability [32—42], vulnerability, robustness, cascading failure, and
control [43-50], studied by considering their topological structure [19,32-37], decentralized
power sources [38—40], generator parameters [41,42], etc. For example, Refs. [19,33,34]
discussed the stability of synchronization by adding or removing a line in the topology
structure and showed that synchronization, in addition to improvement, can exhibit oppo-
site behaviors and disappear. Refs. [36,37] presented a nonlinear method, basin stability,
for assessing a power grid’s ability to withstand large disturbances. Their results indicate
which network structure should be avoided: specifically, a dead end. Refs. [39,40] investi-
gated replacing large power generators with small distributed generators and showed that
distributed power sources can facilitate synchronization, but further facilitation makes the
system more sensitive to disturbances. Arinushkin et al. [41] studied the effect of nonlinear
damping on power grid dynamics and showed that it can enhance stability under sudden
disturbances. Frasca et al. [46] discussed the control of dynamically induced cascading
failures in power grids and demonstrated that their control strategy can prevent them.
Furthermore, Ref. [47] discussed the dynamic characteristics of modern power networks,
where conventional and renewable energy sources coexist, which are represented by second-
and first-order oscillators (without inertia), respectively.

In fact, synchronization in power-grid networks can be interpreted as a type of dy-
namics emerging from collective interactions among coupled oscillators. The formation
and maintenance of synchronized states are closely associated with symmetry-breaking in
the nodes and structure of power networks [51,52]. In realistic power networks, symmetry
breaking is more pronounced; the dynamics and stability of power networks are studied
from different perspectives, which are important and meaningful.

With the development of technology and society, the power network has grown larger
and more complex. In fact, ohmic losses in transmission lines are ubiquitous; therefore,
the study of dynamics and stability of lossy power grids has long been a central focus of
research. Actually, phase shift is the line impedance angle; it reflects the relative magnitude
of the line resistance and reactance. In Ref. [23], the Motter team presented a unified
theoretical framework to systematically compare three commonly used models of power
grid synchronization dynamics with phase shift, clarifying their respective applicability
conditions and physical assumptions. For more details, see the reference. Within this
framework, it is practically meaningful to explore how the phase-shift parameter affects
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the dynamics and stability of complex power networks, as this provides insights into
real-world power system design and operation. The influence of phase shift on the dy-
namics of a single-machine power system has been studied, and the results showed that
the synchronization stability and dynamics of a power system with small damping can
be significantly affected by the phase shift [42]. In this paper, the effects of phase shift
on dynamics and synchronization stability in symmetry-breaking power networks are
systematically investigated. To adequately explain the effects of phase shift parameters,
network sizes and structures, and node distributions, these factors will be considered in a
simulation using (1) a two-node power network (two nodes, a generator, and a consumer);
(2) the Nepal power network (15 nodes of a complex network); and (3) the British power
network (120 nodes of a complex network). This study will clarify the effect of phase shift
on the collective dynamics of power networks with different symmetry breaking.

2. Models and Methods

As shown in Ref. [23], the mathematical equation of the synchronous motor (SM)
model of the power grids with phase shift parameters, which is similar to the second-order
Kuramoto model, can be expressed as

{ZHI. 0i = wi i=1..n (1)

0, wi = Pi — O%wi — kZ?:l Al] sin(él- — 5] — D(l']')

In this model, §; is the phase at node i measured in a reference frame that co-rotates
with the grid’s rated frequency (), and w; denotes i’s frequency deviation from (), P;
represents the mechanical power for the generator (P; > 0) or consumer (P; < 0) and satisfies

1 Pi = 0. In addition, D and H are the damping and inertia coefficients, respectively,
and Aj; is the adjacency matrix, where A;; = 1 indicates that two nodes are connected, and
Ajj = 0 otherwise. Phase shift oj is the line impedance angle, which reflects the relative
magnitude of the line resistance and reactance, which is defined as

ogj = arctan—— = arctan—— (2)
ij if
where Rjj and Xj; are the resistance and reactance, the impedance is Z;; = Rjj + jXjj, the
admittance is Yj; = Gjj + jBjj, and Gj; and Bjj are the conductance and susceptance of the
transmission line between nodes i and j. This shows that « quantifies the phase lag due to
resistive losses.

Moreover, the term kAj;; = ‘Ei E; Yij} defines the electrical strength or weight of the
coupling link between any two nodes in the synchronous machine network model. It is
directly determined by the power grid’s physical parameters (voltage magnitudes and
line impedances) and governs the system’s ability to withstand disturbances and maintain
synchronization. E; and E; are the voltage magnitudes of the generator and consumer,
respectively. As a result, the term k) [_; A;sin(J;-6;-a) represents the electromagnetic
power, i.e., the output power, and is the active power of the generator or consumer.

It should be emphasized that internal node voltage magnitude E;, damping, and
inertia for all the nodes are assumed homogeneous, and the parameter phase shift « is set
as a constant in this study.

It is noted that when the inertia terms are negligible (overdamped limit) and the
phase-shift parameters are set to zero, the second-order SM models reduce to the first-order
Kuramoto model [30], which are shown in Equation (3).

5= O; + kz;;l Al-jsin(&i — (S]) 3)
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Here, the inertia and damping, as well as any phase shift in the coupling, can be ignored.

The Kuramoto model can be seen as a special case of the SM model, with no voltage
dynamics and no frequency dependence in the coupling. Conversely, the SM model
generalizes the Kuramoto model by incorporating inertia (which captures the transient
response of synchronous machines) and phase-shift parameters (which account for line
resistance and the associated phase lag in power transmission). This generalization is
essential for studying realistic power grids, where both inertia and ohmic losses play
crucial roles in synchronization stability.

In this study, a simple and effective synchronization degree is introduced to show
the dynamic evolution process for the power networks, like the famous order parameter
r [34,35], which is called the error function ¢(w). It is defined as

f(@) = Y lwr - @
i=1

where 7 is the number of nodes in the network. Synchronization is achieved when ¢(w) ~ 0;
otherwise, no synchronization is detected.

In addition, basin stability S is computed to provide a quantitative measure of the
stability changes in the power system [36]. Basin stability is a non-local and nonlinear
measure defined as the volume of the basin of attraction of a stable state within the entire
state space, which is S of M, where S is the set of points in state space from which the
grid’s dynamics converge to synchronous operating mode Ms.

In the study, basin stability S; is a number that captures the probability that the grid
returns to M; after a random perturbation that initially affects only node i. It quantifies the
probability that a system, subjected to a random perturbation, will return to its original
stable state. A larger value of S indicates a higher probability of system recovery, which
implies stronger stability.

In this paper, T initial value vectors, that is, 89 and wy, are randomly drawn from the
box B = [6s — 27, &5 + 27r] x [—100, 100], and then integrated. (1) For all of them, count the
number I of initial value vectors from which the dynamics converge to Ms. Then, I/T € [0, 1]
estimates the basin stability S of M.

3. Simulation, Results, and Discussion

In the numerical simulation, the time series of phase 4 and angular frequency w are
calculated using the fourth-order Runge-Kutta method. The time step is 1 = 0.01, and the
initial values are set as =0 and w = 0.

To comprehensively demonstrate the influence of phase shift on the dynamics of
power networks, the following considers different sizes and structures. They are (I) a
two-node power network (two nodes: a generator and a consumer); (II) the Nepal power
network (15 nodes in a complex network); and (III) the British power network (120 nodes
in a complex network).

3.1. Case I: Two-Node Power Network
3.1.1. Phase Shift x =0

In this section, a simple model is considered in which the power network consists of
only two nodes (namely, the generator and the consumer). In order to elucidate the effect
of the phase shift parameter, the dynamics of the power system with a phase shift of &« = 0
will be analyzed first.

Firstly, the evolution of the error function ¢{(w) with increasing coupling intensity
k is analyzed; the results are shown in Figure 1. It is confirmed that perfect frequency
synchronization can be achieved when k > 1.4. This means that the critical coupling
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intensity of the network is k. = 1.4 (i.e., at {(w) ~ 0). As a result, the time series of phase 9,
angular frequency w, and phase diagram for the sampled nodes with different parameters
are calculated to show the dynamical behaviors of the power system; the results are shown
in Figure 2a—f.
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Figure 1. Evolution of the frequency error function &(w) versus the coupling intensity k (D = 0.1,
o = 0). Note that the critical coupling intensity of the power system is k. = 1.4.
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Figure 2. Time series of phase 5, angular frequency w, and phase diagram for sampled nodes in the
power grid network (D = 0.1 and « = 0): (a—c) k = 0.5; (d-f) k = 1.5. Frequency synchronization could
be detected when k > 1.4.

From Figure 2a—c, it can be seen that as time increases, the phase diverges while the
angular frequency w reaches a constant non-zero value. Also, the phase diagram shows a
limit cycle, indicating desynchronization under these conditions. However, the results in
Figure 2d—f show that with increasing time, the phase 6 reaches a constant value while the
angular frequency w reaches zero. Also, the phase diagram is a fixed point, indicating that
frequency synchronization is achieved. These results provide a good representation of the
dynamic evolution characteristics in the power system with phase shift « = 0.

Furthermore, it is confirmed that the synchronization stability of a power system
is also affected by damping. Hence, the variation in the error function {(w) against the
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coupling intensity k is evaluated for different values of damping D. The results are shown
in Figure 3. It can be seen that the intensity of the critical coupling k. decreases with the
increase in damping D as long as D < 1.3 and then remains constant. This means that
critical damping exists and is equal to D. = 1.3, that is, the system with small damping
shows weak stability.

a
200{ (@) —=—D=0.1 —=—D=13
+—D=0.3 +—D=3.0
—+—D=0.7 +—D=6.0
150 ‘ v D=1.1
|
{o)
100
esosescosser
50 l
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N R |
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2 k 3 4 5 6 0 1 2 T 3 4 5 6

Figure 3. (a,b) Evolution of the error function ¢(w) versus the coupling intensity k for different values
of damping D. Note that the critical damping is D = 1.3, and the system with small damping shows
poor stability.

3.1.2. Phase Shift o # 0

Based on the results shown above, the effect of phase shift (i.e., « # 0) on the mode
transition of collective dynamics in the power networks is discussed in the following. First,
the value of the error function {(w) is calculated for different coupling intensities k under
different phase shift parameters «; the results are shown in Figure 4.

200
150 -
o)

100

50 4

Figure 4. Variation in frequency error function ¢(w) versus coupling intensity k for different phase
shifts & (D = 0.1). Note that the critical coupling intensity k. increases with the increase in phase
shift «.

From Figure 4, it can be seen that the critical coupling intensity, k., increases with
increasing phase shift. This means that the synchronization stability of the system depends
on the phase shift parameter, and as the phase shift increases, the stability region of the
system gradually decreases. Furthermore, it has been shown that the mode transition from
synchronization to desynchronization can be detected in the network under the influence of
a phase shift. Here, the time series and phase diagrams of the sampled nodes are calculated
to explain the system’s dynamics; the results are plotted in Figures 5 and 6.
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Figure 5. (a,b) Time series of phase § and angular frequency w, (c) enlarged view of the angular
frequency w from figure (b), and (d) phase diagram for 4 and w. The parameters are setas D = 0.1,
k =15, and o« = 0.8. A desynchronization state is observed in the power system under the
appropriate parameter.
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Figure 6. (a,b) Time series of phase 4 and angular frequency w; (c) phase diagram for 6 and w.
The parameters are set as D = 0.1, k = 2.0, and « = 0.8. New dynamical behaviors, characterized by
complete rather than frequency synchronization, are observed due to phase shifts.

From Figure 5, it is confirmed that the desynchronization state is detected, with the
phase 6 diverging and the angular frequency w oscillating over time. Compared to the
results shown in Figure 2a—c, it is interesting to note that the angular frequency w is in
a higher oscillation frequency state, which indicates that there is a mode transition from
synchronization to desynchronization due to the phase shift.

Furthermore, by taking the stable region parameters shown in Figure 4 ({(w) ~ 0), a
new type of dynamic behavior, i.e., complete synchronization, is observed in the network,
in which the phase 6 of each node maintains the same step and the angular frequency w
reaches a constant value as time increases (see Figure 6). Compared with the results shown
in Figure 2df, it is proved that the dynamical behaviors of the power network are com-
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pletely changed by phase shift parameters, which change from frequency synchronization to
complete synchronization.

Based on these results, the distribution of system states in D-k phase space with
different phase shifts « is calculated. The results are shown in Figure 7. From Figure 7, it
can be seen that the synchronization stability region of the power network (blue region)
continuously decreases with increasing phase shift o, and the synchronization state cannot
be reached. Meanwhile, it is found that the dynamics of the system with small damping
are more sensitive to phase shift and have little effect when choosing a small phase shift
parameter (x < 0.3).

() °a=0.1

[

© *q=05" ° ¢ ! 2 () ®e=10* s

1 2 3 4 5 6

k() o=14

Figure 7. Power system state distribution in D—k phase space. The blue diagram represents the stable
state, and the red one shows the unstable state (D, k € (0, 6]; interval is 0.1). In the power system, the
unstable region expands as the phase shift increases.

In addition, a large number of simulations have been performed, yielding other
interesting results. For example, as shown in Figure 8, different phase diagrams can be
identified in the unstable region under different parameter selections.

All these results indicate that the two-node power system exhibits much more complex
dynamics than the single-machine power system, due to the phase-shift parameter [42].
Consequently, it is necessary to quantitatively analyze the changes in stability of the power
system under the influence of phase-shift parameters and to explore the mechanism by
which the system loses stability.

Next, we will quantitatively analyze changes in system stability under the effect of the
phase-shift parameter by calculating basin stability. To better present the results, we will
separately compute the basin stability for the power system with small damping and for
the power system with large damping; the results are plotted in Figures 9 and 10. Here, the
number of initial value vectors, T = 2500, that is, 5y and wy, are randomly drawn from box
B =[bs — 27, 85 + 27t] x [—100, 100].
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Figure 8. Phase diagram of sampled nodes in the power grid network with different parameters
selected in the unstable region (red region in Figure 7). Different kinds of dynamical behaviors can be
detected in the unstable region with different parameters selected.
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Figure 9. (a—f) The green color indicates the basin of attraction S of the synchronous operating mode
M of the generator for « =0,0.1,0.3,0.5,1.2,1.5at P; =1, P = —1, k=8, and D = 0.1. The red color
indicates non-synchronizing initial values. S is measured relative to B = [6s — 27, 85 +271] x [—30, 30].
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Figure 10. (a—c) The green color indicates the basin of attraction S of the synchronous operating mode
M of the generator for x =1.2,1.4,1.5at Py =1, P = —1, k=8, and D = 1.0. The red color indicates
non-synchronizing initial values. S is measured relative to B = [6s — 27, 85 + 27] x [—30, 30].

Figures 9 and 10 show the basin stability results for a generator with different phase-
shift parameter « values, with damping D = 0.1 and D = 1, respectively. It is interesting
to find in Figure 9 that the stability region (or basin of attraction) moves progressively
to larger phase differences as the phase-shift parameter « increases. For instance, at
o = 0.1, the system exhibits a finite stability measure (S; = 0.34); however, as « is raised
to 1.5, the stability measure drops to zero, indicating that the stable operating point has
shifted outside the physically meaningful range. That is why the stability region of the
power system reduces with the increasing phase shift. This migration of the stability region
reflects the deteriorating effect of line losses on synchronization.

Furthermore, the basin stability for a generator with large damping (D = 1) is calculated,
and the results are shown in Figure 10. It can be confirmed that the same results are obtained
in Figure 10. As the phase-shift parameter increases, the basin of attraction gradually shifts
to larger phase separations and eventually disappears entirely beyond a critical threshold.
However, a large damping coefficient endows the system with strong stability, making it
relatively insensitive to changes in the phase shift parameter. This result not only provides
a quantitative analysis of changes in power system stability but also offers strong evidence
for the results presented in Figure 7.

In other words, the results reveal the mechanism by which the system loses stability
under the effect of the phase-shift parameter. Therefore, the oscillation period T, the
oscillation frequency f of the angular frequency w, and phase 6 with different phase shifts
o are calculated to give the answer; the results are shown in Figures 11 and 12.

e - T 005254 (b) o

\\ 0.0450- /

24 ] N
. /
\.\ 0.0375
204 S /

T T T T T 00300 T T T T T
0.0 04 0.8 12 16 0.0 04 o 08 12 16

Figure 11. (a,b) Variation in oscillation period T and oscillation frequency f of the angular frequency
w with increasing phase shift, respectively, D = 6.0 and k = 0.8. The larger the phase shift «, the higher
the oscillation frequency of the angular frequency w.
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Figure 12. (a) Variation in time series of phase 5 with time for different phase shift parameters «,
(b) enlarged view of the phase 6 from figure (a) (D = 6.0 and k = 0.8). A phase difference is detected in
the time series of phase 6 due to the phase shift (line resistance) .

In Figure 11, the oscillation period T and the oscillation frequency f are calculated for
the angular frequency w with different phase shifts .. The results show that the oscillation
period T of angular frequency w decreases as the phase shift increases (i.e., the oscillation
frequency f increases). This means that the larger the phase shift parameter o, the higher
the angular frequency w. Moreover, it is proved in Figure 12 that the phase difference
manifests between phase & of distinct nodes in a power network while different phase shifts
(line resistance) « are selected. That is why, under the effect of the phase shift parameter,
the system’s stable operating point shifts outside the physically meaningful range and then
loses stability.

In summary;, it is confirmed that interesting and distinct results are observed in the
two-node power system due to the phase shift. The conclusions are as follows: (1) Complete
synchronization, rather than frequency synchronization, is detected in the power network.
(2) The larger the phase shift, the more sensitive the stability of the power network is,
and it can completely lose stability. (3) The basin stability is calculated and quantitatively
analyzes the system stability changes, and then provides the underlying mechanism for
the power system to lose stability due to the effect of the phase shift parameter.

3.2. Case II Nepal Power Network

In this section, the more complex Nepal power network, consisting of a 15-node
network, will be used for further discussion. Here, the evolution of dynamical behaviors
and the stability of the power system with different phase shifts are also analyzed.

At first, the time series of phase § and angular frequency w of the power network are
calculated with phase shift « = 0, and the results are shown in Figures 13 and 14.

The results in Figures 13 and 14 show the characteristics of the dynamic evolution of
nodes in desynchronization and synchronization states in a power network with appropri-
ately selected parameters. The results show that frequency synchronization is induced in
the power network with a phase shift o« = 0.

Based on this, the variation in error function ¢(w) against the coupling intensity k is
also evaluated for different phase shifts &, and the results are plotted in Figure 15.

Interestingly, Figure 15 shows that the critical coupling intensity k. increases signifi-
cantly with increasing phase shift, even for very small phase shifts. This means that the
stability of the more complex power network is more sensitive to the phase shift parameter
o. As a result, the state distribution of power grids in the D—k phase space with different
phase shifts is also calculated, and the results are shown in Figure 16.

https://doi.org/10.3390/sym18071125


https://doi.org/10.3390/sym18071125

Symmetry 2026, 18, 1125 12 of 22

0.71426
(a) (b) (©
04
0
-2000 - 3l 0.71425
8 o ®
-4000 4 iz
0.71424 4
-6000 { 9.
T T T T T T T T T T T T
0 200 / 400 600 800 0 200 two 600 800 0 2 5 4 6

Figure 13. (a,b) Time series of phase 5 and angular frequency w, and (c) phase diagram for sampled
nodes in Nepal power network. (D = 0.1, k = 0.8, and « = 0). An unstable state is observed in the
power network under appropriate parameter values.
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Figure 14. (a,b) Time series of phase 4 and angular frequency w; (c) phase diagram for sampled
nodes in Nepal power network (D = 0.1, k = 2.0, and « = 0). A stable state is observed in the power
grid network with a phase shift o = 0.

160
—a— =0
*— 0=0.05
1204 a— 0=0.07
Hw) \
80
40 g
‘ \
0 ; |
T T T T T T T
0 1 2 k 3 4 5 6

Figure 15. Variation in frequency error function ¢(w) with the coupling intensity k for different phase
shifts a (D = 0.1). The critical coupling intensity, k., increases with increasing phase shift, «.
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Figure 16. Power system state distribution in D—k phase space. The blue diagram represents the
stable state, while the red one indicates the unstable state (D, k € (0, 6]; interval is 0.1). For the
power system, the unstable region expands with phase shift: (a) x = 0, (b) « = 0.05, (c) « = 0.15, and
(d) «=0.2.

As shown in Figure 16, the instability region of the network expands with increas-
ing phase shift and becomes completely unstable at a small phase shift. Compared to
a two-node power network, the results show that the stability of the Nepal power network
is much more sensitive to phase shifts. Here, the time series is computed for the sampled
nodes in the power network to investigate whether other dynamic behaviors occur. The
results are shown in Figures 17 and 18. According to these figures, complete synchroniza-
tion and diverse desynchronization dynamical behaviors can be observed in the stable and
unstable regions, respectively, as in the two-node power system.
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Figure 17. (a,b) Time series of phase § and angular frequency w; (c) phase diagram for sampled
node in the power network (D = 0.1, k = 5.5, and « = 0.07). Complete synchronization, rather than
frequency synchronization, is observed in the power grid network due to phase shifts.
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Figure 18. (a,b) Time series of phase 6 and angular frequency w; (c) phase diagram for sampled node
in the power network (D = 0.1, k = 4.0, and & = 0.07). A desynchronization state is induced in the
network under proper parameter shifts, where « is selected.

In this section, the basin stability of the power system is also calculated to quantita-
tively analyze changes in system stability, which are affected by phase shift parameters.
To better present the results, the basin stability S; for nodes with different degrees in the
power network is calculated, and the results are plotted in Figures 19 and 20. Here, the
number of initial value vectors, T = 2500, that is, 69 and wy, are randomly drawn from box
B =[6; — 27, 65 + 27t] x [—100, 100].

a=0.01, §7=0.24
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1 1) 1]

Figure 19. (a—c) The green color indicates the basin of attraction S of the synchronous operating mode
M of the generator for o = 0, 0.01, and 0.05 with Py = —1, k =8 and D = 0.1; its degree is dy = 1. The
red color indicates non-synchronizing initial values. S is measured relative to B = [6s — 27, 85 + 271] X
[—100, 100]. The degree of this node is the smallest, at d; = 1.
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Figure 20. (a—c) The green color indicates the basin of attraction S of the synchronous operating mode
M of the generator for o = 0, 0.01, and 0.05 with Pjg = —1, k =8, and D = 0.1. The red color indicates
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non-synchronizing initial values. S is measured relative to B = [6s — 27, b5 + 27] x [—100, 100]. The
degree of this node is the largest, at djg = 13.

Figures 19 and 20 show the results of basin stability for different nodes with different
phase-shift parameters o selected, with nodes n = 7 (smallest degree = 1) and n = 10 (largest
degree = 13), respectively.

As shown in Figure 19, the results are similar to those in Figure 9, with the stability
region (or basin of attraction) moving progressively to larger phase differences as the phase-
shift parameter « increases. It is interesting to note that as « is raised to 0.05, the stability
measure drops to zero, indicating that the stable operating point has shifted outside the
physically meaningful range, with a very small phase shift.

Furthermore, the basin stability for nodes with the largest degree is also calculated;
the results are shown in Figure 20. It is found that though nodes with large degrees possess
comparatively broader stability domains, their stability is eventually lost as the phase shift
parameter increases, and the values are very small. These results show that the stability of
the power system is sensitive to network size under the effect of phase shift and provide
good evidence for the results shown in Figure 16.

More importantly, this result elucidates the mechanism by which the system loses
stability under the influence of the phase-shift parameter.

In fact, an interesting thing to note is that the stability of the complex power network
can also be affected by the distribution of nodes (generators and consumers) in the network.
That is, the instability area’s growth process can exhibit different evolutions with increasing
phase shift (see Figure 21).

6

5

1 2

2 3 4
k (d) a=0.7

3 4
k (c) a=0.6

Figure 21. Power system state distribution in D-k phase space with different distributions of P for
nodes (generator and consumer) in the power system. The blue diagram represents the stable state,
while the red one indicates the unstable state (D, k € (0, 6]; interval is 0.1). The stability of the power
system with phase-shift effects is sensitive to the distribution of generators and consumers in the
power grid.

Compared with the results shown in Figure 16, Figure 21 confirms that although the
power system’s stability region decreases with increasing phase shift, the evolutionary
behavior differs. The reason is that the change in the distribution of generator locations
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in the power network, as shown in Figure 22, results in a need to further explore the
relationship between system stability changes and the distribution of nodes. It can be
concluded that the dynamical behavior in the much more complex network is affected by
additional factors, which will be interesting to investigate further.

2 (a) * * * * * 2 (b) [} [] [] [}
17 11
P
P
04 04
-14 * * * * * * * *x * * -14 [ ] L I | " mon [ |
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0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Figure 22. Adjacency matrices and the values of P; (generator/consumer) for each node in the
Nepal power network (15 nodes): (a) for the results shown in Figure 16; (b) for the results plotted in
Figure 21.

3.3. Case III UK Power Network

As shown above, the results indicate that the power system’s stability is sensitive to
phase shifts, and the transition from frequency synchronization to complete synchroniza-
tion can be induced by it. Hence, the case of a larger power system, the UK power
network, which consists of 120 nodes, is discussed to explore whether this result is
universally applicable.

At first, the evolution of the error function ¢(w) of the power system with different
phase shifts is calculated to show changes in synchronization stability, which are shown
in Figure 23. Interestingly, it is proved that the critical coupling strength of the system
increases significantly. In contrast, a very small phase shift parameter is selected.

204 —a— =0
®e, —e— 0=0.02
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'.Q.
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o
104 °
[ ]
5. °
04
T T T T T T
12 13 14 15 16 17
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Figure 23. Variation in frequency error function ¢(w) versus coupling intensity k for different phase
shifts & (D = 1.0). Note that the critical coupling intensity k. increases significantly with a very small
phase shift « selected.

Therefore, the state distribution in the D—k phase space with different phase shifts is
also calculated to give the overall evolutionary characteristics and synchronization stability
of the power system, shown in Figure 24. The node distribution in the network is plotted
in Figure 25. It is confirmed that the stability region decreases with increasing phase shift.
The system completely loses synchronization with a very small « of 0.06. Combining the
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results shown in Figure 7, Figure 16, and Figure 24, it is shown that the system’s stability is
sensitive to the network size under the effect of the phase shift parameter. Furthermore, the
results indicate that complete synchronization, rather than frequency synchronization, can be
induced in the stable region due to the effect of phase shift, as shown in Figures 26 and 27.

12 13 14 15 16 17
(@) a=0 (b) a=0.02

12 13 14 15 16 17 12 13 14 15 16 17
k (c) a=0.04 k  (d)a=0.06

Figure 24. Power system state distribution in D—k phase space. The blue diagram represents the
stable state while the red one indicates the unstable state (D € (0, 5], and k € [12,17]; interval is
0.1). For the power system, the unstable region expands with a phase shift: (a) x =0, (b) a = 0.02,
(c) «=0.04, and (d) « = 0.06.

TR MMM IO RO
-2 T T T T T
0 30 n 60 90 120

Figure 25. Adjacency matrices and the values of P; (generator/consumer) for each node in the British
power network (120 nodes).
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Figure 26. Time series of phase 6 and angular frequency w for sampled nodes in the UK power
network (n =120, D = 1.0, k = 13), (a,b) « = 0, and (c,d) « = 0.1. The power grid network loses
synchronization due to a phase shift.
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Figure 27. (a,b) Time series of phase 6 and angular frequency w of node in the UK power network
(n=120,D =1.0, k =15, and « = 0.02). Complete synchronization, rather than frequency synchroniza-
tion, is induced by the phase shift.

4. Conclusions

In the modern era, power grids are becoming increasingly large and complex, resulting
in more complicated collective dynamics and stability behaviors due to the significant
manifestation of symmetry-breaking in the power network. Therefore, it is of great signifi-
cance and necessity to continuously investigate the dynamics and stability of lossy power
networks from various perspectives.

In this paper, the effects of phase-shift parameters, which represent ohmic losses in
transmission lines, on the dynamics and stability of power networks with different sizes
and topological structures are systematically investigated. In the study, three representative
power networks are considered: a two-node power network (one generator and one
consumer), the Nepal power network (15 nodes), and the UK power network (120 nodes)
to demonstrate changes in network size and topological structure. Moreover, the error
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function and basin stability are calculated to qualitatively and quantitatively analyze the
system dynamics and stability.

The results indicate that a variety of interesting dynamical behaviors can emerge
in power networks under the influence of phase shift, compared with the conventional
single-machine power system [42]. Firstly, complete synchronization rather than frequency
synchronization can be induced in the network due to phase shifts. These different synchro-
nization behaviors can be interpreted as transitions between different dynamical symmetry
states in complex power networks. Secondly, the stability of the power network is strongly
influenced by phase-shift parameters, and the stability evolution shows significant sensi-
tivity to network scale, topological structure, damping, and node spatial distribution. It
can be concluded that (1) the unstable region of the power network continuously expands
with increasing phase shift; (2) the synchronization stability becomes increasingly sensitive
to phase shift as the network size increases; and (3) the stability of the power system is
significantly affected by the spatial distribution of generators and consumers in the net-
work. These results reflect the deteriorating effect of line losses on synchronization. In
other words, these results confirm that line losses can systematically reduce the stability
region and ultimately destroy synchrony in power networks.

Furthermore, the results for basin stability not only quantitatively analyze the changes
in system stability under the effect of the phase shift parameter but also reveal the mecha-
nism underlying the loss of stability, namely, the shift in the stable operating point outside
the physically meaningful range. Of course, it is proven that the system’s stable operating
point shifts outside the physically meaningful range because the phase-shift parameter not
only intensifies frequency oscillations but also induces phase differences between nodes in
the power network.

It can be seen that the more pronounced the symmetry-breaking in a power network,
the more significant the effect of the phase-shift parameter on the network’s dynamics
and stability. The insights obtained in this paper are meaningful for further studies on
synchronization dynamics, operation, and design of complex power systems.

5. Open Problem

While the present study provides fundamental insights into the effect of the phase-shift
parameter on synchronization and stability within the widely adopted oscillator-based
power network framework, several important open questions remain to be addressed in
future investigations. For example, the mechanism underlying the transition from fre-
quency synchronization to competitive synchronization should be explored and subjected
to theoretical analysis; then, the relationships among node distribution, network stability,
and phase-shift parameters should be investigated and quantitatively analyzed. Moreover,
the heterogeneity of damping, inertia, transmission lines, and voltage variations should be
considered in further studies to better align the research with the characteristics of actual
power networks and ensure that the results are applicable to real power grids.
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