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Abstract

With the large-scale integration of renewable energy sources, traditional distribution net-
works are gradually evolving into a new form of flexible interconnection distribution
networks. To enhance the rapidity and accuracy of power flow control through flexible
interconnection devices, there is an increasing demand for precise grid equivalent models.
Existing grid equivalent models predominantly adopt single-port configurations for radial
networks, while there is limited research on two-port network equivalent models tailored
for flexible interconnection distribution networks. Focusing on the scenario of flexible inter-
connection distribution networks integrated with Rotary Power Flow Controllers (RPFCs),
this paper proposes an equivalent modeling method of two-port networks based on the
superposition theorem under small disturbance conditions. A flexible interconnection
distribution network model incorporating RPFCs and its corresponding two-port equiva-
lent model are developed. The parameters of the two-port equivalent model are derived
through superposition theorem calculations, enabling the realization of power decoupling
control functionality for RPFCs. The simulation results show that the deviations between
the set value of active power and the actual value remains at about 3%, and the deviations
between the set value of reactive power and the actual value is between 4% and 7%, thereby
verifying the effectiveness of the constructed two-port model in power flow control and
further supporting the accuracy of the proposed method.

Keywords: flexible interconnection distribution networks; flexible interconnection de-
vice; superposition theorem; two-port model; bidirectional power flow; equivalent
impedance modeling

1. Introduction

Amidst the global push for green and low-carbon energy transition, distribution net-
works have progressively evolved into key hosting infrastructure for renewable energy
sources and new types of power loads [1]. The high penetration of distributed generation
leads to bidirectional power flow in distribution networks, resulting in line overloads and
node voltage limit violations. Concurrently, the integration of distributed energy storage
and widespread adoption of electric vehicles at the consumption end have diversified
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load characteristics, blurring the traditional boundary between sources and loads. Con-
sequently, conventional distribution network topologies and operational modes struggle
to accommodate various flexible load demands [2]. Although advanced deep learning
architectures provide the reliability and efficiency necessary for EV charging infrastructure,
further actions are required to alleviate overloads and voltage violations in the growing
field of sustainable transportation [3].

To address these challenges, several traditional approaches, like a single-degree-of-
freedom hybrid modulation technique that synergistically combines phase-shift and pulse-
width modulation methods, are proposed. This approach enables the dynamic adjustment
of the converter’s operating parameters, resulting in enhanced power transfer efficiency
and reduced switching losses [4]. A novel approach to address the flexible interconnection
technologies for medium-voltage (MV) distribution networks, focusing on optimizing
power supply reliability amid increasing new energy integration and electric vehicle loads,
is introduced [5]. It explores advanced power electronics applications, including boosted
back-to-back voltage source converters (B2B VSCs), multilevel converters, and series-
compensated current controllers (D-UPFCs), to enhance grid efficiency. However, the
reliance on dynamic control mechanisms may introduce transient instability under extreme
grid disturbances.

A real-world application of Flexible Distribution Networks (FDNs) as core enablers
of renewable-dense power systems is envisioned [6]. This comprehensive framework
characterizes FDNs as cyber-physical systems with dynamic topology reconfigurability,
distributed energy resources (DERs), and soft open points (SOPs) to dynamically control
power flows and voltage stability. The proposed solution introduces a novel two-layer
configuration taxonomy: (1) a physical layer of modular power electronics (e.g., back-
to-back voltage source converters for SOPs) and switchgear and (2) a cyber layer with
IoT-capable sensors and centralized-distributed hybrid control. For optimal function, they
propose a multi-period mixed-integer second-order cone programming (MISOCP) model
coordinating DERs, SOPs, and topology switches to minimize losses, avoid congestion, and
facilitate photovoltaic penetration exceeding 30%.

To address challenges posed by high penetration of new energy sources and loads
in distribution networks, flexible interconnection devices have undergone rapid develop-
ment. These devices replace traditional switching equipment in conventional distribution
networks, providing flexible interconnection interfaces for diverse power forms. This
enables real-time flexible control of power flow, driving the transformation of traditional
distribution networks into flexible interconnection distribution networks [7].

Flexible interconnection devices in distribution networks are primarily categorized into
two types: one is power electronic flexible interconnection devices, such as soft open point
(SOP) [8], Unified Power Flow Controller (UPFC) [9], energy router [10], power electronic
transformer [11], and Static Var Compensator (SVC) [12], and the other is electromagnetic
flexible interconnection devices represented by Rotary Power Flow Controllers (RPFCs) [13].
Current research on the modeling of both types of flexible interconnection devices predomi-
nantly focuses on their internal topological structures, treating the devices as independent
entities while neglecting their interactive effects with external distribution networks when
functioning as flexible interconnection systems. In traditional distributed generation grid-
connection studies, external distribution networks are often simplified as single-port Thévenin
equivalent models (comprising a voltage source in series with an impedance).

However, as bidirectional power regulation devices, the simultaneous operation of
flexible interconnection devices alters power flow distributions on both interconnected
grid segments. This renders single-port models incapable of characterizing bidirectional
interactions, thereby necessitating higher-dimensional models to meet the requirements
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of flexible interconnected distribution networks. Multiport Soft Normally Open Points
were also created for adaptable power flow control and interconnection in distribution
networks to offer integrated series (power transfer) and shunt (voltage regulation) functions
efficiently [14]. Effective communication between utilities and customers is necessary
for proper Demand Response (DR) operation in smart grids, but gaps in coverage and
signal attenuation create serious concerns [15]. Current resilience approaches for power
distribution grids tend to act individually and in a reactive manner, without the coordinated,
multi-step methods necessary to adequately reduce damage and restore service throughout
integrated energy systems during extreme events [16].

Unlike power electronic devices, the RPFC, as an electromagnetic device, has garnered
widespread attention due to its low cost, high reliability, and surge resistance. It enables
flexible control of line compensation voltage independently of line current variations,
thereby providing a novel approach for economical, flexible, and frequent control in power
systems, particularly under varying grid conditions [17]. Reference [18] analyzed RPFC
performance from four aspects—steady-state characteristics, transient characteristics, cost,
and loss—demonstrating its capabilities in regulating node voltages and controlling power
flows, along with the advantages of low construction costs, strong tolerance, and high
operational reliability.

These studies confirm RPFC’s superior cost-effectiveness and broader application
prospects in power systems. RPFCs have the potential to provide voltage support in power
systems to ensure quick and precise control, particularly in dynamic voltage variations. The
majority of techniques do not utilize full direct impedance regulation concepts to implement
precise and stable voltage control through reactive power compensation [19]. Early research
on Rotary Power Flow Controllers (RPFCs) concentrated mostly on theoretical capability
and steady-state operation. Nevertheless, dynamic models validated and required to
study transient stability, fault behavior, and controller design under actual real-time grid
disturbances were scarce before thorough electromechanical modeling studies [20]. A better
hybrid Particle Swarm Optimization (PSO) algorithm was utilized on RPFC control strategy
optimization to optimize RPFC control parameters efficiently and robustly.

Rotary Power Flow Controllers (RPFCs) for flexible interconnection of distribution net-
works with Rotary Power Flow Controllers (RPFCs) facilitate the integration of renewables,
relief from grid constraints, and congestion [21]. Whereas theoretical models for foundation
RPFC were available, initial-stage studies did not have confirmed case studies of their
practical application in maximizing power transfer capability, stability, and congestion man-
agement through realistic transmission corridors under dynamic scenarios [22]. Multi-zone
coordination to allow for the synchronous, coordinated control of multiple network zones
had lower potential to synergistically enhance voltage stability and minimize system-wide
losses through combined hardware interventions based on a dual RPFC.

Therefore, in the scenario of a flexibly interconnected distribution grid with RPFC
integration, targeting the gap in equivalent modeling of its external distribution network
and utilizing the characteristic of strong source-load volatility in active distribution net-
works, a modeling method for the active distribution network equivalent model based
on the superposition theorem under small disturbances is proposed in this paper. The
approach includes three main steps: First, the topology of RPFC is analyzed to establish
a flexible interconnected distribution network model based on RPFC and its two-port
equivalent model. Second, a construction method is proposed for the two-port equiva-
lent model of the flexible interconnected distribution network based on the superposition
theorem, along with a power decoupling control method using this two-port equivalent
model. Finally, comparative simulations under small disturbance conditions and power
decoupling control simulations are conducted to analyze the accuracy of the proposed
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two-port equivalent model construction method. The results demonstrate the feasibility of
the proposed method.

2. Construction of Flexible Interconnected Distribution Network Model
Based on RPFCs

The interconnected distribution network represented by the petal-shaped network
framework is illustrated in Figure 1 [23]. In this configuration, both ends of each petal’s
main feeder lines are connected to the same substation busbar, forming a closed-loop
structure. Multiple petal-shaped ring networks can be interconnected through a single
substation busbar, while different petal-shaped ring networks from distinct substations can
be linked via tie-lines or tie-switches. However, due to imbalanced development between
network infrastructure construction and distributed source-load integration, petal-shaped
distribution networks exhibit uncontrollable power flow magnitudes and directions [24].
Therefore, RPFC devices are employed to effectively regulate power at loop-closing points,
ensuring secure loop operation and significantly enhancing the reliability of power supply
in distribution networks.

Switching

Switching ton )
station

station 1

Substation A Substation B

Switching
station 3

Switching
station 4

Figure 1. Structure of petal-type distribution grid.

Figure 2 shows the impedance model of a typical petal-type distribution network
during loop closure. R; +jX; and P; + jQ; are the line impedance and load power of bus
i(i=1,2), P3 +jQj3 is the power flowing through loop point K in line L3, Us is the power
supply voltage of the AC system, and U; and Uy are the voltages on both sides of loop
point K, respectively. I is line L3's current in closed-loop operation. As a direct connection
between feeders is physically prohibited, the RPFC is deployed at the loop-closing node to
enable flexible interconnection of the distribution network.
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Figure 2. Impedance model of petal-type distribution network.
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The RPFC primarily comprises two Rotary Phase-Shifting Transformers (RPSTs). Its
operational principle is as follows: Driven by servo motors, both rotary phase-shifting
transformers generate two voltage phasors with constant magnitude and adjustable phase
angles. The primary-to-secondary winding ratio determines the phasor magnitude, while
the stator—rotor angular displacement of the rotary transformers governs the phase angle.
By superimposing the voltage phasors generated from these two transformers, a series
voltage with adjustable magnitude and phase angle can be injected into the power line.

The main circuit of the RPFC is shown in Figure 3. In the figure, U; and U, are the
voltages at both ends of the RPFC, respectively; Uy is the parallel voltage of the rotor
winding; Uy are Ugy two stator winding voltages; User is the series voltage output by
the RPFC; I, is the current of the line where the RPFC is located; I s1 and I oh are series and
parallel line currents, respectively; Zg is the impedance of two RPST stator windings; Zy; is
the winding impedance of the RPST rotor; k is the ratio of two RPST fixed rotor windings;
oq and o are the rotation angles between two RPST fixed rotor voltages.

Figure 3. Main circuit diagram of RPFC.

The fundamental circuit relationships of each winding can be derived from the con-
ventional transformer analysis method, as expressed in Formula (1):

Ut = Us — IgnZgp
uRPFC :. ustlv+ ust.2 + ZIslzst (1)
Is = Isl + Ish

The constant rotor voltage relationship between the two RPSTS is shown in Formula (2):

Ustl = Urth(Xl = (US - 1shZSh)keJ'lX1 2

Ustz = UrthIXZ e (US — 1sthh)keja2

The sum of the stator winding voltage vectors is as follows:
Ustl + UstZ = k(us - jshzsh) ’ (ejal + ejﬂéz) ©)

According to Euler’s formula, the trigonometric function, and the differential product
formula:
Y 4 %2 = cosay + cosay + j(sinay + sinay) 4)

Among them, the following can be obtained:

Délerle ) . COS( Oél;’éz )

cosay + cosay = 2 cos(
j(sinay + sinay) = j[2sin(44%2) - cos(215%2))]
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Therefore, Formula (4) can be expressed as:
e 4 el®2 = ZCOS(al ;[Xz)[cos(lx1 erlkz) +jsir1(0(1 ;L 2 )] (6)
Among them, the following can be obtained:
{ &1 =¢@+90 %
=@ —90

According to the inverse transformation of Euler’s formula, Formula (6) can be ex-
pressed as:
& + %2 = 2 cos de)? (8)

According to Formulas (1), (3), and (8), the expression of voltage vector injected by the
RPFC can be obtained, as shown in Formula (9):

Urprc = k(Us — [gnZen) - 208 5e? + 211 Zyy )
The voltage vector part can be obtained from Formula (9):
Ugppc! = Ug2ke? cos & (10)

The impedance part is calculated below. Based on the electromagnetic induction
theorem, assuming an ideal RPST, the active and reactive power emitted or absorbed by
the parallel side of the RPST is equal to the active and reactive power absorbed or emitted
by the series side:

Uyt - Ish = Ust Isl (11)

From Formulas (1), (2), and (11), the total rotor current and system line current can be

calculated as: .
Is
1+kel? cos s 12
Jo — Iskelff’ cos & ( )
sh 1+ke? cos &

Isl =

By substituting Formula (12) into Formula (9), the expression of voltage vector URPFC
and impedance Zgprc injected by the RPFC can be calculated as follows:

27 —k2® Zgt cos? & (13)

{ Ugrprc = URrprc! + IsZrprC
ZRPFC = 1+kel® cos &

3. Construction Method of the Equivalent Model of the Two-Port
Network Based on the Superposition Theorem

Two-port networks are classified based on the presence of independent power sources
within the network. A two-port network is defined as passive when it contains no in-
dependent power sources and as active when independent power sources are present,
where distributed generation can be regarded as independent power sources. In the flexible
interconnected distribution network model shown in Figure 2, when the interconnection
device employs an RPFC, the external active distribution network observed from the RPFC
(comprising distributed generation, transformers, loads, etc.) constitutes an active two-port
network. The subsequent analysis will sequentially address the modeling methods for both
passive and active two-port networks.
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3.1. Passive Two-Port Network Equivalent Model Construction Method

For the passive two-port network without internal independent power sources shown
in Figure 4a, its Z-parameter equivalent two-port model is illustrated in Figure 4b. U; and
U, are the port voltage for ports 1-1’and 2-2/, respectively, and I; and I are the current
injected into the network from ports 1-1 ’and 2-2/, respectively. The impedance Z-parameter
matrix of the passive two-port network is expressed in Formula (14), where z11, z12, 221,
and zp; are the elements of the Z-parameter matrix.

l:h _ |11 Z12 ?1 (14)
U, 201 Zn| |

14 L )

o—Pp— . —€—o

+ Passive *

Ul two-port U2

_ network _

o— ——o0

I' 2!

(a) Passive two-port model (b) Passive two-port equivalent circuit

Figure 4. Passive two-port network and its equivalent circuit.
Z1,Zy, and Zj3 of the equivalent model in Figure 4b are shown in Formula (15):

Z1=12z11 — Z12
Zy=1z1p (15)
Z3 = 290 — Z12

When disturbances occur in the external system connected to the two-port network,
the port voltages and currents will vary accordmgly Ul and U2 are the port voltage after

the disturbance of ports 1-1’and 2-2/, respectively, i 1 and 8 » are the currents injected into
the network after the disturbance of ports 1-1' and 2-2/, respectively, and the expression of
the Z parameter is shown in Equation (16):

- -/
u zZ11 Z I
I R B (16)
U, Z21 7222 |,
The following can be obtained by Formulas (15) and (16) simultaneously:
. . . -/
u u I 1
o= > 17)
u, U Iy | [%12 222
Therefore, the impedance Z-parameter matrix of the passive two-port network is as

follows:
. . -/ . -/ . . N
U1-12—U1-Iz ul'Il—U1'Il

. N RV RV . N (18)
Uy Ih—Uy I, Uy-Ih—Uy- 14

211 212 1
Z - [ ] - . I, I ]
221 222 L-I,—1;- 1,
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3.2. Construction Method of the Active Two-Port Network Equivalent Model

According to Thévenin’s theorem, a one-port network can be equivalently represented
by a voltage source in series with an impedance. The voltage source magnitude equals
the open-circuit voltage of the original network, while the impedance corresponds to the
equivalent impedance with all independent sources deactivated. Extending this principle
to the active two-port network containing independent sources, as shown in Figure 5a,
its equivalent impedance parameters are determined by the passive two-port network’s
Z-parameters when the voltage sources are nullified. The equivalent voltage sources are
defined as the open-circuit voltages UOC]_ and UOCZ at terminals 1-1" and 2-2/, respectively,
as illustrated in Figure 5b.

1 L 2 1 N 2
o—) <o o—> ! (: ) Corresponds !
+ Active + + to the Z @ | +

|
. ., ! U parameter of | {J |
U, two-port U, U, } oct | Ne passive oc2 } 2
_ network _ _ [ two-port [ —
'o— C °—?— network —:—O
1 2 1 R s | 2'
a) Active two-port b) Active two-port equivalent circuit
p p q

Figure 5. Active two-port network and its equivalent circuit.

Taking the T-equivalent circuit with impedance parameters Z as a representative case,
the impedance models of distribution network components (excluding the RPFC) in the
flexible interconnected distribution system shown in Figure 2 can all be represented by
T-equivalent circuits. As depicted in Figure 6a, the impedance parameters Z;, Z, and
Z3 collectively constitute the two-port network’s impedance characteristics. The internal
power source indicated at position Us serves to denote the active nature of the two-port
network (for illustrative purposes of source inclusion).

When the power flow distribution controlled by the RPFC changes, the port voltage
and current of the two-port equivalent model will also change. When the first change

- ! -/
occurs, the voltage and current of port 1-1’ are U; and I;, and the voltage and current of

port 2-2" are U; and I /2, respectively, as shown in Figure 6b. When the second change occurs,
the voltage and current of the 1-1" port are Ul and [ ;, and the voltage and current of the
2-2' port are Uz and I ;, respectively, as shown in Figure 6¢. According to the superposition
theorem, the voltage fluctuations AU1 and AUZ in the two states shown in Figures 6a and
6b act on the passive two-port network composed of Z1, Z,, and Z3, respectively; that is,
the system with the voltage source in the active two-port network is set to zero, and the
currents generated are Al and Al, respectively, as shown in Figure 6d. At this time, the
electrical characteristics of the two-port network shown in Figure 6¢ can be expressed as

Formula (19).
. .
I, —1
_ [F11 Z12 " .1 (19)
21 22| |, -1

<! - !
Similarly, the voltage fluctuations AU, and AU, of the two states shown in Figures 6b
and 6¢, respectively, act on the passive two-port network composed of Z1, Z,, and Z3, and

. .
u, -,
! .
U, — U,

. !
the currents generated are Al; and Al,, as shown in Figure 6e. At this time, the electrical
characteristics of the two-port network shown in Figure 6e can be expressed as Formula (20).
U// U/ I// I/
T = (20)
u, -u, 21 22| |I, — I,
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(d) First superposition theorem equivalent circuit (e) Second superposition theorem equivalent circuit
Figure 6. Schematic diagram of equivalent model construction of two-port network.

Formulas (19) and (20) are combined to obtain the equivalent impedance parameters
of the active two-port network, as shown in Formula (21):

-

(- (0 ) - (05 ) (1) () () - (6 )- (5 )
() (1 1) - (65 i) (1, 5) (05 id) (-0~ (i) (1))

(i) (1) (510 (1)

The equivalent voltages UOCl and UOC2 of the active two-port network in Figure 5b

_[*11 Z12 ?1 (22)
221 22| |

According to the above calculation, the two-port equivalent model of the active

Z:

are shown in Formula (22).
U
u,

Uoct
Uoco

distribution network, except for the RPFC, is shown in Figure 7.

When the power flow through the RPFC changes, the voltage and current at both ter-
minals of the RPFC will vary correspondingly. During actual power flow control operations,
the power reference values are adjusted frequently in response to practical requirements to
achieve a rational power distribution. By recording the voltage—current data before and
after power adjustments, the two-port equivalent model of the active distribution network
containing the RPFC can be calculated in real time using Formulas (15), (20), and (22). The
calculation process of this method is shown in Figure 8.
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Figure 7. Two-port equivalent model of the active distribution network, except for the RPFC.

Synchronous vector detection devices are installed at both ends of the
PRFC

Measure and record the voltage and current across the PRFC terminals

y

The first disturbance occurred in the system. The voltage and current
at both ends of the PRFC were measured and recorded

y

A second disturbance occurred in the system. The voltage and current
at both ends of the PRFC were measured and recorded

A 4

Calculate the equivalent model parameters according to formulas (21)
and (22)

Figure 8. Equivalent model calculation method.

4. RPFC Power Decoupling Control Based on Two-Port Equivalent Model

Since the RPFC consists of two rotary phase-shifting transformers, its equivalent model
is intrinsically based on the transformer’s T-equivalent circuit. As shown in Figure 9, the
diagram clearly demonstrates that the RPFC’s equivalent configuration inherently forms a
two-port model.

Figure 9. T-equivalent circuit of RPFC.

By interconnecting corresponding ports in the models illustrated in Figures 7 and 9,
the equivalent model of the RPFC-integrated flexible interconnected distribution network is
obtained, as shown in Figure 10a. Under normal operating conditions, the high impedance
characteristic of the RPFC’s excitation branch allows it to be approximated as an open
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circuit in the equivalent model. Consequently, the simplified equivalent model of the
RPFC-integrated system is depicted in Figure 10b, where the Z, branch likewise assumes
an open-circuit state.

(b) Equivalent model without an excitation branch

Figure 10. Two-port equivalent model of a flexible interconnected distribution network based on
the RPFC.

The operational principle of the RPFC involves injecting a series voltage phasor Urprc
into the transmission line to create forced circulating power for active power redistribution.
Let S = P +jQ denote the power flow regulated by the RPFC, with the RPFC’s internal
impedance defined as Zy = Ry +jX and the equivalent distribution network impedances
as Z1 = Ry +jX; and Z3 = R3 + jX3. The mathematical relationship between the regulated
power flow S=P+ jQ and the injected series voltage phasor URPFC is established as:

*

~ _ Ec

S=P+jQ=:% Uy (23)
Zy

Performing power flow calculation at port 1 yields the following:

Ec = Urprc = UgppcZ0
ZZ = R): +jXZ = (R0+R1 +R3) +j(X0+X1+X3) (24)
Un = Uoct

Substituting Formula (24) into Formula (23) yields the following:

Ugprc - cos @ — jUgpgc - sin 6

rres Ry —jXg

-Uoct (25)
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Solving Formula (25) leads to the determination of the following;:

PRy +QX

URrprc - cos 0 = 7%10(21 3
Unorce - sin 8 — PXy Ry (26)

RPFC * SINU = —p-- —=

Therefore, the functional relationship between the series-injected voltage phasor
Urprc£0 and the regulated power flow S =P+ jQ is mathematically established as

shown in Formula (27):
— tan-—1 PXg—QRyp
f = tan PRy TOXy )
U _ PRy+QXy
RPFC = UOC] -cos
Formula (27) enables rapid determination of the quantitative relationships between
the magnitude/phase angle of the series-injected voltage phasor and the regulated power
based on equivalent model parameters, thereby facilitating power decoupling control

implementation in the RPFC system.

5. Simulation Analysis
5.1. Simulation Analysis Under Small Fluctuations

To validate the accuracy of the proposed model, a PRFC-based flexible interconnected
distribution network was established, as depicted in Figure 2. The relevant parameters of
the distribution network configuration are specified in Table 1.

Table 1. Distribution network system parameters.

Parameter Value
Frequency/Hz 50
AC power supply/kV 10.5
R +7X/Q 1.58 +j2.7
R1 +jX1/Q 0.25+j0.75

By modifying the active and reactive power reference values of the RPFC, the terminal
voltages and currents in the interconnected distribution network are deliberately perturbed,
enabling computational derivation of the equivalent model parameters. Three distinct
simulation scenarios with active power fluctuations of 30%, 10%, and 5% magnitudes were
implemented to analyze the model’s accuracy under varying disturbance intensities. The
computational results are systematically presented in Table 2.

Table 2. Calculation results of the equivalent model under different fluctuations.

30% AP 10% AP 5% AP
/0 0.07477 +0.1923 0.07587 +0.1968 0.07697 +j0.2378
12/ 0.02824 +j0.01428 0.02904 +j0.01521 0.02627 +j0.01287
2/Q 0.02824 +j0.01428 0.02864 +j0.01479 0.02687 +j0.01357
22/ 0.3443 +1.586 0.3582 +j1.523 0.3784 +j2.086
Uoc1/V 499.47/-0.75 502.31/—0.88 504.47./—1.25
Uoca/V 416.69/ —1.44 414.79/-1.61 419.54/—2.44

The data in the table show that the obtained two-port equivalent model parameters
exhibit minimal differences under varying fluctuation magnitudes, indicating that this
method can be applied in scenarios with frequent minor fluctuations.

To further validate the feasibility of the proposed method, two-port equivalent models
of the distribution network under different operating conditions were constructed using
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the data from the table, as illustrated in Figure 7. When the active power setpoints of the
RPFC changed according to the aforementioned operating conditions, the power responses
of the equivalent models were compared to those of the actual distribution network at the
same ports. The comparative analyses of power responses between the equivalent models
and the actual distribution network under 30%, 10%, and 5% active power fluctuations are
shown in Figure 11, Figure 12, and Figure 13, respectively.

20
15 —_— Actual system
| — Equivalent system
. Q/ 0
kW 5 —  Actual system i kvar 5
10 — Equivalent system 0
5 . . . S3 6 9 12 15 18
3 9 12 15 18 T/s

(a) Active response comparison

T/s
(b) Reactive response comparison

Figure 11. Power comparison with 30% active power fluctuation.
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Figure 12. Power comparison with 10% active power fluctuation.
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Figure 13. Power comparison with 5% active power fluctuation.

As demonstrated in the preceding figures, the equivalent model achieves optimal
consistency with the actual system’s power response under 30% active power fluctuation
magnitude. When the fluctuation magnitude is reduced to 5%, observable deviations
emerge between the equivalent model and actual system responses, although these remain
within acceptable tolerance ranges. This comparative analysis reveals that the constructed
equivalent model provides higher precision under significant power disturbances while
maintaining sufficient accuracy for operational requirements during minor fluctuations.

5.2. Comparative Simulation Analysis

According to conventional distribution network modeling methods, constructing an
equivalent model for interconnected distribution networks requires establishing separate
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equivalent models at both ports of the interconnection device, specifically formed by con-
necting two single-port models in series. To validate the superior capability of the proposed
modeling approach in characterizing power interactions within interconnected distribution
networks, a comparative analysis of power responses was conducted between equivalent
models derived from traditional methods and the proposed method under identical operat-
ing conditions. Simulation cases with 10% and 5% reactive power fluctuation magnitudes
were implemented, and the comparative results are presented below.

As demonstrated in Figures 14 and 15, under different power fluctuation magnitudes,
the power response of the two-port equivalent model constructed in this study exhibits
closer alignment with the actual system response compared to that derived from con-
ventional distribution network modeling methods. This comparative analysis confirms
that the proposed two-port equivalent model more accurately characterizes the bidirec-
tional power flow characteristics inherent to interconnected distribution networks, thereby
demonstrating the validity and necessity of the methodology presented in this work.

35 T 20
30 '/ Actual distribution system 1 10
25 —— Two-port equivalent system | | 0t
P/ 20 | — Traditional equivalent system Q/ 1 0 /
kW kVar
lsﬁ_’ -ZOK( Actual distribution system
—— Two-port equivalent system
10 -30r Traditional equivalent system 1
5 A A A A 40 A A A A
3 6 9 12 15 18 3 6 9 12 15 18
T/s T/s
a) Active response comparison b) Reactive response comparison
P p P p
Figure 14. Power comparison with 10% reactive power fluctuation.
35 : : : 0 :
30f 1 5 /f
Actual distribution system -
25 —— Two-port equivalent system | 4 -10
p/ — Traditional equivalent system Q/
kWT(S) : : kVar_; (5)’ Actual distribution system
f B —— Two-port equivalent system
10 1 ) 5" Traditional equivalent system| |
5 : A A A 30 A A A A
3 6 9 T 12 15 18 3 6 9 T 12 15 18
S S

(a) Active response comparison

(b) Reactive response comparison
Figure 15. Power comparison with 5% reactive power fluctuation.

5.3. Simulation Analysis of Power Distribution Based on the Equivalent Model

To validate the correctness of the power decoupling control method derived from
the equivalent model and thereby further verify the feasibility of the proposed equivalent
modeling approach, different power regulation setpoints were configured based on the
equivalent model. The required series voltage phasor Ugprc to be injected by the RPFC into
the power line was calculated using Equation (27). This voltage phasor URppC was then
applied to the actual distribution network, enabling the measurement of the resultant actual
power regulation quantities. The deviations between the setpoints and measured values
were subsequently analyzed. The validation adopted the equivalent model constructed
under 10% power fluctuation magnitude, with comparative evaluations conducted under
two distinct operational scenarios:

Scenario 1: Active power flow allocation was exclusively adjusted with setpoints of
£10 kW, £20 kW, £30 kW, and +40 kW.
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Scenario 2: Reactive power flow allocation was independently regulated with setpoints
of +10 kVar, 20 kVar, £30 kVar, and 440 kVar.

The comparative results under these two operational scenarios are presented in
Figures 15 and 16.

50 T T T T T
41.44
40t

30

.
31.02 I  Sct value
20.64 I Actual value

10.3

P/
kW

-10.26

-20.48
-30.66

-4(?‘81

-50 1 1 1 1 1 1

Figure 16. Comparison of active power allocation.

As observed in Figure 16, the deviation between active power setpoints and actual
values remains within approximately 3%, while Figure 17 demonstrates deviations of 4%
to 7% for reactive power. These minimal errors substantiate the feasibility of the power
decoupling control method based on the equivalent model, thereby further confirming the
validity of the proposed equivalent modeling methodology.

50 T T T 4é. 82 T
40t

31.98 I Sct value
|

Actual value

21.22

| 10.56

-10.47
20.84

3112
-41.31 i
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Figure 17. Comparison of reactive power allocation.

5.4. Real-Time Simulation Analysis Based on the Equivalent Model

To validate the real-time performance of the proposed method, a dynamic simulation
analysis was conducted. During system operation, additional loads were introduced to
construct an equivalent model and regulate line power flow using this model. At the 6 s
mark of system operation, a load with 120 kW active power and 80 kVar reactive power
was added. Between 9 and 15 s, the equivalent model was reconstructed based on the
modified system parameters, and the voltage phasor required to restore line power flow
to pre-load conditions was computed. At 15 s, the control voltage phasor was applied to
achieve power flow regulation. The active and reactive power variation profiles during
this process are shown in Figure 18a,b, respectively.

As demonstrated in Figure 18, when implementing power flow control using the
voltage phasor calculated from the reconstructed equivalent model, the power flowing
through the RPFC remains consistent before and after load addition. This verifies the
real-time capability of the proposed methodology and provides a theoretical reference for
refined modeling and stability control research in distribution networks that incorporate
flexible power interconnection devices, such as SOPs.
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Figure 18. Dynamic simulation power change.

6. Conclusions

Addressing the research gap in construction methodologies for two-port equivalent

models of flexible interconnected distribution networks, this paper proposes a two-port

equivalent model construction method for interconnected distribution networks under

small-signal perturbations based on the superposition theorem and its application in power

flow control. Through simulation verification, the following conclusions are drawn:

)

@)

®)

The proposed superposition theorem-based two-port equivalent model construction
method for interconnected distribution networks simplifies complex distribution
networks into two-port network models comprising independent voltage sources
and impedance components. By analyzing voltage and current variations before and
after power regulation, the method calculates model parameters through the dual
application of the superposition theorem, thereby establishing a novel methodological
framework for equivalent modeling of flexible interconnected distribution networks.
Building upon the aforementioned two-port equivalent model, the power decou-
pling control functionality of power flow controllers is achieved by aligning with the
operational principles of the RPFC.

Simulation verification under small-signal disturbances demonstrates the model’s
accuracy across varying power fluctuation magnitudes. Furthermore, the imple-
mentation of the proposed power decoupling control method exhibits the precise
performance of power flow regulation (deviation <7%), thereby validating the model’s
effectiveness. This methodology also provides theoretical foundations for refined
modeling and stability control research in the distribution networks incorporating
flexible interconnection devices, such as SOPs.
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Nomenclature

RPFC  Rotary Power Flow Controller
UPFC  Unified Power Flow Controller
SvVC Static Var Compensator

Urt parallel voltage of the rotor winding

User series voltage output by the RPFC

Iy series line currents

Zst impedance of two RPST stator windings

U, port voltage for port 1-1/

I current injected into the network from port 1-1/
Ull port voltage after the disturbance of port 1-1/

I /1 current injected into the network after the disturbance of port 1-1/
Uoc1 open-circuit voltages at terminals 1-1/

U/ll voltage of the 1-1’ port after the second change
I ; current of the 1-1’ port after the second change
URPFC series voltage phasor

Zo RPFC’s internal impedance

ER energy router

SOP soft open point

Us power supply voltage of the AC system

Usﬂ stator winding voltages

I s current of the line where the RPFC is located
I parallel line currents

Zyt winding impedance of the RPST rotor

U, port voltage for port 2-2

I current injected into the network from port 2-2/
ll/z port voltage after the disturbance of port 2-2/

I ,2 current injected into the network after the disturbance of port 2-2/
Uocy  open-circuit voltages for port 2-2/

U/zl voltage of the 2-2' port after the second change
I ; current of the 2-2' port after the second change
S power flow regulated by the RPFC

Zq equivalent distribution network impedance
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