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Abstract: For the problem in which accessing a high proportion of renewable energy results in
exceeding the limit in distribution network voltage, the existing regulating method experiences
difficulty in considering the two-way voltage regulation and loss reduction optimization function.
This study proposes a series-type dual rotary phase-shifting transformer (DRPST) based on the
principle of phase volume synthesis. This transformer exhibits bidirectional voltage regulation,
high reliability, and low cost. First, the topology, operating principle, and equivalent circuit of
DRPST are introduced, and its simplified circuit model is established. On the basis of this model, the
causes of voltage exceeding the limits are analyzed and the active distribution network model that
contains DRPST is constructed. A real-time rolling two-layer optimization strategy based on DRPST
is proposed. The inner layer model is solved using the multi-objective particle swarm optimization
algorithm with the objective of minimizing voltage deviation and line loss. The optimal compromise
solution of the Pareto solution set of the inner layer model is determined using the fuzzy subordinate
degree function method. The outer model is based on the optimal compromise solution of the inner
model, and the DRPST output rotor angle is controlled without deviation through double closed-loop
proportional-integral regulation. Finally, the correctness and effectiveness of the proposed topology
and control method are verified via simulation and experimental analysis.

Keywords: dual rotary phase-shifting transformer; active distribution grid; bidirectional voltage

regulation; loss reduction optimization

1. Introduction

In an era characterized by energy crisis and environmental pollution, the research
and development of renewable energy sources have been promoted and photovoltaic
(PV) power occupies an important position among various renewable energy sources [1].
However, access to large-scale distributed energy sources on the user side of distribution
networks and the diversification of user loads will change the traditional distribution
network from a one-way to a two-way power flow, affecting the voltage distribution of the
whole network and causing serious voltage crossing limits [2].

Three types of studies have been conducted for the voltage control problem of active
distribution networks: on-load tap changer (OLTC) [3,4], energy storage participation [5,6],
and rotary power flow controller (RPFC) [7,8] voltage regulation. In the literature [3,4],
distribution network voltage control is achieved via OLTC. However, the OLTC approach
exhibits the disadvantages of limited regulation capability, insufficient accuracy, and long
regulation time. The literature [5,6] has studied the voltage regulation control strategy that
involves the participation of energy storage systems to achieve the control of grid voltage
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by suppressing the fluctuation of the active power output of a PV system. However, this ap-
proach demonstrates the drawbacks of difficult site selection, investment cycle production,
and high losses. RPFC is an electromagnetic flexible alternating current transmission device
based on a dual rotary phase-shifting transformer (DRPST) [7,8]. It achieves flexible control
of line power by controlling the relative angles of the stator and rotor of two sets of rotary
phase-shifting transformers (RPSTs) and by stringing a voltage phase with continuously
adjustable amplitude/angle into the line. However, given that its primary structure in-
cludes two sets of RPSTs, when RPFC is applied to the active distribution network voltage
regulation scenario [9], the co-ordinated control of the two RPSTs (i.e., the two control
variables) causes RPFC to exhibit the problem of slow voltage regulation and periodic
oscillations when meeting the demand for continuous and frequent voltage regulation in
an active distribution network [10].

The effective reduction in distribution network loss under the premise of satisfy-
ing stable voltage control is also an urgent problem in grid operation [11]. The authors
of [12] designed a loss reduction optimization method for distribution networks that in-
cluded smart soft switches and comprehensively considered the system network loss and
charging/discharging power characteristics of electric vehicles. They then established a
multi-objective optimal configuration model for smart soft switches with total loss mini-
mization as the objective function, introduced a genetic algorithm for solving, and verified
the feasibility of the proposed model and the effectiveness of the solution algorithm on
the basis of the IEEE 33-node system simulation model. In [13], the authors considered
the regulation capacity and cost of voltage-regulating devices, such as OLTC, distributed
power supply, and capacitor bank. They also established a voltage control model based on
the co-ordinated optimization of energy saving and loss reduction in distribution networks
and solved it using an improved particle swarm optimization (PSO) algorithm to obtain
the optimal regulation capacity of each voltage-regulating device in the current optimiza-
tion period. Their simulation results showed that the model and optimization method
effectively reduced system network loss and user economic loss.

In the current study, we combine the two aforementioned aspects to achieve the
synchronization of safe grid operation and grid loss reduction in accordance with the
literature [7,8,12,13]. First, a DRPST device based on the principle of phase synthesis
is proposed. This device exhibits the characteristics of bidirectional voltage regulation,
high reliability, and low cost. The topology and working principle of this device are
analyzed, and a simplified circuit model of DRPST is established. Then, a real-time rolling
double-layer optimization model based on DRPST is developed to address the problem of
synchronous voltage regulation in multiple zones of active distribution networks. Second,
an improved multi-objective PSO is used to calculate the DRPST output voltage, and a
double closed-loop proportional-integral (PI) control strategy is adopted to control DRPST
rotor angle in real time. The simulation is verified on MATLAB/Simulink, and the results
show that DRPST can effectively reduce line loss while ensuring voltage compliance in
multiple active distribution networks. Finally, a 380 V/40 kVA DRPST experimental
platform is constructed to verify the effectiveness of the proposed control strategy. The
simulation and experimental results indicate that DRPST is an effective supplement to the
voltage regulation method for an active distribution network.

2. Topology and Working Principle of DRPST
2.1. Topology of DRPST

The topology of DRPST is depicted in Figure 1. RPST is the core component of DRPST,
and two groups of RPST stator side are connected in parallel to the transmission line
as excitation energy extraction winding. Meanwhile, its rotor side is connected to the
transmission line after a series connection. By changing the phase sequence of the two
groups of RPST stator-side wiring to receive energy, the order of the two groups of RPST
series-connected measurement access voltage is changed relative to the three phase load
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terminals (U, V, and W). The first group of RPST access voltage order is A, B, C (positive
sequence), while the second group is A, C, B (reverse sequence).

|| Stator RPST1 Rotor 1!
T ' T
4 T

Stator RPST2 Rotor 1!
undng| B | windng |1,

Figure 1. Topology of DRPST.

In accordance with the principle of electromagnetic induction, the rotor angle rotation
of the two RPSTs is used to synthesize a rotor voltage phase with constant amplitude,
opposite phase angle, and 360° adjustability. The two voltage phases are superimposed to
inject a series voltage with continuously variable amplitude and the same phase angle as
the original line.

2.2. Working Principle Analysis

The single-phase equivalent circuit of DRPST is shown in Figure 2, where I; is the
system line current before connection to RPST, I4, is the total stator-side current, I is the
rotor-side current, Upgrpst is the voltage of the DRPST series flowing into the line, Zg, is
the impedance attributed to the rotor side, Zrpst; and Zrpst, are the impedance attributed
to the stator side, and k is the DRPST voltage variation ratio size [14,15].
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Figure 2. DRPST single-phase equivalent circuit diagram.
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By analyzing the circuit in Figure 3, the following equations are obtained:

ustator = us - Isthhr (1)
Uprpst = Urotor1 + Urotor2 + 2151 ZRpsT, )
Is == Isl + Ish/ (3)

{ Usotor1 = UstatorkZa = (Us - Ishzsh)kej”‘ .
Usotor2 = UstatorkZ — a0 = (us - Ishzsh)kei]’x !
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Figure 3. Simplified circuit model and voltage regulation vector diagram of DRPST. (a) Simplified

oV

circuit diagram of DRPST. (b) Regulating vector diagram of DRPST when crossing the lower limit.
(c) Regulating vector diagram of DRPST when the upper limit is crossed.

Assuming the premise of an ideal RPST, the following equation exists at this point [16,17]:
Urotor * Ish™ = Ustator * Is1", (6)

From Equations (3), (4) and (6), the total rotor current and system line current can be
calculated as:

Iy = (1+k120s o)
L. — klgcosa 7 (7)

sh (1+kcosa)

By combining Equations (5) and (7), we derive:
Upgrpst = Usk cos & — IsZpRrpsT, 8)

where: )
kZnk cos® o + 2ZRrpst

Z === , 9
DRPST T keosa )

Thus, the simplified circuit model of DRPST can be obtained as shown in Figure 3a.
By changing the size of «, the change in size and direction of the series-controlled voltage
source flowing into the line is achieved and the continuous regulation of the line voltage is
completed. Let Uprpst/ = Usak cos o, the DRPST bidirectional voltage regulation vector
diagram is shown in Figure 3b,c.

3. Active Distribution Network Voltage Regulation Model for Multiple Zones That
Considers Line Losses

3.1. Active Distribution Network Model with DRPST for Multiple Zones

Most traditional distribution networks exhibit a radial structure, where load is dis-
tributed along the line and power under stable operating conditions is always transmitted
in a single direction along the distribution network feeder; Figure 4 shows an example of a
distribution network [15,16]. The active distribution network lines suffer from the problem
of uncertain power magnitude and direction, which causes voltage instability and changes
in voltage distribution.
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Figure 4. Active distribution grid system with distributed PV.

In the figure, Uy is the 10 kV section bus voltage, R + jX; is the equivalent line
impedance of the 10 kV section bus I, Uy is the parallel network voltage of the 10 kV
section bus I, P1; and Qy; are the loads at node i, and Ppg; and Qpg; are the active power and
reactive power injected by the distributed PV connected to node i. At this moment, the line
power of the 10 kV section bus I distribution station exists as P; = Pr; + Ppgi, Qi = Ori + Qpai-
The voltage of each station parallel network and that of the first end of the 10 kV line are

as follows:
PR; + Qi X;

Uso

For the 10 kV distribution line with R >> X, Equation (10) indicates that P;R; + Q;X; < 0
will lead to Ug; > Ugy. Therefore, when the phenomenon of active power backfeeding
occurs, the voltage of the parallel network experiences a serious over-the-limit problem
as the distribution network line length increases and PV access capacity becomes larger
(Figure 5).

Usi = Usp — (10)

Photovoltaic access capacity/ MW
—0 —<%—5——10—0—-15 {120 —4—25

10kV parallel network voltage/pu

| | | |
08¢ 5 10 15 20 25
Line length/km

Figure 5. Effects of PV access capacity and line length on line voltage.
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Combining Figure 4 and Equation (8), we can determine that the relationship between
Ugp and 10 kV bus first section voltage Us after connecting DRPST can be expressed as:

_ BR +0iX
Al = DE[I;SEUDRPSIT)RPST
N , (11)
Ugp = Us(1 —kcosa) — ¥ AU,
=1

where U, is the voltage drop formed by the resistance inside DRPST. From Equation (11),
DRPST can achieve continuous regulation of its string line voltage while only adjusting
its stator—rotor relative angle and then controlling the access point voltage Uy. It exhibits
the advantages of simple control and high stability compared with the traditional reactive
power—control voltage compensation mode.

To realize the optimization of DRPST voltage regulation-loss reduction in multiple
zones of active distribution networks while exhibiting nondifferential control characteristics,
a two-layer optimization model with a recursive structure is proposed. In this model, the
inner model solution is based on the establishment of the outer decision variables, while
the optimization objective of the outer layer depends on the optimal solution of the inner
model [17]. As indicated in Equations (10) and (11), access to DRPST can effectively
solve the problem of voltage crossing limits at the end of the line. However, the line loss
problem should be considered under the premise of guaranteeing voltage deviation. For
the actual problem, the lowest voltage deviation and the minimum line loss are chosen
as the objectives of the inner model proposed in the current study, while the DRPST rotor
angle position is the objective of the outer model. Then, the DRPST real-time rolling
voltage regulation model is constructed by considering line loss based on the two-layer
planning theory.

3.2. Inner Layer Model That Considers Voltage Control and Line Loss
3.2.1. Objective Function
Voltage Deviation Target

The objective function of the co-ordinated voltage optimization control of the dis-
tribution network is to minimize total voltage deviation at each node, i.e., to minimize
the time-series average of the normalized voltage deviation sum of squares at each 10 kV
parallel network within the optimization cycle.

Simultaneously, the voltage deviation target of each 10 kV parallel network should be
graded by considering the importance of the load [18], including three categories (Levels 1,
2, and 3). The corresponding weights are assigned as 0.5, 0.3, and 0.2, respectively. After
quantifying the load on each parallel network, we can obtain:

L S 2
uSl uSl ) , (12)

N
Fi =minAU = ) wg;Lg;
l'zzl * Sl( Usimax — Usimin
where Ug; is the voltage magnitude of system node i; Ug;" is the reference voltage magnitude
of node voltage i, and it is typically 1.0 (the standard lowest value); Ugjmax is the maximum
allowable voltage of node i; Ugjnin is the minimum allowable voltage of node i; wy; is the
weight of the load of node 7; and Ly; is the power of the load of the node.

Line Loss Target

Under the premise of guaranteeing system security and power quality, the lowest line
loss should be considered comprehensively, and the current study primarily considers the
power loss Sgg; from the substation to the distributed power access node. The overall line
loss target at that moment can be expressed as follows:

3 2 2
P _ P —
F2 — minS = § ( L DG) (ZQL QDG)
i=1 Us;

(Ri+iXi), (13)
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The reasonable adjustment of the size of Uy; can reduce distribution network loss under
the premise that PV access capacity and distribution network line length remain unchanged.

3.2.2. Binding Conditions

(1) Voltage deviation constraint: in accordance with “power quality supply voltage
deviation” [19], voltage deviation limits that are allowed to pass through the lines of
various voltage levels are different, with the voltage deviation limit for the parallel
network voltage constraint.

(2) DRPST equivalent voltage source magnitude phase angle constraint.

(3) Power equivalence constraint.

(4) Branch current constraint: to prevent the long-term overcurrent operation of the line
from causing permanent damage to the line, i.e., the line carrying capacity for constraint.

(5) Calculation time constraint: the application scenario of this study belongs to an online
calculation scenario and, thus, the calculation time of the control variable UpgrpsT is
constrained. When calculation time exceeds sampling time, the current Upgpst value
is directly outputted to the outer model.

usi*(1 - 8) < usi < usi*(1 +€)
prest < UpresT < UpRpst
ODRPST = 0s
P,‘ = U,‘Z U](G,] COs 91']' + Bij sin 91]) y (14)
Q,‘ = Uiz Ll](Gl] COS 91']' — Bij sin 61])
|Ii| < Imax
t<ny

3.3. Outer-Layer Model of DRPST-Based Deviation-Free Control

The outer model essentially represents the problem of solving the angle of the DRPST
rotor. To ensure the nondifferential control of the angle of the DRPST rotor, a double
closed-loop PI control method is adopted. The value of Upgpst calculated by the inner
model is set as the target of voltage inner loop control. From the value in Equation (8),
a speed-limiting module is adopted in the angle’s outer loop control. The output of the
actual a value can realize the function of voltage regulation.

4. DRPST Control Strategy
4.1. Solution Strategy for the Inner-Layer Model

In multi-objective optimization problem solving, the optimal solution is a set of
solutions wherein the value of any one objective function can no longer be optimized
further without degrading the other objective functions. The solution of a multi-objective
optimization problem is not unique, but a set of Pareto optimal solutions is available and
no comparability occurs between solution sets. A certain objective of the solution may be
optimal, while another objective may be weaker than the other solutions. The decision
maker can select one solution or part of the solution from the Pareto optimal solution set
as the final solution for the requested multi-objective optimization problem in accordance
with the requirements of the actual problem and the convenience of operation [20].

In the current study, a multi-objective PSO (MOPSO) algorithm is used to solve the
inner model [21], wherein individual particles consist mostly of position and velocity
parameters:

{ Vit = wo; + c1r1(pbest; — x;) + cara(gbest; — x;)

, 15
Xit1 = X + Vi1 (15)

where w is the inertia weight, v; is the i-th particle velocity vector, ¢; and ¢, are the
acceleration factors, 1 and rp are the random numbers that are uniformly distributed in the
interval [0, 1], v; is the i-th particle velocity vector, ppeg; is the individual optimal position

of the i-th particle, x; is the position vector of the i-th particle, and gy, is the individual
optimal position of the i-th particle.
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To meet the demand of an online operation scenario and improve the efficiency of
the MOPSO solution, the traditional MOPSO is improved and dynamic parameters are
designed for the inertia weights and acceleration factors in the solution.

— Wmax —Wmin

W = Wmax — — N
_ Cmax —Cmin

€1 = Cmax — — N
_ . Cmax —Cmin

€2 = Cmin + % N

max

, (16)

where wpin and wmax are the minimum and maximum values of inertia weights, respec-
tively; ¢; and ¢, cmin, and cmax are the current, minimum, and maximum values of learning
factors, respectively; N is the current number of iterations; and Nmax is the maximum
number of iterations. The initial stage of the algorithm w is larger and, thus, beneficial for
the global search of the algorithm. The later iteration of w is gradually reduced, which is
favorable for the local search of the algorithm. In the beginning of the iteration, ¢ is larger
and c; is smaller. This condition is beneficial for the recognition of individuals by particles.
Later in the iteration, c; is smaller, while c; is larger, and a particle demonstrates strong
cognitive ability for global search [22].

4.2. Selection of the Optimal Compromise Solution for the Inner Model

The fuzzy affiliation function method [23] is used to express the degree of satisfaction
that corresponds to each objective function in the Pareto solution set and, thus, select the
optimal compromise solution. The fuzzy affiliation function is defined as:

L fi < fimin
= % fimin < fi < fimax 17)
0, fimax < fi

where f; is the i-th objective function value and fimin and fimax are the upper and lower
bounds of the objective function, respectively, during which the maximum value of the stan-
dardized satisfaction is solved using Equation (17), i.e., the optimal compromise solution of
the inner-layer model [24,25].

m
p= B; Ui, (18)

where u is the standardized satisfaction value and m is the number of objective functions
to be optimized.

4.3. DRPST Control Block Diagram

The overall control block diagram of the DRPST system developed in this study is
presented in Figure 6. The specific control process after the device is put into operation is
described as follows:

Step 1: The distribution network parameters are inputted. The network voltage parameters
are collected. The objective function, constraints, and other distribution network model
parameters are set.

Step 2: The parameters of the MOPSO algorithm are initialized.

Step 3: Particle positions, particle velocities, and external profiles are randomly initialized.
Step 4: The objective function of each particle is calculated and the nondominated solution
is stored in the external file.

Step 5: The current inertia weights and acceleration factors, particle positions, velocities,
individual optimal positions, and global optimal positions are updated in accordance with
Equation (16).

Step 6: The external archive is updated with the current particle swarm nondominated
solution.

Step 7: Whether the current time exceeds the maximum sampling time is recorded. Step 9
is skipped if it does. Proceed to Step 8 if it does not.



Sustainability 2024, 16, 1029 9of 16

Step 8: The size of the current iteration number is compared with the maximum iteration
number. If the two are equal, then proceed to Step 9.

Step 9: Searching is stopped. The external file is the Pareto optimal solution set. Pareto
solution set satisfaction is calculated from Equations (17) and (18). The optimal compromise
solution and the current control variables are outputted.

Step 10: The control variable Upgrpstres in Step 9 is used as the outer model set value. A
difference is made with the current Upgrpst and the nondifferential control of the voltage
set value is realized by the PI controller.

Step 11: Using the solution of Step 10 Upgrpst, the rotor angle apgrpst is set by solving
Equation (8) for the output DRPST. A difference is made with the actual angle aprpst to
achieve the nondifferential control of the angle set value.

Step 12: Real-time rolling optimization of DRPST is achieved based on the parallel network
voltage obtained from the next period of rolling acquisition.

Ys N R1+jX1 N Ur
Q) - of -_—— &
Riine 11X ine ‘;‘ ‘;/
!Jsabc @ Ustabe U
! R+iX, :2
'sabc |§<_ | 2 ] 2 N
\
_Tsh @ ;
uszahc U
= 3
RitiXs C
Perform motor| ¢ Y
direction and |«— DRPS_T Uggabe
speed control rotor s;ze
equation |gy
UDRPST"Q".‘
i m (8) O Innermodel:
Unkesrer a Step 10- Step 11
Pareto optimal Usyee
‘ solution set Step 12
fU 4 Outer layer model: | [PLL )

Syl Step 1to Step 9 HPLL Ugane Usaane Usaane Usaane Isabe
MOPSO A
deviation ~ Y ;

Minimum line loss Ui, sqsta. s19Usng, s1qY%10, s1q1sa. g

Figure 6. Block diagram of the overall system control of DRPST.

5. Simulation Analysis
5.1. Design of System Parameters

To verify the effectiveness of the proposed topology and control strategy, a specific dis-
tribution network model is built in MATLAB/Simulink based on the grid structure shown

in Figure 6. The relevant parameters are provided in Table 1. The relevant parameters of
the MOPSO algorithm are listed in Table 2.

Table 1. Distribution network and DRPST device parameters.

Parameters Value Parameters Value Parameters Value
Frequency/Hz 50 Capacity /MW 3 Rotational speed 20°/s
Us/kvV 10£0° Zin/ Q) 0.3 Station area 1 load level Level 1

R +jX1/Q 2.61 +j2.134 Zrpst/ Q) 0.15 Station area 2 load level Level 2

Ry +iX5/Q) 2.7 +j2.208 R3 +jX3/Q 2.025 +j1.656 Station area 3 load level Level 3
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Table 2. Basic parameters of MOPSO.

Parameters Value Parameters Value Parameters Value
Number of iterations 50 Cmax 0.2 (Wmax 0.5
Population size 100 Cmin 0.1 Wmin 0.001

External population

file size 100 Umax 1.2 Umin 0.8

From the analysis of the DRPST regulation range in accordance with the parameters
in Table 1, the relationship characteristics between the first section voltage of the system
and the rotor angle of DRPST under the current simulation parameters are illustrated in
Figure 7. When the rotor angle of DRPST « = 0°, the voltage of DRPST injected into the line
exhibits the maximum value. Meanwhile, the voltage phase of DRPST injected into the line
always remains the same with the original transmission line.

1.4 ! [ , , , 180
13t — phase 1 vy
512 amplitude | 9p a
gL /\ L
s ! 0 =
> 009 / \ 45 &
§ 08 90 &
0.7 ¢ | -135&
0.6 ‘ ‘ ‘ ‘ -180 ¢

60 120 180 240 300 360
The Angle of DRPST/<

o

Figure 7. Adjustment range of DRPST.

5.2. Simulation Verification of Steady-State Regulation Characteristics

PV power generation is closely related to a variety of meteorological factors and
subject to their constraints. Thus, to verify the steady-state regulation characteristics of
DRPST, the 24 h DRPST regulation effect is simulated. The 24 h PV output and load power
curves are shown in Figure 8 [26]. The comparison of voltage and network-wide line loss
of each station area before and after adding DRPST is illustrated in Figure 9.

Active Reactive Photovoltaic power

Platform 1
Platform2 eececece ccecee  ecececee
. Platform3 eeecee cccce  cecce-
530
535
<3 S
> oo 4
22 33
B )
51 S21 ,
(&) ‘I
0 ELOp==y=ts 12 16202
Time/h

Figure 8. 24 h PV output and load curve. (a) Variation of station load in 24 hours. (b) The change of
photovoltaic output in 24 h.
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station 1 station 2 station 3 line loss
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post-regulation —

1.15 0.7
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2105 | H 205 |

s > 0 e o 03
> 0.95 "'”:‘"\(/' K = 02
09 p===" """ Saet_Le 0.1 |
0.85 : ‘ : : : 0
0 4 8 12 16 20 24
Time/h
(a)

Figure 9. Connection point voltage and system grid loss before and after adding DRPST. (a) Voltage
change of each station area after DRPST is connected. (b) Network loss changes after DRPST
is connected.

From Figure 9a, the voltage overrun phenomenon of distribution station areas 1 and
2 is effectively improved after accessing DRPST. However, considering that the voltage
deviation target model is for the total voltage deviation of each node time series squared
and minimized, the worse voltage performance of the parallel network (although still
within the voltage deviation constraint) is recorded under the premise that the load level
of distribution station area 3 is lower and electricity consumption is less. As shown in
Figure 9b, line loss is effectively reduced after accessing DRPST, and the economic operation
level of the distribution network is improved.

5.3. Simulation Verification of Transient Regulation Characteristics

PV output power depends on the distribution of solar irradiance, and solar radiation
received by PV power generation units is easily affected by weather type; hence, the
distribution network model of the temporary rise/fall of PV power generation caused by
cloud movement under cloudy weather conditions is designed. Subsequently, the DRPST
control characteristics are simulated and verified.

To verify the DRPST control characteristics, the 14:00 data in Figure 9 are selected
for simulation, as indicated in Table 3. DRPST is put into operation at the moment of 0 s.
At the moment of 15 s, the sudden drop in PV output is caused by the cloud blocking
solar radiation. Furthermore, the load is set to change at the moment of 30 s to verify the
regulation ability of DRPST under a sudden change in load.

Table 3. Parameters of load output and PV output change in each station area.

Parameters t=0s t=15s t=30s Parameters t=0s t=15s t=30s
Station area 1 load/MVA 0.55+j052  0.55+j052  0.87+j0.39 PV for station area 1/ MW 3.32 0.66 0.66
Station area 2 load/MVA 2.05+j0.68 2.05+j0.68 226 +j0.60 PV for station area 2/ MW 2.71 0.41 0.41
Station area 3 load/MVA 0.56+j0.21 056 +j0.21  0.55+j0.22 PV for station area 3/ MW 1.75 0.44 0.44

Figure 10a—c, show the Pareto solution set and the optimal compromise solution of the
outer model at t =0, 15, and 30 s. Figure 10d shows the whole process of the inner-loop
control of voltage and outer-loop control of angle for the inner model. Figure 10e—g depict
the dynamic change in voltage at the parallel network of each station. The comparison
effect before and after the improvement of the MOPSO algorithm is illustrated in Figure 11.
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Figure 11. The process of solving multi-objective particle swarm algorithm before and after im-

provement. (a) Optimization search process for f = 0 s. (b) Optimization search process for t = 15s.

(c) Optimization search process for t = 30 s.

DRPST can always output the corresponding compensation voltage when a transient
rise/fall in voltage occurs at the end of the line. The response time is in seconds, such that
the voltage of each station area is always within the range of voltage deviation. On this
basis, As can be seen from Figure 11, compared with the traditional MOPSO, the dynamic
parameter design of inertia weights and acceleration factors in the solution process can
effectively improve the solution speed and meet the online operation requirements.
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6. Experimental Validation of DRPST
Experimental Platform Construction

In the experimental design, mostly for validating DRPST topology and its control
strategy, a 380 V/40 kVA experimental prototype of DRPST is developed. The main part of
this prototype consists of two sets of variable ratio 380:100. The capacity of the rotating
transfer phase transformer is 20 kVA. The control module adopts a digital signal processor
(DSP) controller. The servo motor speed is 2400 rpm, which is attributed to RPST’s rotor
side speed of 6°/s. The DRPST experimental platform is shown in Figure 12. The system
parameters are provided in Table 4.

Figure 12. Experimental platform of DRPST. (1) is the DSP controller. (2) and (3) are the two RPST
main structures. (4) is the current transformer. (5) is the RPST energy side input switch, which
is automatically closed when the power supply generates excitation to the stator windings, and
automatically disconnected when the excitation is cancelled. (6) is the DRPST series switch kgs. (7) is
the DRPST bypass switch kyp,. (8) is the RS485 interface.

Table 4. Parameter design of the experimental system.

Parameters Value Parameters Value Parameters Value
Us/V 380 Capacity /kVA 40 Statf:t‘if)"tor 380:100
Frequency/Hz 50 S/kVA 1.1+j0.5 R/W 5

In the figure, 1 is the DSP controller; 2 and 3 are two groups of RPST main structure;
4 is the current transformer; 5 is the RPST energy-taking side input switch, which is
automatically closed when the power supply generates excitation to the stator winding
and automatically disconnected when excitation is canceled; 6 is the DRPST series switch
kss; 7 is the DRPST bypass switch kbp ; 8 is the RS485 interface; S is the load box; and R is
the resistive element.

In accordance with the regulation characteristics of the device, two experimental
conditions are designed to verify its effectiveness and robustness, namely, the variable and
constant voltage setting experiments. The experimental condition design is presented in
Table 5.

Table 5. Design of experimental conditions

to—t t1—t to—t t3—t tg—t t5—t,
Experiment (1)/V 0~ 1712 2713 37t4 4~15 57t6
220 200 185 260 240 220
to—t1 ti—t tr—t3 t3—t4 ty—ts
Experiment (2)/kVA - - - - -
uninvested 1.1 +j0.5 33 +j1.8 3.3 +j0.6 2+j15

(1) Variable voltage setting experiment

To maintain the same premise, the DRPST string in the line end load and line resistance
is adjusted into the line voltage to achieve parallel network voltage bidirectional regulation
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function through the six-stage experimental conditions to verify its effectiveness and
robustness. The experimental waveform is shown in Figure 13.

Wooh t [ ty 7 3 P ‘u n t
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Figure 13. Experiment with variable voltage set point.

(2) Constant voltage setting experiment

Line end load change will lead to changes in the parallel network voltage. The parallel
network voltage is set to 220 V. The effect of DRPST regulation at this time is observed. The
overall experiment has five stages. The experimental waveform is shown in Figure 14.
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Figure 14. Experiment with constant voltage set point.

DRPST can always provide voltage compensation quickly and effectively to meet
voltage regulation requirements under the variable and constant voltage set point experi-
ments. In summary, the experimental results verify the effectiveness and correctness of the
proposed DRPST topology and its control strategy.

7. Conclusions

DRPST is proposed to solve the problem of voltage crossing the limit of a parallel
network caused by the high proportion of distributed PV access. The following conclusions
are drawn through theoretical analysis, simulation, and experimental verification.

(1) In this study, a new regulating structure based on DRPST is proposed. A simplified
circuit model of DRPST is constructed, its control characteristics are analyzed, and its
regulating performance is verified through experiments. DRPST string-in line voltage
is only affected by rotor angle. The constructed model exhibits the advantages of
bidirectional continuous voltage regulation and simple control.

(2) A two-layer optimization model and its control strategy are proposed for the opti-
mization of voltage regulation and loss reduction in multiple-zone active distribu-
tion networks.

(3) DRPST is an electromagnetic voltage regulator that exhibits better shock resistance and
reliability than power electronic voltage regulators. The generated loss and harmonic
content will be considerably reduced. Manufacturing, operation, and maintenance
costs are relatively low, providing an effective complement to future active distribution
network voltage regulation schemes.
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