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Abstract: In the context of carbon peaking and carbon neutrality goals, the integration of a large
number of renewable energy sources may trigger significant tidal changes, leading to transmission
congestion, wind and light abandonment, power oscillation, voltage and frequency fluctuations, etc.
A phase-shifting transformer is a cost-effective and reliable power flow control equipment, but its
key parameters lack systematic design methods. Based on the equivalent model of phase-shifting
transformers, detailed design principles and methods have been proposed, and the configuration
method of winding turns has been improved to facilitate calculation and control strategy formulation.
The regulation effect of the phase-shifting transformer designed through simulation of power flow
regulation in a typical 500 kV network is simulated. By adjusting the phase-shifting transformer,
the power flow of heavy load lines can be transferred to light load lines, optimizing the power flow
distribution and improving the transmission capacity of the cross-section.

Keywords: parameters design; phase-shifting transformer; short circuit impedance; power flow
regulation

1. Introduction

As the scale of the power grid and the scale of distributed energy resources continue
to expand, China’s transmission network adopts high-voltage long-distance transmission
and high transmission capacities due to the gradual movement of energy centers away
from load centers. In addition, it also leads to uneven current distribution as well as serious
impacts, such as line overloading and line circulation. Therefore, it is of great significance
to improve the distribution of transmission line currents and enhance the power system
regulation capability [1-3]. At present, our country, mostly through the adjustment of the
transformer tap [4], changes the operation mode of generating units, casting compensation
devices [5,6] and other control-of-power system operation modes [7,8] to solve the above
problems [9,10]. None of these methods can flexibly regulate the tidal current.

Flexible AC transmission technology (FACTS) can flexibly regulate the power flow
of transmission lines. FACTS power flow controllers are mainly divided into power
electronic and electromagnetic types [11,12]. Power electronic power flow controllers
based on power electronic devices are typically represented by the Unified Power Flow
Controller (UPFC), which has comprehensive functions but high equipment manufacturing
and maintenance costs [13-16]. The electromagnetic power flow controller, based on multi
winding transformers, is typically represented by the Phase-Shifting Transformer (PST) [17]
and the Sen Transformer (ST) [18,19] proposed on the basis of the UPFC. The latter has a
simple structure, high reliability, and good economy.

References [20-22] provide a review of the engineering applications of PSTs. PSTs
can be either mechanical and thyristor-based depending on load voltage regulation, with
mechanical being the main method in engineering applications, while research on thyristor-
based methods is mostly focused on theoretical and simulation aspects. References [23-25]
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elaborate on the current research status of PSTs and analyze the advantages, disadvantages,
and application scenarios of different types of PST, finding that a thyristor-type PST has
faster response speed and performs well in situations with fast dynamic responses and
small capacities, but the cost of the former is much lower than that of the latter. Due to
the limitations of the mechanical switch itself, the former can only be used in situations
with low response speed requirements and high capacity. Reference [26] has improved
the structure of traditional mechanical PSTs and proposed a new electromagnetic unified
power flow controller (EUPFC), which has a larger adjustment range and faster response
speed than traditional PSTs. Considering the insulation cost, a EUPFC is often used in
situations with voltage levels below 220 kV. Reference [27] analyzed the feasibility of using
dual core symmetrical PSTs to improve steady-state power flows in actual power grids and
conducted simulation research on the control characteristics of the PST switching operation.

A PST changes the voltage phase difference of the line by injecting a compensating
voltage, thereby regulating the power flow of the line, achieving the goal of optimizing
power flow distribution, improving line utilization, and increasing the section transmission
capacity. Therefore, the phase-shifting range, winding turns, and other parameters of a PST
are quite important for its performance. References [28,29] consider PSTs as ideal devices
and use optimization algorithms to determine the construction site of a PST. However, this
is only a system level optimization and does not consider the influence of the parameters of
PSTs themselves. Reference [30] proposed an equation to constrain the number of winding
turns and conducted simulation calculations based on the saturation effect of the DC
component on the core of a PST. However, since the saturation degree of the core does
not involve the working principle of the PST, the constraints proposed will not optimize
the performance of the PST and can only serve as necessary conditions to assist in design.
Reference [31] constrains winding parameters based on operating costs and economic
considerations; however, due to the lack of consideration for the working characteristics of
a PST, economic constraints alone cannot directly guide actual parameter design. It can
be seen that many articles have considered parameter optimization related to PSTs, but
only in terms of the system level optimization, without involving the equipment itself.
Additionally, from the perspective of iron core saturation, operating costs, and other factors
unrelated to the principle of PSTs, the obtained conditional constraints have little guiding
significance. Therefore, based on the equivalent model of a PST, the design principles and
methods for their key technical parameters are proposed and the number of turns of the
regulating winding are optimized to ensure that the phase shift angle corresponding to each
tap is the same, which is convenient for equipment design and control strategy formulation.
We conducted simulation of power flow regulation in a typical 500 kV network scenario,
adding a controllable phase shifter to reduce the load rate of heavy-duty lines, greatly
reducing the imbalance of the line power flow.

2. Power Flow Regulation Mechanism of PSTs
2.1. The Influence of Phase-Shifting Transformer on Line Power Flow

In transmission lines, there is a voltage drop and phase angle difference between the
power supply side and the load side. When no control or regulation devices are put into
operation, the power flow of parallel transmission lines and the ring network is distributed
according to impedance. A PST is installed at the head end of a high-voltage transmission
line, which can be equivalent to the reactance and ideal transformer model connected in
series in the line, as shown in Figure 1.

In Figure 1, Ug and UR represent the voltage amplitude at the beginning and end
of the line, respectively. U} is the voltage amplitude after PST adjustment. U is the
excitation voltage obtained by the excitation transformer from the line, AU represents
the compensation voltage of the series transformer connected in series in the line. Is and
I, respectively, represent the system current before and after the adjustment of the PST.
Additionally, « represents the phase shift angle generated by the PST. X . XpgsT represents
the equivalent impedance of the line and PST, respectively.
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Figure 1. Diagram of the installation of a PST in the transmission line.

In high-voltage power grids, due to the fact that the equivalent reactance of transmis-
sion lines is much greater than their equivalent resistance value, line losses are ignored.
After adding the compensation voltage Alpst of the PST injection line to the system
sending terminal voltage Ug, the phase angle change is a, while ¢ is the initial phase dif-
ference between the two sides of the system before adjustment. After the PST is put into
the transmission line, the active and reactive power injected into the first end of the line

are [32,33]:
_ UZRy + UsUp Xpsind — UsUp Rpcosd
P
- RZ + X2
1+ Xf (1)
Q= U2X; — UsUp Rpsind — UsUy X; cosd
- R? + X2

After the PST is connected, the active power transmitted by the line is still a sine
function, but its phase is added with +a Angle change, thus regulating the active power
flow of the line.

2.2. Classification of Phase-Shifting Transformers

A PST can be divided into symmetric and asymmetric types based on its electrical
characteristics. According to the structure of the transformer body, it can be divided into
both single-core-type and dual-core-type. The topology of the dual core PST is shown in
Figure 2. The dual-core phase-shifting transformer includes two independent transformers
in a magnetic circuit structure, namely series transformer and excitation transformer. Its
connection method is shown in Figure 2. When the rated capacity and voltage level are
low, the two transformer bodies can be placed in the same box.

An asymmetric PST simultaneously changes the amplitude and phase angle of the line
voltage. The symmetrical PST ensures that the voltage amplitude remains unchanged before
and after compensation, only changing its phase angle. At present, the most commonly
used PST in engineering is the bicentric symmetric type [22].
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Figure 2. Topology of the dual core PST.

2.3. Load Circuit Model of Phase-Shifting Transformer

Taking the A-phase lag regulation as an example, this chapter, based on the PST
topology shown in Figure 2 and the T-shaped equivalent circuit diagram of the two winding
transformer and the three winding transformer, and based on the characteristic that the
excitation impedance of the transformer is far greater than the winding leakage impedance,
makes infinite treatment on the excitation impedance of the two winding transformer and
the three winding transformer, combining the working principle of PSTs to obtain the
single-phase equivalent circuit diagram of the PST in the positive sequence (taking the
lag regulation as an example), as shown in Figure 3. In Figure 3, Zpc and Z,c are the
leakage impedances of the primary winding AC and the secondary winding aC of the
series transformer, respectively. Z51, and Z,1, are the leakage impedances of the primary
winding AL and the secondary winding aL of the excitation transformer, respectively. Uga
and Isp are the voltage and current phasors of the first end (power supply side) before
compensation. Ugaj and Igo1 are the voltage and current phasors of the first end (load side)
after compensation. Iac is the current in the primary winding AC of the series transformer,
while Uap and Iy represents the voltage phasor and current phasor of the primary winding
AL of the excitation transformer. Additionally, U,1, and I,;, represent the voltage phasor and
current phasor of the secondary winding aL of the excitation transformer, while Uac and
U,c represent the voltage phasor of the primary winding AC and secondary winding aC of
the series transformer, as well as the voltage between the power side and the load side.

Let N¢c and Ny, be the ratio of the series transformer and the excitation transformer,
D = m/mmax be the ratio of the number of turns of the secondary winding of the excitation
transformer to the maximum number of turns of the winding, and let the adjustment level
of the on-load tap changer be m.

From Figure 3, it can be seen that the pre compensation first terminal voltage phasor
Usa and the post compensation first terminal voltage phasor Uga; are, respectively:

Uac | LaZac
_ 2
Usa = UaL + INe += )
u Ia1Z

2NC 2
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Under load conditions, the output phase shift angle of a PST « by its no-load phase
shift angle & and internal shift phase angle B, B is caused by the voltage drop on the
impedance of the PST. The joint decision not only affects the structure and winding size of
the transformer, but also affects the selection of the tap changer.

exciter
transformer

Figure 3. Single phase equivalent circuit of phase-shifting transformer.

When the regulating tap of the voltage regulating winding (secondary side) of the
excitation transformer is different, its equivalent impedance will also change. When the
maximum adjustable tap is 71,4y and the selected tap is 7, the current position of the tap of
the excitation transformer regulating winding is represented by D:

Considering that a PST only has a positive sequence component during normal op-
eration, under positive sequence conditions, the AC voltage Uac and current Iaoc of the
primary winding of the series transformer can be obtained as:

Uac = —jV3Uy + IacZac 4)

Ianc = — ([ I 5
AC 2Nc( sa + Isa1) 5)

According to the PST ratio relationship, the primary side voltage U, of the excitation
transformer can be determined as:

—N|
UaL = (uaL - IaLZaLD)TL + Ia1.ZAL (6)

The relationship between the primary side current I, and the secondary side current
I,1, of the excitation transformer satisfies the following equation:

Iau _ D

== 7
L  Np @)

Under positive sequence conditions, the electrical connection between the primary
winding of the series transformer and the secondary winding of the excitation transformer
can be obtained:

I = —jV/3Iac 8)

Iar, = Isp — st )
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Therefore, eight equations containing 10 variables have been established, and the
relationship between the phase quantities Usp, Isa, Usa1, and Iga; on the power and
load sides can be obtained by transforming Equations (2)-(9). The specific derivation is
as follows:

Subtracting Equation (2) from Equation (3) yields the power side voltage Uga:

Zoc Zoc
Usa = Usa1 + Uac/Ne + Iia == + Isia1 —

> > (10)

The secondary winding aL voltage U, of the excitation transformer can be obtained
by organizing Equations (4), (5), and (10):

Uy — Usa1Nc " (Isa + Lsa1)Nec [ Zac | Zac)  UsaNc (11)
a - . . .
V3 V3 NE 2 V3
The load side voltage Ugaq can be obtained by adding Equations (2) and (3):
ge Usg y g Lq
_ ZaC
Usar = 2Uar — Usa + —= (Isa = Lsa1) (12)
According to Equations (5) and (7)—(9), it can be concluded that:
2N Nc — j/3D
I R e (13)
2NLNc + jv/3D
2/3N,
L = La - ml (14)
2Np Nc + ]\/gD
j2v/3D
Ipp = [gp———— 15
AL SAZNLNC+j\/§D (15)
By combining Equations (11)—(15), the load side voltage Uga; can be obtained:
_ 47 2NiNc — jv/3D
Usa1 = usAj\/gD N NG
12D?Z 51 + 4NE(Zac + NEZoc) 16
[, 2MNc = jv3D 4NZNZ + 3D? (16)
SAT/3D + 2N Nc 12N2Z,1D + 3D*Z,c
4NZNZ + 3D?
In the above equation:
ZNLNC —]\/gD -1 (17)
jv/3D + 2N; N

Assuming that the phase shift angle varies with the adjustment level is ot,. Then, it

can be concluded that:
Jitm _ 2NLNC — jv/3D
jv/3D + 2N N¢

By combining Equation (13), the amplitudes of the power side current I, and the
load side current Isp1 can be obtained:

(18)

[Lsa1] = |Lsal (19)
According to Equation (16), it can be assumed that:

Usa1 = usAe]"Xm - IsAejamZeqm (20)
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In the above equation, Zeqm is the equivalent impedance of the phase-shifting transformer:

12D%Z a1 4+ 4N (Zac + N2 Zyc) + 12N2Z,.D + 3D?Zyc

21
4NZNZ +3D? @D

eqm —

When a PST makes advance regulations, the equivalent impedance Zegm is the same
as that of lag regulation.
By further organizing Equation (21) with D = 1, it can be concluded that:

12

Zeqm ~ Xeqm = Zac + m

1
(2a0+ N2Za + 3N 2ac ) @
When m equals 0, the transformation ratio Ny, is taken as infinity, and taking the limit
of Equation (22) yields:
Zeqm = ZaC + ZAC /N(zj (23)

According to Equation (20), it can be seen that the real PST can be represented by an
ideal PST connected in series with an internal impedance Zeqm that varies with the phase
angle; therefore, the equivalent circuit diagram of the dual terminal power supply system
with a PST is shown in Figure 4.

U=U;£0° @

Us UsO Ur

| — @' + | YL |
—

| | ST |

QI

Figure 4. The equivalent circuit of system with PST.

The phasor relationship of voltage and current at each node in Figure 4 is shown
in Figure 5.

In Figure 5, I}, represents the current at the load side after compensation, while Ugag,
Usa1, and U;p represent the load side voltage phasor under no-load conditions, the voltage
phasor on the power side, and the load side voltage phasor, respectively. Additionally, ¢,
is the load power factor angle, o is the phase shift angle when unloaded, § is the internal
phase angle formed by the line circuit flowing through the equivalent impedance of the
PST, with positive values indicating lead and negative values indicating lag. As shown in
Figure 5, the phase shift angle under load oy, is determined by what the no-load phase shift
angle of the PST «( and internal shift phase angle 5 jointly decides.

The internal phase angle g is related to the internal impedance, load current and
corresponding power factor, and its calculation expression is as follows:

| I (Xeqm€05@ — Reqmsing)

: (24)
|UL| + |IL] (Xeqmsing + Reqmcosg)

B = arctan
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Figure 5. Synthetic phasor diagram of a PST.

3. Design of Key Parameters for Phase-Shifting Transformers
3.1. Phase Shift Angle of a Phase-Shifting Transformer

After analyzing the system, the rated phase shift range to obtain the required power
adjustment and the natural phase difference of the line must be designed. The phase
difference between the two ends of the line when the PST is not installed is defined as the
natural phase difference, denoted as J, the transmission power is denoted as Py, the target
transmission power is denoted as P;, and the difference between the two transmission
powers is the power that needs to be adjusted AP = P, — Py. When the voltage amplitude
at both ends of the line remains unchanged, the adjustment to the maximum phase shift
angle required for the target power «; is:

PX
Ay = arcsin— L 5 (25)
sUR

Specifically, when faults N-1 and N-2 occur, the overloaded line may experience severe
overload, resulting in severe heating of the line. When the temperature exceeds the thermal
stability limit, the line will melt, causing serious power outages. Therefore, in extreme cases
of N-1 and N-2 faults, the maximum overload power P,; (over load) should be limited below
Pjuax through phase-shift control. When considering the above situation, the maximum
phase shift angle is taken as:

P, X Prax X
a, = arcsin UOSIU; - arcsin%u; (26)

The maximum phase shift angle required for PST a4y is:
Wmax = max{|ar|, |ao|} (27)

Under load conditions, the leading phase shift angle is due to . The impact cannot
reach the rated no-load phase shift angle, and the hysteresis phase shift angle may exceed
the rated value. Therefore, it is necessary to leave a certain margin when designing the
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rated phase shift range. Considering the phase shift angle deviation under load conditions,
the rated phase shift range of PST a5y should be:

Wmax = max{|a|+ B, |ag| + B} (28)

3.2. Main Electrical Parameters of Phase-Shifting Transformer

The primary side of the excitation transformer of the PST is directly connected to the
head or end of the line, and the rated voltage level of the line is marked as Uy. Therefore,
the rated voltage Ur1y on the primary side should be equal to the highest operating voltage
of the line:

Ugy = 1.1UN (29)

Due to the fact that the primary side of the PST series transformer is directly connected
in series in the line, in addition to all the current flowing through the line, the rated current
Ipon on the secondary side should be taken as the maximum allowable current Iy of
the line:

IBZN = Dinax (30)

Assuming a rated phase shift angle range of £, the maximum voltage on the voltage
regulating winding is the maximum compensation voltage that can be injected into the line.
Therefore, the expression for adjusting the rated voltage Ugy of the primary winding of a
series transformer is:

UBlN = UNsin% (31)

The rated nominal power capacity Sy is equal to the sum of the capacities of three
series windings:

6UpNI o
Sy = % = \/§L1N1,m,xsmE (32)

The rated current Igjy on the primary side of the excitation transformer is:

SN

14
———— &~ 0911,,,sin— 33
V3UEg1N T2 %

Ipin =

3.3. Configuration of Winding Turns for Phase-Shifting Transformers

The number of turns set for each stage of the voltage regulating winding of a conven-
tional transformer is the same, and the voltage between each tap is the same, as shown
in Figure 6a.

% - Usv
1 — [
s 2Usy o 3 5 °3
7 | >
AN / | > ;’ Usvs
\3 / : ; USV » A
3USV 3 A4 ° ) : U.
S > Sv2
b | Uy : o1
U. < b
SA 5 o | D
D P U<y
») SV1
> | Usv e
- o ( s ° 0
=
(a) (b)

Figure 6. Winding turns configuration method. (a) Traditional method (b) Optimized method.
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This article optimizes the configuration of the PST-voltage-regulating winding turns
to ensure that the phase shift angle of each tap is the same, which is helpful for parameter
calculation and control strategy design, as shown in Figure 6b. Among them, Usy represents
the voltage between each tap of traditional PST. 6 Indicates the phase shift angle of each
stage change in the voltage regulating winding, while Ugyy represents the inter tap voltage
of the PST with an optimized winding turns configuration and k is the tap number.

Let the change in phase shift angle between different taps in a traditional PST be 0y (k
is the tap number). As the voltage Usy changed for each tap is the same, there are:
(k—1)Usy

Usv _ arcsin———— (34)
sA Usa

0, = arcsin

The change in phase shift angle between different taps of a PST after optimizing the
number of winding turns is the same, all of which are 6. The corresponding level voltage
Ugyy for each tap is:

. . 2k—1)6\ . 6
uSVk = USAsm(kQ) — USAsm[(k — 1)9] = ZUSA Ccos ((2)> sin E (35)
The number of coil turns in a transformer winding is mainly related to its rated
voltage, transmitted active power, and the cross-sectional area of the iron core. In a power
transformer with an AC frequency of 50 Hz, there is the following expression:

{AT =1.25\/Pr 36)
T 36

Dr =113,/ 5

Among them, Ar is the cross-sectional area of the core. Pr is the active power of the
PST, while Dr is the wire diameter. I7 is the winding current, dt is the current density, and
the relationship between At and Pr, as well as the relationship between Dr, I, and J7, are
based on empirical formulas [34].

Nr is the number of winding turns, B is the magnetic permeability of silicon steel
sheets, ¢ is the rated voltage on the winding, and it can be inferred from the voltage
characteristics of the transformer that:

N7BrAT

4
15 x 10 (37)

ey = 4.44fNTBTAT =
and the permeability of small and medium-sized PSTs is selected between 6000 H/m
and 12,000 H/m. Currently, the permeability of silicon steel sheets is generally around
10,000 H/m; therefore, it can be concluded that:

456,}

- o 45€t %
~ Br x At

1074 = =2
x 10 Ar

Nr 1078 (38)

4. Simulation of 500 kv Tie Line Power Flow Regulation
4.1. Typical Scenario Trend Regulation Requirements

The overall external power receiving capacity of a 500 kV ultra-high voltage power
grid is mainly limited by the bipolar blocking fault of a certain DC line. For the convenience
of simulation analysis, the entire AC system is equivalently modeled as a dual power
system with multiple parallel lines, as shown in Figure 7.

Power 1 and Power 2 are connected through five 500 kV parallel lines. In the case of
natural distribution of power flow, the distribution of power flow is uneven. If the DC line
in the system experiences bipolar blocking, the transferred power flow will put L4 and Ls
lines at risk of overload. The specific parameters are shown in Table 1.
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Figure 7. 500 kV transmission lines and PST location.

Table 1. 500 kV Typical Network Line Parameters.

Line Parameters Ly L, L; Ly Ls
Rated voltage/kV 525 525 525 525 525
Rated current/kA 3.0 3.0 2.5 3.0 3.0
Line resistance/Q) 1.27 1.30 6.98 2.20 2.93
Line reactance/Q) 18.85 18.82 57.85 18.26 24.35

Transport power flow /MW 642 633 995 1570 1476

Line length/km 70 65 190 60 80

In general, after the DC line is bipolar locked, Ly and Ls will first reach the rated
transmission capacity, while the other three lines have a certain margin. Therefore, the
overload problem of lines Ly and Ls after DC bipolar locking is a key factor restricting the
external power receiving capacity of the power grid in this area.

The purpose of installing a controllable phase-shifting transformer in this ultra-high
voltage power grid is to achieve the desired maximum AC/DC power receiving capacity in
the region through the power adjustment strategy (adjusting phase shift angle) of the phase-
shifting transformer under different initial operating modes (power flow distribution).
According to the power flow transfer ratio calculation under fault conditions, the maximum
transmission power Pimax and Pomax are both about 1050 MW. P3p,,y is about 1200 MW,
and Pgmax and Pspay are both about 1100 MW.

4.2. Parameter Design and Performance Verification of Phase-Shifting Transformers

The actual power flow of the transmission line was simulated using MATLAB software
R2022a, and the power flow regulation effect of the PST on a typical 500 kV power grid
was analyzed. Based on the parameter design method of the PST mentioned earlier, as well
as the current power flow situation of the actual network, the specific parameters of a 500
kV PST are designed as shown in Table 2.

Table 2. 500 kV PST Parameters.

Numerical Value

Parameters e :
Exciting Transformer Series Transformer
Nominal power/MVA 982 1020
Rated voltage of primary winding/kV 525.0 1129
Rated voltage of secondary winding/kV 110.0 113.0
Short circuit impedance/% 11% 14%
Number of adjustable levels +10
Phase shift range (Rated load)/° +20°

Phase shift range (No Load)/° +22.8°
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According to the calculation of the PST equivalent model proposed in this article, the
equivalent impedance of PST varies within the range of 11-15.5% with the tap of the voltage
regulating winding. The transformation ratio of the series and excitation transformers
of PSTs is calculated according to the formula derived in this article, and corresponding
parameter settings are made in the simulation model.

A simulation analysis in Simulink software to test the phase shift angle corresponding
to each tap of PST under no-load and rated load conditions was conducted, as shown in
Table 3 and Figure 8. It can be seen that, in the case of advancing regulation, due to the
influence of internal impedance, the phase shift angle under the load of each tap is less
than the no-load phase shift angle. If the internal impedance of the PST is not calculated,
the maximum phase shift error of 2.67° will be brought, which will bring about very large
power errors when power flow regulation is carried out in actual projects. When the
tap position is 10, the maximum no-load phase shift angle is 22.67° and the phase shift
angle under load is 20.09°. The maximum phase shift error for 10 taps is only 0.26°. The
calculation method proposed in this article greatly reduces the phase shift angle error of
each tap.

Table 3. Adjustment performance test of PST (Advancing regulation).

. .. . Theoretical Phase Phase Shift Angle Phase Shift Angle
Tap Position Winding Turns Ratio D Shift Angle/° (No load)l* (Rated Load)/"

0 0 0 0 —0.68

1 0.114 2 2,50 176

2 0.205 4 4.88 4.02

13 0.317 6 7.15 6.13

4 0.428 8 9.39 8.32

45 0.533 10 11.81 1026

6 0.636 12 14.04 12.22

+7 0.733 14 1637 14.19

48 0.824 16 1852 16.19

9 0.915 18 20.62 18.16
+10 1 20 22,67 20.09

25
No Load

53
(=]
T

Rated Load

w

]

Phase shift angle a/°
S

[

Time/s

Figure 8. Phase shift angle of PST output (Advancing regulation).

Accordingly, the PST simulation model lagging adjustment phase shift angle is tested,
the tap is switched to negative by using the polarity switch, and the no-load and load
phase shift angles of each tap are simulated and tested, with the results being shown in
Figure 9. From the results, it can be seen that, when the tap is —10, the maximum lagging
no-load phase shift angle is —22.70°, and the phase shift angle under load is —20.09°. If the
internal impedance of the PST is not calculated, the maximum phase shift error is —2.70°.
After designing the transformation ratio according to the design method in this article, the
maximum phase shift error is reduced to —0.39°.
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Figure 9. Phase shift angle of PST output (Lagging regulation).

From the above simulation results, it can be seen that the parameter calculation method
proposed in this article is of great significance for the design and application of PSTs. After
correcting the transformation ratio of each tap, the phase shift angle corresponding to
each tap of the PST is uniform, which is more convenient for setting control strategies and
reducing power flow adjustment errors.

4.3. Simulation of Power Flow Optimization for Phase-Shifting Transformers

As analyzed earlier, in order to prevent overloading of Ly and Ls in the event of bipolar
blocking faults in DC lines, it is necessary to reduce the proportion of L4 and Ls power
in this area. The PSTs can be installed in L, L, and L3 lines, respectively, for advancing
adjustment. It is also possible to install the PSTs in Ly and Ls, respectively, for lagging
adjustment, so as to transfer part of the power to L1, L, and L.

Taking advancing regulation simulation as an example, some results are shown in
Figure 10. After installing a PST on Ly, Ly, and L3, the active power changes of the five lines
are shown in Figures 9 and 10. Starting from ¢ = 5 s, the tap changer gradually switches
from Level 0 to Level 10.
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Figure 10. Active Power of 500 kV network.
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As the phase shift angle of the PST output increases, a portion of the power of lines
L4 and L5 has been transferred to L1, L, and L3 so that Ly and L5 will not overload when
a bipolar blocking fault occurs in the DC line. However, continuing to increase the tap
position will further reduce the power of L; and L5, which will cause the load rate of L;
and L, to be too high. When N-1 faults occur in the line, these two lines will face the risk
of overload.

At the moment of tap changing, the voltage on the primary winding of the series
transformer will suddenly change, introducing a large number of harmonics. The maximum
THD within one cycle reaches about 50%. Due to the damping effect of the transition
resistance, the transient process ends and the harmonics are basically eliminated after
several cycles. The transient time from 0 to 1 is the longest, lasting about 0.8 s, i.e., after
40 cycles, the THD of the voltage drops below 5%, as shown in Figures 11 and 12.
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Figure 11. Voltage on the primary winding of the series transformer (A-phase).
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Figure 12. Voltage fluctuation at the moment of tap change.

In practical applications, if a PST uses different types of on-load voltage regulating
switches, the transient process during tap changing will also be different. The transient
process of power electronic switches is smaller. Correspondingly, its cost is also higher.

From the above analysis results, it can be seen that there are two options for using a PST
to regulate the flow division of the ultra-high voltage power grid in this area. According to
the simulation results, the adjustment results of the two options are shown in Table 4.

Scheme I: Three double-core symmetrical phase-shifting transformers are installed in
lines L1, L, and L3. The phase shifter makes advance adjustment to the line phase angle.
The phase-shifting angle required by L; and L, is 6°, and the phase-shifting angle required
by L3 is 15°.

Scheme II: Two double core symmetrical phase-shifting transformers are installed in
the L4 and L5 lines, and the phase-shifting angle required by L4 and L5 is —10°.

Through the adjustment of the PST, partial power of lines L4 and L5 can be transferred
to lines Ly, Ly, and L3. In this way, when the DC lines in this area of the power grid experi-
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ence bipolar blocking faults or AC line N-1 faults, all lines almost simultaneously reach full
load. For heavy-duty lines, a PST avoids the risk of overload and improves the stability
of the system. For light load lines, enabling them to transmit more active power flow can
effectively solve energy transmission problems and improve energy utilization efficiency.

Table 4. Power flow changes in a typical 500 kV network with PST.

Line Parameters L1 L, Ls Ly Ls
Initial active power flow /MW 642 633 995 1570 1465
Required phase shift angle (advance adjustment)/° 6 6 15 / /
Required phase shift angle (lag adjustment)/° / / / —-10 —10
Adjusted active power flow /MW 1054 1054 1210 1024 965
Proportion of AC power received (Before regulation)/% 12.1% 11.9% 18.8% 29.6% 27.6%
Proportion of AC power received (After regulation)/% 19.9% 19.9% 23.7% 19.3% 17.2%

5. Conclusions and Prospectives

The article provides a specific derivation and analysis of the power flow regulation
principle and parameter design method for controllable phase-shifting transformers. A
load model for PSTs is established and, based on this, a calculation method for their
key parameters is proposed. The configuration of winding turns is optimized and the
correctness of the theory is verified through simulation, helping us draw the following
conclusions:

(1) A PST injects a compensating voltage to change the voltage phase difference of the
line, thereby regulating the power flow of the line. The double core symmetrical
controllable phase-shifting transformer is most suitable for networks above 500 kV.
Considering the influence of its internal impedance, it may cause a certain deviation
in the output phase-shifting angle. Therefore, it is important to leave a certain margin
in the design or eliminate this influence through the design of the transformer ratio.

(2) A specific calculation method for the key parameters of the load model based on
PST is proposed. In addition, the number of turns of the regulating winding has
been optimized to ensure that the phase shift angle corresponding to each tap is
the same, which facilitates equipment design and control strategy formulation. On
this basis, Simulink simulation software is used for modeling and simulation. The
output performance of the PST designed is tested, and the results show that, under
the condition of advanced adjustment, the maximum phase shift error is only 0.26°.
Under the condition of lag adjustment, the maximum phase shift error is —0.39°. If
the internal impedance of the PST is not calculated, the maximum phase shift errors
of 2.67° and —2.70° will be explained, respectively. From the results, it can be seen
that the parameter calculation method proposed in this article can effectively reduce
the adjustment error of the PST.

(3) A simulation of power flow regulation is conducted in a typical 500 kV network
scenario. In order to simplify the system model, the system was equivalent to a dual
power system. After adding PSTs, the load rate of heavy-duty lines can be reduced,
avoiding the risk of overload that may occur in DC line bipolar blocking and N-1 fault
situations, thereby improving the utilization rate of light load lines. The imbalance of
the line flow is greatly reduced. The application of a PST meets the needs of power
grid flow optimization and helps to solve problems such as new energy transmission.
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