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Abstract: With the development of power systems, the power flow problem of transmission line is
becoming more and more prominent. This paper presents a power flow regulation method based on
phase shifting transformer (PST). Firstly, the working principle and performance of PST are analyzed.
Then, the simulation model of BPA multi node system is established. PST access reduces the line
imbalance to less than 8%. On this basis, considering the influence of saturation effect and leakage
reactance, a PST suitable for 220 kV power grid is designed. Three different working conditions
are simulated by PSCAD software. Under normal working conditions and N-1 conditions, PST can
increase the transmission limit of the ring network section by more than 20%. When a short-circuit
fault occurs, PST can also suppress the fault current. For 220 kV practical projects, unified power flow
controller (UPFC) has faster response speed and stronger performance, but PST is more economical
and reliable, and the equipment cost is 49.86% lower than that of UPFC. The power flow regulation
method based on PST has good steady-state effect. It can improve the utilization efficiency of power
grid assets and optimize the power flow distribution in a short time and at low cost.

Keywords: phase shifting transformer; leakage reactance; transmission line; power flow control

1. Background

With the development and wide application of new energy, power systems are becom-
ing more and more complex. Transmission lines are characterized by long distance, high
voltage, and large capacity [1,2]. The grid connection of new energy leads to the decline of
power system reliability, and transmission lines may have overload, circulation, and other
problems. How to regulate and optimize the power flow distribution and enhance the
reliability of power system has become a hot issue. In the past, the above problems were
solved by controlling the operation mode of power system, such as adjusting transformer
tap, changing the operation mode of generator set, and switching compensation device [3].
These methods have some limitations and cannot flexibly regulate the power flow.

The flexible AC Transmission Technology (FACTS) provides a method for flexible
regulation of power flow. FACTS power flow controllers are mainly divided into two types:
power electronic type and electromagnetic type [4]. The power electronic flow controller is
based on power electronic equipment, and its typical representative is the unified power
flow controller (UPFC). The UPFC can independently regulate the active and reactive
power and provide voltage support for the system. In addition, with rapid developments
of new energy, the demands for energy storage have been intensively increased [5,6], the
DC part of UPFC can install energy storage devices to provide active power support [7],
which is more suitable for a new energy power system. The regulating speed of UPFC is
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very fast, which can quickly respond to the voltage drop on the grid side to improve the
low voltage ride through (LVRT) ability [8]. The UPFC has many advantages, but the cost is
too high to be applied [9]. The phase shifting transformer (PST) is a power flow controller
based on a transformer, which has a simple structure, low cost, and high reliability. The
application of some new materials and technologies has effectively improved the reliability
of transformers [10,11].

References [12-15] summarize the engineering application of PST, and PST on-load
voltage regulating switches can be divided into mechanical type and thyristor type. In
current engineering applications, the mechanical on-load voltage regulating switch is
more widely used, and studies on the thyristor PST are mostly on theory and simulation.
References [16-18] describes the research status of PST and analyzes the advantages and
disadvantages of different types of PST and their application scenarios: The thyristor
PST has a faster response speed and is suitable for situations requiring a fast dynamic
response and a small capacity, but its cost is much higher than that of a mechanical PST. The
mechanical switch is suitable for the occasions where the response speed is not high, and the
capacity is large. Reference [19] improved the structure of the traditional mechanical PST
and proposed a new electromagnetic unified power flow controller (EUPFC), which has a
larger adjustment range and a faster response speed than the traditional PST. However, this
structure is mostly used for power grids below 110 kV, and its insulation cost will increase
significantly when it is applied to high-voltage power grids above 220 kV. Reference [20]
analyzed the feasibility of double core symmetric PST to improve steady-state power flow
in actual power grid and conducted a simulation study on the control characteristics of PST
during switching operation.

PST regulates the line power flow by injecting a compensating voltage. When its
voltage regulating switch works at different gears, the equivalent impedance value will
also change, affecting the size of the phase shift angle. Therefore, this paper firstly analyzes
the influence of PST internal impedance on the phase shift angle regarding the principle
aspect. Then, based on BPA and PSCAD software, the simulation study of PST power
flow regulation on the multi-node system and actual 220 kV ring network is carried out,
and the PST power flow regulation effect under different working conditions is analyzed.
Then, combined with the practical engineering application, the economic analysis of PST
and UPFC is carried out. Finally, the validity of the theory and simulation is verified by
prototype experiment, which provides reference for the implementation of PST engineering
in a high voltage power grid.

2. Theoretical Research and Selection of PST
2.1. Working Principle of PST

In transmission line, there is voltage drop and phase angle difference at the beginning
and end of the line. When there is no control or regulation device, the power flow of
parallel transmission line and ring network is distributed according to impedance. As
shown in Figure 1, when the PST is installed in the high-voltage transmission line, it can be
equivalent to the ideal transformer and impedance in series.

0

XPST

PST

Figure 1. Equivalent model of PST in transmission line.
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In Figure 1, Ug and Uy, are the voltage amplitude at the head and end of the line. X},
and Xpgr are the equivalent impedance of line and PST, respectively. ds and ¢y, are defined
as phase angle at the beginning and end of the line, respectively.

Since the equivalent reactance of the transmission line is much greater than its equiva-
lent resistance, its loss can be ignored. After PST is connected, the active power flow of the

line is [21,22]:
Usl
p sup

~ Xp+ Xpst

It can be concluded from Equation (1) that PST will add a phase angle of £6 to the
active power transmitted by the line. When the phase shift angle of PST output is positive,
the phase difference between the head and end of the line is reduced, so as to reduce the
line active power flow. On the contrary, if the PST output phase shift angle is negative, the
line transmission power can be increased.

In this paper, PST is proposed to solve the power flow problem of high-voltage power
grid. The steps and work of this method are shown in Figure 2. It is generally divided
into the research process of theoretical analysis, simulation calculation, and experimental
verification. In topology selection and parameter calculation, the actual power grid demand
should be combined, and the influence of leakage reactance and saturation effect should
be considered.

sin(&s — 5L + 9) (1)
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Figure 2. Workflow of the load flow optimization with PST.

2.2. Topology Selection of PST

The uneven distribution of 220 kV transmission lines in Guangdong has led to a
serious reduction in the utilization rate of 220 kV transmission lines. The power flow
regulation technology based on high voltage PST can transfer the overload line power flow
to the light load line and increase the power transmission margin of Huizhou station.

PST can be classified from different angles. According to the output compensation
voltage regulation characteristics, it can be sorted into longitudinal regulation, transverse
regulation, and oblique regulation [23]. According to the output voltage characteristics of
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the transformer, it can be sorted into symmetrical type and asymmetric type. According to
the structure of transformer body, it can be sorted into single core type and double core
type [24]. The topologies of various types of PST are shown in Figure 3.
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Figure 3. Various types of PST topology: (a) Single core asymmetric type, (b) Single core symmetrical
type, (c) Two core asymmetric type, and (d) Double core symmetrical type.

2.2.1. Selection of Transformer Structure

The single-core PST is realized by wiring the windings of a transformer. The double
core PST is realized by connecting a series transformer and a parallel transformer (excitation
transformer) to the system. The performance pairs of single-core and double core PST
are shown in Table 1. Single-core PST has a simple structure, and its on-load tap switch
is directly connected to the line, so it has high insulation requirements and is mainly
applied to 110 kV and below power systems [25]. The double core PST is suitable for high
voltage levels. The voltage level of a ring network system in Guangdong is 220 kV, so it is
recommended to choose the double core PST.
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Table 1. Comparison of single core PST and double core PST.

Performance Single Core PST Double Core PST
Structure Simple Complex
On-load tap switch High insulation requirements ~ Low insulation requirements
Short circuit impedance <10% 12~19%
Applicable voltage class Low High
Cost Low High
The phase shift range Narrow Wide

2.2.2. Electrical Characteristic Selection

The asymmetric PST changes the voltage amplitude and phase angle simultaneously.
Symmetric PST ensures that the voltage amplitude is unchanged before and after com-
pensation and only changes its phase angle [26,27]. The asymmetric and symmetric PST
voltage phasor is shown in Figure 4.

(a) (b)
Figure 4. Voltage phasor of PST. (a) The asymmetric PST, (b) Symmetric PST.

In Figure 4, Ugp, Usp, and Ugc are the three-phase voltages at the first end of the
transmission line, respectively. AU, AUg, and Al are the series compensation voltage
injected into the line by PST; Uy s, Uy, and Uy c are the compensated three-phase voltage
of the line, respectively.

As can be seen from Figure 3, when the voltages are the same, the output phase shift
angle of symmetrical PST is larger. Considering the power flow regulation requirements
of the new power system, the phase shift angle required by the 220 kV high-voltage ring
network system shall be greater than 20°, and the line voltage amplitude shall be kept within
the specified range. Generally, a symmetrical PST is selected. Based on the above analysis,
it is recommended that 220 kV ring network PST adopt a dual core symmetrical structure.
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2.3. Equivalent Model of Double Core Symmetric PST
2.3.1. Double Core Symmetric PST Topology
The double core symmetrical PST includes two independent transformers on the

magnetic circuit structure, namely, series transformer BT and excitation transformer ET.
The connection mode is shown in Figure 5.

Usa AU Ura
USB ULB
USC ———— — — — —I ULC

High voltage

Regulatin

coil 4
Polarity ~” —
selector
SN
L __=__ ]
Series Unit Exciting Unit

Figure 5. Topological structure of double core symmetrical.

The series transformer includes coil 1 and coil 2. The excitation transformer includes
two parts: high voltage coil and voltage regulating coil. The high voltage coil connected in
“Y” mode in the excitation transformer provides excitation for the voltage regulating coil.
The voltage in the voltage regulating coil can be changed by adjusting the switch gear of the
voltage regulating coil (a polarity selector is installed to realize the leading/lagging phase
adjustment of the PST after switching the positive and negative poles). Voltage regulating
coil and series transformer coil 2 are connected by electrical connection to change the
voltage of series transformer coil 2, thus generating phase angle adjustment voltage AU in
coil 1 to achieve voltage phase angle change between the power supply side and the load
side. When rated capacity and voltage grade are low, two transformer bodies can be placed
in the same box.

2.3.2. Load Equivalent Model

Under load conditions, the output phase shift angle 6 of PST is determined jointly by
its no-load phase shift angle « and internal phase shift angle 8, which affects not only the
structure and winding size of transformer but also the selection of tap switch. The primary
and secondary sides of ET are star-shaped wiring, and the midpoint of BT primary side
winding leads to the primary side of ET, so the first and secondary sides are divided into
two parts with equal equivalent impedance [28]. The voltage in the voltage regulating coil
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Zeq =Zp +

can be changed by adjusting the tap position of the on-load voltage regulating coil on the
secondary side of ET so as to generate compensation voltage on the primary side of BT and
realize the voltage phase shift between the power side and the load side of the line. Double
core symmetrical PST three phase equilibrium establishes its A-phase equivalent circuit, as
shown in Figure 6.

Figure 6. Equivalent circuit of two core symmetrical PST.

In Figure 6, the “T” shaped equivalent circuit of the transformer is used for analysis.
Zg1 and Zp, are equivalent leakage impedances of the primary side and secondary side of
the series transformer; Zg and Zg, are equivalent leakage impedances of primary side and
secondary side of the series transformer. Upya is the a-phase voltage of the secondary side
of the series transformer.

The equivalent impedance of the voltage regulating winding (secondary side) of
ET will also change when the adjustable tap position is different. When the maximum
adjustable tap position is n1max and the selected tap position is 7, the impedance of the
secondary side is

Zgon = DZp }
)
D = nn’;lax

At this point, the overall equivalent impedance of the double core symmetric PST can
be expressed as [29]:

1
3Ng2 + 4(Ng/D)?
In (3), Zeq is the global equivalent impedance of PST; N = Up1a/Up2a is the change

transformation ratio of series transformer BT, Ng = Ug1a /Ugoa is the transformation ratio
of the excitation transformer ET.

[4(Ng/D)*Ng2Zpa + 12Ng*Zg1 + 12(Ng /D)’ N2 Zp2 D) 3)
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When the secondary side switching tap of the excitation transformer is 1, the output
voltage phasor of PST is shown in Figure 7.

Figure 7. Phasor relation considering internal impedance.

In Figure 7, « is the phase shift angle of PST under no-load condition, and g is the
inward phase shift angle. Us and Ig are the voltage and current on the power supply side
of the line. Uy is the load side voltage under no-load condition. Us) and Us, represent
the line power supply side voltage under lagging and advancing conditions, respectively.
@ is the power factor angle. X and R are the equivalent reactance and equivalent resistance
of PST, respectively, and the equivalent impedance of PST is Zeq = R +jX.

At this point, the advancing phase shift angle and the lagging phase shift angle can be
expressed as

f=pB+ta 4)
The no-load phase shift angle « and internal phase shift angle  of PST can be expressed
as [30,31]:
i —2NE— jV3NgD )
—2Ng + jv/3NgD
B — arctan |IL| (X cos ¢ — Rsin ¢) ©)

|Ur| + |IL| (X cos ¢ + Rsin ¢)

3. Multi-Node Network Power Flow Optimization Simulation

In BPA simulation software, IEEE 39-node standard power system is used to simulate
and verify the regulation effect of double core symmetric PST on large-scale network power
flow. The initial power flow distribution and PST installation position of the system are
shown in Figure 8. As can be seen from Figure 8a, area “M” outputs electric energy to
the lower area through transmission lines “2-1”, “2-3”, and “26-27”. Combined with
Figure 8b, the active power transmitted along the three transmission lines are 119.1, 364.6,
and 266.5 MW, respectively. Transmission lines 2-3 and 26-27 are heavy load, while line
2-1 is light load. The three transmission lines have the problem of uneven power flow
distribution.
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Figure 8. Initial power flow of IEEE39 nodes. (a) PST location diagram, (b) Initial power flow

distribution diagram.

In this paper, PST is installed on transmission line “2-1" to transfer heavy load line
power flow and improve power flow distribution. After the installation of PST, the active
power flow of the three transmission lines “2-1”, “2-3”, and “26-27” was adjusted to 256.9,
254.3 and 240.3 MW, respectively. At this point, the maximum unbalance of active power
on the three transmission lines is less than 8%, which verifies the power flow regulation

function of PST, as shown in Figure 9.
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Figure 9. Power flow distribution after installing PST.
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4. Loop Network Power Flow Optimization Simulation
4.1. Design of 220 kV Phase Shifting Transformer Parameters
4.1.1. Loop Power Flow

Figure 10 shows the transmission line power flow of the 220 kV loop network of
Huizhou-Sandong—-Yongyuan of the Guangdong Power Grid. The transmission limit of the
Huizhou-Yongyuan transmission line is restricted by the Huizhou-Sandong transmission
line. When the load of The Huizhou-Sandong double circuit line is full, the load rate of the
Huizhou—-Yongyuan line is about 60%, and the transmission limit of the Huizhou-Sandong
and Yongyuan section is 1305 MW. According to the research, PST can be installed at the
head of Huizhou-Yongyuan line and the head of the Huizhou-Sandong line.

PYS:5 ™MW

Yongyuan

220kV loop
network

Huizhou
@220szubstantion ——— 220kV AC line

Figure 10. 220 kV transmission lines and PST location.

4.1.2. Parameters Design and Verification

High voltage power systems, transformers can easily generate direct current bias,
which causes transformer iron core magnetic saturation. When the iron core was saturated,
the magnetic sensing strength B tended to be fixed as the magnetic field strength increased.
The inductivity of transformer primary winding is significantly reduced; the number of
turns per volt of primary winding is higher than that of primary voltage, but the voltage of
secondary winding does not increase, which may cause the transformer to burn out. The
shift ratio of the PST saturated with the core is highly altered, and the output voltage and
phase angle are greatly biased.

In order to avoid the magnetic saturation effect, the rated working point of the trans-
former is often designed near the saturation current. When the voltage rises to 1.1~1.2 pu,
the transformer core will enter the saturation state. After the shape of the transformer core
is determined, the voltage per turn of winding can be calculated, including

ey = 4.44fBA; @)
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where ¢; is the electromotive force per turn of winding; f is the working frequency of the
transformer; B is the peak value of magnetic flux density; A is the cross-sectional area of the
iron core. Generally, in the design of transformer, B takes 1.7 T, which can be expressed as

f=>50Hz
{et—IiSI%tX105 ®)

According to the rated voltage of the transformer, the number of turns of the winding
can be determined so as to determine the level voltage of the excitation transformer. The
parameters of the excitation transformer and series transformer designed in this paper are
shown in Figure 11.
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Figure 11. Parameters of the excitation transformer and series transformer. (a) Series transformer,
(b) Excitation transformer.

The equivalent impedance of PST is calculated using the PST model in Section 2.3.
Considering leakage reactance, the equivalent impedance of PST varies from 7.15 () to
7.84 () with the change of phase shift angel. According to the demand of power flow
regulation and considering the influence of leakage reactance of transformer, the parameters
of 220 kV PST are calculated as shown in Table 2.

Table 2. Technical parameters of 220 kV PST.

Technical Parameters Value
Rated voltage/kV 230
Rated current/kA 1.3
Rated capacity/MVA 450
Adjustment class +13
No-load phase shift Angle/° 25
Full-load phase shift Angle/° 20
Short circuit impedance of series transformer/% 7
Short circuit impedance of excitation transformer/ % 4.5

Considering the influence of the impedance of PST, simulation software is used to
verify parameters of the designed PST. When the voltage at the head of line reaches the
rated value, the line current and the output phase shift angle are measured, and the results
are shown in Figure 12.
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Figure 12. Performance verification of PST.

The simulation verifies that the phase shift angle at full load is 20°, and the internal
phase shift angle is about 5°, which meets the performance requirements.

4.2. 220 kV Loop Network Power Flow Optimization Simulation

PSCAD software is used to simulate the actual line power flow, and the power flow
regulation effect of PST on Guangdong 220 kV ring network under different working

conditions is analyzed.

4.2.1. Steady Power Flow

After PST is installed, the transmission limit Pyax increases with the increase of phase

shift angle 0, as shown in Figure 13.
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Figure 13. Transmission limit of 220 kV network.
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From Figure 13, when PST is installed on the Double-loop line of the Huizhou—
Sandong, the transmission limit of Huizhou-Sandong and Huizhou—-Yongyuan section
reaches 1645 MW when 0 = 8°, and the load rates of the four transmission channels (the
Huizhou-Sandong double-loop line and the Hui-Yongyuan double-loop line) are close
to 100%.

When PST is installed on the Huizhou-Yongyuan double loop line, the transmission
limit of the section reaches 1645 MW when the phase shift angle 6 = 10°. The transmission
and distribution capacity of the existing network topology is significantly improved by
PST installation.

4.2.2. N-1 Power Flow

Considering the occurrence of extreme cases, the disconnection of Huizhou-Sandong
B Line and Huizhou-Yongyuan B Line is considered respectively, as shown in Figure 14.

The transmission limit of Huizhou - |
/ Sandong and Huizhou - Yongyuan
sections under N-1 1s 1219MW

—— PST installed in Huizhou - Sandong line

— — PST installed in Huizhou - Yongyuan line

| |
2 3 4 5 6 7 8 9 10 11 12 13 14 15

Phase shift angle/°

Figure 14. Transmission limit of 220 kV ring network in case of N-1.

From Figure 14, when PST is installed on Hui-Sandong A line, the transmission limit
of the Huizhou-Sandongjia and Huizhou-Yongyuan sections reaches 1219 MW when
6 = 8°, and the load of the three transmission channels (The Huizhou-Sandong A line and
the Huizhou-Yongyuan double loop line) are close to full. When the PST is installed on the
Line A of Huizhou-Yongyuan, the transmission limit of the section reaches 1219 MW when
6=9°

The transect transmission capacity can be improved by installing phase shifting trans-
former at the head of Huizhou-Yongyuan line or the head of Huizhou-Sandong line.
Considering that the phase shift angle and rated current required to adjust the power
flow are smaller when PST is installed on the Huizhou-Sandong line, the capacity of PST
can be designed smaller. Therefore, we choose to install PST on the Huizhou-Sandong
double-loop line.
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4.3. Simulation Analysis under Short Circuit Fault

Based on PSCAD simulation software, a 220 kV voltage level constant load model is
built. Explore the influence of PST on the system short-circuit current under the condition
of short-circuit fault, and the influence of fault on the output phase shift angle of PST.

Single phase short circuit occurs most frequently in a high voltage system, generally
accounting for about 70%. It is set that phase a grounding short circuit fault occurs in the
system at 0.3 s, and the fault is removed at 0.4 s. The line short-circuit current with and
without PST is shown in Figure 15.

= =« with PST
m = without PST

0.3 0.35 0.4 0.45
Time/s
Figure 15. Single phase grounding fault phase current.

It can be seen from Figure 15 that after installing the phase shifting transformer, the
short-circuit current value at the head end of the system decreases slightly. When the PST
is not installed, the peak value of the short-circuit current of the system is 16.66 kA. After
installing the PST, the peak value of the short-circuit current is 16.39 kA. This is because the
leakage reactance of the series transformer and excitation transformer windings make the
PST show a certain short-circuit impedance when the system fails. To some extent, it limits
the size of short-circuit current.

In this case, the phase shift angle of PST output is shown in Figure 16.

As can be seen from Figure 16, in case of phase a grounding fault, the phase shift
angle of PST output will increase by an angle. This is because when phase a grounding
short circuit occurs, the voltage of phase a decreases, and the voltage of lines B and C
increases. This voltage is injected into the excitation transformer, passes through the
excitation transformer and series transformer, and finally forms the phase a compensation
voltage. Therefore, the phase a compensation voltage increases. The phase shift angle of
PST output also increases.
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Figure 16. Phase shift angle under single phase grounding.

5. Economic Analysis of Engineering Application
5.1. Cost of PST Analysis

Taking the parameters of 220 kV PST as an example, the total price of PST is defined
as Cpst, and the unit is ten thousand yuan, while the cost of series transformer is Csr,
and the unit is ten thousand yuan. The total capacity of series transformer is Vsr, and
the unit is MVA. The unit capacity cost of series transformer is dst, and the unit is ten
thousand yuan/MVA. The cost of the excitation transformer is Cgt. The total capacity of
the excitation transformer is V7. The unit capacity cost of the excitation transformer is dgr.
The cost of the on-load voltage regulator switch is Cg. The total capacity of the on-load
voltage regulator switch is Vrs. The unit capacity cost of the on-load voltage regulator
switch is dgg. The total cost of the PST is shown in (9):

Cpst = Cs1 + Cg1 + CRs )

The cost of each major component can be expressed as

Cst = VsT X dst
CET = VET X dET (10)
Crs = Vrs X dRs

According to Equations (9) and (10) above, the solution matrices of the total PST cost
Cpst of component capacity Vgr, Vsr, and Vg and unit capacity cost dgr, dst, and drs can
be established, as shown in Equation (11):

dst
dgT (11)

drs

Cpst = [Vsr, VET, VRS

According to the investigation and inquiry made to the on-load voltage regulating
switch plant, the unit cost of the mechanical on-load voltage regulating switch dgg is
13,600 yuan/MVA. According to the contract cost of 350 MVA /230 kV PST provided by
Tianwei Protection Transformer Company for Northwest Energy Company of the United
States, if the traditional mechanical voltage regulating method is adopted, including switch
and construction cost of about 120,000 yuan/MVA, the annual operating cost is about
5000 yuan/MVA. Therefore, the cost of PST can be counted as 125,000 yuan/MVA. Exclud-
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ing the switch cost, the unit cost of the transformer, dst and dgt, is about 110,000 yuan/MVA.
According to the technical parameters calculated in Table 2, Vgg is 219 MVA, Vgr is
224 MVA, and Vgt is 219 MVA. Therefore, the cost Cpgr of a single PST in the Huizhou
triangle ring network is about 51.7 million yuan, of which Cgg is about 2.98 million yuan.

5.2. Comparative Analysis of UPFC and PST Costs

The topology of UPFC (unified power flow controller) is shown in Figure 17. It
is mainly composed of three main modules: series transformer (Tseries), parallel trans-
former (Tspunt), and MMC (VSC1 and VSC2). UPEC is the most comprehensive facts
device, including all the capabilities of voltage regulation, series compensation, and phase
shifting control.

B

hunt

EXe .

Figure 17. Schematic diagram of UPFC.

UPFC can simultaneously and quickly control the active power and reactive power in
the transmission line [32,33]. After power grid failure, UPFC can quickly and independently
control the active and reactive power compensation of the wind power system and maintain
the voltage stability of grid points by providing reactive power support so as to improve
the low-voltage ride through capacity of wind turbines.

The total price of UPFC is defined as Cypgc. The cost of MMC is quite high due to the
adoption of a large number of power electronic devices and the consideration of voltage
and heat dissipation.

The cost of series transformer is Cst.yprc, and the unit is ten thousand yuan. The total
capacity of series transformer is Vst.yprc. The unit capacity cost of series transformer is
dst-uprc- The cost of the parallel transformer is Cpr-yppc. The total capacity of the parallel
transformer is Vpr.yprc. The unit capacity cost of the parallel transformer is dpr-yprc. The
cost of MMC is Cypvc. The total capacity of MMC is Viync. The cost of unit capacity of
MMC is dyvc- Then the total cost of UPFC can be expressed as

Currc = Cstuprc + Cpr.upFC + CRs-UPFC (12)

The cost of each major component can be expressed as

Crr,urrc = VpT,UPFC X dPT,UPFC (13)

{ Cst,urrc = VsT,UPFC X dST,UPFC
Cvimc = Vmmc X dvmc
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Based on Equations (12) and (13) above, the solution matrix of Cpgr of total PST
cost regarding component capacity Vpr.uprc, Vst-uprc, and Viyvc and unit capacity cost
dpT-UrrC, dst-upFc, and dypvic can be established, as shown in Equation (12).

dsT-UPFC
Currc = [Vst-uprc, Ver-urrc, Vmmc) | dpr-uprc (14)
dyvmc

According to the UPFC engineering application of Suzhou Power Grid and the UPFC
engineering case of Northwest China power grid DOJ-XL line in [26], the engineering cost
of setting up UPFC of 330 kV voltage grade line with a primary transmission capacity of
680 MW on the DOJ-XL line is 158.29 million yuan. The cost of a single UPFC used in the
Huizhou triangle ring network is estimated at 103.12 million yuan, out of which the serial
transformer Cgt.yprc is 24.66 million yuan. The cost of the parallel transformer Cpr.yprc is
24.16 million yuan, and the total cost Cyc is 49 million yuan.

According to the above analysis, the cost comparison between 220 kV PST and UPFC
is shown in Table 3 below. The total cost of a single PST decreases by 49.86% compared
with UPFC. For economic reasons, PST is more suitable for engineering applications.

Table 3. Cost comparison between 220 kV PST and UPFC.

Cost of Each Unit Total Cost
UPFC 10.312 million yuan 206 million yuan
PST 5.170 million yuan 129 million yuan
PST compared with UPFC Reduced by 49.86% Reduced by 49.86%

6. Experimental Verification

On the basis of theoretical analysis and simulation verification, a 380 V (4 gear)
prototype is designed and manufactured for experimental verification of its power flow
regulation performance. The experimental schematic diagram is shown in Figure 18. The
three-phase power line used in the experiment platform has a voltage of 380 V and a
frequency of 50 Hz. The three-phase power supply is adjusted by a voltage regulator of
220 V/(0~430)V to obtain the system’s head voltage of 220 V phase voltage.

220V/(0~430)V ———— H +HH-
— - - - | Exciting —  Series i
220V A A unit  —  unit A2|B;|C,
""" i _/WVW | T| e | |
- 1 |

M q 400
,_/YWYVVW

Voltage regulator 380V L

Figure 18. Experimental schematic diagram.

In this experiment, the voltage at both ends of the system is the same. In the absence
of PST, there is no phase difference between the first and the end of the system, the line
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current is 0, and the active power and reactive power flow are 0. The experimental wiring
diagram is shown in Figure 19, and the experimental results are shown in Table 4.

; ]

F—:i--’w :ﬁﬂ)

. l'm mdp
= -

EXGiting /
LA/

Figure 19. Experimental wiring diagram.

Table 4. Experimental test results.

6(°) Opst (°)

Gear us (V) U (V) Theoretical Measured TheoreticalPST Measured PwW
1 224 223 6.2 7.2 93.1 93.6 17.43
2 224 223 124 13.9 96.2 97.2 64.99
3 223 223 18.7 20.6 99.4 100.3 141.39
4 223 222 25.0 25.5 102.5 102.6 240.71
0 223 223 0 0 / / 0
-1 223 223 —6.2 —74 —-93.1 -93.6 —13.74
-2 223 223 —12.4 —14.6 —96.2 —96.4 —57.48
-3 223 223 —18.7 —20.6 —994 —100.8 —127.72
—4 223 223 —25.0 —26.1 —-102.5 —103.5 —224.12

In Table 4, Us is the voltage before the phase shift, Uy, is the voltage after the phase
shift, and 6 represents the phase difference before and after phase shifting; 6pst represents
the phase angle of the output voltage of the PST. P is the active power transmitted by

the line.

The variation of line transmission power with the phase shift angle of PST out-
put is shown in Figure 20. We can conclude from the experimental results that the de-
signed PST phase shift angle ranges from —25.5° to 26.17°. The adjustment range of P is
—224.12 W~240.17 W by changing the angle of phase shift.
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Figure 20. Relationship between line active power flow and phase shift angle.

By comparing the above experimental data with the theoretical values, the following

conclusions can be drawn:

@

@)

When the PST is switched to +4 gear, the maximum leading phase shift angle is output,
and the angle is —25.5°. When the PST is switched to —4, the maximum lag phase
shift angle is output, and the angle is 26.17°. The error between the measured value
and the theoretical value of each gear is small, and the reason for the error is the
leakage reactance of transformer winding.

With the change of phase shift angle, the adjustment range of line transmission power
is —224.12 W~240.17 W. When the on-load voltage regulating switch of the PST is
turned to different gears, the active power of the line can be adjusted without changing
the voltage amplitude before and after the phase shift, and thus, we can realize the
independent control of the active power of the line.

7. Conclusions

In this paper, the working principle, topological structure, selection research, mathe-

matical model, power flow control function, and economic analysis of high voltage phase
shift transformer were studied, and the following conclusions were drawn:

)

@)

Comparing the characteristics of various types of PST, a high voltage of 220 kV
and above was more suitable for the selection of double core symmetrical PST. The
influence of winding leakage reactance and saturation effect should be considered
in the design of PST parameters; the iron core area and winding turns should be
reasonably selected, and a certain phase shifting angle margin should be reserved.

For the actual 220 kV ring network of the Guangdong Power Grid, when PST was
installed in the Huizhou-Sandong line and Huizhou-Yongyuan line, the transmission
limit of the two lines sections could be increased to 1645 MW under normal working
conditions, and the load rate of the four transmission channels was close to 100%.
The transmission limit of both lines and planes could be increased to 1219 MW under
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N—1 condition. However, the phase shift angle required to adjust the power flow was
smaller (6 = 8°), and the cost was lower when it was installed on the Huizhou-Third
line. Therefore, the installation site chosen was the Huizhou-Sandong line.

(3) As FACTS elements, UPFC had faster response speed and stronger power flow regula-
tion ability than PST and could provide reactive power compensation for the system,
with certain low —voltage ride through capability. However, PST had simple structure
and better economy and reliability. In the 220 kV ring network scheme, the total
cost of a single PST was reduced by about 49.86%. On the premise of ensuring the
effect of power flow regulation, the investment cost was significantly reduced, and
the economic benefit was remarkable.

(4) Through the prototype experiment, the regulation ability of dual core symmetrical
PST to line power flow was verified, and the controllable regulation of line power
flow was realized on the premise of constant voltage amplitude. However, due to the
influence of measurement error and background harmonic, there were some errors
in the experimental results. This paper did not consider the switching process and
transient regulation performance of PST, so it was only suitable for steady—state
power flow analysis. If the transient performance needed to be analyzed, it would be
necessary to do further research in combination with power electronic devices.
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