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Abstract: As is well known, the high installation and operational costs of the unified power
flow controller (UPFC) restrict its widespread applications in power grid. An economical “Sen”
transformer (ST) that is composed of a three-phase four-winding transformer and three sets of tap
changers provides similar power flow control functionality as the UPFC. Unfortunately, the ST
is not suitable for high-voltage systems because of its high-voltage insulation requirement on all
secondary windings and tap changers. To overcome this problem, a high-voltage “Sen” transformer
that consists of a three-phase two-winding transformer and two sets of tap changers is proposed in
this paper. In high-voltage power system applications, the high-voltage “Sen” transformer (HVST)
offers several advantages over the ST, such as fewer windings, fewer tap changers, bigger phase-shift
range, and larger power flow control region. This paper focuses on the configuration, principles,
and applications of the HVST. The contrastive simulation results in a two-area test system and an
IEEE 39 bus system prove the validity and advantages of the proposed HVST. Moreover, a 10 kV
HVST device and a corresponding experiment platform are developed to verify the feasibility and
effectiveness of the HVST. The HVST can provide a flexible voltage and power flow control.
Keywords: “Sen” transformer; high-voltage “Sen” transformer; phase shift; power flow control;
power transmission control

1. Introduction
The uneven distribution of energy resources and uneven economic development lead the
power grid towards a direction of high-voltage long-distance transmission systems [1]. The power
flow distribution on the transmission lines is decided by the network structure and parameters.
This situation is not always optimal [2]. In the bad cases, some transmission lines are overloaded,
and this influences the stability of the power system [3]. Besides, for cost and environmental
reasons, it is becoming increasingly difficult and time-consuming to obtain the permits to build new
transmission corridors. In order to meet the increasing electricity demand, there exists an urgent need
to enhance the transmission capability of the existing power grid [4,5]. To satisfy these requirements,
a flexible and economic power flow controller is needed for high-voltage systems.
As a typical flexible AC transmission system (FACTS) device, a unified power flow controller
(UPFC) can provide various flexible control methods for power systems [6]. The UPFC can optimize
power flow distribution and increase the capacity of transmission lines [7,8]. At present, research
on UPFC systems mainly focuses on improving UPFC topology configuration and enhancing power
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flow control functions [9–11]. The traditional UPFC, which is based on a voltage source converter
(VSC), injects a harmonic voltage to the power system. Besides, the UPFC capacity is limited by the
voltage capacity and current capacity of power electronic devices. Later, a UPFC based on the modular
multilevel converter (MMC-UPFC) was proposed. The MMC-UPFC improves the waveform quality
of output voltage and is suitable for large-capacity situations [12]. However, the modular multilevel
structure increases the costs and the control complexity.
The phase-shifting transformer (PST) is more widely used than the UPFC in power grid for its
high reliability and cost effectiveness. However, the conventional PST cannot independently adjust
the active and reactive power flow of the transmission line as the UPFC does. In this case, the “Sen”
transformer (ST) was proposed to improve the regulation performance of the conventional PST [13].
Detailed comparisons among ST, PST, and UPFC were made in a study [14]. This work introduced
the advantages of ST in voltage regulation, power flow control, low costs, and high reliability. The ST
adopts a three-phase four-winding transformer and three sets of tap changers and injects a voltage of
variable magnitude and phase angle. A tap-changing algorithm for the implementation of the ST was
presented in [15]. With optimized allocation, the ST can also be used for active power loss reduction [16].
A recent paper [17] presented a real-time electromagnetic transient model of the ST, which can be used
for various applications, such as electromagnetic transient analyses, transformer design optimization,
energy efficiency analyses, and so on. For the discrete characteristics of ST tap changers, a hybrid
electromagnetic unified power flow controller (HEUPFC) was proposed. The HEUPFC consists of
a big-capacity ST and a small-capacity UPFC and can control the power flow continuously [18,19].
The cost advantage of ST comes from the fact that the ST does not require an isolation transformer
to inject voltage to the power system [13,14]; instead, all secondary windings and tap changers of
the ST should be connected in series with the transmission line directly. Such a structure requires
high-voltage insulation on all secondary windings and tap changers, and this concept is hard to realize
in high-voltage systems. Another study [20] suggested that, when the system voltage level is higher
than 230 kV, an additional isolation transformer should be adopted to inject ST compensating voltage.
The ST is not suitable for high-voltage systems. At present, the experimental study on ST is limited to
voltages lower than 110 V.
Therefore, a high-voltage “Sen” transformer (HVST) is proposed, consisting of a three-phase
two-winding transformer and two sets of tap changers. In the high-voltage power system application,
the HVST proposed in this paper maintains the advantages of the ST and further improves its
performance. In addition, it has a simpler structure than the ST transformer. A 10 kV hardware
of the HVST is developed to prove the correctness and feasibility of this method. The magnitude and
phase of the HVST outputs discretely change voltages, and these voltages provide an independent
active and reactive power flow control. Since the winding connection styles are different, the HVST has
a larger phase-shift range and power flow regulatory region than the ST. Furthermore, a big-capacity
HVST can also work with a small-capacity UPFC to provide a continuous voltage and power flow
regulation as the HEUPFC does [19].
A description of the ST and of the HVST is proposed in Section 2. The HVST principle is
provided in Section 3, and the comparison between the ST and the HVST is introduced in Section 4.
Applied research is performed in a two-area test system and an IEEE 39 bus system in Section 5.
The experimental results of a 10 kV HVST system are analyzed in Section 6. Conclusions are presented
in Section 7.
2. Configuration of the HVST
To understand the configuration differences between the ST and the proposed HVST more clearly,
this section introduces the winding configurations and connection modes of both the ST and the HVST.
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2.1. ST Configuration [13]
The “Sen” transformer (ST) is connected to the sending end of the transmission line, as shown
in Figure 1a. The ST consists of a three-phase four-winding transformer and three sets of tap
changers. The three primary windings (A, B, and C) are Y connected. The transmission line
voltages (U sA , U sB , and U sC ) at the sending end are applied in shunt to the three primary windings.
The series-compensating voltages (U STA , U STB , and U STC ) come from the nine secondary windings
of the ST (a1, a2, and a3 are in phase with the primary winding A; b1, b2, and b3 are in phase with
the primary winding B; c1, c2, and c3 are in phase with the primary winding C). After injecting the
compensating voltages (U STA , U STB , and U STC ), the sending-end voltages of the transmission line are
changed from U sA , U sB , and U sC to U sA1 , U sB1 , and U sC1 :
UsA1 = UsA + USTA = UsA + Ua1 + Ub1 + Uc1
UsB1 = UsB + USTB = UsB + Ua2 + Ub2 + Uc2
UsC1 = UsC + USTC = UsC + Ua3 + Ub3 + Uc3

(1)

The number of active turns in the secondary windings can be varied with the use of tap changers.
It should be noted that a1, b2, and c3 are tapped at the same number of turns; b1, c2, and a3 are
tapped at the same number of turns; c1, a2, and b3 are tapped at the same number of turns. However,
the number of turns in the each of the three sets, a1-b2-c3, b1-c2-a3, and c1-a2-b3, can be different.
Therefore, the compensating voltage becomes variable in magnitude and variable in phase angle [15].
Taking phase A as an example, the compensating voltage U STA is shown in Figure 1b. U sA is the
sending-end voltage of the transmission line. The hexagonal range represents the output voltages
that the ST can provide. USTA and ρSTA are the magnitude and angle of the voltage phasor U STA .
When the tap positions in the secondary windings are varied, the compensating voltage becomes
variable in magnitude and variable in phase angle. For example, when the tap positions in the
secondary windings a1, b1, and c1 take the values of 1, 0, and 0, respectively, the output voltage U STA
is equal to U a1 . When the tap positions in the secondary windings a1, b1, and c1 take the values of 1, 0,
and 1, respectively, the output voltage U STA is equal to U ac .

Figure 1. “Sen” transformer (ST) configuration and output voltage. (a) ST configuration; (b) Output
voltage phasor U STA .

2.2. HVST Configuration
The high-voltage “Sen” transformer (HVST) topology is shown in Figure 2. The HVST consists of
a three-phase two-winding transformer and two sets of tap changers. The three primary windings
(A, B, and C) are Y connected. The transmission line voltages U sA , U sB , and U sC at the sending
end are applied in shunt to the three primary windings. The primary windings of the HVST have
a set of tap changers. These parts of adjustable windings in the primary windings are labeled as
windings a1, b1, and c1. The structure of the primary winding is similar to an autotransformer. The
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three secondary windings are labeled as windings a2, b2, and c2. The compensating voltages U HVSTA ,
U HVSTB , and U HVSTC produced by the HVST are injected in the sending end of the transmission line via
a three-phase isolation transformer. The induced voltages from two different windings are combined
through a series connection to produce a compensating voltage, e.g., b1 and c2 for injection in the
transmission line phase A, c1 and a2 for injection in the transmission line phase B, and a1 and b2 for
injection in the transmission line phase C. After injecting the compensating voltage (U HVSTA , U HVSTB ,
and U HVSTC ), the sending-end voltage of the transmission line are changed from U sA , U sB , and U sC to
U sA1 , U sB1 , and U sC1 :
UsA1 = UsA + UHVSTA = UsA + Ub1 + Uc2
(2)
UsB1 = UsB + UHVSTB = UsB + Uc1 + Ua2
UsC1 = UsC + UHVSTC = UsC + Ua1 + Ub2
In the HVST, it should be noted that b1, c1, and a1 are tapped at the same number of turns; c2, a2,
and b2 are tapped at the same number of turns. However, the number of turns in the b1-c1-a1 set and
c2-a2-b2 set can be different. In this way, the compensated three-phase voltage (U sA1 , U sB1 , and U sC1 )
can maintain the symmetry.

Figure 2. High-voltage “Sen” transformer (HVST) configuration.

To get a better look at the windings connection mode of the HVST, we show the enlarged structure
of the primary winding B and secondary winding c2 in the HVST in Figure 3a. The compensating
voltage U HVSTA produced by winding b1 and winding c2 is injected in the sending end of the
transmission line phase A via an isolation transformer. The tap changers are adjustable at (0, ±1, ±2,···,
±m) levels. The number and direction of active turns in the winding b1 and winding c2 can be varied
with the use of tap changers. Therefore, the compensating voltage becomes variable in magnitude and
variable in phase angle.

Figure 3. Cont.
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Figure 3. HVST partial enlarged configuration and output voltage phasor. (a) Enlarged HVST
configuration; (b) Output voltage phasor U HVSTA (m = 1).

The compensating voltage U HVSTA is shown in Figure 2b. U sA is the sending-end voltage of the
transmission line. The rhombus range represents the output voltages that the HVST can provide.
UHVSTA and ρHVSTA are the magnitude and angle of the voltage phasor U HVSTA . When the tap positions
in the windings b1 and c2 are varied, the compensating voltage U HVSTA becomes variable in magnitude
and variable in phase angle. For example, when the tap positions in the windings b1 and c2 take the
values of 1 and 0, respectively, the output voltage U HVSTA is equal to U b1 . When the tap positions in
the secondary windings b1 and c2 take the values of −1 and 1, respectively, the output voltage U HVSTA
is equal to U bc .
3. The Fundamental Principles of the HVST
In this section, the voltage and power flow regulation principles of the HVST are introduced in
detail. The HVST series injected voltages are calculated for different tap numbers, and the power flow
regulatory regions are calculated for various system phase angle offsets.
3.1. HVST Output Voltage Phasor
Assume the maximum output voltage magnitude of the HVST windings (winding a1, b1, c1, a2,
b2, c2) is equal to ±UsN and the tap changers are adjustable at (0, ±1, ±2,···, ±m) levels. The tap
positions of winding b1 and c2 are labeled kb and kc and they can fetch values of (0, ±1, ±2, ···, ±m).
U b1 step and U c2 step are the unit voltage vectors of winding b1 and c2. Ustep is the voltage magnitude
on adjacent tap changers and can be calculated as follows:
Ustep = Ub1 step = Uc2 step = UsN /m

(3)

The proposed HVST uses tap changers to regulate the output voltages. When the tap changers
are adjustable at (0, ±1) levels, the output voltages of HVST are shown in Figure 4a. The number of
the compensating vectors is 9 (including a zero vector).
When the tap changers are adjustable at (0, ±1, ±2) levels, the output voltages of HVST are shown
in Figure 4b. The number of the compensating vectors is 25 (including a zero vector). For example,
when the tap positions in the windings b1 and c2 take the values of kb = −2 and kc = 1, the output
voltage U HVSTA is equal to U 1 .
When the tap changers are adjustable at (0, ±1, ±2, ±3) levels, the output voltages of HVST
are shown in Figure 4c. The number of the compensating vectors is 49 (including a zero vector).
For example, when the tap positions in the windings b1 and c2 take the values of kb = 3 and kc = −3,
the output voltage U HVSTA is equal to U 2 .
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Figure 4. HVST output voltage phasors (U HVSTA ) with different tap numbers. (a) (0, ±1) level;
(b) (0, ±1, ±2) level; (c) (0, ±1, ±2, ±3) level.

By that analogy, when the tap changers are adjustable under the ±m level, the number of the
vectors produced by HVST is (2m + 1)2 . The compensating voltage phasor produced by the HVST is
calculated by (4):
UHVSTA = kb Ub1 step + kc Uc2 step
(4)
The higher the number of tap changers, the higher the number of voltage vectors the HVST
produces. In this way, we can adopt appropriate tap changers to obtain the more accurate output
voltage value.
3.2. HVST Power Flow Control
Figure 5 shows a transmission line with the HVST block. The active and reactive power flows at
the receiving end of the transmission line, Pr and Qr , are governed by the following equations:
Us Ur
U
Ur
sin δ + HVST sin(δ + ρ HVST )
XL
XL

(5)

Us Ur
U
Ur
((cos δ) − 1) + HVST cos(δ + ρ HVST )
XL
XL

(6)

Pr =
Qr =

where Us is the magnitude of the sending-end voltage, Ur is the magnitude of the receiving-end
voltage, δ is the difference in phase angle between the sending-end and the receiving-end voltages,
XL is the reactance of the line. UHVST and ρHVST are the magnitude and phase angle of the series
voltage produced by the HVST.

Figure 5. Power transmission system with the HVST block.

√
The magnitude UHVST can be varied from 0 to 3UsN , and the phase angle ρHVST can be varied
from 0◦ to 360◦ , as shown in Figure 4. By changing the magnitude or the phase angle of the HVST
output voltage, both the active and the reactive power flow can be regulated.
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Assuming that Us = Ur = 1 pu and XL = 0.1 pu, we can get the compensated active and reactive
power flows as shown in Equations (7) and (8).
Pr = 10 sin δ + 10UHVST sin(δ + ρ HVST )

(7)

Qr = 10((cos δ) − 1) + 10UHVST cos(δ + ρ HVST )

(8)

For the case when the HVST rated voltage UsN is 0.3 pu and the HVST adjustment class m is 3,
we can get the operating region of Pr and Qr from Equations (3)–(8). Figure 6a–d show the relationships
between Pr and Qr corresponding to δ = 0◦ , δ = 10◦ , δ = 20◦ , and δ = 30◦ , respectively.
The center point of the rhombus is the Pr -Qr operating point without HVST compensation.
The discrete points on the three rhombuses are the Pr -Qr operating points with HVST regulation.
It can be seen from Figure 6 that the HVST can provide the functions of independent and bidirectional
control of active and reactive power flow. The HVST can expand the Pr -Qr operating range of the
power system.
The tap changer operation in an HVST provides a discrete power flow control, but it is adequate
in most utility applications with appropriate HVST tap changer numbers. As the HVST can expand
the power flow operating range, it has a profound effect on optimizing the system operation if
an appropriate number of HVST are installed in the transmission lines.

Figure 6. Cont.
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Figure 6. Relationship between Pr and Qr with HVST regulation for different system phase angle
offsets. (a) The phase difference is 0◦ (δ = 0◦ ); (b) The phase difference is 10◦ (δ = 10◦ ); (c) The phase
difference is 20◦ (δ = 20◦ ); (d) The phase difference is 30◦ (δ = 30◦ ).

4. Comparison between the ST and the HVST
This section compares the ST and the HVST in terms of phase-shift angle range, power flow
regulatory region, and device configuration.
4.1. Phase-Shift Angle Range
Assuming the ST and the HVST have the same rated voltage (UsN ), the phase-shift angles
produced by the ST and the HVST are shown in Figure 7.

Figure 7. The phase-shift angles of the ST and the HVST. (a) The phase-shift range; (b) The maximum
phase-shift angle.

Assuming that UsA = 1 pu, we can get the maximum phase-shift angle produced by the ST and
the HVST, as shown in Equations (9) and (10).

√
δHVSTmax = arctan

√
3UsN
= arctan 3UsN
UsA

√

δSTmax =

3
2 UsN
arctan
UsA − 21 UsN

(9)

√

= arctan

3UsN
2 − UsN

(10)

When the range of values allowed for UsN is 0 to 0.5 pu, the curves of maximum phase-shift angle
produced by the ST and the HVST are shown in Figure 8.
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Figure 8. The phase-shift angles of the ST and the HVST.

As we can see from Figure 8, when the rated voltage UsN of the ST and the HVST takes the same
value, the maximum phase shift angle produced by the HVST is bigger than that of the ST. The HVST
has a bigger phase-shift angle range than the ST.
4.2. Power Flow Regulatory Region
When the parameter δ, which is the phase difference between the sending-end and the
receiving-end voltages, ranges from 0◦ to 30◦ , the reactive power flow regulatory region controlled by
the ST and HVST is the same, but the active power flow regulatory region is different (Figure
√ 6).
Figures
4
and
6
show
that,
when
the
HVST
output
voltage
takes
the
values
of
3UsN ∠90◦
√
and 3UsN ∠ − 90◦ , the active power flow at the receiving end of the transmission line reaches the
maximum and minimum values, respectively. Besides, when the ST output voltage takes the values
of UsN ∠60◦ and UsN ∠ − 120◦ , the active power flow at the receiving end of the transmission line
reaches the maximum and minimum values, respectively. Combining with Equation (7), we can get
the maximum active power flow controlled by the HVST and the ST:


√
PHVSTmax = 10 sin δ + 3UsN sin(δ + π/2)

(11)

PSTmax = 10(sinδ + UsN sin(δ + π/3))

(12)

Similarly, the minimum active power flow controlled by the HVST and the ST is:


√
PHVSTmin = 10 sin δ + 3UsN sin(δ − π/2)

(13)

PSTmin = 10(sin δ + UsN sin(δ − 2π/3))

(14)

Figure 9 shows how the parameter δ and the rated voltage UsN affect the active power flow
regulatory region controlled by the ST and the HVST. When the parameter δ ranges from 0◦ to 30◦
and the rated voltage UsN ranges from 0 to 0.5 pu, the maximum active power flow regulation value
controlled by the HVST is always higher than that of the ST. Moreover, the minimum active power
flow regulation value controlled by the HVST is always lower than that of the ST. Therefore, the HVST
has a larger active power flow regulatory region than the ST.
Similar to the above analysis, we can get the following conclusions. When the parameter δ ranges
from 30◦ to 60◦ , the HVST has a larger active and reactive power flow regulatory region than the ST;
when the parameter δ ranges from 60◦ to 90◦ , the HVST has a larger reactive power flow regulatory
region than the ST.
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Figure 9. The active power flow regulatory region controlled by the ST and the HVST.

4.3. Comprehensive Comparison Between the ST and the HVST
A comprehensive comparison between the ST and the HVST is given in Table 1. In Sections 4.1
and 4.2 the detailed analysis of the phase-shift angle range and power flow regulatory region for the ST
and the HVST shows that the corresponding performance of the HVST is better than that of ST. Besides,
the ST consists of a three-phase four-winding transformer and three sets of tap changers, whereas the
HVST consists only of a three-phase two-winding transformer and two sets of tap changers. The HVST
has a simpler structure with fewer secondary windings and fewer tap changers, which is easier to
realize in engineering.
Table 1. Comparison between the ST and the HVST.
Item

ST

HVST

Phase-shift angle range
Power flow regulatory region
Number of secondary windings
Number of tap changers
Number of isolated transformers (Us < 230 kV)
Number of isolated transformers (Us ≥ 230 kV)

small
small
9
3
0
1

large
large
3
2
1
1

It should be noted that when the line-to-line transmission voltage Us is lower than 230 kV,
the HVST uses one more isolated transformer than the ST. In this situation, we should calculate the
actual costs to determine which device is more suitable for the specific case.
When the line-to-line transmission voltage Us is higher than 230 kV, the ST also requires an isolated
transformer [20]. In this situation, the HVST is more suitable in the practice than the ST.
5. Simulation
The simulation studies include two parts: the first one is a simulation comparison between the ST
and the HVST in a two-area system, and the second one is a simulation comparison between the ST
and the HVST in an IEEE 39 bus system.
5.1. Two-Area Test System
5.1.1. System Description
The simulation system is comprised of two AC systems which are connected by a three-phase
transmission line as shown in Figure 5. The ST or the HVST is connected to the sending end of the
transmission line. Table 2 gives the parameters for the ST, the HVST, and the network.
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Table 2. Simulation parameters for the ST and the HVST.
Parameters

Value

Base values
Frequency
Sending-end line-to-line voltage
Receiving-end line-to-line voltage
Source impedance at the sending end
Source impedance at the receiving end
Transmission line impedance
Rated voltage of the HVST
Tap positions of the HVST
Rated voltage of the ST
Tap positions of the ST

500 kV
50 Hz
500∠0◦ kV
500∠−10◦ kV
1.05 + j10.5 Ω
1.05 + j10.5 Ω
6.24 + j84.63 Ω
75 kV
0, ±1, ±2, ±3
75 kV
0, 1, 2, 3

5.1.2. Simulation Results
The steady-state simulation results of the ST and the HVST obtained when the tap changers of
the ST and the HVST are switched to any possible positions are shown in Figure 10.

Figure 10. The steady-state simulation results of the ST and the HVST. (a) The compensated
sending-end voltage U s1 ; (b) The relationship between the active and reactive power flows Pr and Qr .

As we can see from Figure 10, the phase-shift angle range and active power flow regulatory
region of the HVST are bigger than those of the ST. Some simulation points that the HVST can reach
are beyond the control of the ST. Taking the points “D”, “E”, “F”, “G”, “H”, and “I” as examples,
Table 3 shows the corresponding ST and HVST output voltages, compensated sending-end voltages,
phase-shift angles, and active and reactive power flows at the receiving end of the transmission line.
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Table 3. Steady state simulation results for the ST and the HVST.
Point

Item

U HVST , U ST (kV)

U s1 (kV)

δHVST , δST

Pr (MW)

Qr (MVar)

499∠−1.9◦

0◦

0◦

405
405

−61
−61

D

ST
HVST

0
0

499∠−1.9◦

E

ST
HVST

—
126∠87◦

—
510∠11◦

—
12.9◦

—
990

—
−176

F

ST
HVST

74.0∠118◦
74.5∠118◦

468∠5.4◦
468∠5.3◦

7.3◦
7.2◦

666
667

−296
−297

G

ST
HVST

75∠−121◦
75∠−121◦

471∠−9.1◦
470∠−9.1◦

−7.2◦
−7.2◦

66
64

−163
−164

H

ST
HVST

—
129∠−91◦

—
514∠−15◦

—
−13.1◦

—
−188

—
85

I

ST
HVST

73.4∠57◦
72.7∠57◦

534∠4.1◦
534∠4.1◦

6.0◦
6.0◦

734.3
732.8

48.3
47.6

Table 3 shows that point “D” represents the system operation without ST or HVST compensation.
The phase-shift angle range of the HVST is from −13.1◦ to 12.9◦ (Points “H”, “E”) and the active power
flow regulatory region of the HVST is from -188 MW to 990 MW(Points “H”, “E”). The phase-shift
angle range of the ST is from −7.2◦ to 7.3◦ (Points “G”, “F”) and the active power flow regulatory
region of the ST is from 64 MW to 734.3 MW (Points “G”, “I”). The ST and the HVST have the same
reactive power flow regulatory region.
Transient compensation is compared using the ST or the HVST. In the simulation, the ST or HVST
starts to operate at 2 s. The relevant simulation parameters are shown in Table 2. The initial active
and reactive power flows are 405 MW and −61 MVar. The control targets of active and reactive power
flows are 900 MW and −100 MVar. Figure 11 shows the active and reactive power flows, Pr, and Qr ,
of the transmission system for the ST and the HVST.

Figure 11. The curves of power flows compensated by the ST or the HVST.

The control strategy of the HVST is similar to that of the ST [15,19]. Based on Equations (5) and
(6), the required compensating voltage can be calculated according to the power flow control targets.
Then, the needed tap positions of the ST and the HVST can be calculated from (1) and (2), respectively.
Because of the operation characteristics of the tap changers, the ST and the HVST should adjust their
tap changers from the current positions to the needed positions step by step.
The ST adjusts its tap positions (ka , kb , kc ) from (0, 0, 0) to (1, 0, 1), (2, 0, 2), (2, 0, 3) in 2 s, 4 s, 6 s,
respectively, to satisfy the target value. The final active and reactive power flows compensated by the
ST are 711.9 MW and −65.9 MVar. The relative errors are 20.9% and 34.1%, respectively.
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The HVST adjusts its tap positions (kb , kc ) from (0, 0) to (−1, 1), (−2, 2), (−3, 2) in 2 s, 4 s, 6 s,
respectively, to reach the target value. The final active and reactive power flows compensated by the
HVST are 905.2 MW and −102.2 MVar. The relative errors are 0.6% and 2.2%, respectively. The analysis
above proves that the compensation accuracy of the HVST is higher than that of the ST in some special
power flow compensating zones.
5.2. Application to an IEEE 39 Bus System
5.2.1. Network Model
In this section, the ST and the HVST will be tested in an IEEE 39 bus system to illustrate the
effectiveness of the HVST in a high-power system. The IEEE 39 bus system and the corresponding
active power flows distribution are shown in Figure 12. The voltage base value is 330 kV.
In Figure 12b, the numbers 1 to 39 represent the buses of power system. The positive numbers
and negative numbers in the brackets by the side of the buses represent the active loads and active
power outputs, respectively. The arrows show the direction of the active flows in the transmission
lines and the data on the arrows show the value of the transferred active power flows. The unit of
active power is the megawatt (MW).
From Figure 12a, we can see that the area “M” transfers its active power flows to other areas only
by the transmission lines 2-1, 2-3, and 26-27. The active power flows on these three lines are 119.1 MW,
364.6 MW, and 268.5 MW, respectively. They are unequally distributed. The heavy active power flow
on transmission line 2-3 is a major factor limiting the power transmission capability from area “M”
to other areas. Therefore, a power flow control device (the ST and the HVST) can be applied in this
system to improve the active power flow distribution.

Figure 12. The IEEE 39 bus system without any power flow control devices. (a) The IEEE 39 bus system;
(b) The active power flow distribution.

5.2.2. Simulation Results
As shown in Figure 12a, a power flow control device (the ST and the HVST) can be installed at
the sending end of transmission line 2-1. When the power flow controller increases the active power
flow on the transmission line 2-1, the active power flows on the transmission lines 2-3 and 26-27 will
decrease simultaneously. In this way, the ST and the HVST can make the power flow distribution more
reasonable. Figure 13 shows the active power flow distribution of the IEEE 39 bus system with the ST
or the HVST compensation (UsN = 0.15 pu).
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Figure 13. The active power flow distribution of the IEEE 39 bus system with ST or HVST compensation.
(a) With ST compensation (UsN = 0.15 pu); (b) With HVST compensation (UsN = 0.15 pu).

Figure 13a shows the active power flow distribution with ST compensation (UsN = 0.15 pu).
In this situation, the active power flows on the three transmission lines are 184.1 MW, 313.8 MW,
and 254.1 MW. The active power flow on line 2-3 is 70 percent higher than that on line 2-1. Besides,
the active power flow on line 26-27 is 38 percent higher than that on line 2-1. The power flows are still
unevenly distributed.
In the same simulation condition (UsN = 0.15 pu), the active power flow distribution compensated
by the HVST is shown in Figure 13b. The active power flows on the transmission lines 2-1, 2-3,
and 26-27 are 256.9 MW, 254.3 MW, and 240.3 MW, respectively. The active power flow difference
among the three transmission lines is no more than 7 percent. They are distributed evenly. This analysis
proves that the regulation capacity of the HVST is higher than that of the ST in the same rated voltage.
Figure 14 shows the transmission active power flows of lines 2-1, 2-3, 26-27 at various UsN for the
ST and the HVST. The HVST can balance the active power flows on three lines when the rated voltage
UsN is 0.15 pu. However, for the ST, the active power flows on three lines can be balanced when the
UsN is around 0.3 pu. In this IEEE 39 bus simulation system, the ST needs twice the rated voltage to
achieve the same regulation effect of the HVST.

Figure 14. The transmission active power flows of lines 2-1, 2-3, 26-27 at various UsN for the ST and
the HVST.
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Table 4 gives the corresponding parameters for the ST and the HVST. When the ST is applied in
the high-voltage power system (Us = 330 kV), the ST also requires an isolated transformer to move the
secondary windings and the tap changers to a lower voltage level [20]. In this situation, the ST does
not keep its main advantage, which is that it does not require an isolated transformer. From Table 4,
we can see that the HVST can balance the power flows on the three transmission lines with fewer
secondary windings and fewer tap changers. Compared the ST-2 (UsN = 0.3 pu) with the HVST
(UsN = 0.15 pu), the cost of the secondary windings of the HVST can be reduced by 67% and that of the
tap changers of the HVST can be reduced by 33%.
Table 4. Simulation parameters for the ST and the HVST in an IEEE 39 bus system.
Parameters

ST-1

ST-2

HVST

Base values
Rated voltage(UsN )
Primary winding voltage
Secondary winding voltage
Number of tap changers
Number of isolated transformers
Unbalance of active power flows on the three lines

330 kV
0.15 pu
1 pu
0.15 pu × 3
3
1
70%

330 kV
0.3 pu
1 pu
0.3 pu × 3
3
1
9%

330 kV
0.15 pu
1 pu
0.15 pu × 2
2
1
7%

6. Experiment
To validate the voltage regulation and power flow control performance of the HVST, a 10 kV HVST
device and the corresponding experimental platform have been developed.
6.1. Experimental Platform
The 10 kV HVST device and the corresponding experimental platform are shown in Figure 15a,b.
Figure 15c shows the corresponding equivalent circuit of this experimental platform. The reactance XL
is used to simulate the transmission line. The potential transformer (PT) and current transformer (CT)
are used to obtain the measuring voltage and measuring current.
The main parameters for this experiment are given in Table 5.

Figure 15. The 10 kV HVST device and the corresponding experimental platform. (a) The HVST before
encapsulation; (b) The experimental platform; (c) The equivalent circuit of the experimental platform.
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Table 5. Experiment parameters for the HVST.
Parameters

Value

Base values
Frequency
Sending-end line-to-line voltage
Receiving-end line-to-line voltage
Transmission line impedance XL
Rated voltage of the HVST transformer
Tap position of the HVST transformer

10 kV
50 Hz
1.04∠0◦ pu
1.04∠0◦ pu
0.713 H
0.2 pu
0, ±1, ±2, ±3, ±4

6.2. Experimental Results
Figure 16a,b show that the HVST tap changers positions (kb , kc ) are tapped at (0, 0) and (−2, 2),
respectively. The CH1 waveform shows the line current IL , the CH3 waveform shows the sending-end
voltage UsA , the CH4 waveform shows the compensated sending-end voltage UsA1 , and the Math
waveform shows the HVST output voltage UHVSTA .

Figure 16. Experimental waveforms of the HVST operating at different tap positions. (a) Tap position
at (0, 0); (b) Tap position at (−2, 2).

In Figure 16a, the HVST output voltage U HVSTA is 0 V, so the compensated sending-end voltage
U sA1 is equal to the original sending-end voltage U sA . The CH3 and CH4 waveforms almost completely
coincide. In this case, the load current and the power flow on the transmission line are 0.
As shown in Figure 16b, the HVST output voltage U HVSTA is 982.1∠90◦ V and the original sending
voltage UsA is 6000∠0◦ V. After the HVST compensation, the compensated sending-end voltage U sA1
changes to 6081∠9.4◦ V. The load current is 4.9 A. In this case, the active and reactive power flows
at the receiving end of the transmission line are 26.3 kW and 0.03 kVar. This experiment proves the
viability and effectiveness of the HVST for phase shifting and power flow controlling.
Figure 17 shows the experimental results when the HVST switches at all possible tap changers
positions. Pr0 and Qr0 are the power flows without HVST compensation. The active power flow can be
adjusted from −52.9 kW to 52.2 kW, and the reactive power flow can be adjusted from −30.5 kVar to
30.2 kVar by the HVST compensation. The results show that the HVST is a flexible and effective device
to control the active and reactive power flows on the transmission line.
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Figure 17. The Pr and Qr experimental results at a varying series voltage (UHVST ) and phase angle
(ρHVST ) for the HVST. (a) The active power flow Pr ; (b) The reactive power flow Qr .

7. Conclusions
This paper presents a high-voltage “Sen” Transformer (HVST), which can provide independent
and bidirectional active and reactive power flow control in high-voltage power systems. The structure,
operational principles, and power flow regulation principles are analyzed. The simulations in
a two-area test system and an IEEE 39 bus system have been used to prove the effectiveness and
advantages of the HVST. Besides, a 10 kV HVST device and an experimental platform have been
developed to test the phase shift and power flow control performance. The experimental results
demonstrate the feasibility and effectiveness of the HVST.
Compared with the ST, the HVST has the following features: (1) The three-phase two-winding
HVST with two sets of tap changers is simpler in structure than the three-phase four-winding ST
with three sets of tap changers. The HVST utilizes the primary winding of the transformer to provide
a partial series regulation voltage; (2) When the ST and the HVST have the same rated voltage,
the HVST has a bigger phase-shift range and power flow regulatory region than the ST; (3) The HVST
needs to adopt an isolation transformer to inject a series compensating voltage. The ST uses the
isolation transformer only when the line-to-line voltage reaches 230 kV. When the system voltage is
lower than 230 kV, the HVST uses one more isolated transformer than the ST. Therefore, the HVST has
more value in industrial applications at a high-voltage level (≥230 kV).
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