energies MBPY

Article

Analysis of Unified Power Flow Controller
Steady-State Power Flow Regulation Capability
and Its Key Factors

Jian Yang'”, Zheng Xu *(® and Zheren Zhang

College of Electrical Engineering, Zhejiang University, Hangzhou 310027, China; yangjian_zju@zju.edu.cn (J.Y.);
3071001296zhang@zju.edu.cn (Z.Z.)
* Correspondence: xuzheng007@zju.edu.cn; Tel.: +86-0571-8795-2074

check for
Received: 28 July 2020; Accepted: 25 August 2020; Published: 27 August 2020 updates

Abstract: As the latest generation of flexible AC transmission system (FACTS) devices, the unified
power flow controller (UPFC) has comprehensive control capability and has played an important
role in modern power systems. Research on UPFC steady-state power flow regulation capability is
valuable for the design and operation of UPFC projects. To analyze the UPFC regulation capability,
in this paper, the interaction between the UPFC and the external system is studied and the key
factors of UPFC regulation capability are analyzed. It is demonstrated that the changes in the
voltage magnitude and phase angle difference of UPFC-embedded line terminals will hinder the
UPEFC from regulating the power flow and decrease the UPFC regulation capability. Therefore,
the UPFC power flow regulation capability is not only related to the parameters of the UPFC and its
installation line, but also related to grid parameters. To analyze the UPFC active power flow regulation
capability in practical power grids, the relationship between the UPFC regulation capability and grid
parameters is deduced, and an estimation method is proposed to calculate the regulation range. Then,
the estimation method is applied in the Chuxiong Power Grid and compared with power flow
calculations. The results verify the UPFC power flow regulation characteristics given by the analysis
and the effectiveness of the estimation method. Besides, it is shown that the estimation method can
lower the requirements for the power flow calculation program, and reduce computation load.

Keywords: unified power flow controller (UPFC); power flow; regulation capacity; estimation
method; DC power flow

1. Introduction

A variety of flexible AC transmission system (FACTS) devices, including the thyristor controlled
series capacitor (TCSC), thyristor controlled phase shifter (TCPS), static synchronous series compensator
(SSSC), unified power flow controller (UPFC), etc., have the function of adjusting line power flows [1].
They provide an effective means to enhance the efficiency and security of power systems [2,3].
Among them, the UPFC has received extensive attention in recent years. Three UPFC projects have
been put into operation in the past five years and have played an important role in power flow control,
power transfer capability enhancement, and reactive power compensation [4,5]. The realization of
the above UPFC functions is inseparable from the UPFC power flow regulation capability. Therefore,
research on UPFC steady-state power flow regulation capability, especially the active power flow
regulation capability, is valuable for the design and operation of UPFC projects.

The regulation capability has been studied since the proposal of the UPFC concept [6]. In [6], it is
illustrated that the UPFC is capable of controlling all basic power system parameters which determine
the power flow. In [7], it is shown that the UPFC is able to control the active power flow and reactive
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power flow of the transmission line, simultaneously or independently. Besides, the power flow control
region of the UPFC-embedded line is presented, under the assumption that the ends of the line are
connected to voltage sources (which means the voltage magnitudes and phase angles of the buses are
constant). Under the same assumption, the calculation formulas of the UPFC-embedded line power
flow are derived in [8,9], and the power flow ranges under different operating conditions are given
by numerical calculation. A simple two-machine system containing the UPFC is studied in [10,11].
In [10], the relationship between the injected voltage of the series converter and the line power flow
are presented, and it is concluded that when taking the receiving-end system voltage phase as the
reference, the active power flow is only controlled by the g-axis injected voltage. Furthermore, in [11],
it is pointed out that when the sending-end bus voltage phase is taken as the reference, the g-axis
component of the series converter output voltage is the main factor of the line active power flow, and
the d-axis component is the main factor of the line reactive power flow. Moreover, it is shown in [11]
that the control region boundaries of the active power flow and reactive power flow in the PQ plane
are a series of ellipses, which change with the voltage magnitude of the series converter.

The above literature investigates the power flow regulation capability of the UPFC in small power
systems and assumes that the operating states of the external system (such as bus voltage magnitudes
and phase angles) are unchanged under different UPFC output scenarios. However, for practical
power grids, the change in UPFC output will affect the operating states of the system, and the change
in system operating states will in turn affect the power flow regulation of the UPFC. Therefore, it is
necessary to analyze the relationship between the UPFC output and the system states.

In order to analyze the impact of different UPFC output on the operating states of the system, the
UPFC is substituted by current sources in [12-14]. In [12], the relationship between line loads and the
commands of the UPFC series converter is deduced, and it is pointed out that line loads are mainly
related to the active power command. In [13], the relationship between bus voltage magnitude and
the commands of the UPFC series converter is deduced, and it is pointed out that the reactive power
command can be used to adjust the voltage magnitudes of adjacent buses. Furthermore, the relationship
between the capacity of the UPFC series converter and the regulation requirement of line overload
control is presented in [14]. Besides, in [15], the voltage and power flow sensitivities with respect to
voltage source converter-based FACTS controllers are studied in a large system, and two approaches
are proposed for the sensitivity analysis. Considering that in some cases (such as studying the system
transmission usage and power transfer capability), we are mainly concerned with the line active power
flow, a DC-based injection model of the UPFC-embedded line is developed in [16], and the impact of
the UPFC on bus voltage angles and line active power flows is studied using the proposed model [17].
The above articles present different theoretical methods for analyzing the impact of the UPFC on
system operating states, but they have not studied the power flow regulation capability of the UPFC.

In the existing literature, the UPFC regulation capability in complex power grids is usually studied
by power flow calculations. Various UPFC models and calculation methods are developed for power
flow studies [18,19], which lays the foundation for the power flow calculation of power systems with
the UPFC. In [20], the boundary diagram for the American Electric Power (AEP) UPFC capability is
calculated. It is pointed out: in theory, the UPFC series converter could inject any level of voltage,
up to a constant maximum, with an arbitrary phase angle, but in the actual system, the output voltage
of the UPFC is subject to many practical constraints, such as limits on the converter currents and the
real power exchanged between the converters. These constraints and the system conditions together
determine the achievable operating region of the UPFC [21]. In [22], the power flow of the 1673-bus
system containing the Marcy UPFC is calculated, and it is illustrated that the dispatch trace of the
UPEFC at its rated capacity is an elliptically shaped curve, which is almost independent of the reactive
power injection of the UPFC shunt converter. In [23,24], the power flow control capability of the
Nanjing Western Power Grid (NWPG) UPFC is studied, and it is demonstrated that the actual power
flow control range obtained by the power flow calculation is much smaller than the theoretical value
due to the change in the external network operating states.
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In summary, the regulation capability of the UPFC has not been fully researched, especially in
the theoretical research. Most of the existing literature only conducts theoretical analysis on ideal
systems and cannot effectively analyze the power flow regulation capability of the UPFC in complex
systems. Due to the lack of theoretical analysis, the UPFC regulation capability in practical power
systems is mostly given by power flow calculations. This leads to two problems. On the one hand, it is
cumbersome to give the regulation capability of the UPFC through power flow calculations, because
it is necessary to repeatedly calculate the power flow under different UPFC output. On the other
hand, it is difficult to analyze and explain the characteristics of the UPFC regulation capability in
different networks.

In order to make up for the shortcomings of the existing theory, this paper studies the interaction
between the UPFC and the external system and analyzes the key factors of UPFC regulation capability.
The main contributions and findings of this paper include:

e  The UPFC regulation capability under different system conditions is analyzed. It is shown that the
changes in the voltage magnitude and phase angle difference of UPFC-embedded line terminals
will hinder the UPFC from regulating the power flow and decrease the UPFC regulation capability.
The decrease of the active power regulation capability is mainly affected by the change in the
phase angle difference, while the decrease of the reactive power regulation capability is mainly
affected by the change in the voltage magnitude.

e Theinfluence of UPFC capacity constraints on the regulation capability is analyzed. It is shown that
the constraints of the shunt converter capacity and the exchanged power between the converters
may reduce the reactive power regulation range, while the rated current of the UPFC series
converter may reduce both the active and reactive power regulation range.

e  Therelationship between the UPFC active power flow regulation capability and grid parameters is
deduced in complex power girds. Based on this relationship, the UPFC regulation characteristics
under different grid parameters are presented, and an estimation method is proposed to calculate
the active power flow regulation range.

The rest of this paper is organized as follows: The power flow regulation capability of the UPFC
under ideal conditions is given in Section 2. The key factors of UPFC regulation capability are analyzed
in Section 3. In Section 4, the relationship between the UPFC active power flow regulation capability
and grid parameters is studied, and the estimation method is proposed. The correctness of the analysis
results and the effectiveness of the proposed method are verified by power flow calculations in Section 5.
At last, conclusions are drawn in Section 6.

2. Power Flow Regulation Capability of the UPFC under Ideal Conditions

The UPFC-embedded line is shown in Figure 1. As shown in Figure 1, the UPFC is installed in line
I-m. u;£0;, u L0, and u,, L6, are the voltages of bus I, bus k, and bus m. ug/0p is the output voltage of
the UPFC series converter. xy,, is the reactance of the transmission line. pyy, + g, Pre + jGnes Pkm + J9km.
and py,; + jqm are the power flows of corresponding points.

I . J k . . m
| Pintjqun UsZ By | Pt Dot G
I - I - xlm

u/ 6, LW‘J u, 26, Transmission Line u,/ 6,

A pne +jqne NTY\

—"

§|§_ Shunt | Series
Converter | ____| Converter

Figure 1. Schematic diagram of the UPFC-embedded line.

The following ideal conditions are usually adopted in order to facilitate the analysis [7-11]:
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When the power flow is regulated by the UPFC, the voltage magnitudes of the line terminals (i.e.,
u; and uy,), are constant. Besides, the voltage phase angle difference between bus [ and bus m are
assumed to be unchanged, which means 6; — 0, is constant.

The transmission line is equivalent to the reactance xp,,.

The losses of the UPFC are ignored.

According to the above conditions, the following conclusions can be drawn:

Since the power flow of the transmission line is only related to the parameters of the line, the bus
voltages of both terminals, and the output of the UPFC, the influence of other lines in the system
may be ignored, so only the UPFC-embedded line in Figure 1 is needed to be analyzed.

Since the voltage magnitude of the sending-end bus (bus /) is assumed to be constant, the reactive
power exchanged between the shunt converter and the system has no effect on the bus voltage,
and has no effect on the power flow of the transmission line.

Because the losses of the UPFC and the transmission line are both ignored, the active power
flowing out of bus [ is equal to that flowing into bus m.

Because the UPFC is mainly used to regulate the power flow of the transmission line to prevent

line overload, the active power flow and the reactive power flow of the transmission line, which are
Pikm and gx,,, are analyzed in this section. Taking the voltage phase angle of bus m as the reference
phase, we have 0y, = 0; — Oy, O, = Ok — Oy, and Op,, = Op — Oy, Then according to Figure 1, py,,, and
Jkm can be calculated as:

1
Uy~ —Up Uy COS Oy, (1)
XIm

Pim = "= sin Oy
Qkm =

According to uy /0y, = 1120}, + up/Opy, we have:

Uy os Oy, = U cos Oy, + up cos Opy, o)
Uy sin Oy, = uy sin Oy, + up sin Oy,
According to Equation (2), Equation (1) can be written as:
Uml . Umi .
Pl = ;ml sin Oy, + ;’;mB sin Op,,
Ut =y cos Oy, ug2—uyug cos O, | 2ujup cos(0;,—Opy) 3)
qkm - Xim + Xim + Xim

According to Equation (3), when the output voltage of the UPFC series converter is zero, the

power flows of the transmission line are:

1
U~ =y 1y cos Oy, (4)
Xim

_ UmUp -
{ Pikmo = ;1 sin Oy,

qkmo =

where p0 and gi,,0 are the initial power flows of the uncompensated case.

When the output voltage of the UPFC series converter is not zero, the incremental active and

reactive power flows, denoted by Apy,,, and Agy,,, with respect to py;,0 and g0 can be written as:

__ UmlUB :
Apim = % sin Oy
A _ up®—uyup cos O, + 2uup cos(0,,—Om) (5)

qkm - Xim Xim

According to Equation (5), the relationship between Apy,,, and Agy,, satisfies:

ka2 +ky? 2k 2kok
(%)Apka - k—fAPkmAqkm + Aqkm2 + %Apkm - 2k2Aqkm + (k22 - k42) =0, kg#0

ks (6)
Ao = 5 DPkm + k2, ky =0
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where:
ere b _ i

1= T >0
__ up

T o
— B o3

k3— ﬁsu’l@zm

u
ky = ﬁ(Zul cos Oy, — )

According to Equation (6), the steady-state power flow regulation characteristics of the UPFC are
as follows:

(1) For the special case where k; = 0, when up is constant and g, changes, the Apj,,-Agy,, curveis a
straight line in the PQ plane. Accordingly, the pi,-gx, curve is also a straight line.

According to Equations (5) and (6), for a specific ug, the ranges of Apy,, and Agy,, changing with

Og;;, are:
UmmUp UmUB
Bpin € [-1578,
(uB—\/ALulZ—umz)uB (u3+ \/4u12—um2)u3 (8)
Aqkm € Xim ’ Xim

(2) For the general cases where k4 # 0, the relationship between Apy,,, and Agy,, can be written in the
general equation form of quadratic curves:

AADin? + BAPnDGian + CAGon® + DAPjy + EAGy + F = 0 ©)
where: o

A=l g s oo

D=2k F_ g F— k2 kg2 (10
- T/ — TR, = A2 — R4

The discriminants of the quadratic curve satisfy [25]:
A=-E <0
_ Rk (kY ke

] - k12 (kl) - kl > 0 (11)

2 2
1:(1+% >0

2,200 2
A/I:—%<O

Therefore, when up is constant and Op,, changes, the Apy,,-Agy,,, curve is an ellipse in the PQ plane.
Accordingly, the py,-gim, curve is also an ellipse. According to Equation (9), the center of the Apy,-Agn,
curve, denoted by Apy,,. and Agyy,, are [25]:

Apkmc = zﬁz}_%g =0 , (12)
AQume = {5225 =k = {2 >0

Notice that Apgy, is 0, the maximum and minimum values of Apy,, are opposite to each other, and
the variation range of py,,, is symmetrical about py.
According to Equations (5) and (9), for a specific up, the ranges of Apy,, and Agy,, changing with
Og;;, are:
Bpun < |- 402, 4 |
[(l{g— V412 41,2~ 411y cos le)”B (MB+ V42 + 1ty 2 =411ty cos Oy, )uB (13)
Adjon € X ’ X
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Compared with Equation (8), Equation (13) is the general form when k4 is not 0. In addition,
according to Equation (13), when 0}, is an acute angle, the variation range of Agy,, increases as 0y,
increases.

(3) In general, according to Equations (8) and (13), the maximum and minimum values of Apy,, are
always opposite to each other. The range of Apy,, is independent of the voltage magnitude of
bus I (17) and the phase angle difference between line terminals (6},,), but it is proportional to the
magnitude of the UPFC series converter output voltage (up), and is inversely proportional to the
line impedance (x;,,). According to Equation (13), the range of Agy,, is related to the u; and 6y,
and is inversely proportional to xj,,.

To show the UPFC regulation capability in different situations, the Apy,,-Agy,, curves under
different up and 0}, are calculated using Equation (5), and presented in Figure 2. In the calculation, xy,,
is 0.01 p.u., u; and u,, are both 1 p.u. up in Figure 2 is in p.u.

6,=2° 1 —=— u,~0.00 —— 1,=0.05 —+— 1, =0.10 —v— 1,=0.20
6,-10°: 14,=0.00 1,=0.05 1,=0.10 1,;~0.20
30

o

-20 T T T T T

Ap, /pu

Figure 2. Apy,, — Agyy, curves under different ug and 0y,,.

It is demonstrated that the Apy,,,-Agy,,, curves are ellipses. Besides, as shown in Figure 2, the area of
the ellipse (that is, the regulation region of the power flows) will increase greatly with the increase of up.
Under different 0y, the maximum and minimum values of Apy,, remain unchanged, and are always
opposite to each other; but the maximum and minimum values of Agy,, change with 0;,, when 0y,
increases, the range of Agy,, increases too. These results verify the conclusions of the previous analysis.

3. Key Factor Analysis

3.1. Interaction between the UPFC and the External System

In the analysis of the previous section, it is assumed that the voltage magnitudes and phase angle
difference of the line terminals remain unchanged. However, in practical power grids, they change
with the power flow regulation of the UPFC. To illustrate the impact of these changes, this section
takes the system shown in Figure 3 as an example for analysis.
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Figure 3. Schematic diagram of the UPFC-embedded line and the external system.

Assume that when the UPFC regulates the power flow of the transmission line, the active power
delivered through the transmission cross-section, where the UPFC installation line is located, remains
unchanged. Then, when the UPFC regulates the active power flow of the UPFC-embedded line,
the active power flow of the other line in the transmission section will change, and thus the phase
angle difference between bus ! and bus m will change. According to (4), the change of 0y, will
change the initial active power flow of the UPFC-embedded line (i.e., pxy0). Specifically, when the
UPFC increases pyy,, the active power flow of the other line in the transmission section will decrease,
resulting in a reduction of 0y,,. The reduction of 0y, in turn reduces the initial active power flow of the
UPFC-embedded line, and thus hinders the UPFC from increasing py,,,. Conversely, when the UPFC
reduces py,,,, the active power flow of the other line in the transmission section will increase, resulting
in an increase of 0;,. Then, the increase of 0, in turn increases the initial active power flow of the
UPFC-embedded line and hinders the UPFC from reducing py,. It can be observed that the change of
Oy, will always hinder the UPFC from regulating the active power flow and thus reducing the active
power flow regulation range of the UPFC-embedded line.

On the other hand, the shunt converter can provide reactive power support for bus /, so u; can be
maintained to a certain extent. However, for bus m, when the UPFC increases the reactive power flow
of the UPFC-embedded line, the reactive power injected into bus m increases, which will cause u,
to increase. The increase of u;;, will in turn hinder the increase of gy,,. Conversely, when the UPFC
reduces gy, y, Will decrease, which will in turn hinder the decrease of gj,,,. According to Equation (4),
the change of u,, leads to the change of the initial reactive power flow of the UPFC-embedded line (i.e.,
Gkmo), and hinders the UPFC from regulating the reactive power flow, and thus reduces the reactive
power flow regulation range.

According to the above analysis, after the changes in the voltage magnitude and phase angle
difference of the line terminals are considered, the initial power flows of the UPFC-embedded line will
change, and this moves the center of the py,,-qi, curve, resulting in the py,-gx, curve no longer being a
standard ellipse for the general cases. Besides, because the change in the center of the pj,-g, curve
always hinders the UPFC from regulating the power flow of the transmission line, the regulation range
of the power flow is smaller than that of the ideal case.

In order to verify the above conclusions, power flow calculations are conducted for the system
shown in Figure 3. The parameters are set as follows: xs = x, = 0.02 p.u., xp, = xp2 = 0.01 p.u,,
and ps = p, =7 p.u. Under the above conditions, when up = 0, the initial active power flows of both
transmission lines are 3.5 p.u., gxy0 is —0.71 p.u., and 0y, is about 2°. When ug = 0.05 p.u., the power
flows of the UPFC-embedded line under different 05, are calculated. The p,-Gkn, curves and pruo-Gimo
curves are shown in Figure 4. The py,,-0},, curve is shown in Figure 5a, and the gy,,-u; curve is shown
in Figure 5b.
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--0- u,=0.05p.u. (6, andu changes)
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Figure 4. py,,-qx, curves under different conditions.
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Figure 5. Calculation results considering the changes of 0y, and uy. (a) pi,-Orp, curve; (b) gyy-1m curve.

As shown in Figure 4, the change direction of the initial power flow curve (pPi,0-Gikmo) is about
180° different from that of the line power flow curve (px;,-gkn). This hinders the change of the line
power flow and reduces the power flow regulation range significantly.

After the changes of 0}, and u,;, are considered, the range of p,, changes from —1.5 p.u.~8.5 p.u. to
1.0 p.u.~6.0 p.u. The range has been reduced by 5 p.u. At the same time, as shown in Figure 5a, when py,,
increases, 0y, decreases. The range of 0y, is 0.56°~3.43°. According to Equation (4), the change of
the initial active power flow caused by the change of 0}, is about 5 p.u., which is consistent with the
change in the active power flow regulation range in Figure 4. This means the change of 0}, is the main
reason for reducing the regulation range of pyy,.

As shown in Figure 4, after the changes of 0;,,, and u;, are considered, the range of gy, changes
from —4.7 p.u.~5.3 p.u. to —3.5 p.u.~2.4 p.u. The range has been reduced by about 4 p.u. At the same
time, as shown in Figure 5b, when gy, increases, u;, increases. The range of u,, is 0.988 p.u.~1.022 p.u.
According to Equation (4), the change of the initial reactive power flow caused by the change of u,,
is about 4 p.u., which is consistent with the change in the reactive power flow regulation range in
Figure 4. This means the change of u,, is the main reason for reducing the regulation range of gyy,.
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According to the above analysis, the changes in the voltage magnitude and phase angle difference
of the line terminals will reduce the regulation range of the power flow, so if we use the ideal conditions
to analyze the power flow regulation capability of the UPFC in actual power grids, there will be
large errors in the results. As the changes of the voltage magnitude and phase angle difference are
related to the network structure and line parameters, the influence of these factors on the UPFC power
flow regulation capability should be considered. Besides, as shown in Figure 5a, the py,;,-0y,,, curve is
approximately a straight line. Using this feature, the active power regulation range of the UPFC can be
further analyzed. The specific content will be given in Section 4.

3.2. Impact of Constraints

In addition to the above factors, the UPFC power flow regulation capability in actual power grids
is also restricted by many constraints, mainly including the rated current of the UPFC series converter,
the line rated current, the constraint of the exchange power between the UPFC series converter and the
shunt converter, the constraint of the shunt converter capacity. Due to these constraints, the allowable
range of the line power flow may be further reduced.

Specifically, in order to ensure that the transmission capacity of the UPFC-embedded line will not
be reduced, the rated current of the UPFC series converter is usually equal to the line rated current [14].
Therefore, these two current constraints can be considered together. Since the bus voltages in practical
grids are around their rated values, the rated current constraint approximately corresponds to a circle
in the PQ plane. The area within the circle is allowable for the UPFC.

When the output of the shunt converter reaches the rated capacity (Sy,;), the shunt converter
cannot continue to control the voltage magnitude of bus . Similar to u,, the change of u; will also hinder
the reactive power flow regulation of the UPFC, and reduces the reactive power flow regulation range.

The exchange power between the UPFC series converter and the shunt converter may also limit
the power flow regulation capability of the UPFC. According to Figure 1, the exchange power p,. can
be calculated as:

UL Oy — |
Pdc = Pim = Pkm = Re[“BleBm( £ ](m m) ] (14)
JXim
where Re denotes the real part of a complex number. Equation (14) can be simplified as:
up . .
Pdc = ; [ursin(Opm — O) — tm SIn(Opm)] (15)
m
Because u; and u;, are approximately equal to 1 p.u., we have:
~ u_B . _ ol
Pac = 5 [sin(Opm — Opn) —sin(Opm)] (16)

= —ﬁ cos(Opy — Oy /2) sin (0, /2)

According to Equation (16), when Og,, is close to 0y, /2 (or 0y, /2 — 180°), the absolute value of
Pdc (i-e., |picl) reaches the maximum. At the same time, when 0p,, is close to 6y,,/2 (or 8y, /2 — 180°),
the phase angle of up is between those of #; and u;, (or —u; and —uy,). If 0y, is small, the absolute value
of the d-axis component of up is much larger than the absolute value of its g-axis component, under the
dq decomposition with the voltage of bus I as the reference. The d-axis component of up mainly affects
the reactive power flow of the line [11]. When the absolute value of the d-axis component of up is large,
|Aqm| is also large. Therefore, when |p| is relatively large, |Agy,| is also relatively large. This means
that the exchange power constraint may reduce the range of the line reactive power flow at this time.

For the system shown in Figure 3, the gj,,,-p4. curve is shown in Figure 6.
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Figure 6. gy,,-p4. curve.

As shown in Figure 6, when |Agy,,| increases, |p;| increases, but because a small up can make line
power flow change in a wide range, the maximum of |p| is much smaller than the maximum of |Agy,|
or |Apiml.

After considering all the above constraints, the feasible py,,-qi, region of the system in Figure 3 is
presented in Figure 7. In the calculation, the rated capacity of Line 1 is 5.33 p.u., the rated current of the
UPFC series converter is equal to that of the transmission line, the maximum exchange power between
the series converter and the shunt converter is 0.2 p.u., Sg is 0.5 p.u., and the maximum value of up is
0.05 p.u.

——1,=0.05 p.u. (Ideal Conditions)
g4 ~ - u,=0.05 p.u. (, and u, changes)
—8—4,=0.05 p.u. (Under p, and S, constraints)

—&— The rated current constraint

q,,/ p-u.

-8 T T T T

Py, P

Figure 7. Schematic diagram of the feasible py,,-qx,, region.

As shown in Figure 7, under the ideal conditions, the UPFC has the largest power flow regulation
region. After considering the changes of 0y, and u,,, both the active power flow range and the reactive
power flow range are reduced. After considering the constraints of p;. and Sy, the reactive power
flow range is further reduced. After considering the rated current constraint of the series converter, the
power flow regulation region is limited by the solid black line. Finally, the feasible pj,-gkn, region is
the blue shaded area in the figure.
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4. Active Power Flow Regulation Capability in Complex Power Grids

4.1. Relationship between UPFC Active Power Flow Regulation Capability and Grid Parameters

According to the analysis in the previous section, the active power flow regulation capability
of the UPFC is mainly affected by the change in the phase angle difference of the line terminals.
The relationship between the bus voltage phase angles and the power injections of the UPFC can be
given by the DC power flow model [17]. For the UPFC embedded in line I-m (as shown in Figure 1),
the power injection model of the UPFC is shown in Figure 8 [26].

[ ‘ ‘m
-4 O L
P, +iQ P+
‘ I gppe O

.
Figure 8. Power injection model of the UPFC.
When the losses of the UPFC and the transmission line are ignored, we have:
Py = —Py = —prm (17)
In DC power flow calculations, the phase angles of bus voltages can be calculated by [17]:
0 =B'P=XP (18)

where 0 is the vector of phase angles. B indicates the admittance matrix, and X is the inverse of B.
P indicates net power injections.

According to Equation (18), there is a linear relationship between the voltage phase angles and the
power injections of the UPFC, and the voltage phase angles of bus I and bus m can be represented by:

91 =a— blpm
O = (a1 = am) — (by = bm ) P

where aj, b}, ay,, and by, are parameters related to the network structure and line impedances. b; and by,
can be calculated by:

by = Xy — Xim
20
{bm_Xml_Xmm ( )
where Xj; is the element in the ith row and the jth column of X.
According to Equations (19) and (3), the relationship between P;, and 05 is:

Ul . UmUB .

Pun = Pom = —=L sin[(a; — @) — (b = b ) Pyu] + —=L sin[0p — (am — by Po)] (21)
Xim XIm

According to the derivative of Equation (21), we know that when cos[0p — (4, — by Pi)] = 0,
Py, gets its maximum and minimum values. According to the extremum condition, if we treat Op,,,
which is equal to Op — (4, — by Py, as an independent variable, the extreme values of P, will not be
changed. At this time, Equation (21) becomes:

Umty sin[(a; — an) — (by = by, ) P + HUmlp

Im Im

Py, =

sin GBm (22)

According to Equation (22), we can easily obtain the extreme values of P, by using software such
as Wolfram Mathmetica. Besides, we can analyze the characteristics of the UPFC regulation capability
under different a;-a,,, and b;-by,.
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4.2. Estimation Method of the Active Power Flow Regulation Range

If the system structure and line parameters do not change, a;-a,, and b;-b;,; are both constant.
At this time, the extreme values of P;; can be estimated using the following method:

Step1: Input the system data before installing the UPFC. Calculate the admittance matrix (B) and its
inverse matrix (X). Calculate the initial power flow without the UPFC, and obtain a set of 0y,
and Py, denoted by 0},,,0 and Pyyg.

Step2: Calculate b; and by, by Equation (20) using X obtained in Step 1.

Step3: Calculate aj-a,, by Equation (19) using b;-b,, obtained in Step 2 and 0},,,9 and P, obtained in
Step 1.

Step4: Calculate up according to the capacity of the UPFC series converter.

Step5: Setu; and uy, to 1 p.u., calculate the extreme values of P;, by Equation (22).

Using the above method, we can easily estimate the active power regulation range of the UPFC,
without conducting any power flow calculation for the power system with the UPFC.

4.3. UPFC Regulation Capability under Different Grid Parameters

The characteristics of the UPFC regulation capability under different grid parameters can be
analyzed according to Equation (22). Specially, if we keep a;-2,, = 0.1 (about 5.7°), x5, = 0.01 p.u.,
and up = 0.1 p.u., then when b;-b;, changes from 0.00 to 0.05, P,, under different Op,, can be calculated
according to Equation (22). The results are shown in Figure 9.

—=— b, =0.00

209 --e-pb =001
A beb =0.02

1690 —-v--b-b =0.03
~4--bb = 0.04

5 124 —<=bb =0.05

T T T T T T T T
-180 -120 -60 0 60 120 180

Figure 9. Op,,,-P), curve under different b;-by,.

As shown in Figure 9, the change of b;-b,,, will affect the range of P, (that is, the difference between
the maximum and the minimum of P;,). The larger b;-b,, means the greater the change of 0;,, with the
UPFC active power flow regulation. As a result, the range of P,, decreases with the increase of b;-by,.
When b;-by, is zero, the range of P, is the largest.

On the other hand, if we keep bj-b;,, = 0.01, xy,,, = 0.01 p.u., and up = 0.1 p.u., then when a;-a,,
changes from 0.0 to 0.5, P, under different 0, can be calculated according to Equation (22). The results
are shown in Figure 10.

As shown in Figure 10, the ranges of P;, are almost the same under different a;-a,,, When other
conditions keep unchanged, the change of a;-a,;, has little effect on the range of P,,, but it will change
the maximum and the minimum of P,,. When other conditions keep unchanged, the maximum and
the minimum of P,, will increase with the increase of a;-a,, (when (a;-a,,) < 7/2).
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Figure 10. Op,,-P;, curve under different a;-ay,.

5. Case Study

In other to verify the effectiveness of the estimation method and the correctness of the analysis
results, the Chuxiong Power Grid, which is a practical power grid in China [26], is analyzed in this
section. The schematic diagram of the Chuxiong Power Grid is shown in Figure 11. The base capacity
of the system is 100 MVA. All per unit values given in this section are based on the system base capacity.

Renhe
© E ©

Huangping

to Changkou

switch station

© 220kV substation
®

py railway traction
=

= substation
wind farm
500 kV line
Dali  N\W/ "™ O\ O~ BN\ LTI T 4
@goa =
Lucheng .
& | 2=
Changkou
to Caopu

Figure 11. Schematic diagram of Chuxiong Power Grid.

As shown in Figure 11, a UPFC is installed in the Zixi-Xiejiahe line. The capacities of the shunt
converter and the series converter are both 40 MVA. The maximum output voltage of the series
converter is about 0.125 p.u. The reactance of the Zixi-Xiejiahe line is 0.01197 p.u.

5.1. Calculation Process of the Estimation Method

In order to illustrate the calculation process of the estimation method, the UPFC regulation
capability is analyzed under the typical operating condition (base case 1). Under this condition,
the network structure is shown in Figure 11, and all line impedances are given, so the admittance
matrix (B) of the system can be established, and its inverse matrix (X) can be calculated. Then,
we have: Xj; = 0.01873, X}, = X,y = 0.006539, and Xy, = 0.03489. According to Equation (20), we have:

by = 0.01219, b,,, = —0.02835, b; — b, = 0.04054 (23)
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Before the UPFC is installed, the initial states of the system are: P, = 2.6498 p.u., 0)9 = 14.3527°
(0.2505 rad), and 0,0 = 12.5187° (0.2185 rad). Then, according to Equations (19) and (23), we have:

a; = 0.2828,a, = 0.1434,a; —a,, = 0.1394 (24)

If we set u; = uy, = 1.0 p.u., ug = 0.125 p.u., and xy,, = 0.01197 p.u., then according to Equation (22),
the active power flow regulation range of the UPFC can be calculated, and the maximum and minimum
values of the line active power flow are obtained, which are 5.036 p.u. and 0.267 p.u. respectively.

To verify the above results, power flow calculations are conducted using the fully coupled
Newton-Raphson iterative algorithm in PSS/E. The voltage magnitude of the UPFC series converter is
controlled to 0.125 p.u., and the voltage phase angle changes from —180° to 180°. The pj,,-gi,, curve
obtained by power flow calculations is shown in Figure 12a. The active power flow under different
Opn is compared with the results obtained by the estimation method, as shown in Figure 12b. (For the
convenience of the active power flow comparison, the curve of the estimation method is shifted to the
left by 12.5°)

q,,/ p-u.

D,/ p-u.

(@)

61 —=— Power flow calculation
5 1 --©- Estimation method
4 /
4 i
s 37
s 24
l -
0 -
T T T T T T T T T T T T T
-180 -120 -60 0 60 120 180
gBm ¢

Figure 12. Power flow calculation results. (a) prs-Gkm curve; (b) Op,,-prm curve.

As shown in Figure 12a, the pj,,-gx, curve approximates to an ellipse, which is similar to the result
in Section 3. As shown in Figure 12b, the range of the active power flow obtained by the estimation
method is nearly consistent with the result of the power flow calculations. The maximum and minimum
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values of the active power flow obtained by the power flow calculations are 5.081 p.u. and 0.285 p.u.
respectively. The errors of the estimation method are 0.045 p.u. (4.5 MW) for the maximum value and
0.018 p.u. (1.8 MW) for the minimum value. The errors are small. The effectiveness of the estimation
method is verified. Besides, according to Equation (13), the active power flow regulation range under
ideal conditions is —7.793 p.u.~13.093 p.u., which is much larger than the range obtained by the power
flow calculations. This result confirms that it is necessary to consider the influence of the external
system on the UPFC power flow regulation. Furthermore, as the errors of the estimation method are
small, it is verified that the change in the phase angle difference of the line terminals is the main factor
affecting the UPFC active power flow regulation capability.

The above results show that we only need to know the admittance matrix of the system and
the power flow before installing the UPFC, and then we can quickly estimate the active power flow
regulation range of the UPFC-embedded line after installing the UPFC according to Equation (22). There
is no need to conduct any power flow calculation for the power system with the UPFC, which greatly
reduces the requirements for the power flow calculation program.

In addition, if we calculate the regulation range by power flow calculations, the process of
modifying the output voltage of the UPFC usually needs to be done manually. In order to obtain
accurate results, the step of each adjustment of the phase angle could not be too large. For example, if
we change the phase angle by 5 degrees at a time, we need to do a total of 72 power flow calculations.
This makes the whole process cumbersome and time-consuming. If we adopt the estimation method,
all these power flow calculations are avoided, thus the calculation process is greatly simplified.

5.2. UPFC Regulation Capability under Different Conditions

To analyze the characteristics of the UPFC and verify the estimation method under different grid
parameters, the UPFC active power flow regulation range is calculated under different conditions.

5.2.1. Operating Condition 1

The active power flow of the Zixi-Xiejiahe line is required to be no larger than 280 MW, which is
2.80 p.u. on the system base capacity. Under the typical operating condition (base case 1), for all the
single line outages that will overload the Zixi-Xiejiahe line, the UPFC active power flow regulation
range is calculated. The estimation method results for all these contingencies are shown in Table 1.
The maximum and minimum values of the line active power flow are given in the columns of Py, and
Pyin respectively, and the errors of P,y and Py, between estimation method results and power flow
calculation results are presented in the columns of AP, and AP,,;, respectively. All data in the table
are per unit values on the system base capacity. Besides, the curves of bj-b;;, and the range of P, under
different contingencies are shown in Figure 13.

Table 1. Estimation method results under different contingencies.

No. Contingency aj-an, b;-b,, Puax  Pupin  APpmax AP,y
0 Base case 1 (no outages) 0.1394 0.04054 5.036 0.267 —0.045 -0.018
1 Trip Lucheng-Heping 0.2055 0.04213 6.110 1.479 -0.062  0.008
2 Trip Lucheng-Cangling 0.2773 0.06256 5.398 2.036 —0.067 0.046
3 Trip Lucheng transformer ~ 0.2153 0.04716 5.755 1.518 -0.026 —0.005
4 Trip Lucheng-Zixi #1 (or #2) 0.1693 0.04627 5.054 0.754 -0.040  0.004
5 Trip Lucheng-Yuanmoukai  0.1510 0.04158 5.155 0478 -0.042 -0.012
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Figure 13. b;-b;; and the range of P;,, under different contingencies.

As shown in Table 1, the maximum and minimum values of the line active power flow obtained
by the estimation method are very close to the power flow calculation results. The maximum error
of Pyax and Py, is less than 0.07 p.u. (7 MW). This result further validates the effectiveness of the
estimation method. Besides, it is shown that the UPFC has the ability to keep the line from being
overloaded under all these contingencies, as P,,;, is always less than 2.80 p.u. (280 MW).

As shown in Figure 13, all the contingencies given in Table 1 will lead to the increase of b;-by,,
and regardless of whether the power flow calculation method or the estimation method is adopted,
Piax-Pin will always decrease with the increase of b;-by,. Besides, as shown in Table 1, by comparing
the results under contingency 1 (trip Lucheng-Heping) and contingency 5 (trip Lucheng-Yuanmoukai),
it can be seen that when the change of b;-by, is small, Pysy and P,,;;, increase with the increase of a;-a;,,.
These results are consistent with the conclusions given in Section 4.3.

5.2.2. Operating Condition 2

Under operating condition 2 (base case 2), the network structure is the same as that in operating
condition 1, but the load of the system is reduced, and P;,p = 1.7900 p.u. in the initial state. Similar
to operating condition 1, the UPFC active power flow regulation range is calculated under different
contingencies. The results of the estimation method are given in Table 2. The curves of bj-b;, and the
range of Py, are shown in Figure 14. It should be noted that because the network structure and line
parameters are unchanged, for the same contingency, b;-b,, under operating condition 2 is the same as
that under operating condition 1, so the column of bj-by, is not presented in Table 2.

Table 2. Estimation method results under operating condition 2.

No. Contingency ar-am Puax P APpax AP,y
0 Base case 2 (no outages) 0.0930 4.153 -0.615 -0.060 -0.043
1 Trip Lucheng-Heping 0.1552 5180 0.551 -0.059 -0.025
2 Trip Lucheng-Cangling 0.1920 4.255 0.894 -0.066 —0.002
3 Trip Lucheng transformer ~ 0.1193 4.133 -0.102 -0.044 -0.031
4 Trip Lucheng-Zixi #1 (or #2)  0.1067 3981 -0.319 -0.055 -0.026
5 Trip Lucheng-Yuanmoukai  0.0985 4.175 -0.500 -0.059 -0.038
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Figure 14. b;-b;, and the range of P, under different operating conditions and contingencies.

As shown in Table 2 and Figure 14, the following conclusions are verified: (1) the estimation
method is effective under operating condition 2, as the errors of Py and P,,;;, are small (less than
0.07 p.u.); (2) all the contingencies given in Table 2 will increase b;-by,, and with the increase of bj-by,,
Pryax-Pmin decreases; (3) for the same contingency, Piax-Ppin in operating condition 2 is almost the same
as that in operating condition 1, as bj-b;, is unchanged; (4) by comparing the results under contingency
1 and contingency 5, it is shown that when the change of b;-b;, is small, P45y and P,,;,, increase with the
increase of a;-ay,.

The above results further validate the theoretical analysis and the estimation method. Besides, it is
shown that if the network structure and line parameters are unchanged, it is very convenient to use the
estimation method to analyze the UPFC regulation capability under different operating conditions,
because there is no need to recalculate bj-b,;, and we only need to know the initial states before the
UPEFC is installed.

6. Conclusions

The research on UPFC power flow regulation capability is of great significance for the design
and operation of UPFC projects. This paper studies the UPFC regulation capability under different
system conditions, and analyzes the influence of different factors on the UPFC regulation capability.
Besides, an estimation method for the UPFC active power flow regulation range is proposed and
verified. The following conclusions are drawn:

(1) Under the ideal conditions, the dispatch trace of the UPFC at a constant injected voltage
magnitude is usually an ellipse in the PQ plane. The regulation range of the line active power
flow is independent of the sending-end bus voltage and the phase angle difference between
the line terminals, but it is proportional to the magnitude of the UPFC injected voltage, and is
inversely proportional to the line impedance. The regulation range of the line reactive power flow
is related to the sending-end bus voltage and the phase angle difference between line terminals,
and is also inversely proportional to the line impedance.

(2) After the changes in the voltage magnitude and phase angle difference of the line terminals are
considered, the regulation range of the UPFC will be reduced. The decrease of the active power
regulation range is mainly affected by the change in the phase angle difference, while the decrease
of the reactive power regulation range is mainly affected by the change in the voltage magnitude.

(3) The UPFC power flow regulation capability in actual power grids is restricted by many constraints.
The constraints of the shunt converter capacity and the exchanged power between the converters
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4)

)

(6)

may reduce the reactive power regulation range, while the rated current of the UPFC series
converter may reduce both the active and reactive power regulation range.

The active power flow regulation capability of the UPFC in practical power grids is not only
related to the parameters of the UPFC and its installation line, but also related to the system
structure and the parameters of other lines.

The active power flow regulation capability of the UPFC can be estimated by the method proposed
in this paper. This method can lower the requirements for the power flow calculation program,
and reduce computation load.

Line outages may increase b;-by,, and thus reduce the active power flow regulation capability of
the UPEC.

Author Contributions: Investigation, writing: J.Y.; Revise: Z.Z.; Supervision: Z.X. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Albatsh, EM.; Mekhilef, S.; Ahmad, S.; Mokhlis, H.; Hassan, M.A. Enhancing power transfer capability
through flexible AC transmission system devices: A review. Front. Inf. Technol. Electron. Eng. 2015, 16,
658-678. [CrossRef]

Pourakbari-Kasmaei, M.; Mantovani, J.R.S. Logically constrained optimal power flow: Solver-based
mixed-integer nonlinear programming model. Int. ]. Electr. Power Energy Syst. 2018, 97, 240-249.
[CrossRef]

Basu, M. Multi-objective optimal power flow with FACTS devices. Energy Convers. Manag. 2011, 52, 903-910.
[CrossRef]

Yang, J.; Song, P.; Xu, Z.; Xiao, H.; Cai, H.; Xie, Z. Small-signal model of vector current-controlled MMC-UPFC.
IET Gener. Transm. Distrib. 2019, 13, 4180-4189. [CrossRef]

Wang, X.; Wang, H.; Yang, J.; Xu, Z.; Sun, W.; Wu, C,; Li, C. Application of 500 kV UPFC in Suzhou southern
power grid. J. Eng. 2019, 16, 2580-2584. [CrossRef]

Gyugyi, L. Unified power-flow control concept for flexible AC transmission systems. IEE Proc. C 1992, 139,
323-331. [CrossRef]

Gyugyi, L.; Schauder, C.D.; Williams, S.L.; Rietman, T.R.; Tprgerson, D.R. The unified power flow controller:
A new approach to power transmission control. IEEE Trans. Power Deliv. 1995, 10, 1085-1097. [CrossRef]
Liu, J.; Xu, Z.; Yang, J.; Zhang, Z. Modeling and analysis for global and local power flow operation rules of
UPFC embedded system under typical operation conditions. IEEE Access. 2020, 8, 21728-21741. [CrossRef]
Liu, J.; Yang, J.; Xu, Z.; Zhang, Z.; Song, P. Regulation principles of power flow gradients to multiple
characteristic independent variables in UPFC embedded power system. Appl. Sci. 2020, 10, 1720. [CrossRef]
Ye, Y.; Kazerani, M. Power flow control schemes for series-connected FACTS controllers. Electr. Power Syst.
Res. 2006, 76, 824-831. [CrossRef]

Liu, L.; Kang, Y.; Chen, J.; Zhu, P. Cross-coupling control scheme and performance analysis for power flow
control of UPFC. Proc. CSEE 2007, 27, 42-48. (In Chinese)

Song, P; Xu, Z.; Dong, H. UPFC-based line overload control for power system security enhancement.
IET Gener. Transm. Distrib. 2017, 11, 3310-3317. [CrossRef]

Song, P; Xu, Z.; Luo, C.; Cai, H.; Xie, Z. Voltage sensitivity analysis based bus voltage regulation in
transmission systems with UPFC series converter. In Proceedings of the 43rd Annual Conference of the IEEE
Industrial Electronics Society (IECON 2017), Beijing, China, 29 October—1 November 2017; pp. 483—488.
Song, P.; Xu, Z.; Dou, F; Cai, H. Critical factor analysis and optimization method for placement and sizing of
unified power flow controller. Autom. Electr. Power Syst. 2017, 41, 168-175. (In Chinese)

Fang, X.; Chow, ].H,; Jiang, X.; Fardanesh, B.; Uzunovic, E.; Edris, A. Sensitivity methods in the dispatch and
siting of FACTS controllers. IEEE Trans. Power Syst. 2009, 24, 713-720. [CrossRef]


http://dx.doi.org/10.1631/FITEE.1500019
http://dx.doi.org/10.1016/j.ijepes.2017.11.010
http://dx.doi.org/10.1016/j.enconman.2010.08.017
http://dx.doi.org/10.1049/iet-gtd.2019.0627
http://dx.doi.org/10.1049/joe.2018.8556
http://dx.doi.org/10.1049/ip-c.1992.0048
http://dx.doi.org/10.1109/61.400878
http://dx.doi.org/10.1109/ACCESS.2020.2969500
http://dx.doi.org/10.3390/app10051720
http://dx.doi.org/10.1016/j.epsr.2005.10.014
http://dx.doi.org/10.1049/iet-gtd.2017.0022
http://dx.doi.org/10.1109/TPWRS.2009.2016531

Energies 2020, 13, 4419 19 of 19

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Alomoush, M. Derivation of UPFC DC load flow model with examples of its use in restructured power
systems. IEEE Trans. Power Syst. 2003, 18, 1173-1180. [CrossRef]

Alomoush, M. Impacts of UPFC on line flows and transmission usage. Electr. Power Syst. Res. 2004, 71,
223-234. [CrossRef]

Kamel, S.; Jurado, F; Lopes, J.A.P. Comparison of various UPFC models for power flow control. Electr. Power
Syst. Res. 2015, 121, 243-251. [CrossRef]

Yang, J.; Xu, Z. Power flow calculation methods for power systems with novel structure UPFC. Appl. Sci.
2020, 10, 5121. [CrossRef]

Renz, B.A,; Keri, A.; Mehraban, A.S.; Schauder, C.; Stacey, E.; Kovalsky, L.; Gyugyi, L.; Edris, A. AEP unified
power flow controller performance. IEEE Trans. Power Del. 1999, 14, 1374-1381. [CrossRef]

Schauder, C.D.; Gyugyi, L.; Lund, M.R.; Hamai, D.M.; Rietman, T.R.; Torgerson, D.R.; Edris, A. Operation
of the unified power flow controller (UPFC) under practical constraints. IEEE Trans. Power Del. 1998, 13,
630-639. [CrossRef]

Xia, J.; Fang, X.; Chow, ].H.; Edris, A.; Uzunovic, E.; Parisi, M.; Hopkins, L. A novel approach for modeling
voltage-sourced converter-based FACTS controllers. IEEE Trans. Power Deliv. 2008, 23, 2591-2598.

Ren, B,; Cai, H.,; Du, W,; Wang, H.; Fan, L. Analysis of power flow control capability of a unified power flow
controller to be installed in a real Chinese power network. In Proceedings of the 12th IET International
Conference on AC and DC Power Transmission (ACDC 2016), Beijing, China, 28-29 May 2016; pp. 1-6.
Han, B.; Zhang, N.; Hu, H.; Chen, ]. Control capability analysis of unified power flow controller considering
real-time control strategy. Electr. Power Eng. Technol. 2018, 37, 1-7. (In Chinese)

Weisstein, E.W. “Ellipse”. From MathWorld-A Wolfram Web Resource. Available online: https://mathworld.
wolfram.com/Ellipse.html (accessed on 26 August 2020).

Yang, J.; Yu, Z.; Ying, C.; Xu, Z.; You, G. System-level control strategy of UPFC in regional power grids.
In Proceedings of the 2019 IEEE PES Asia-Pacific Power and Energy Engineering Conference (APPEEC),
Macao, China, 1-4 December 2019; pp. 1-5.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/TPWRS.2002.805002
http://dx.doi.org/10.1016/j.epsr.2004.01.017
http://dx.doi.org/10.1016/j.epsr.2014.11.001
http://dx.doi.org/10.3390/app10155121
http://dx.doi.org/10.1109/61.796231
http://dx.doi.org/10.1109/61.660949
https://mathworld.wolfram.com/Ellipse.html
https://mathworld.wolfram.com/Ellipse.html
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Power Flow Regulation Capability of the UPFC under Ideal Conditions 
	Key Factor Analysis 
	Interaction between the UPFC and the External System 
	Impact of Constraints 

	Active Power Flow Regulation Capability in Complex Power Grids 
	Relationship between UPFC Active Power Flow Regulation Capability and Grid Parameters 
	Estimation Method of the Active Power Flow Regulation Range 
	UPFC Regulation Capability under Different Grid Parameters 

	Case Study 
	Calculation Process of the Estimation Method 
	UPFC Regulation Capability under Different Conditions 
	Operating Condition 1 
	Operating Condition 2 


	Conclusions 
	References

