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Abstract: Latest unified power flow controller (UPFC) projects adopt novel device structures to
meet the requirements of practical applications. Developing power flow calculation methods for
these new UPFC structures is of great significance for the design and operation of related projects.
To address this issue, this paper deduces an equivalent model of the general structure UPFC,
and presents the modified power mismatch equations and Jacobian matrix of the system. Then,
three power flow calculation methods suitable for the novel structure UPFC are proposed based on
the Newton—Raphson algorithm. The main difference between the three methods is the processing
method of UPFC equivalent power injections and the Jacobian matrix. The characteristics of these
methods are compared by case studies. Results demonstrate the effectiveness of the three methods
for different UPFC structures, and it is found that the improved method, which considers the impact
of the Jacobian matrix modifications in UPFC equivalent power injections, can realize power flow
calculation in existing calculation programs, and improve the convergence characteristics.

Keywords: flexible AC transmission systems (FACTS); unified power flow controller (UPFC); power
flow calculation; Newton—-Raphson algorithm; novel structure

1. Introduction

Flexible AC transmission systems (FACTS) are a collection of power electronic-based
controllers [1,2], including the static var compensator (SVC), static synchronous compensator
(STATCOM), static synchronous series compensator (SSSC), unified power flow controller (UPFC),
etc. FACTS provide an effective means to enhance the controllability and stability of power systems,
and a solution to improve the utilization of power equipment [3]. As the latest generation of FACTS
devices, unified power flow controllers (UPFC) have comprehensive control capability [4]. While
improving transmission capacity and stability of power grids, UPFC also has unique advantages
such as accurate and flexible power flow control, centralized layout and little impact on short-circuit
current [5]. Therefore, it has a good application prospect in modern power systems.

In recent years, UPFCs have been widely adopted in China. Three UPFC projects have been
put into operation in the last five years. These projects have made some improvements in the device
structure [6-9]. As shown in Figure 1, different from the early projects, the latest projects present the
following characteristics in terms of the UPFC device structure: (1) As most of the 110 kV and above
power grids in China adopt double-circuit lines, the UPFC series side may contain two converters
that control the power flows of the double-circuit lines separately, in order to improve the overall
transmission capacity; (2) In view of the low demand for reactive power in urban high-voltage
grids, the UPFC shunt-side bus can be changed from the original bus to a lower voltage bus to save
occupation and investment. These novel UPFC structures have been practically applied because of their
technical and economic advantages, and also provide important references for further applications of
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UPFEC. The analysis, development and comparison of power flow calculation methods for these novel
structures are of great significance to the design and operation of related projects.
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Figure 1. The structures of unified power flow controller (UPFC) projects: (a) Schematic diagram of
the conventional structure UPFC; (b) Schematic diagram of the UPFC project in Nanjing western grid;
(c) Schematic diagram of the UPFC project in Suzhou southern grid.

A large amount of research has been conducted on the power flow calculation method for the
power system with UPFC, and various UPFC models have been proposed. In terms of algorithms,
the unified iteration method and alternating iteration method are the two most important algorithms.
The unified iteration method iteratively calculates the UPFC state variables (such as the magnitude and
phase angle of the converter output voltage) together with the system state variables; the alternating
iterative method decouples the UPFC from the external system, and then it solves the state variables of
the UPFC and the external system separately.

In terms of UPFC models, various UPFC models have been proposed, such as the decoupled
model, the comprehensive model, the load injection model, the 7 load injection model, etc. [10].
The decoupled model is adopted in [11-14]. In [11], for the typical control strategy that the UPFC
controls the line active and reactive power and the AC bus voltage, an additional UPFC bus is added
to the system. Then, the two buses connected with the UPFC are regarded as PV bus and PQ bus,
respectively. Using this method, the UPFC can be removed from the system, and the power flow
calculation can be realized by conventional power flow calculation programs. In [12], the UPFC state
variables and the system state variables are calculated by the alternating iterative method. In [13,14],
the equivalent circuit of the UPFC-embedded line is deduced according to the UPFC control targets,
and thus the output voltages of the UPFC can be determined directly. Then, the modifications of power
mismatch equations and the Jacobian matrix are presented, and a Newton-Raphson algorithm-based
calculation method is proposed. In [15], the load injection model is adopted, and the UPFC is equivalent
to an impedance and two injected loads at UPFC terminals. In [16], the 7t load injection model is
adopted, and the UPFC is modeled with the 7 equivalent circuit and injected loads. Theoretically,
when the load injection model (or the 7 load injection model) is adopted, the relevant elements of the
Jacobian matrix could be modified to improve the convergence characteristic, but in practice, for the
convenience of program implementation, the modifications to the Jacobian matrix are usually ignored.
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The above methods essentially solve the state variables of the UPFC and the external system
separately, and thus belong to the category of the alternating iteration method. Different from these
methods, the literature [17-20] adopts the comprehensive model. The series and shunt sides of the
UPFC are equivalent to a series circuit of a controllable voltage source and an equivalent impedance,
respectively. The voltage magnitudes and phase angles of the controllable voltage sources are regarded
as new state variables, and solved together with the rest state variables of the system.

In general, no matter what model is used, the convergence characteristic of the power flow
calculation is better when the unified iteration method is adopted. However, on the other hand,
the alternating iterative method is more convenient and flexible in use, and requires fewer changes to
traditional AC power flow calculation methods. Therefore, some articles try to integrate UPFC into
some emerging methods to obtain the advantages of the above two methods. In [10], a new UPFC
model based on current injection is developed to integrate the UPFC into the Newton—Raphson current
injection load flow method (NR-CIM). In [21], the power/current injection mismatches (PCIM) load
flow method is proposed, and the UPFC model is implemented in the developed load flow method.
In addition to the research on power flow calculation methods and modeling methods, the constraints
handling approach of the UPFC has been analyzed in [22,23]. Although the above articles are mainly
applicable to the UPFC of the conventional structure, and have not considered the novel structure
UPFC, they still have reference value for the power flow calculation of novel structure UPFC.

This paper deduces an equivalent model of the general structure UPFC, and proposes three power
flow calculation methods suitable for different UPFC structures. The rest of this paper is organized as
follows: the general structure UPFC and its equivalent model are presented in Section 2. Three power
flow calculation methods are proposed in Section 3. The characteristics of these methods are validated
by case studies in Section 4. At last, conclusions are drawn in Section 5.

2. The General Structure UPFC and Its Equivalent Model

2.1. The General Structure of UPFC

As shown in Figure 1, the differences between the novel UPFC structures and the conventional
structure include: (1) the shunt side of the UPFC may be connected to a different bus with the series
side; (2) the series side of the UPFC may contains multiple converters. Considering the adaptability to
the conventional structure and the convenience of explanation, this paper takes the structure shown in
Figure 2a as the general structure of UPFC for analysis. Other structures will be discussed on the basis
of this general structure.

When the decoupled model is adopted, the UPFC and its connected line can be equivalent to the
power injections of corresponding buses (which are Py, + jQpuu, Pyt + jQpu and Pye + jQpe), as shown in
Figure 2b. The equivalent circuit of Figure 2a is shown in Figure 2c. In Figure 2c, u;, ux, u;; and u, are
the voltages of bus /, bus k, bus m and bus #, i1, i, and i, are the currents of corresponding lines. 7y,
X1y, and by, are the resistance, reactance, and susceptance of the transmission line. ug and ur are the
equivalent voltage sources of the series converter and the shunt converter, xg and xr are the reactance
of the series transformer and the shunt transformer, respectively. Py, is the active power exchanged
between the series side and the shunt side of the UPFC.

According to Figure 2c¢, the equivalent power injections of the UPFC under different control
strategies can be deduced as follows.



Appl. Sci. 2020, 10,5121 40f17

l m
u - ) U,
I I ! Eer/ le Enl‘v le m
! Y

m
!c Transmission I

Line n
PO
% Shunt [ Series .ne e
" |§_ Converter |_. ___| Converter ul‘l UPFC
(a) (b)
L ] Uy Uy
. 1 u ' . 4 .
le Y Im! 5 ! Bfm T ka Tim "X Pml o ml
1 1 > > .
e Pt
u, P J blm Ji blm
1)}1(’ +‘]Q ne dc
i}’l

(c)

Figure 2. The general structure of UPFC and its equivalent model: (a) the general structure of UPFC;
(b) the equivalent model of the general structure UPFC; (c) the equivalent circuit of the general
structure UPFC.

2.2. Power Flow of the UPFC Series Side

There are multiple control strategies for the UPFC series converter, mainly including: power flow
regulation, series reactive compensation, phase angle shifting and terminal voltage regulation [24,25].
When these control strategies are adopted, the power flows of the UPFC series side can be calculated
by the following method:

(1) Power flow regulation

Under this strategy, the active power flow and the reactive power flow of the transmission line
are controlled. If we assume P, + jQ,,; is controlled to P + jQ. (P and Q. are the targets of power
flow regulation), then according to Figure 2c we have:

. (Pc+ch
L=\—"7F7"—

Lo

) — Uy, X by (1)

w, =, — (rpy + jxgm) X i, (2)

where * denotes the conjugate of a complex number.

(2) Series reactive compensation

Under this strategy, the series side of the UPFC is controlled to be an equivalent series impedance.
If we assume the equivalent impedance is Z, then according to Figure 2c we have:

b L X+ 2y Xu,
=+ Z.+Z+ jbZ,Z,

®)

where:
Z; =Ty + jXim 4)

(3) Phase angle shifting
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Under this strategy, the voltage magnitude of bus k is the same as that of bus I. If we assume the
desired phase angle difference between bus k and bus [ is 0, then we have:

e = up L0k = uyZ(6; 4 0c) @)

where:
u; = uL0 (6)

(4) Terminal voltage regulation
Under this strategy, the phase angle of bus k is the same as that of bus I. If we assume the desired
voltage magnitude of bus k is 1, then we have:

U, = U0 = uc L0 )

According to Equations (2), (3), (5), and (7), it can be found that uy can always be represented by
u;, Uy, and the control targets of UPFC, no matter what control strategy is adopted. Then, according to
Figure 2c¢, the power flows of the UPFC series side can be calculated by:

le+lem = ulx(ﬂkijlm+ ﬂ)* (8)
- Tim +]xlm
P+ jQu = u,, X (“m X jby, — ﬂ) )
- . Tim + JXIm
u, —u_ \
P+ =u x(u X ib +u) 10
km ]ka La% W X 191 Tim + [Xim ( )

When the UPFC has multiple series converters connected in series with multiple lines, the power
flows of each line can be calculated according to Equations (8)—(10).

2.3. Power Flow of the UPFC Shunt Side

The shunt converter of the UPFC is used to control the DC voltage. When the active loss of the
UPFC is ignored, the active power exchanged between the shunt converter and the power grid is:

Pne:Pkm_le (11)

When there are multiple series converters, we have:

Pre =Y (Pni = Pmi) (12)

1

where Py,,,; and Py,,; are the active power flows of the ith series converter.

Besides, the shunt converter of the UPFC also controls Q. or the voltage magnitude of bus n.
When the shunt converter controls Qy., Qe is equal to the set value. When the shunt converter controls
the voltage magnitude of bus 1, Qy, is determined after the power flow calculation is solved.

2.4. Equivalent Model of Conventional Structure UPFC

The equivalent model of the conventional structure UPFC is shown in Figure 3. The conventional
structure UPFC can be regarded as a special case of the general structure UPFC, and its equivalent
model corresponds to the situation where bus ! and bus 7 are the same bus in Figure 2b. Therefore,
other formulas can be kept unchanged, except that Py, + Py and Qp,, + Que are taken as the active and
reactive power exchanged between the UPFC and bus [ (n).
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Figure 3. The equivalent model of the conventional structure UPFC.

3. Three Power Flow Calculation Methods

3.1. Power Mismatch Equations and Jacobian Matrix

After the UPFC is considered, the power mismatch equations and the Jacobian matrix need to be
modified. For the general structure UPFC, after the UPFC equivalent power injections are considered,
the power mismatch equations of bus I, bus m and bus 7 in polar coordinates become:

AP; = Py, — Py, — MI'ZI ui(Gli cos 0;; + Byj;sin 911')
1€
AQr = Qis = Qi — “lZI u;(Gj; sin 0y; — By; cos 0y;)
1€

APy = Pys = Py — iy 1. 1;(Gypi €08 Oi + Byyi sin 6,7)

em . (13)
AQu = Qms — Qi — MmZ ui(Gmi sin 0,,; — B; cos 6mi)

iem
APy, = Pys — Py — unz 1;(Gpj cos Oy + By sin 0y;)

1€en
AQn = Qns = Qne — ”n§ 1i(Ghi sin Op; — By cos O;)
en

For bus I, bus m and bus n, there are three items on the right side of their power mismatch
equations. The first items (P, Qis, Pins, Qms, Pus and Qys) are the nodal injection power without the
UPEC line. The second items (Pp,,, Qi Prut, Qi Pre and Qye) are the UPFC equivalent power injections.
The third items are the power injected by the nodes into the network, which are the same as those of
the system without the UPFC line.

Except these UPFC buses (bus I, bus m and bus 7), the power mismatch equations of other buses
are the same as those of the system without the UPFC line.

According to Equations (8)—(11), Py, Quu, Pt Qnu and Py are only related to the voltages of
UPFC buses. Q. is either a fixed value (when the shunt converter controls Q,,) or does not need
to participate in the iterations (when the shunt converter controls the voltage magnitude of bus n).
Therefore, the Newton—-Raphson matrix equations can be expressed as follows:

AP, H1y Hyp N1 N12 A6,

APy | | Hn Hxp+Hu Na Nz +Nu AB; (14)
AQ, Ju J12 L1 L1z AUy /Uy

AQ, Jn JotJu Ln Lan+Ly || AU/U;

where P;, Q1, 01 and Uj are variables of non-UPFC buses, Pa, Q2, 0, and U; are variables of UPFC
buses. Hjj, Njj, Jij and L (i = 1, 2; j = 1, 2) in the Jacobian matrix are the same as those of the system
without the UPFC. Hy, Ny, Ju and Ly are the modifications of the Jacobian matrix required after
considering the UPFC line.
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For the general structure UPFC, P, Q3, 07 and U, are:

APy =| AP, AP, AP, ]T

8Q =[ 80 AQw Qs |

02 =[ A6, MO, A0, |

AUZ/Uzz[ Aup/up Aug/uy  Auy/uy ]T

(15)

where 0), 0, and 0, are the phase angles of u;, uy,, u,. Further, uj, u,,, u, are the voltage magnitudes of
Uy, Um, Un-

If the shunt converter controls u,, Au, does not need to participate in the iterations. If the shunt
converter controls Qy,, Auy, needs to participate in the iterations, and according to Equations (8)-(11),
Hy, Ny, Ju and Ly can be calculated as:

N Iy
m m
Hu — _ 8Pm1 apml 0 , Nu — ul 8PmI " 8PmI 0 ,
3‘991 gem aaul 3%771
P P P,
89;118 39}:,16 0 U QLZE Um 8ur,:,g 0 (16)
anm anm anm anm
0 20 0 U o Unm i 0
— — Qui Qi = — Qi ml
Ju 50 J0m O Ly WGy Um0
0 0 0 0 0 0

3.2. Handling Conventional Structure UPFC

For the conventional structure UPFC, according to Figure 3, the power mismatch equations of
UPFC buses (bus [ and bus m) are:

AP; = Pis = (Piyy + Pre) — ”IZI u;(Gyj cos 0j; + By; sin 0;)
1€

AQ; = Qis — (Qu + Que) — MlZlui(Gli sin 6;; — By; cos 6})
1€

. (17
APy = Pys = Py = thn Y 14 (Giyi €OS Oy + By Sin Oy) )
em
AQum = Qums = Qi — tim X, 1i(Gyi I Opyi — Byyj 08 Oy
em
The Jacobian matrix of the system still can be represented by Equation (14). If we assume:
T
AP, = AP; AP, |
T
AQy = AQI AQu | )
T
MOy = AO; AO, |
T
AU /Uy = [ Bu/uy - Bit /1 |
Then, the modifications of the Jacobian matrix are:
(P +Pre)  I(Ppy+Pre) I(Ppyy+Pre) 9(Ppy+Pre)
Hor— — 90, 90m No——| 7 o L —r,
u= apml aPml NI = apml aPml ’
a_‘91 Wm ula_”l Um Ju (19)
a(le+Qﬂ€) a(anﬁ”Qne) u a(leJFQm)) u 3(Q1m+Qne)
__ 90, 90 Lir——| 7 ou M iy
Ju=="" o, 0g, [tu= 90y 90,
20, Em U1 73u, Un S

Compared with Equation (16), it can be observed that because the number of UPFC buses decreases,
the items in the modifications decrease. Especially, when the UPFC series converter controls P, + jQ,
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and the UPFC shunt converter controls the voltage magnitude of bus /, only the partial derivatives of
Py + Pye need to be calculated in Equation (19). At the same time, according to Equations (1), (2) and
(8)—-(11), Py, + Py can be calculated as:

(512 + 522)rlm
le"‘Pne:Pkm:_Pc‘l'—z (20)
Um
where:
S1 = Q¢ X cos(0; — O) + P X sin(0; — Opy) + X c0s(0; — Oy )by 1)
Sy = Q¢ X sin(0; — 0y) — Pe X cos(0) — Oy + 14, X sin(6; — O,,) by

According to Equation (20), only the partial derivative of Py, + Py, to u,, is not zero. Therefore,
at this time, only one item in the Jacobian matrix needs to be modified with the partial derivative of
Py, + Ppe to uy, in Nu.

3.3. Three Power Flow Calculation Methods

Using the power mismatch equations and the Jacobian matrix given above, the power flow of
the power systems with novel structure UPFC can be solved by the Newton-Raphson algorithm.
However, when the above method (which is referred to as the “original method”) is used for power
flow calculation, the power mismatch equations need to be recalculated according to Equation (13)
(or Equation (17)), and the Jacobian matrix needs to be modified according to Equation (14). Notably,
because the Jacobian matrix needs to be modified in each step of iterations it is difficult to implement
this method in existing power flow calculation programs.

Therefore, in practice, the Jacobian matrix is usually not modified, but the equivalent power
injections are updated during iterations. The power mismatch equations of this method (which is
referred to as the “simplified method”) are the same as those of the original method, so the same
calculation accuracy as the original method can be achieved. However, due to the simplification of
the Jacobian matrix, the convergence characteristics of the power flow calculation will deteriorate.
Under the same condition, the simplified method may require more iterations or even may not converge.

To solve this problem, under the condition that the Jacobian matrix is not changed during the
iterations, the impact of the Jacobian matrix modifications can be considered in the UPFC equivalent
power injections. According to Equation (14), we have:

APy 0 0 0 O A6y Hyin Hiz Nii Np A6y

AP, | |0 Hy 0 Ny A6, _| Hn Hx Nxn Ny A6, (22)
AQq 0 0 0 O AUy /Uy Ju Jiz Ln L || AUL/Uy

AQ, 0 Jy 0 Ly || AU/U, Jo1r T La Lxn || AU/U;

The right side of Equation (22) is the Jacobian matrix used in the simplified method. Therefore,
if the power mismatch equations of the UPFC buses are modified so that the system power deviations
have the form of the left side of Equation (22), the power flow calculation process without the Jacobian
matrix modifications can have the same convergence characteristics as the original method.

To achieve this goal, the second items of the left side of Equation (22) can be added to the equivalent
power injections of the UPFC. Then, the new equivalent power injections of the UPFC become:

lel ] le
Pml’ Pml
Pne’ Pne [ HU NlI :H: AGZ ]

= + 23
Q' | 7| Q| Tl Ty Lu || A/ @3)
le, le
Qne, ] Qne
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And the power mismatch equations of UPFC buses become:

APy’ = Pi; — Py, — u1}, u;(Gy; cos 0); + By; sin )
i€l

AQ) = Qis — Qi — uzZlui(Gzi sin 0}; — By; cos 0y;)
1€

APy = Pys = Pyyt” = ttm o i (Gyni €08 Oryi + By Sin Oy )
, , 1€em . (24)
AQn" = Qms — Qui” — tm Z 1i(Gyyi SN Oyyj — By €08 Oyy)
1em
AP, = P,s—P,,,’ — ””Z 1;(Gpi cos Oy; + By sin 0,;)
1€n
AQn" = Qus — Qne” — tn X 1i(Gpi Sin Opj — Byj cos Oy;)
1€n
Then, the system power deviations can be represented by the left side of Equation (22).
It should be noted that, in principle, at the ith iteration, A@2 and AU>/U; in Equation (23) should
be the results of this iteration. To calculate the new equivalent power injections of the UPFC in explicit
form, AO; and AU,/U; are estimated as follows [26]:

ABy AB,
[ Auzi/uzi :|~ /\|: AUZi_l/UZi_l ] (25)

where A is a scale factor, and the value range of A is [0,1]. At the first iteration, A@> and AU,/U> are
both equal to 0.

With this method (which is referred to as the “improved method”), after the power flow calculation
converges, A@, and AlU> both approach 0, so that the new equivalent power injections of the UPFC
approach the original power injections. Therefore, the power flow obtained by the improved method
is the same as that of the original method. Besides, because the improved method uses the same
Jacobian matrix as the simplified method, it can be easily implemented in existing power flow
calculation programs. Since the impact of the Jacobian matrix modifications is considered in the new
equivalent power injections, the improved method will have better convergence characteristics than
the simplified method.

4. Case Studies

4.1. WSCC 9-Bus Test System

In order to compare the characteristics of the three power flow calculation methods (the original
method, the simplified method, and the improved method), the Western System Coordinating Council
(WSCC) 9-bus test system is modified [27]. As shown in Figure 4, a general structure UPFC is added
in the system. The series converter is connected in line 4-5, and controls the power flow of the line.
The shunt converter is connected with bus 6, and controls the voltage of bus 6 at 1 per unit (pu).
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Figure 4. The Western System Coordinating Council (WSCC) 9-bus test system with the general
structure UPFC.

The three power flow calculation methods are adopted, respectively, under an Intel(R) Core(TM)
i7-5600U CPU personal laptop. All the calculations are initialized with a flat start, and terminated
when the largest voltage magnitude change and the largest voltage phase angle change are both smaller
than 1078 or the maximum iteration count (which is 50) is reached.

When P, + jQ. = =30 MW-j30 MVAr, the three calculation methods can all converge. The power
flow calculation results of the three methods are the same, which are shown in Tables 1 and 2. It is
shown that the results of the power flow calculations are reasonable, and the control targets of the
UPFC are achieved. The accuracy of the simplified method and the improved method are verified.

Table 1. Bus voltage results.

Bus No. Voltage/pu  Phase Angle/°

1 1.000 0.000
2 1.000 9.285
3 1.000 4.147
4 0.979 —2.428
5 1.001 —4.959
6 1.000 1.292
7 0.983 0.114
8 0.994 3.403
9 0.952 —4.534
Table 2. Power flow results.

From Bus No. To Bus No. P/MW Q/MVAr
1 4 72.08 37.62
2 8 163.00 17.80
3 6 85.00 2.12
4 5 28.53 14.94
4 9 43.55 18.87
5 6 —60.00 0.00
6 7 21.71 4.15
7 8 -78.37 -11.00
8 9 84.09 -0.03

Furthermore, in order to compare the convergence characteristics of these methods, P, is changed
from —210 MW to 120 MW. The iteration numbers required under different P, are shown in Table 3
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and Figure 5. For the improved method, when the value of A changes from 0 to 1 in steps of 0.05,
the minimum number of iterations under different A and the corresponding value of A are given in
Table 3. Besides, when A is 0.1, the iteration number of the improved method is also presented in
Table 3 and Figure 5.

Table 3. Iteration numbers of the three methods under different P..

Improved Method
P,/MW  Original Method Simplified Method
A = Amin Amin A=01
120 6 47 17 0.15 25
90 6 19 12 0.1 12
60 5 11 9 0.05 10
30 5 8 9 0.05,0.1 9
0 5 8 9 0.05 10
-30 5 8 9 0.05 10
—60 5 8 8 0.05,0.1 8
=90 5 11 9 0.05 10
-120 5 15 11 0.1 11
-150 5 22 13 0.1 13
-180 6 32 16 0.15 19
-210 6 >50 (not converge) 17 0.15 28
50
_ —=&— original method —e— simplified method
40 —A— improved method (A=4__ )
—v— improved method (A =10.1)
v
=
.3
=
2
0 T T T T T T T T T T T T T
-200 -150 -100 -50 0 50 100
P /MW

Figure 5. The comparison of iteration numbers under different P.

According to Table 3 and Figure 5, the following conclusions can be drawn:

(1) The number of iterations required by the original method is always the least. Under different
control targets of the UPFC, the iteration numbers of the original method are always kept at about
5, and the change is very small.

(2) When the power flow control target is close to the natural power flow (which is about —30 MW),
the number of iterations required by the simplified method is about 10, which is slightly more
than the number required by the original method. However, when the regulation effect of the
UPFC on power flow increases (for example, when P, < =100 MW), the number of iterations
required by the simplified method increases significantly.

(3) The improved method requires more iterations than the original method to achieve convergence;
but compared with the simplified method, when the UPFC power flow regulation effect increases,
the improved method has significantly fewer iterations than the simplified method. The number
of iterations can be effectively reduced by simply using the improved method with A = 0.1. When
the UPFC power flow regulation effect is small, the iteration number of the improved method is
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not much different from the simplified method; both methods can reach convergence in about
10 iterations.

In addition, for each situation in Table 3, when the original method or the improved method
is used, the computation time is about 0.01 s. In most cases, the computation time of the simplified
method is also around 0.01 s, except when P, is 120 MW or —210 MW, the computation time is 0.02 s.
This is because the iterations of the three methods are all based on the Newton-Raphson algorithm,
only the calculation method of the UPFC equivalent power injections and the Jacobian matrix are
different. The calculation of the UPFC equivalent power injections and the modification of the Jacobian
matrix do not need to be iterated, so their computation time is very short, and can almost be ignored.
Therefore, the difference in the computation time of the three methods is mainly related to the number
of iterations. When P is 120 MW or —210 MW, the number of iterations of the simplified method
increases significantly, so the computation time also increases.

When P, is =150 MW, the variations of the largest voltage magnitude change and the largest
voltage phase angle change of the three methods are shown in Figure 6. As shown in Figure 6,
the original method maintains the square-convergence characteristic of the Newton-Raphson algorithm,
while the convergence characteristic of the simplified method is approximately linear convergence.
The convergence characteristic of the improved method is between the original method and the
simplified method.

—=&— original method —=— original method
1024 —e— simplified method 10" 3 —e— simplified method
3 —v— improved method (1=0.1) 5, ] —v— improved method (1=0.1)
10° 4 1073
10% 10° 4
=
4
& 104 B 103
E s £ 1074
3 1074 s
10”5
1074
107 3
10%4
] 10%4
1074
E T T T T 10° T T T T
5 10 15 20 5 10 15 20
Iterations Iterations
(a) (b)

Figure 6. The iteration process of the three methods when P, is =150 MW. (a) The largest voltage
magnitude change; (b) the largest voltage phase angle change.

For the system shown in Figure 4, if the general structure UPFC is changed to a conventional
structure UPFC with the shunt converter connected to bus 4, the iteration numbers of the three methods
under different UPFC control targets are shown in Figure 7. As shown in Figure 7, the iteration numbers
are all about 6. According to the analysis in Section 3.2, the main reason for the above result lies in:
for the conventional structure UPFC, if the series converter controls the active power and reactive
power of the line, and the shunt converter controls the AC bus voltage, only one item is needed to be
modified in the Jacobian matrix. The addition of the UPFC has little effect on the Jacobian matrix, so
the iteration numbers of the three methods are very close.
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7 I original method Il simplified method
[ improved method (A = Ain)
Il improved method (A =0.1)

Iterations

250 200 -150  -100  -50 0 50 100
P./MW

Figure 7. The iteration numbers of the test system with the conventional structure UPFC.

4.2. IEEE 39-Bus lest System

In order to further verify the conclusions obtained by the foregoing test case, and to investigate the
convergence characteristics of the three power flow calculation methods in a larger system, the Institute
of Electrical and Electronics Engineers (IEEE) 39-bus test system is modified. As shown in Figure §,
the shunt converter is connected with bus 5 and the series converters are connected in the double-circuit

lines between buses 4 and 14.

30 37

28 29 J—

2 v —_ 27 I
4 I 38 ——
I 3 18 - 17 A @

= 39 v Converter3 o
oo - 15
[}
——9 i o
I ®

24 —= 36

23

Wl == 1 L
Vo) é O O

Figure 8. The Institute of Electrical and Electronics Engineers (IEEE) 39-bus test system with a novel

structure UPFC.

Similar to the previous case, when the reactive power of the double-circuit lines is both controlled
at 25 MVAr and the voltage of bus 5 is controlled at 1 pu, the iteration numbers of the three methods
under different active power control targets are shown in Table 4 and Figure 9.
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Table 4. Iteration numbers of the three methods under different P..

Improved Method
P, /MW  Original Method Simplified Method
A = Anin A=01
1250 6 39 17 23
1000 6 24 15 15
750 5 17 13 13
500 5 12 11 11
250 5 8 9 9
0 5 5 5 6
-250 5 8 8 9
=500 5 10 10 11
-750 5 16 13 13
—-1000 5 23 15 15
-1250 6 36 17 21
-1500 6 >50 (not converge) 19 33
50
] —a— original method —— simplified method
40 —A— improved method (A=4__ )
—v— improved method (1=0.1)
w 301
=
g
5 20-
10
= =
0 T T T T T T T T T T T
-1500 -1000 -500 0 500 1000
P /MW

Figure 9. The comparison of iteration numbers under different P,.

As shown in Table 4 and Figure 9, the original method requires the least iterations. Under different
P, the iteration numbers of the original method are always kept at about 5; When the power flow
control target is close to the natural power flow (which is about —125 MW)), that is, P, changes in the
range of =500 MW to 500 MW, the iteration numbers of the simplified method and the improved
method are similar, both are about 10, but when P, exceeds the above range, the number of iterations
of the simplified method increases rapidly, and the number of iterations of the improved method is
less than that of the simplified method, which verifies the effectiveness of the improved method.

In addition, for all situations in Table 4, when the number of iterations is less than 33,
the computation time of the three methods is around 0.01 s; when the number of iterations is
greater (equal to or more than 33), the computation time will reach 0.02 s. Overall, the computation
time of the three methods is relatively short.

Compared with the WSCC 9-bus test case, we can also find that the number of iterations of the
three methods is independent of system scale. After the system scale increases, the number of iterations
of the original method can still be kept at about 5. When the UPFC power flow regulation effect is
small, the iteration numbers of the simplified method and the improved method can also be kept at
about 10.

Moreover, when the shunt converter of the UPFC is reconnected to bus 14 from bus 5, the iteration
numbers of the three methods under different UPFC control targets are always about 6. The reason
for this result is that the UPFC series converters are connected in double-circuit lines, and the shunt
converter is connected to one terminal of the lines. Similar to the conventional structure UPFC,
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when the series converters control the active power and reactive power of the lines, and the shunt
converter controls the AC bus voltage, only one item in the Jacobian matrix needs to be modified,
thus the addition of the UPFC has little effect on the Jacobian matrix. Therefore, the three power flow
calculation methods are not much different.

5. Conclusions

This paper deduces a decoupled UPFC model based on the general structure UPFC. Three power
flow calculation methods applicable to both the novel structure UPFC and the conventional structure
UPFC are proposed, and the characteristics of these methods are analyzed and validated. The main
conclusions are summarized as below:

(1)  Using the UPFC model proposed in this paper, the UPFC with different structures can be easily
integrated in a power flow calculation.

(2) The power flow calculation method (“original method”), which strictly corrects the power
mismatch equations and the Jacobian matrix, can maintain good convergence characteristics
under different control targets; however, because this method requires modifications of the
Jacobian matrix, it is more complicated in terms of program implementation.

(3) The simplified method, which only modifies the power mismatch equations based on the UPFC
equivalent power injections and does not modify the Jacobian matrix, can realize the power flow
calculation in existing calculation programs. However, when the UPFC has a great effect on
power flow regulation, the iteration number of this method will increase significantly.

(4) The improved method, which considers the impact of the Jacobian matrix modifications in the
UPEFC equivalent power injections, can also realize power flow calculation in existing power
flow calculation programs, and this method is superior to the simplified method in terms of
convergence characteristics.

(5) For the conventional structure UPFC, if the series converter controls the active power and reactive
power of the line, and the shunt converter controls the AC bus voltage, only one item is needed
to be modified in the Jacobian matrix. The addition of the UPFC has little effect on the Jacobian
matrix, thus the convergence characteristics of the three methods are very close.

The comparison of these methods is summarized in Table 5. The method with more stars (%) is
better. It should be noted that because all these methods are based on the Newton-Raphson algorithm,
they have the same disadvantages, such as the need to update and factorize the Jacobian matrix
in iteration. Various novel methodologies are developed to overcome these disadvantages [28,29].
In future works, the method to integrate the UPFC into these methodologies should be studied.

Table 5. Comparison of the proposed methods. “%” is used to score methods, the method with more
stars (%) is better.

Programming Performance
Method ) . . Convergence . .
Jacobian Matrix UPFC Equivalence Characteristic Computing Time
Original method * %k k * %k 2.0, 8.
Simplified method %k Yk * *k
Improved method 2.8, 8. * * * k ¥k
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