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ABSTRACT The Optimal Unified Power Flow Controller (OUPFC) is an efficient series-shunt controller
that is incorporated to system to control the power flow through the transmission lines. Modeling of such
controller is a challenge task due the required complex modifications of the Newton Raphson power (NR)
flow to consider the parameters of the OUPFC. The aim of this paper includes (1) presenting an efficient
novel model of the OUPFC into NR power flow, (2) avoiding the complicities of modeling the parameters
of the OUPFC into power flow solution, (3) multi-control modes of the OUPFC is established to control
the active and reactive powers concurrently or separately and, (4) handling the violation of the operating
constraints by using developed methods. The proposed model is based on the power injection representation
where the parameters of the OUPFC are represented as injected loads as a function of the pre-requested
control variables (specified values). Therefore, the complicities of including its parameters are reduced.
The developed methods for handling the violations of the operating constraints are based on modifying
the specified values as a function of the maximum limits of the operating constraints. The proposed OUPFC
model and the developed constraints handling methods are implemented on IEEE 14-bus, IEEE 30-bus, IEEE
57-bus and IEEE 118-bus test systems. The simulation results verified the feasibilityand robustness of the
presented model into load flow analysis. in addition, effectiveness of the proposed approaches forhandling

the operating constraints of OUPFC.

INDEX TERMS Power flow, FACTS, optimal unified power flow controller, the operating constraints.

NOMENCLATURE Zrine The series impedance of the TL.
Linj The injected current to sending bus. S The specified apparent power in the TL.
I, The specified current passing through transmis- Py The specified active power in the TL.
sion line. Osp  The specified reactive power in the TL.
Ly, The shunt current. Ssh The shunt apparent power.
I The current between bus j & receiving bus 7. Ss The injected apparent power at sending bus s.
I The maximum series current. S; The injected apparent power at bus j.
Vij  The injected voltage. Qjr  The reactive power between bus j & receiving bus r.
Vuex The maximum injected voltage. Pjy The active power between bus j & receiving bus r.
v, The voltage of the sending bus. Re Superscr?pt refers to the .real part.
4 The voltage at bus j. Im Superscript refers to the imaginary part.
V. Receiving voltage.
Zs The series impedance of the OUPFC. 1. INTRODUCTION
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A. LITERATURE SURVEY
The Flexible Alternating Current Transmission System
(FACTS) has become the head of concern of the modern

VOLUME 9, 2021


https://orcid.org/0000-0003-2025-9821
https://orcid.org/0000-0001-9505-5386
https://orcid.org/0000-0003-3024-5108
https://orcid.org/0000-0002-1166-1934

M. Ebeed Hussein et al.: Effective Modeling of OUPFC Into NR Power Flow

IEEE Access

Static Synchronous Series
Compensator (SSSC) Variable impedance
controllers
Static synchronous
Compensator (STATCOM) type 1
Unified Power Flow ‘\ FACTS J
Controller (UPFC) Transformer (TCPST)
Optimal Unified Power
Flow Controller (OUPFC)
Thyrister Controlled
Series Capacitor (TCSC)
Interline Power Flow
Controller (IPFC)

FIGURE 1. Types of FACTS controllers based on the power electronic
devices.
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powers where the FACTS can change the parameters of the
power system such as the transmission line impedance, the
magnitude and the phase angle of the buses voltage and
the power flow in the network. Consequently, the FACTS are
widely used to enhancing the technical and economic issues
related to the power system operation including enhancing
the system stability, the loadability, the security, minimizing
the power losses and system generation cost [1], [2].

The FACTS controllers are power electronic devices, from
this prospective FACTS can be classified into two types as
depicted in Figure 1: (1) The variable impedance type and
(2) The Voltage Source Converter (VSC) type [3]. It should
be point out here that the FACTS controllers based VSC have
high control ability compared with the variable impedance
FACTS where the FACTS controllers based VSC can inject
AC voltage with controllable voltage magnitude and phase
angles to system. Thus, this VSC based type can control the
power flow efficiently.

Modeling of the FACTS devices into Newton Raphson
power flow solution requires several modifications are to
represent these devices. For modelling, the first type (vari-
able impedance modification), numerous modifications are
required in the line data, bus data and the Y-bus while model-
ing the second types (VSC based controller) needs difficult
modifications in Jacobian, corrections, power mismatches
matrices of the Newton Raphson (NR). The required modifi-
cations are applied to consider the contributions of the series
and shunt voltage sources of the controllers [4]-[6].

Several efforts have been presented for modelling the
VSC based controllers which are depicted in Figure 2. The
load injection model was presented in [7]. In this model
the controller is represented as injected active and reactive
powers at its terminal buses which are driven from the voltage
source representation of the controller. A modification of
Jacobian matrix is required to incorporate the active and
reactive powers. The m Load injection model was presented
in [8], in this model the controller is represented by a =w
equivalent circuit with injected loads at its terminals. The
disadvantage of this model is that numerous equations are
embedded into the power flow solution to represent the
controller. In addition of that the transmission line and the
controller resistances are neglected. The decoupled model
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FIGURE 2. Methods of modeling FACTS device.

was presented in [9], [10], to represent the controllers by
this method, the send end and the received end buses are
separated. Then, the sending end bus is represented as a
PV bus while the receiving end is represented as a PQ bus.
The model is an effective model but a set of modifications
in Jacobean matrix are required related to parameters of
the controller. The simplified model was proposed in [11],
in this model the controller is represented as fictitious loads
which are updated as a function of specified values. The
model is an efficient model, and no changes are required in
Jacobian matrix. However, the operating constraints of the
controller are not considered. The convergence of the power
flow solution with the simplified model was obtained after
40 iterations. References [12] and [13] propose a compre-
hensive model of the UPFC in Newton Raphson power flow.
The merit of this model is that it is a multi-control model
where the UPFC can control the active and reactive powers
as well as the voltage magnitude concurrently. In addition
of that the losses of UPFC are considered in solution of the
power flow. However, the shortage of this model is that a set
of equations are implemented in the power flow to represents
the UPFC as well as a modification is required in Jacobian
matrix of NR power flow which increases the complicities of
representation this controller. The accuracy of the power flow
with the comprehensive model is selected to be 10-12 and the
convergence was obtained in 7 and 4 for [12] and [13], respec-
tively. The direct model was presented in [14], where the
controller is represented by an augmented equivalent network
with adding auxiliary load buses. The merits of this model
include the symmetry of the original Jacobian matrix are not
changed and the constraints are not taken into considera-
tion. However, subsections are included to the basic Jacobian
matrix to represents the controller. The accuracy of the power
flow with the direct model is 10-12 and convergence was
obtained in 7 iterations. The authors in [15]-[18] presented
developed models of the controllers which is captured from
the power injection representation where the converters are
represented as current sources as a function of the specified
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or the specified values then the current sources are con-
verted to the power injection loads. The modifications are
avoided, and the operating constraints are considered but
some controllers are not represented such as the STATA-
COM, the OUPFC and the hybrid flow controller (HFC).
The operating constraints of the FACTS devices are related
to the rating of their converters. The operating constraints
should be considered with the FACTS modeling to realize
their practical capabilities. The constraints of FACTS con-
troller include the current passing via their converters and the
injected voltages by the converters as well as the exchanged
power via converters. Violation of the operating constraints
occurs when their values being more than the allowable lim-
its. Several papers have been provided to enforce or handle
the violations of the operating constraints into power flow
solution. S. Kamel ef al. presented an efficient model for
Center-node Unified Power Flow Controller into power flow
analysis with enforcement its operating constraints including
the injected series and shunt voltages, the series and shunt
currents passing through the VSCs of the controller and the
exchanged power in this controller [19]. In [20], a power
injection model of the SSSC with Multi-control Functional
has been presented with handling the violations of operat-
ing constraints including the series injected voltage of the
SSSC and the passing current through this controller. The
operating constraints of the UPFC have been enforced in [21]
including the series and the shunt injected voltages of the
UPFC, the series current passing through the inverter and the
exchanged power through the inverters.

The OUPFC is an effective controller which can be
incorporated in system to control the power flow in the trans-
mission lines. Few papers have been presented to describe
modeling or assigning the optimal location of the OUPFC.
The authors in [22] presented a power injection model
of the OUPFC as well as its optimal sizing and place-
ment have been determined for cost and power loss reduc-
tion. A. Lashkar Ara et al. [23] applied the CONOPT solver
to assign the locations and rating of the OUPFC under
N-1 contingency for active power loss reduction. The optimal
parameters setting OUPFC has been determined for transient
stability of the system [24]. The placement and rating of the
OUPEFC has been assigned for power loss reduction and line
collapse proximity indicator [25].

Enforcement the operating constrains is based on alleviat-
ing the specified values which are controlled by the FACTS.
Then, the NR power flow is recomputed with the new alle-
viated values. It should be highlighted here that handling
the constraints at their maximum values to maximize the
utilization of the used controller.

The OUPFC is an efficient controller consists of a phase
shifting transformer combined with a UPFC [22], [23], [24],
[25]. Thus, the OUPFC is a combined series shunt controller,
and it has ability to control the active and reactive power flow
in TL. Few references have been presented to model or study
the performance of the system with incorporating the OUPFC
where the authors in [22] presented a power injection model
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of the OUPFC in steady state. In addition of that the proposed
model has been applied on IEEE 14, 30, and 118-bus systems.
However, the proposed model is an efficient model, but the
shortages of the presented model are the operating constraints
have not considered in load flow solution and the resistance of
TL is ignored where only the TL reactance plus the injecting
transformer reactance are augmented as one reactance and
the load flow convergence characteristics of the presented
model have not been presented. In [23], the optimal rating
and placement of the OUPFC have been assigned using a
Non-Linear Programming under a single line contingency.
P. Avaz Pour et al. determined the parameters of the OUPFC
for the transient stability enhancement [24]. The authors
in [25] determined the optimal rating and location of the
OUPFC using the cuckoo search algorithm for the power
losses reduction and enhancing the system security.

B. CONTRIBUTION OF PAPER

In fact, the main contributions of this paper are (1) presenting
an efficient novel model of the OUPFC into NR power flow,
(2) avoiding the complicities of modeling the parameters
of the OUPFC into power flow solution, (3) multi-control
modes of the OUPFC are established to control the active and
reactive powers concurrently or separately and, (4) handling
the violation of the operating constraints by using developed
methods. The proposed model is based on the power injection
representation where the parameters of the OUPFC are rep-
resented as injected loads as a function of the pre-requested
control variables (specified values). Therefore, the complici-
ties of including its parameters are reduced. The developed
methods for handling the violations of the operating con-
straints are based on modifying the specified values as a
function of the maximum limits of the operating constraints.

C. PAPER LAYOUT

The paper is organized as follows: Section II ‘Problem For-
mulation’ described the NR method and inclusion of FACTS
devices. Section III ‘simulation results’ shows the yielded
results by application the OUPFC. Finally, Section IV
‘Conclusion’ summarizes the outcomes of the paper.

Il. PROBLEM FORMULATION

A. NEWTON RAPHSON WITH INCLUSION OF FACTS
DEVICES

Newton Raphson method is an efficient method that have
been applied for solving power flow for an electrical system.
Furthermore, it can be applied for solving the ill conditions
and large-scale systems [26]. Generally, the Newton Raphson
method for the power flow solution is expressed as follows:

[J1[X] = [B] ey

where, J is the Jacobian matrix, X is the corrections
matrix and B mismatches matrix. The NR matrices are
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given as follows:
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It should be highlighted here, in case of modeling the vari-
able impedance-based FACTS devices, it requires a modifica-
tion in Y matrix only or in bus and line data. The parameters
of FACTS devices are considered as state variables in the
Jacobian matrix, the corrections matrix mismatches matrix of
the NR power flow solution as follows:

A

&)

where, Jp, X, and Bj, are submatrices related to FACTS
parameters.

B. OUPFC MODELLING AND OPERATING PRINCIPLE

The OUPFC is a developed controller that consists of PST
and UPFC. The PST is tied with the secondary windings of
a coupling transformer while UPFC involves of two voltage
source converters couples with tertiary windings of a cou-
pling transformer as depicted in Fig. 3. The PST injects a con-
trollable AC voltage to the TL for changing the transmission
angle. The UPFC’s series converter is utilized for injecting
an AC controllable voltage in series to the TL to adjust the
power flow in this line while the shunt converter provides
the active power demanded using the second or the series
converter [22].

C. MODELING OF THE OUPFC INTO NR POWER FLOW

The OUPFC is a combined series-shunt controller injects an
adjustable AC voltage in series with transmission line for
control the powers flow through TL. Referring to Fig. 3,

VOLUME 9, 2021

S r
I Tse - I
Transmission line
\ANAN
I—I rrrm 1| I
_____ -— B
.
| Bh : Il |
| MY psT 1| |
| T E=———1 |1l !
| | - - — — — — - |
N I
|
: J_ Seties
| Shunt ’r converter
[

FIGURE 3. The construction of the OUPFC.

the OUPFC is connected between (s, r) buses where, s denotes
the sending bus while r denotes the receiving bus. The equiv-
alent circuit of the OUPFC includes a voltage source (Vi)
tied with the coupling transformer impedance (Z;) and a
shunt current source (/y;) at the sending bus as depicted
in Fig. 4 converter [22]. The auxiliary bus (j) is included
at the terminal of the controller to assign the output power
direction from this controller. Conventionally for modelling
the OUPFC, the four state variables which are associated
with the OUPFC (Viyj, Oinj, Vinj, Lsi, and 65;,) should be added
into the power flow solution. Thus, modeling of the OUPFC
traditionally needs difficult modifications.

Z Vvi”j J ZLine ‘

w5 I

Y
2T

FIGURE 4. The injected current- voltage representation of the OUPFC [22].

The proposed model of the OUPFC is based on trans-
forming the voltage source (Vi) to current source which
is shunted with of coupling transformer’s impedance as
depicted in Fig. 5. The value of the current is obtained
using (6):

|
<

inj

= (6)

Z
This current is calculated as a function of the specified

active power and reactive power of the TL using Kirchhoff

current law’s at bus j as follows:

—_— * [— f—
5 V.-V,
Iinj = Isp - IJ = (%) - < YZ— ]) @)
J s

where, Sy, = Py, +jQy, and Iy, = Iy + It + 12
It should be pointed out here that I, represents the current
flow through the TL which can be assigned based on as the

linj =
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FIGURE 5. The current source representation of the OUPFC.

specified values (Pyp, Qsp). The OUPFC does not exchange
any powers with the system converter [22]. Hence,

3V (T) =3V (153) ®)

It should be highlighted here that, Eq. (8) described the

balanced apperaent power in the OUPFC where the left part

of this equation refers to the injected power to the shunt

converter while the right part refers to the injected power by

the series converter. The exchanged real power in converters
in a single phase is give as follows:

P.. = Real (an (IT*;,)) = Re (Vs (@)) ©))

From (8) the shunt current is given as follows:

o= ——2 (10)

The proposed power injection model can be obtained by
converting the current source I;;; into two injected shunt
currents as shown in Fig. 6.

S I. 7 i ,
_If l‘s j Isp = f (LS sp) ZL . r
L ANA——— > ine
v ot
I sh inf I:‘nj 2 2

FIGURE 6. The shunt injected current sources representation of the
OUPFC.

The shunt currents are converted to injected complex loads
as presented in Fig. 7 using the following equations:

S = Vi (1) an
S, =V () (12)
5 = (-1) (13)

It should be highlighted here that from the aforementioned
equations, V;,; and Iy, are exchanged by injected loads which
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FIGURE 7. The proposed model of the OUPFC.

are updated as a function of the specified values, thus these
values are avoided to be incorporated as state variables into
load flow solution methods consequently, the complexities of
modelling this controller are reduced.

D. THE CONTROL MODES OF THE OUPFC
The proposed OUPFC model is a resilience model where it
can operate at different control modes as follows:

1) P-Q CONTROL MODE

In the P-Q or the full control mode, the OUPFC is adjusted to
control the active power and the reactive power flow concur-
rently as:

Pj, — Py, =0 (14)
er - Qsp =0 (15)

2) P CONTROL MODE

The OUPFC is adjusted in this mode to control the active
power flow only according to (16) while the reactive power
is released.

Pj, — Py =0 (16)

The reactive power flow can be assigned as follows
Qr = Im (V; (1)) (17)
B = = (V) + % (V= V) 1s)

3) Q CONTROL MODE
The OUPFC is adjusted in this mode to control the reactive
power flow only according to (19).

er - Qsp =0 (19)

The active power flow is uncontrolled value which can be
found using (20).

Pj, = Real (V; (I;r)") (20)

The steps of modeling the OUPFC into NR power flow are
depicted in Fig. 8.

E. THE CONSTRAINTS ENFORCEMENT OF THE OUPFC

The constraints enforcement of the controllers is an important
issue to assign the practical capability of these devices which
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[End & Print the results]

FIGURE 8. Flow chart for solving NR with load flow OUPFC model.

means determination or handling violations of the operat-
ing parameters of these controllers. The OUPF’s operating
constraints include the current passing through the OUPFC,
the injected voltage, the shunt current and the real exchanged
power. The operating constraints is enforced by minimizing
the specified values at their maximum limits as the follows

» The passing current constraint via the OUPFC.

[lsp| = 155" 21)
» The injected voltage constraint.

|Vin| < Vi (22)

inj

» The shunt current constraint.

Tsn| < Ig™ (23)
» The exchanged power constraint.

Pex < P (24)

The operating constraints can be enforced by two methods
the first method is the conventional method which is based on
minimizing the specified values gradually until the parame-
ters be equal or less than their maximum limits as illustrated
before. This method is simple to be applied but the main
shortages of this method are low accuracy and the required
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simulation time is high due to the power flow repetition with
the new minimized specified values. The proposed developed
method is working on updating the specified parameters in the
iterative NR power flow process as a function of the maxi-
mum limits which driven from equations of the mathematical
representation of the presented model. Thus, the NR power
flow will be repeated for one more time only. Consequently,
the computation time will be reduced considerably compared
to the conventional method. The constraints handling strate-
gies are specified as follows

1) THE ENFORCEMENT OF THE SERIES CURRENT VIOLATION
There are two methods to adjusting series current at its
maximum limit
a) Conventional method:
= Reducing Py, gradually until Iy, equals or less than
I S’l",“x as depicted in (21)
= Reducing Qy;, gradually until I, equals or less than
Igj“x as depicted in (21)
b) Developed method
The specified active and reactive power are represented as
a function of the maximum value of the series current and
updated in the iterative process of the power flow. The mod-
ified specified values can be calculated as follows:

— (5\"
I, = (%) (25)
J

Iy — 15" =0 (26)
. * .
Imax _ Psp +JQsp _ PS[J _JQsp (27)
sp V] ‘/j*
V Pyp)® + Q)
x| = (28)
2 2
VY +vim
where,
_ yR I
Vi = Vi v (29)
2 2 2
Py = i\/ " (VR £ vim?) — 2, G0)
2 2 2
0y = %/ [tme| (VB + VI = P2, 31

Egs. (30) and (31) can be rewritten as follows

P = | s - 2, (32
o =+ | e~ 3 (33)

where, § = (VE)? 4 (vimy?

It should be higlite here that the constraints of the OUPFC
is handled at their maximum limits to maximizing the utiliza-
tion of the OUPFC. However, the maximum value is varied
with V] but the specified value also changed to ensure that
this value is at its maximum value with the iteration process
of the load flow as depicted in (30) and (31).
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2) ENFORCEMENT THE INJECTED VOLTAGE CONSTRAINT
If Vi, is violated, it should be enforced at its maximum
allowable limit (V;i). There are two methods to adjusting
Vinj at its maximum limit:
a) Conventional method
- Reducing Py, gradually until Vj,; equals or less than
Vl.ffj.“" until Eq. (22) is satisfied.
- Reducing Qy, gradually until V;,; equals or less than
Vi’,’l;.“" until Eq. (22) is satisfied.
b) Developed method
The developed method is based on releasing the Py, or the O,
as a function of V/**. The new specified values can enforce
Vinj to its Vi’;;-"x and it can be assigned from (6) according to
the following equations:

V,'nj = Tinj X 7S (34)

By substituting I_inj from (8) in (35)
R— * —_ R—
_ S Vi—Vi\\ =
" ((‘6) ( Zs )) ' o

G Z -V, 4+ VT,
Vi = v) % SFAGIIF LE (36)
Vi
By substituting Vj, V}, Z and Sy, in (36). Thereby, Eq. (36)

is expressed as follows:

hence,

Vinj
2 2
(Q‘PXS - (VJRer ‘+ Vfo’") + ((er) +(Vimy ))
i) (e )

=%k

Vi
37)
where,
V= VOV V= VRV e = ViV
= (VR 1 (vImyY, z, =X,
Eq. (37) can be simplified as:
7 QX2 i () =B)

Vi

where,

By substituting V;,; by Vi’,z.‘”‘ in (38), the absolute value of
Vinj can be given as:

_ ‘(Qs,,xs I+ E)+) ((Xngl;W) - ﬂ)\ )

’—*

max
Vinj

Vi

129400

With doing some manipulations in (39), it can be rewritten
as:
ymax 2 =
inj

2 —k
)"f

(0pXs +7)° + ((XSP;’;;’W) - 5)2 (40)

where, T = —A + £. Eq. (40) can be reformulated as follows:

2 2
(XsP?,fW) — 2BXPL” + (QpXs) + 17 +2X,70,,

2 ma)rz_*2
+ﬂ—)vmj ‘Vj —0 (4]

This equation is a quadratic function. Therefore, it can be
solved as follows:

o _ —BxVBI—4AC
PL, = o (42)

where, A = (X,)2, B = —2BX,and C = (X,) (Qy)’ + 72+
2 .12
204, XsT + 21— )v.max ‘vj*

inj

By the same way, Oy, that can handle violation of Vi is
calculated as follows:

o _ —BEVB2—4AC
Qnew = 2A
2

where, A = (Xs)z, B = 2X;t and C = (Xs)2 (Psp) —
2
2,3XsPsp + T2 + ,32_

(43)

V*

max 2
1% j

inj

3) CONSTRAINT VIOLATION HANDLING OF THE SHUNT
CURRENT

If Iy, is violated, it should be enforced at its maximum limit
(I;3*) as follows

- Reducing Py, gradually until |Iy| equals or less than
157 until Eq. (23) is satisfied.
- Reducing Oy, gradually until |I| equals or less than
Vi’,':l.“x until Eq. (23) is satisfied.
4) CONSTRAINT VIOLATION HANDLING OF THE
EXCHANGED POWER
If P, is violated, it should be enforced at the maximum
limit (P;**). There are two methods to adjusting P, at its
maximum limit:

a) Conventional method
- Reducing Py, gradually until P, equals or less than
P7'% until Eq. (24) is satisfied.
- Reducing Qy, gradually until P, equals or less than
P72 until Eq. (24) is satisfied.
b) Developed method
The developed method is based on releasing Py, or Qg as
a function of PJi**. The specified values that handle the
exchanged power can be founded by Substituting the values
of Viyj and I, from (38) and (25) in (9) as:

Pex
_ Real (( (@use =3 +8) 1) (¥ucPy) —ﬁ)) (i))
Vj V;
(44)
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FIGURE 9. Constraints enforcement methods of the OUPFC.

By substituting S_Sp in (44) and doing some manipulations.
It can be formulated as follows:

Py = Psp (1 - &> + éQsp 45)
3 3

From (45), the specified active power and the reactive
power that enforce the exchanged power at its maximum limit
are given as follows:

P?;W = ;)L (chax - EQS}?) (46)
(1-%) :

wof(mor(Y)

Fig. 9 depicts the handling constraints violation methods.
Finally, Table 1 summarized all equations which have been
used for modeling the proposed OUPFC.

IIl. SIMULATION RESULTS
The proposed model of the OUPFC into NR power flow as
well as the operating constraints enforcement methods are
validated and tested on IEEE 14-bus, IEEE 30-bus, IEEE
57-bus systems and IEEE 118-bus system in this section.
The line data and the bus data of the used IEEE 14-bus,
IEEE 30-bus, IEEE 57-bus and IEEE 118-bus are given
in [27]. The tolerance of the NR power flow is 10-5 and the
MVA base is 100. The proposed model was written using
MATLAB software (MATLAB 2018b) and carried out on a
core i5 core PC with processor 2.50 GHz and 4 GB RAM.
The studies cases are listed as flows:

A. IEEE14-BUS SYSTEM
Here, the OUPFC is inserted at line (6-13). It should be
highlight here that the OUPFC can be inserted at any location
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and this location is arbitrary selected only for demonstrating
the validity of the proposed model. The base power flow
in this TL without inclusion OUPFC is 17.799 MW + j
7.461 MVAR. Tables 2 and 3 show the simulation results
which obtained by inclusion of OUPFC. Five studied cases
are presented with different specified values under full con-
trol mode as follows:

Case 1: In this case, the selected specified active and reac-
tive powers (P, Osp) that adjusted by OUPFC are 10 MW
and 12 MVAR. The specified values are controlled to be less
than the base case.

Case 2: In this case, the Py, and Oy, are selected to be
25 MW and 8 MVAR which are selected to be more than the
powers in the base case.

Case 3: In this case, the Py, and Qy, are adjusted by
OUPFC to be —20 MW and 10 MVAR. The specified active
power is adjusted to be more than and in opposite direction
of the base active power flow.

Case 4: In this case, the Py, and Oy, are adjusted by
OUPFC to be —15 MW and —7 MVAR. The specified active
and reactive power is adjusted to be in opposite direction of
the base active and reactive powers flow.

Case 5: In this case, the Py, and Qy, are adjusted by
OUPFEC to be 20 MW and —7 MVAR. The specified active
power is adjusted to be more than the base active power
in the same direction while the specified reactive power is
adjusted to be in opposite direction of the base reactive power
flow.

According to Tables 2 and 3, the parameters of the OUPFC
(Wn] I and P,y), the injected complex loads (S_'i, Sk, E)
and the voltage at the auxiliary bus j are changed with vari-
ations of the specified values. Judging from the aforemen-
tioned tables, the presented model is flexible to adjust the
specified values to be more or less than the original powers
flow. In addition to that it can adjust the directions of the
power flow. Fig. 10 shows the absolute power mismatches of
the NR power flow versus the iteration number with inclusion
the proposed model for the previous cases. According to
Fig. 10, it is clear the proposed model has stable and well
convergences characteristics. It should be highlighted here
that the power flow with inclusion the OUPFC using the
proposed method is converged in 10 to 11 iterations while
the convergance of the power flow with the conventional
method [22] is not reported.

B. IEEE 30-BUS SYSTEM

Here, two OUPFC devices are installed in IEEE30-bus
to demonstrates the efficacy and validity of the proposed
model. Three studied cases are presented where two OUPFCs
are embedded in system with different control modes
(P-Q, P, Q) as well as different specified values and locations.
Table 4 indicates the simulation results for the presented
cases. In the first case, the OUPFC devices are incorporated in
lines 5-7 and 2-4 and the OUPFCs work in full control modes.
In the second case study, the OUPFC devices are incorporated
in lines 2-6 and 9-10, both of the OUPFCs work under P
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TABLE 1. Summarization of the used equations for modeling the OUPFC.

Reducing P, gradually until I, equals or less than I3,
Reducing Qy, gradually until I, equals or less than I3 .
b)  Developed method

2
Pszew = |Isrgax| f - Qszp

2
tv = & I s -

3) I sh

a) Conventional method

Reducing P, gradually until P,, equals or less than P;7%*.
Reducing Qs,, gradually until P,, equals or less than P,2**

a)

4
a)

b)

Modeling of the OUPFC Control modes of the OUPFC

1)  The injected loads for representation of the OUPFC 1)  P-Q Control Mode

ST A( - By=Ry=0

- ‘STG:VS(T;:]) - er_QspZO

. §] _ V,(—ng) 2) P Control Mode
2)  The specified values - Py =Py =0

- g = Psp +stp - QiT = Im(V] (IIT)*)
3)  The shunt injected current. 3) Q Control Mode

- E:(VM]T@) - er_Qsp=0
4)  The exchanged power - P, =Rea(V (IJT)*)

P. = Real (V,,(T3,)) = Re (V(T5,))
Methods of the constraints enforcement
) I, 2) Vi
a)  Conventional method a)  Conventional method

Reducing Py, gradually until V;,,; equals or less than V3"

Reducing Qg gradually until V;,, jequals or less than V'™
Developed method
psP _ “BEVBI-4AC

new — 24
sp _ —BiVB?-4AC

new — 24

Pex
Conventional method
Reducing P, gradually until P,, equals or less than P;3%*.
Reducing Q, gradually until P,, equals or less than P;y**.

Developed method

P =l (P~ 0a)

2= §(Paee-pr(1-2))

TABLE 2. Parameters of the OUPFC with different specified values (IEEE 14-bus system).

P Q R _ Simulation time

Case (M;I;/) (MVSZT) V"ll (p.w) Ig,(p-w) P..(MW) (Sec.)
1 10 12 0.03626 /-87° 0.0049 /6° 0.49607 0.0628

2 25 8 0.05694 /51° 0.0128 /-96° 0.19085 0.04029
3 20 10 0.20793 /-132° 0.0443 /-59° 3.35238 0.04471
4 -15 7 0.20129 /-159° 0.0338 /-80° 1.47950 0.04562

5 20 -15 0.13872 [128° 0.03312 /-116° 1073169 0.048565

TABLE 3. The complex loads and the auxiliary voltage with inclusion of one OUPFC (IEEE 14-bus system).
Case Pep Qsp Vux (- 0) S.(MVA) S (MVA) S (MVA)
(MW) (MW) aux\V- 1 k sh

1 10 12 1.070 /-16.37° -37.09 +i11.36 36.60 §12.86 0.488 - j0.205

2 25 8 1.087 /-12.92° 55.56 +j24.98 -55.75 -j26.86 0.157+ 1.39

3 20 10 0.980 /-23.25° -196.66 -j1.040 193.31+ j64.17 3.535 +2.53

4 -15 7 0.919 /-20.12° -122.6 -j177.08 121.13+139.8 1.570 +j2.69

5 20 -15 0.979 /-10.78° 90.18 - j117.90 -89.44 + 102.1 0.878 +3.12

control modes while in this third case, the OUPFC devices are
connected in lines 6-10 and 12-4. The first OUPFC operates
at P control mode while the anther OUPFC operates under
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Q control mode. From Table 4, it obvious that the parameters
of the OUPFC:s follow the changes of the specified values and
the control modes.
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FIGURE 10. The convergence characteristic of NR power flow for (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5.
TABLE 4. Simulation results for the IEEE 30-bus system with incorporating two OUPFCs.
Parameters Case (1) Case (2) Case (3)
Location OUPFC1 OUPFC2 OUPFC1 OUPFC2 OUPFC1 OUPFC2
ocatio 57 2-4 2-6 9-10 6-10 12-4
Control mode P-0 P-0 P P P [0
Base P (MW) -14.205 45.712 61.912 27.693 15.823 -44.121
Base Q (MVar) 10.500 2.705 -0.958 6.741 0.653 -9.961
Py, (MW) -15 50 65 30 20 -45
Qsp(MVar) 15 5 -2 8 2 -15
T.,(p.w) 0.00612 /66° 0.02240 /85° 0.05933 /71° 0.00836 /72° 0.00045 /-134° 0.00459 /119°
Vinj(p-w) 0.02969 /-50° 0.04884 /78° 0.09428 /111° 0.03041 /75° 0.00229 /-60° 0.02156 /165°
S,(MVA) -17.35+24.46 50.6633 +j 5.31 87.53 -j44.82 32.079+j0.06 -1.7178 +j1.55 -2.36 —j22.52
S, (MVA) 17.45 -j24.74 -50.98 - j5.81 -86.14 +j41.96 -31.54 -j0.51 1.69 - j1.59 -1.34 +j20.96
S (MVA) 0.105-j0.62 -0.011 -j2.35 1.476 —j5.84 0.065-j0.86 -0.024 +j0.039 -0.291 —j0.34
P..(MW) 0.10517 -0.03227 1.39471 0.05370 -0.02464 -0.37083

C. IEEE 57-BUS SYSTEM

modified specified values. The following

cases describe

In this section the OUPFC constraints have been enforced
by application the conventional and the proposed methods.
the OUPFC is inserted at line (4-6). Without inclusion the
OUPFC, the power flow in this line is 14.159 MW — j
5.095 MVar. The adjusted specified active and reactive pow-
ers by the OUPFC are 60 MW and 55 M Var, respectively.
Table 5 list the studied cases. In Table 5, the bolded val-
ues refer to the enforced parameter and the corresponding
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application of the studied cases are summarized as follows:

Case (1): This case is the based case where the OUPFC is
inserted in line 4-6 to adjust the active and reactive powers
for this line to be 60 MW and 55 M Var, respectively. In this
case, the constraints handling methods are not applied.

Case (2): In this case, the active and reactive powers are
adjusted like case (1), except that I, is limited to be 0.6 p.u.
Iyp is adjusted to it maximum limit (/;,*") using the developed
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TABLE 5. Studied cases of the operating constraints handling methods (IEEE 57-bus).

Case Py, (MW) Q,,(MVAR) 15| (. w) |V inj| (0. w) [ pl(p.w) P, .(MW) Simulation time
(Sec.)
(1) 60 55 0.7346 0.2374 0.18210 4.77796 0.330
(2) 36.5602 55 0.6000 0.19458 0.12137 3.94373 0.588
3) -33.4482 55 0.6000 0.25802 0.15957 4.79961 0.543
“) 36.5100 55 0.5998 0.20215 0.12720 4.40825 28.902
(5) 60 21.9429 0.6000 0.19028 0.11774 3.72068 0.626
(6) 60 -6.1007 0.6000 0.18109 0.11136 2.91307 0.687
(@) 60 21.8800 0.5998 0.19255 0.12018 4.26841 36.59
(8) 29.3008 55 0.5674 0.19500 0.11595 4.24200 0.519
) -8.1106 55 0.5173 0.19500 0.10440 4.11784 0.817
(10) 29.200 55 0.5670 0.19492 0.11582 4.24013 26.885
(11) 60 25.273 0.6144 0.19500 0.12501 3.84583 0.720
(12) 60 23.900 0.6050 0.19448 0.12283 430772 25.505
(13) 54.3550 55 0.6990 0.23108 0.16999 5.11198 33.859
(14) 60 48.2300 0.7001 0.23104 0.16999 5.10625 29.097
(15) 39.2309 55 0.6133 0.19823 0.12645 4.00000 1.395
(16) 39.2000 55 0.6131 0.19819 0.12639 3.99934 10.549

method by adjusting Py, according to (32). The new Py, by
application the first root of Eq. (32) is 36.5602 MW for han-
dling I,. The simulation time for this case is 0.588 second.

Case (3): Iy, is adjusted to its maximum limit like case (2)
but [y, is adjusted using the developed method to it maximum
limit (Z3,*") by using the second root of Eq. (32). The required
simulation time for this case is 0.543 second.

Case (4): Iy is adjusted to it maximum limit (0.6 p.u) like
case (2) but using the conventional method by minimizing Py,
gradually until (21) is satisfied. The new specified value by
application this method is 36.5100 MW. This value adjusted
I, to 0.5998 p.u. However, Eq. (21) is satisfied but it less
than the required maximum limit value by 0.0002 p.u. Thus,
the developed method is more accurate compared with the
developed method (Cases 2 and 3) time as well as it needs
more commotional time compared with developed method
where the required simulation time is 28.902 second.

Case (5): Iyp is limited to be 0.6 p.u. Ig* using the
developed method by adjusting Qy, according to (33). The
new reactive power by application the first root of Eq. (33) is
21.9429 MVar for handling I,. The required simulation time
for this case is 0.626 second.

Case (0): Iy, is adjusted using the developed method
to it maximum limit (/3;*) by application the second
root of Eq. (33). The obtained specified reactive power is
—6.1007 MVar. The required simulation time for this case is
0.687 second.

Case (7): Iy is adjusted to it maximum limit 0.6 p.u
using the conventional method by minimizing Qs gradually
until (21) is satisfied. The new specified value by applica-
tion this method is 21.88 MVar. This value adjusted Iy, to
0.5998 p.u. The required simulation time for this case is
36.59 second. Thus, this method needs more required sim-
ulation time and less accurate compared with the proposed
develop methods cases (5, 6).

Case (8): This case this case (1), except that |ij| is
limited to be 0.195 p.u. |Vjsj| is adjusted to it maximum
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limit (Vi:’;‘x) using the developed method by adjusting Py,
according to (42). The new Py, by application the first root
of Eq. (42) is 29.3008 MW for handling the violation of
the |Vi,1j}. The required simulation time for this case is
0.519 second.

Case (9): This case is like case (8), except that |Viy,| is
enforced by modifying Pj, using the developed method by
application the second root of Eq. (42). The new specified
active power is —8.1106 MW and the required simulation
time for this case is 0.817 second.

Case (10): This case like case (8), but ‘Vinj| is adjusted to
it maximum limit (0.195 p.u) using the conventional method
by minimizing P, gradually until (22) is satisfied. The new
specified value by application this method is 29.200 MW.
This value adjusted |Vinj| to 0.19492 p.u. However, Eq. (22)
is satisfied but it less than the required maximum limit
value (0.195 p.u). Thus, the developed method for this
case is more accurate compared with the developed method
(Cases 8 and 9) time as well as it needs more commotional
time compared with developed method where the required
simulation time is 26.885 second.

Case (11): This case is like case (8), where | Vjy,] is limited
to V" using the developed method by adjusting Qy;, accord-
ing to (43). The new reactive power by application of Eq. (43)
is 25.273 MVar for handling Vj,;. The required simulation
time for this case is 0.720 second.

Case (12): This case is like case (5), where ]V,-nj] is
limited to Vi',g;.“x but by using the conventional method by
minimizing Qy, gradually until (22) is satisfied. The new
specified value by application this method is 23.900 M Var.
This value adjusted }V,-nj] to 0.19448 p.u. The required simu-
lation time for this case is 25.505 second. Thus, this method
needs more required simulation time and less accurate com-
pared with the proposed develop methods case 11.

Case (13): Itis like case (1), except that I;;** is assumed to
be 0.17 p.u. I, is enforced to its maximum limit by reducing
Py, gradually till Eq. (23) is satisfied. The new specified
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TABLE 6. Simulation results for the IEEE 118-bus system with incorporating two OUPFCs.

Parameters Case (1) Case (2)
Location OUPFC1 OUPFC2 OUPFC1 OUPFC2
19-34 37-33 65-68 91-92
Control mode P-0 P-0 P-0 P-0
Base P (MW) -2.600 14.784 61.912 19.984
Base Q (MVar) -7.319 8.745 -0.958 -9.628
Pg,(MW) 10 10 25 30
Qsp(MVar) 12 8 12 8
Vinj(p-w) 0.17832 [47° 0.04109 /37° 0.18885 /92° 0.17907 [33°
S,(MVA) 17.25+j22.84 -3.06 - j6.03 28.78+j13.12 -27.024+j11.186
S .(MVA) -17.49+j25.47 -3.06 - j6.04 -28.8 -j13.91 27.24 -j12.71
S.n(MVA) -0.1389 -j2.9 -0.2375 -j0.47 0.104 -j5.21 0.047 - j3.94
P,.(MW) -0.24864 -0.22038 1.39471 0.21421

value is 54.3550 MW while the required simulation time is
33.859 second.

Case (14): Tt is like case (13), except that Iy, is enforced
to its maximum limit (0.17 p.u) by reducing O, gradually
till Eq. (23) is satisfied. The new specified reactive power for
this case is 48.23 M Var while the required simulation time is
29.097 second.

Case (15): In this case P is assumed to be 4 MW. Py, is
adjusted to its maximum limit by modifying Py, by appli-
cation the developed method by application Eq. (46). The
obtained g Py, is 39.2309 MW and the required simulation
time for this case 1.395 second.

Case (16): 1t is like case (15), but the P,y is limited to its
maximum limit (4 MW) conventionally by reducing Py, grad-
ually till Eq. (24) is satisfied. The new specified active power
for this case is 39.20 M Var while the required simulation time
is 10.549 second. the required simulation time of this method
is more than the developed method (Case 15).

D. IEEE 118-BUS SYSTEM

In this section two OUPFCs with the proposed model are
incorporated in 118-bus system as a large scale system for
verifying the valaidity of the proposed algorithm. Two studied
cases are presented.

Table 6 indicates the simulation results for the presented
cases. In the first case, the OUPFC devices are incorporated
in lines 19-34 and 37-33 and the OUPFCs work in full control
modes. In the second case study, the OUPFC devices are
incorporated in lines 65-68 and 91-92, both of the OUPFCs
work under P-Q control modes. From Table 5, it obvious
that the parameters of the OUPFCs follow the changes of the
specified values and the control modes.

E. DISCUSSION

The simulation results reveal to that the proposed model is a
flexible and feasibility model and it can work under different
specified values as depicted in Table 2 and 3. Five studied
have been presented in Table 2 and 3 under different specified
values (Pyy, Qyp) are selected to be more or less or in opposite
direction of the power flow in base case (17.799 MW + j
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7.461 MVAR). In addition of that the power flow with the
proposed model is converged at the 10 to 11 iterations for
the studied cases in the IEEE 14-bus system. The detailed
implementation of such a multi-control functional model in
power flow is presented. Two OUPFCs have been incorpo-
rated in the IEEE 30-bus system with different control modes
which verified the effectiveness of this model. Judging from
Table 5, The operating constraints in the presented model
can be handled by several strategies with application the
conventional and the proposed developed method.

The obtained results in the IEEE 57-bus system by applica-
tion of the proposed developed methods of cases 2, 3, 5, 6, 8,
9, 11 and 15 are more precisely compared to those obtained
by application the conventional methods of cases 4, 7, 10, and
12. For example in cas by e of handling the /g, at 0.6 p.u., this
value is enforced precisely at this value using the developed
method in cases 2, 3, 5 and 6 while in case of application
the conventional methods (cases 4 and 7) this value is less
than 0.6 p.u. In addition, the developed methods need less
computational time compared with the conventional method.

The obtained results in the 118-bus system, verify the
effectiveness of the proposed model to be applied in large
scale system.

IV. CONCLUSION

This paper presented a novel model of the OUPFC device
into the Newton Raphson power flow solution. The proposed
model is based on representing the OUPFC as active and
reactive loads at the terminals of the controller. The complex
modifications into Newton Raphson power flow for repre-
senting the OUPFC have been avoided due to exchanging the
parameters of the OUPFC by the injected loads. In this model,
the violation of the operating constraints has been addressed
using conventional and developed methods. The developed
methods are based on modification the specified values as a
function of the maximum limits of the constraints. To ver-
ify the validity of the proposed model and the constraints
enforcement method, they have been tested on IEEE 14-bus,
30-bus 57- bus, and 118-bus test systems. The simulation
results reveal the following conclusions:
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» The proposed model is a robust model, and it has a stable

and rapid convergence characteristic.

In the presented model, the OUPFC can operate in
multi-control modes to control the active or reactive
powers flow separately or simultaneously.

The proposed developed methods for constraints
enforcement are superior compared with the conven-
tional methods in terms of the precision and the
computational time.
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