Electrical Power and Energy Systems 101 (2018) 289-300

Contents lists available at ScienceDirect - INTERNATIONAL JOURNAL OF
EiEcTricaL

lectrical q Pow%z
Electrical Power and Energy Systems S%DSI%%»G{‘S{

journal homepage: www.elsevier.com/locate/ijepes i

A comprehensive model of C-UPFC with innovative constraint enforcement @ M)

Check for

techniques in load flow analysis o

Salah Kamel™“*, Mohamed Ebeed”, Juan Yu®, Wenyuan Li*

@ State Key Laboratory of Power Transmission Equipment and System Security and New Technology, Chongqing University, Chongqing, China
® Department of Electrical Engineering, Faculty of Engineering, Sohag University, Sohag, Egypt
€ Electrical Engineering Department, Faculty of Engineering, Aswan University, 81542 Aswan, Egypt

ARTICLE INFO ABSTRACT

Keywords: Center-node Unified Power Flow Controller (C-UPFC) is a recent developed Flexible AC Transmission System
FACTS (FACTS) device. C-UPFC is a combined shunt-series controller that connected at the midpoint of transmission
Center-node unified power flow controller lines to control various parameters such as, voltage magnitude at midpoint of line, active and reactive powers
Newton-Raphson flow at both ends of line. This paper proposed an efficient modelling with handling operating constraints of C-
Load flow UPFC device load flow solution. The proposed model based on power injection approach, where the parameters
of C-UPFC are represented as function of the specified control values to keep the original structure of Jacobian
matrix as it is. The operating constraints of C-UPFC including, the series injected voltages, the series current
passing through converters, shunt injected voltage, the injected current of shunt converter, and exchanged
power among converters are handled by an developed innovative methods. The developed handling methods
based on modifying and updating the specified values as a function of maximum limit of the operating con-
straints. The proposed C-UPFC model with developed handling operating constraint methods implemented in
IEEE 30-bus and IEEE 118-bus test systems. The obtained simulation results show the robustness and feasibility
of the proposed model in load flow and superiority of the developed methods over the conventional methods for

handling the operating constraints of C-UPFC.

1. Introduction

In recent years, new types of flexible AC transmission systems
(FACTS) devices have been developed to increase power system op-
eration flexibility, security, loadability and controllability [1-3]. The
center-node unified power flow controller (C-UPFC) is a member of the
FACTS family with very attractive features. This device connected at
the midpoint of transmission line and can be used to control the voltage
magnitude at the mid-point, the active power through the line and the
reactive powers at sending and receiving ends of the transmission line.
This can be achieved by injecting AC voltages with variable magnitudes
and phase angles through three converters combined together via DC
link [4,5].

Very few publications are concerned about C-UPFC, however, they
can be summarized as follows:

— Ooi et al. [4,5], have proposed the C-UPFC as a new FACTS device
which can be used to increase the power transfer capability of a
transmission line. This device can be sited at any point in the
transmission line. However, it is recommended to be near from the

mid-pointt.

— Ajami et al. [6], has presented a transient model of C-UPFC in-
cluding a control system which response not only the step changing
in the active and reactive powers but also is able to exchange the
direction of line active power flows.

— Kamel et al. [7], has proposed current injections modelling of C-
UPFC to be incorporated in Newton-Raphson based on combined
mismatches load flow algorithm.

— However, modelling of FACTS devices in load flow algorithm be-
came an important issue to realise its influences on power system. In
general, the implementation of FACTS controllers into an existing
load flow algorithms increases the complexity of the programming
codes due to the following many reasons: (1) the incorporation of
FACTS in power system requires adding new lines and reference
buses, (2) the series and/or shunt impedances of FACTS have to be
added to the original admittance matrix, (3) the powers contributed
by FACTS have to be taken in consideration in the analysis, (4) new
codes are required to calculate the Jacobian sub-matrices related to
FACTS. Consequently, the basic load flow codes have to be changed.

— Many successful efforts have been produced for modelling the
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different types of FACTS in load flow codes without taking into
consideration the handling operating constraints of these devices.
However, the main contribution in this area can be summarized as
follows;

Simple FACTS modelling based on decoupled approach has been
proposed in [8]. This modelling has been applied on unified power
flow controller (UPFC) when it used to control the three parameters
(voltage magnitude, active and reactive powers flow) simulta-
neously. This modelling faced the problem of selecting the suitable
starting values of the UPFC parameters. Also it faced the problem
when the UPFC controller is the only link between two sub-net-
works.

Comprehensive FACTS modelling has been developed in [1,2], to
solve the limitations of decoupled approach. In this modelling, the
size of the Jacobian matrix is increased in order to accommodate the
state variables of FACTS devices.

FACTS modelling based on matrix partitioning approach has been
developed in [9]. The main drawback of this modelling is that new
codes have to be added.

Indirect FACTS modelling has been developed in [10-12]. This
modelling tried to reduce the complexities of load flow codes.
However, the main disadvantage of this approach is that the size of
the Jacobian matrix is increased in order to add the state variables
of FACTS devices.

Refs. [13,14], have proposed an elegant modelling for some FACTS
based on power and current injection approach. These models have
been incorporated in a new load flow method that based on hybrid
power and current injection formulation. By using these models, the
original structure and symmetry of admittance and Jacobian ma-
trices can be unchanged. The control of voltage, active and reactive
power can be done simultaneously or individually. The models solve
the problem that happens when the FACTS is the only link between
two sub-networks. However, the handling of operating constraints
of FACTS parameters has not been addressed yet in this modelling.

Hence, the handling of operating constraints of FACTS must be
considered to determine their practical capabilities. Refs. [15-21] have
presented some FACTS devices and various methods for handling their
violated limits. In these methods, when one of operating constrains is
violated, the required specified values of FACTS must be changed
precisely to adjust the violated value to its maximum limits for max-
imizing the utilization of these devices.

This paper presents a developed C-UPFC model that incorporated in
Newton-Raphson load flow algorithm with innovative methods for
handling its operating constrains violations. The rest of paper is orga-
nized as follows: Section 2 describes the operating principals and
modelling of C-UPFC controller. Section 3 presents the developed
strategies of handling the violated operating constrains of C-UPFC.
Section 4 presents the numerical results based on standard IEEE test
systems. Finally, the conclusions of paper are presented in Section 5.

2. Modelling of C-UPFC for NR load flow algorithm

C-UPFC is connected at the midpoint of transmission line and con-
sisted of three converters, one of them connected in shunt at the mid-
point of transmission line and other two converters connected in series
at sending and receiving sides of transmission line. All these converters
are connected together via a common DC link as shown in Fig. 1 [4,6].

C-UPFC can be represented by three injected voltage sources (V,,V;,
Vin) in series with the impedances of coupling transformers as shown in
Fig. 2. Three auxiliary buses (k, j, n) are added to represent the term-
inals of C-UPFC and determine the power flow directions. The bus at
midpoint (j) represented as a PV-type and the other buses (k, n) as PQ-
type. C-UPFC is included in transmission system where, X/R Ratio is
higher in transmission systems thus for simplifying the calculations, the
resistances of transmission line and the coupling transformers can be
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Fig. 1. Schematic diagram of C-UPFC device.
neglected.

2.1. Series converters modelling

For modelling the series converters, the series voltage sources are
converted to current sources (I, I,) in parallel with the transformers
reactance according to (1) and (2).

L=

JX, €))]
I = &

iX, (2)

These currents are injected at buses (j,k,n) as shown in Fig. 3. The
injected currents depend on the specified voltage magnitude, line active
power flow and reactive powers at sending and receiving sides (P*?, QJ?,
Q;?, V;). By applying Kirchhoff current law's (KCL) at buses (k, n) of

Fig. 3:
KCL at bus k:
Vi—Vi (SEY
L= Jy-If = =L =%
' JX Vi 3)
where
Sok = PP + QR 4
SEY
Isel = _Iss,i = _(ﬂ)
Vi 5)
B X B
sp_ sp .27_ .2 2 =2
Qs,k Qs +VL4 IL +Vk4 (6)
KCL at bus n:
SEY ViV,
L =181, = (ﬂ) _#
Va JX, )
where
sp \*
Ly =1I% = (ﬁ)
se. rhn Vn (8)
S = PP +jQ7 ©)
B X B
sp— OSp_y2 2 240 22
r.n Qr Vl 4 + Inl ) Vn 4 (10)

The injected voltages of series converters can be obtained by sub-
stituting values of I; and I, from (1) and (2) in (3) and (7), respectively.

sp

Ss,k - .
Vi=— 7 x jX; + Vi—V;
A an
RRAY
=[] XX, -V + V
' (%) ro 12)
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Fig. 2. Voltage sources representation of C-UPFC.

Referring to Fig. 2 the injected active powers of sending and re-
ceiving series converters can be found as:

P = By = Re(Vi(I)") as)

P;B = ngZ = Re(Vr(Ier)*) (14)

The shunt currents can be injected as complex loads at buses (k, j, n)
as (Fig. 4):

Se = Vi x ()" as)
Su=~Vux () 6)
§=Vyx (I + L) an

2.2. Shunt converter modelling

C-UPFC neither absorbs nor injects active power with respect to the
AC system. Hence, the net exchanged active power in C-UPFC equals to
zero in case of no losses being in converters. However, the auxiliary bus
(j) can be represented as a PV type that inject active power (By;) and
reactive power (Qy,) to the system. By, balances the exchanged powers
among the converters. Hence, the shunt injected power can be calcu-

lated as:
Pn+Pe+Pe=0 18)
By = Fx3 = —FBxi—Fx (19)

The injected complex loads at the auxiliary PV bus (j) can be given
as:

lepad — Pj_Psh and le_oad — Qj

where P; and Q; are the real and imaginary parts of S;, respectively. Qg
is used for keeping the magnitude of midpoint voltage at the required

Auxiliary Buses

value. The injected reactive power can be calculated using the balanced
reactive power equation as described (20). The injected voltage and
shunt current can be calculated using (21) and (22).

Qg = Vij(ijsinékj—Bkjcoséij) + I/jI/n(ansin(Snj—ancos&nj) + lepad

(20)

X Py, + jQ, )

Vi = Vi + jX,, (57”')
4 21)
L = L + Le2 (22)

Fig. 4 shows the overall equivalent circuit of C-UPFC which can be
represented by injected fictitious loads (Sk, Sy, P]’»"“d) and generated
reactive power (Qy,) at buses (k, j, n). These injected fictitious loads can
be added in power mismatch vector of Newton-Raphson load flow code
at the mentioned buses with keeping the original Jacobian matrix
structure.

3. Handling techniques of C-UPFC operating constraints

The operating constraints of C-UPFC are related to series and shunt
converters rating, the C-UPFC constraints can be categorized as:

(1) The series currents constraints passing through the series con-
verters.

(2) The injected series voltages constraints of series converters.

(3) The shunt current constraints of shunt converter.

(4) The injected voltage constraint of shunt converter.

(5) The power exchange among converters.

In general, the main idea of enforcement the operating constraints
of C-UPFC based on modifying the required specified values (P, QJ?,
Q”, V}) to a certain values accommodate with converters rating. For

i P oo l
sp . sp s,n S) . K
P"+ jO” P+ Ok JjX ' X ,,1 S P” +jO”
x s (] s ’ JA, . $
Y'Y : Y\ Y ¢ yy’m
, ' ,
| jXx/2 | : —>1k/ ' —; ¢ | jXx/2 |
[]
Yc/4 Yc/4 / Yc/4 Yc/4
1 [+ :

Fig. 3. Representation of series converters based on shunt injected currents.
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Fig. 4. Representation of C-UPFC based on injected load powers.

maximizing utilizations of C-UPFC, the modified value must capture the
maximum operating values according to (23).

A—A" = t¢ (23)

where A is the current operating value, A" is the maximum value of
the operating constraints and ¢ is a small value. The operating con-
straints are checked after the load flow convergence to find their final
values. In case of violations, it can be handled conventionally or by
using the innovative method. In conventional method, the specified
values are reduced gradually and the load flow is recalculated with the
new values then the constraints are rechecked after load flow con-
vergence. However, this process is repeated until (23) is achieved. The
innovative method is applied after the load flow convergence, where,
the operating constraints are checked and the violated constraints are
determined then the load flow is repeated with new specified values. In
These specified values are released to be as a function of the maximum
limit of constraints in the iterative process of the repeated load flow
until the convergence. Hence, the obtained final values of specified
values will enforce the constraints at their maximum limits even if the
load flow is recalculated. However, the innovative method is more
accurate and needs less computation time compared with the conven-
tional method. This due to the saving in times number of load flow
solution.

The constraints enforcement of the operating constraints methods
are presented as:

3.1. Handling method for violation of currents passing through the series
converters

3.1.1. Handling of sending side converter current
The current of send side converter (I,;) is checked firstly to de-
termine whether its value within the limit or not. If I,; is violated, it
must be adjusted at the maximum limit (Ij{*) according to (23).
Enforcement violation of I, can be achieved using the following
methods:

(1) Conventional method

Referring to (5), enforcement of I; can be achieved by releasing the
specified active power flow in line and/or the reactive powers at
sending side as follows:

(a) P is reduced gradually until I,; equals to Ii* according to (23)
but if I, is still violated, P*? is kept at zero and Q. is reduced
gradually until L,; equals to Ij;i*.

(b) Q* is reduced gradually until I, equals to Ii* but if I, is still

violated, Q;” is kept at zero and P, is reduced gradually until I,

equals to IJM™

sel

(2) Developed method

292

An innovative method can be applied for handling violation of I
by releasing the specified active power flow or reactive power as a
function of maximum limit of current and updated during the iterative
process of load flow, the new specified values is deduced using (5) by
substituting I, by Iy as follows:

max chnew ) —Paow +JQ%

o =_[ Vi ) T 24)
Then,

| — J@L? + @D _ JBE? + QD)

N7 o K 25)

where Vi = V& + jV[™ and Ky = (V) + (V{")?
Hence, the new specified active power that adjusts the series current
at its maximum limit can be given as:

PEI—(Q)?

P

max
new |I

sel

(26)

By the same way the specified reactive power of sending side that
adjust the series current at its maximum limit can be obtained as:

Q;,‘/inew = |Isr?1ux |2K12_(PSP)2 (27)
Then, referring to (6)
- B X B
ssgew = |ISZLIL1X|2K12_(PW)2 )_VLZZ + Iliz—vkzz (28)

3.1.2. Handling of receiving side converter current

Enforcement violation of I, can be handled by the same way of
enforcement () violation. Violation of I,, can be handled by mod-
ifying the specified active power flow or reactive power at receiving
end according to (23) as:

Enforcement violation of I,, can be achieved using the following
methods:

(1) Conventional method

Referring to (8), enforcement of I, can be achieved by releasing the
specified active power flow in line and/or the reactive powers at
sending side as follows:

(a) P* is reduced gradually until I, equals to IJ}s* according to (23)
but if I, is still violated, P* is kept at zero and Q;? is reduced
gradually until I,, equals to I5~.

(b) Q is reduced gradually until I,, equals to I};s* but if I, is still
violated, Q;* is kept at zero and P, is reduced gradually until I,
equals to I5*

(2) Developed method
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The innovative method can be applied for enforce I, at its max-
imum limit by releasing the specified active power flow or the specified
reactive power at receiving end side from (8) by substituting L., by L5~
as:

( Srsel new )* ngw_jQrS‘r)l

L™ =|— = _—

Va Va (29)
o @)+ QD) (PR + Q%)
Ry K, (30)

whereV;, = V¥ + jVIm and K, = \/(VF)? + (V)2
Hence, the new specified active power that adjusts the series current
of send side converter at its maximum limit can be given as:

B, = IS PEI—(Q%) (31)
By the same way the specified reactive power of receiving side that

adjust the series current at its maximum limit can be obtained as:

Qrs,l;mew = | ;;lzt‘lx |2K22_(PSP)2 (32)
Then, referring to (10)
B X B
Qrsﬁew = ( IIsrgzaxlszz_(PSp)z) + VIZZ_I:IE + Vrfz (33)

3.2. Handling method of injected series voltages constrains of series
converters

3.2.1. Handling the injected voltage of sending side converter

If V; value is violated, it must be adjusted to its maximum limit
(V") according to (23). Strategy of enforcement violation of V; can be
achieved conventionally by the same way of enforcement (I;) violation
by reducing the specified active power flow or reactive power at
sending side gradually until (23) is achieved. Enforcement violation of
V; can be achieved using the following methods:

Enforcement of V; can be achieved by releasing the specified active
power flow in line and/or the reactive powers at sending side as fol-
lows:

(1) Conventional method

(a) P* is reduced gradually until V; equals to V;"** according to (23)
but if V; is still violated, P* is kept at zero and Q;? is reduced
gradually until V; equals to Ij;{*.

(b) Q. is reduced gradually until V; equals to V{"* but if V; is still
violated, Q;” is kept at zero and Py, is reduced gradually until V;
equals to V"™

(2) Developed method

The developed strategy can be applied for handling violation of V;
by releasing the specified active power flow or reactive power at
sending side as a function of V{"™. The new released values that enforce
V; to its maximum limit can be deduced from (1) as:

Vs = LjX (34)
By substituting I from (3) in (34) and let V; equals to V;"**
f - )
JX, Vi * (35)

By substituting of V;,V},V; and S} in (35)
K-V VJRQ + ym VJ-I'")—QSS,I;';XS)—J'((V;fe VJ-I'"—V;fm V,Re + PPX;))

Vi

max _
Vs -

(36)
where K2 = LV}
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| meax |2

B (Klz_(VkRerRe + VkImVjIm)_Q;iXs)z + ((Vlfevjlm_VkImVjRe) + PstS)Z

Vgl
37)
However, (37) can be rewritten in a simple form as:
jymaxp = (KP—Ks—QE X,)> + (Kq + PPX,)?
' ViR 38)

where K = (VEV + V{"V]™) and K, = (V*V/"-V{"V*)hence,
(PPY(X,)? + 2Ky X PP + Ki—2KsQR X + (QF)*(X)* + K3
—IVIRIVER =0 39)
where K5 = K?—K;
From the previous equation, the new specified active and reactive
powers at sending side that adjust the injected voltage of the send side
converter can be given as:

_ —B+ B>—44C

B 24 (40)
where A = (X,)?, B=2K,X, and C =K;—2KsQ}X; + (Q))*(X,)? +
K2—VI= 2|y P

From (39) the new reactive power at sending side is given as:

—By + \/B2—4A,C;

24

P

new

sp —
Qs,k new ( 41)
where A, = (X;)?, B, =—2K:X, and C,=KZ+ K} + (PP)*(X,)* +
2K, X, PP— |V RV 2
Then, referring to (6)

s —B; + \/BE—4A,C, ,B ,X ,B
Shew=|———————— |V + L%
24, 4 2 4 42)

Based on (40) and (42), two solutions can be obtained for P}, and
two solutions for Q;?,,, to handle the violation of series injected voltage
of sending side converter.

3.2.2. Handling the injected voltage of receiving side converter

If V, value is violated, it must be adjusted to its maximum limit
(V"*™) according to (23).

The violation of V, can be enforced as follows:

(1) Conventional method
(a) P* isreduced gradually until V; equals to V;"* according to (23)
but if V;"* is still violated, P* is kept at zero and Q;? is reduced
gradually until V; equals to V;"*.
(b) Q” is reduced gradually until V, equals to V;"* but if V; is still
violated, Q;” is kept at zero and B, is reduced gradually until V;
equals to V",
(2) Developed method

The developed method can be applied for handling violation of V; by
releasing the specified active power flow or reactive power at receiving
side as a function of V;"**. The new released values that enforce V; to its
maximum limit can be obtained from (2) as:

V. = LjX, (43)
By substituting I, from (7) in (43) and let V, = V"®
o= (5]
r .
o) X ] 44

By substituting of V,, V; and V; and doing some manipulations in (44)

(-Q1X,—Ks + K3) + j (X, PP) + K7)
Vi

max _
Ve =

(45)
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where K} = ViV, Ko = (VEVF +
[(—QEX, + Kg) + j((X,PP) + Ky)|

Vlm VIM) and K = (VchVjIm_V'{mVch)

V| = "
Vil (46)
where Ky = —Ks + K5
For simplification, Eq. (46) can be rewritten as:
X2 (PP)? + 2K5 X, PP + K7 + XF(Q®)? + Kg—2X, Ks QF— V"™ RV 12
=0 47)

Referring to (47), the new specified active power or reactive power
of receiving end side that enforce the injected voltage violation of re-
ceiving side converter can be given as:

=B, + \JB7—44,C,

PR =

new 2A2 (48)
whered, = X7, B, = 2K;X, and C, = (Q¥%)*X? + Kg—2X,KsQF, + K7—
[Vmax 2|y 2

»  _ —B; + \|B{—44;C;

r,nnew 2A3 (49)
A; = X?, B3;=-2X,Ks and C;=X?(PP)? + K¢ + 2K, X, PP + Ki—
[Vmax 2|2

Then, referring to (10)

2
Qe = [—_33 SR

24,
3.3. Handling method for violation of injected shunt voltage and current

+ V2 B

+ VZE—IZ X 2
4 "2 4

(50)

If Vy, is violated, it must be adjusted at its maximum value. Violation
of the shunt injected voltage can be simply enforced by alleviating the
specified voltage at the midpoint until (23) is achieved.

If Iy, value is violated, it must be adjusted at its maximum value. In
conventional method, Iy is enforced by reducing P or Q;f or QP
gradually until is achieved.

In developed method, the new specified values that handle I, vio-
lation can be obtained by substituting the value of I, and I, from (5)
and (8) in (22).

(S A EAN
Ln = + ( ”n]
Vi Va (51)
Let I equals to I[;** with doing some manipulations in (51).
(=PPVE + QR V™) + (PPVE—QL V™)
+j((VeQ¥% + V”"PSP) + (- Vgerp Vi"P*P))
|Imux =
. ViVl (52)

(QARYK? + QR (=2QR Vi"Vi"=2QR Vi Vi) + (PP (KF + K32V, V=2V, i™)
+ QK3 + PP2QL VR ViIm—2QR VREVI™ + 2Q8 VR VIm—2Q% VM ViFe)
PIVEvaR

_llsh =

(53)

The new specified value of active power flow that used to handle the
violation of I can be captured from (53) as:

—B, + \/B}—4A,C,

244

PY, =

new

(54
where
Ay = (K + KZ—2VReyRe_avimym)
By = QR VIV —2QR VEVI™ + 208 ViEVIm-2Q% Vi V) and
Cy = (QBIKL + QF (-2Q R V" V{"=2QR VI V&) + (QR)K3
—IR= R VEVEP
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The new specified value of sending side reactive power flow that
handle the violation of Iy can be captured from (53) then substituting
this value in (6):

+ \/B2—4A5C;s

QSS ﬁew = 5
245

where

B . ,X ,B
]—V? + LRS-V
(55)

As = k2
Bs = —2PPVRVIM—2Q® VEVR—2Q® VIMVI™ + 2PPVEVI™ and
Cs = (PPY(K] + K}—zv"”V"”—zVREV,fe)—zPSPQ,ﬁlf1 vEevm

+ 2PPVRQD VI + QB2 kE-IIF*RIVEV P

The new specified value of receiving side reactive power flow which
handles violation of I can be captured from (53) then substituting this
value in (10):

+ /BZ—4A4C;

—Bs B ,X B
Qrsﬁew = ( ] V2 12 Vrfz

24 56)
where A = K7,
Bg = —2PPVEV™ 4 2V PPV —2QR Vi VRe-2QR Vi V™ and
Cos = (PP)X(K} + K3—2V," Wm—zv,fer“)—zQ;{;PWﬁ“ v

+ 2Q% PPVE VI RV Vi

3.4. Handling method for violation of exchanged power among converters

The exchanged power among converters (P.q,Py2,Py3) must be
checked. If the violations occurred, these values must be adjusted to be
close to its maximum values according to (23). Conventionally, en-
forcement violation of P,; can be achieved by the same way of en-
forcement (I;) violation by reducing the specified active power flow or
reactive powers at sending side gradually until (23) achieved. B,; can
be enforced by releasing the specified active power flow or reactive
power at sending side as a function of Pyi™. Substitute the values of V;
and I,; from (3) and (5) in (13) as:

s,k

7

exl =Re[(ISJX )[ v

(57)

By substituting of I; from (3) in (58) and substituting of V%, V; in (57)
and doing some manipulations.

, 1 . .
P = Re(—PSP—JQ:,i + =51 + K )P +JQ:§)])
1

(58)
where K3 = V&V + Wmv", where, K'=V,V; and K; =
Vlgie V-]Im_VkIm ijRe

P
pma — g, X QZ“*"
K} (59)
where Ky = (%—l)hence;
1
1 Q%
Pib, = —( e+ 5
K K; (60)

The new specified value of reactive power at sending side can be
obtained by substituting the value of Q;} from (59) in (6)

B X B
snew - (Kl (PSPKQ_ ex1 )) V'ZZ + I%{E_Vlf 4 (61)
The violation of By, can be enforced conventionally, by decreasing
the specified active power flow or reactive powers at receiving end side
gradually until (23) is achieved. A developed method can be applied for
handling violation of E,, by releasing the specified active power flow or
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Read the system input data and C-UPFC
data

|

Define the specified values

|

Form the admittance matrix (Y)

|

Convert the center node to PV-bus type with the specified value

N

Set iteration =0

A

Initialize voltages and angles

Release the specified values
related to the constraint
limits

A 4

Calculate Sy ,S,,Qqn,Pj "™

A

|

Form the Jacobian matrix and
mismatching vector

Minimize the selected
specified value

A

Select the
Conventional andling method

method

Developed
method

l

Update the buses voltage

Iteration = Iteration+1
h

Check convergence?

Is the operating
costrains violated?

Print the results

A 4

End

Fig. 5. Load flow solution with the developed C-UPFC model and operating constrains handling.
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reactive power at receiving side as a function of P.5*, the new specified
values can be deduced by substituting the values of V; and I, from (2)
and (8) in (14) as:

Sp
r.n

7)

By substituting I, from (7) in (62) and substituting of V4,V; and S;%, in
(64) and doing some manipulations.

s = Re (IrjXr [
(62)

oz = Re[(—%((vfw}“ + V"V + JVEV= VYO (P
2

+JQE) + (PP +jQ )))

(63)
where K} = V, V;r
For simplifying. Eq. (63) can be rewritten as:
prgs = [Psp(l—ﬁz) + ﬁzQﬁE]
K3 K; (64)
whereKe = (V;V + V" V™) and K; = (Ve V"=V V)
K
Pt = (P%o + —7@“’)
ex. K22 r.n (65)
where Ko = (1—%)
2
Hence;
sp 1 max K7 sp
Pnew = | fex2 T2 X¥rn
Kio K; (66)
KZ
rs,’;mew = é(Per;gx_KIOPSp) (67)
Then referring to (10)
K3 B ,X B
P = | == (PIE—K o PP) | + VE=—I2 = + V2=
anew (K7 ex2 10 )) 1 4 nl 2 n 4 (68)

The violation of E,.; can be enforced by releasing the specified active
power flow or reactive power at receiving side or the reactive power at
sending side as a function of P,}§* which can be deduced by substituting
the values of P,; and P, from (58) and (65) in (19) as:

K4 K7
max _ pspg + == fP__ Sp
ex3 11 K12 Q;,k K22 Qr,n (69)
where Kj; = (—K¢—Kjj)
s 1 Ki s , K7
Qsp — £12 szlx_PspK“ + &Qsp
s,k new K4 ex3 K22 rn (71)
By substituting value of Q;ﬁ from (70) in (6) as:
K} K B X ,B
Bow = | == | PPy, + ZZQE | |-VEE + RS -VEZ
s new (K4( ex3 11 K22 Qr,n i 4 ik ) 4 (72)
By substituting value of Q% from (70) in (10) as:
K3 K, g B ,X B
oo = | =2 | PPKy + —2QE—P1 | | + VP2 -122 4+ V2=
Qrhew (K7( 11 K12 Qs,k ex3 1 4 nl 5 "y 73)

Implementation of (40), (42), (48), (49), (54), (55) and (56), two
solutions are obtained for enforcement the operating constraints. The
closest solution to the original specified is selected as the suitable so-
lution.
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Table 1
Strategies of enforcement the operating constrains of C-UPFC.

Violated parameter Handling methods

L1 1- (a) Reduce QP gradually. If I still violated use (b).
(b) QP = 0 Then reducing PP gradually.

2- (a) Reduce PP gradually. If I still violated use (b).
(b) PP = 0 Then reducing Q;f gradually.

3- Modify PSP according to (26) or QS according to

(28).

1- (a) Reduce QP gradually. If I, still violated use (b)
(b) QP = 0 Then reducing P*P gradually.

2- (a) Reduce PP gradually. If L, still violated use (b).
(b) P = 0 Then reducing Qf gradually.

3- Modify PP according to (31) or Q;P according to

(33).

1- (a) Reducing Q{P gradually. If V still violated use (b)
(b) Q;P = 0 Then reducing PP gradually.

2- (a) Reducing P* gradually. If V; still violated use (b)
(b) PP = 0 Then reducing Q;F gradually.

3- Modify PP according to (40) or QS according to

(42).

1- (a) Reducing QP gradually. If V; still violated use (b)
(b) QP = 0 Then reducing P* gradually.

2- (a) Reducing PP gradually. If V; still violated use (b)
(b) P = 0 Then reducing Qf gradually.

3- Modify P*P according to (48) or QP according to

(50).

1- Alleviate the specified voltage at the midpoint.

1- Reduce PP or Q;¥ or Q gradually.

2- Modify PP according to (54) or Q;P according to (55)

or QP according to (56).

1- (a) Reduce QP gradually. If Iy still violated use (b).
(b) QP = 0 Then reducing P* gradually.

2- (a) Reduce PP gradually. If L still violated use (b).
(b) PP = 0 Then reducing Q;f gradually.

3- Modify PP according to (60) or Q;P according to

(61).

1- (a) Reduce QP gradually. If Py, still violated use (b)
(b) QP = 0 Then reducing P*P gradually.

2- (a) Reduce PP gradually. If L, still violated use (b).
(b) PP = 0 Then reducing Qf gradually.

3- Modify P*P according to (66) or QP according to

(68).

1- (a) Reduce QP gradually. If P,; still violated use (b).
(b) QP = 0 Then reducing P* gradually.

2- (a) Reduce PP gradually. If Pys still violated use (b).
(b) PP = 0 Then reducing Q;F gradually.

3- (a) Reduce QF gradually. If P, still violated use (b)
(b) QP = 0 Then reducing P* gradually

4- Modify PP according to (70) or Q;P according to (72)

or QP according to (73).

Le2

Vs

Ln

Foa

Fox2

Fox3

The steps of load flow solution with inclusion of the C-UPFC model
and operating constrains determination are given in Fig. 5. Table 1
summarizes the violation handling methods for C-UPFC where the
bolded methods refer to the developed methods for constraints en-
forcement while the others values refer to conventional methods. Fi-
nally, a comparison including conventional and the developed methods
are presented in Table 2.

4. Simulation results

The proposed modelling of C-UPFC device in load flow moreover,
the proposed operating constraints handling methods are validated
using standard IEEE 118-bus and 30-bus test systems. Lines, buses and
generators data of these systems are given in [22]. For all case studies,
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Table 2
Comparisons between the conventional method and the proposed method.

Electrical Power and Energy Systems 101 (2018) 289-300

Conventional method

Developed method

® This method based on reducing the specified values gradually and the load flow is
recalculated with the new values then the constraints are rechecked after load flow
convergence.

® It is less accurate compared to developed method where, its accuracy is based on the steps

range of the gradual decreasing of the specified values.
® [t needs more computational time due to repetition of load flow.

® This method based on modifying and updating the specified values as a
function of maximum limit of the operating constraints.

® It is more accurate where it handles the violated value at its maximum
limit precisely.

® It needs less computation time compared with the conventional method.
This due to the saving in times number of load flow solution.

Table 3
Parameters of C-UPFC for different studied cases (IEEE 118-bus system).
Case— 1 2 3 4
Location (27-32) (54-55) (15-19) (105-104)
VP (p. u) 1.05 1.02 1.00 1.04
PP(MW) 60.00 10.00 —15.00 40.00
QP (MVAR) 30.00 —5.00 20.00 —30.00
QP (MVAR) 30.00 —2.00 10.00 15.00
Vs(p. u) 0.1613 0.0592 0.0909 0.1891
~£-127.3° £—142.3° £158.7° £—75.8°
By (MW) 4.5622 0.6695 —0.1315 5.9237
Vi(p. u) 0.1106 0.0783 0.0520 0.1924
£129.0° £178.3° £-96.7° £125.5°
By (MW) —5.8071 —0.7190 0.7280 —4.1356
Ven(p. u) 1.0464 1.0213 0.9883 1.0775
£14.7° «£15.1° £10.9° £20.5°
B3 (MW) 1.2449 0.0495 —0.5965 —~1.7881

the impedance of coupling transformers of C-UPFC are taken equal to
jO.1p.u. The convergence tolerance is taken 10 ~> and system base MVA
is 100. The program code was written in MATLAB 2009a and run on a
PC with core i5 processor, 2.50 GHz and 4 GB RAM. The case studies are
presented as follows:

4.1. IEEE 118-bus test system

4.1.1. Incorporating single C-UPFC controller

The C-UPFC model is incorporated in standard IEEE 118-bus test
system. To demonstrate the efficiency of developed model, four studied
cases are presented where; C-UPFC is incorporated in different locations
with different specified values. The parameter settings of C-UPFC are
listed in Table 3 and the studied cases are presented as follows:

Case (1): In this case, C-UPFC is connected in line 27-32. The ori-
ginal power flow in this line is 12.47 MW + j0.51 MVAR and the
specified values are selected to be more than the original value.
Case (2): In this case, C-UPFC is connected in line 54-55. The ori-
ginal power flow in this line is 7.07 MW + j1.46 MVAR and C-UPFC
is connected to adjust P*? to be more than the original value and Q;¥
and Q;? are adjusted to be in opposed direction of the original re-
active power flow.

Case (3): In this case, C-UPFC is connected in line 15-19. The ori-
ginal power flow in this line is 10.84 MW-j11.12 MVAR. The C-UPFC
is connected to adjust P*,Q;¥ and Q;* to be in opposed direction of
their original values.

Case (4): In this case, C-UPFC is connected in line 105-104. The
original power flow in this line is - 48.64 MW- j2.57 MVAR. The C-
UPFC is connected to adjust P*? is to be less and in opposite direction
of the original value, Q;? is adjusted to be more than original re-
active power flow and Q* are adjusted to be in opposed direction of
the original reactive power flow.

Referring to Table 3, it can be obvious that the injected voltages and
the exchanged powers of the series and shunt converters are varied with

Table 4
Shunt reactive power, injected loads and the auxiliary buses voltage for dif-
ferent studied cases (IEEE 118-bus system).

Case Qsh (MVAR) Vi (p. u) Va(p. w) Sk (MVA) Sn(MVA)
1 —-3.7616 0.956 0.976 99.584 + —99.971 +
£12.47° £16.97° j117.794 j 40.660
2 1.278 0.957 0.951 10.858 + —10.857 +
£15.08° £15.28° j26.160 j 35.640
3 —11.6833 0.966 0.965 —24.070 + 24.053 +
£12.02° £9.87° j36.721 j7.198
4 39.0129 0.971 0.974 91.782 + —92.570 +
214.73° £26.57° j0.853 j14.548
1.00E+02
1.00E+01
= 1.00E+00 - ——Casel
"C  1.00E-01 - —m-Case2
ar
o 1.008-02 —+—Case3
%
@ 1.00E-03 - —e—Cased
E 1.00E-04
1.00E-05
1.00E-06

1 2 3 4 5 6 7 8 9 10
Iteration number

Fig. 6. Convergence characteristic of 118-bus test system studied cases.

variation of the specified values. Table 4 shows the generated shunt
reactive power, the voltages at auxiliary buses and the injected loads for
all studied cases. It can be obvious that these values are also changed
with the changing of specified values. The convergence characteristic of
presented model is realized by illustrating the absolute power mis-
matches of the Newton-Raphson power flow as function of number of
iterations for the presented cases as shown in Fig. 6.

4.1.2. Incorporating two C-UPFC controllers

In this section two C-UPFC controllers are incorporated in IEEE 118-
bus systems to verify the validity and efficiency of the proposed model.
The first C-UPFC is incorporated at line 54-55 where the original line
flow without inclusion controllers is 7.069 MW + j1.458 MVAR while
the second C-UPFC is incorporated at line 89-92 where the original line
flow without inclusion controllers is 63.606 MW - j6.938 MVAR. The
parameters of the controllers are listed in Table 5. The generated shunt
reactive powers, the voltages at auxiliary buses and the injected loads
with inclusion of two C-UPFC controllers are depicted in Table 6. The
convergence characteristic for this case is depicted in Fig. 7.

4.2. IEEE 30-bus test system

In this section the proposed methods for handling the operating
constraints violation of C-UPFC device are applied and validated. C-
UPFC is incorporated in IEEE 30-bus test system at the midpoint of
transmission line between buses (8-6). The original power flow without
C-UPFC in the mentioned line is —29.43 + j3.20 MVA. The specified
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Table 5
Parameters of C-UPFC controllers (IEEE 118-bus system).
Parameter Sending side converter Receiving side converter Shunt converter
Vs Fox1 Ve Foxz Vsh Fox3
(p-u) Mw) (p.u) ™Mw) (p.w) Mw)
Frist 0.0742 £—155.4° 0.6921 0.0632 £—-175.9° —0.7030 1.0181«£15.1° 0.0109
C-UPFC
Second 0.0506 £69.3° —3.2481 0.0298 £13.2° 2.0713 1.0707« 36.4° 1.1768
C-UPFC

values are taken to be 1.02 p.u, 45 MW, 30 MVAR and 35 MVAR for the
voltage of the midpoint, power flow through the transmission line, re-
active power at the sending side and reactive power at the receiving
side, respectively. In this section, the conventional and proposed
methods for handling the violated operation constraints of C-UPFC
model are presented. All numerical results of studied cases are illu-
strated in Table 7 where, the bold values highlight the enforced values
and the modified specified values. The selected value of ¢ in (23) is
taken to be 10~ 3. The studied cases presented as follows:

Case (1): In this case, C-UPFC is connected in line No. 10 between
buses 8-6 and there is no constraints enforcement applied for C-
UPFC device.

Case (2): It is similar to case (1), except that IJ;* is limited to be
0.4800 p.u. I is enforced conventionally by reducing the speci-
fied active power flow gradually. I;;* is enforced conventionally by
reducing the specified active power flow gradually with 0.05 MW
per step until (23) is achieved. The required computation time for
handling the series current violation conventionally for this case
equals to 4.89s.

Case (3): It is similar to case (2), except that I ;™ is enforced using
the developed methods by releasing the specified active power ac-
cording to (26). The modified active power that handles the viola-
tion of series current equals 35.873 MW. The required computa-
tional time for this case is reduced to 0.3065s. Hence, I~ is
enforced more accurately at the required value using the proposed
method and need less computational time compared to conventional
method (case 2) as illustrated in Table 7.

Case (4): It is similar to case (1), except that I;5” is enforced con-
ventionally by reducing the specified reactive power flow of re-
ceiving side gradually with 0.01 MVAR per step until (23) is
achieved where Q is reduced to 16.100 MVAR. The required
computation time for handling the series current violation in this
case equals to 4.909 .

Case (5): It is similar to case (4), except that Ij5~ is enforced using
the proposed method by releasing the specified reactive power flow
of receiving side power according to (33). The modified reactive
power flow of receiving side power that handles the violation of
series current of sending side converter equals 16.1719 MVAR. The
required computation time for this case is reduced to 0.3534s.
Hence, I3~ is enforced more accurately at the required value using
the proposed method and need less computation time compared to
conventional method (case 4) as illustrated in Table 7.

Case (6): It is similar to case (1), except that V;"* is limited to be

1.00E+02
1.00E+01
1.00E+00
1.00E-01
1.00E-02
1.00E-03

max|dPdQ|

1.00E-04
1.00E-05
1.00E-06

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
Iteration number

Fig. 7. Convergence characteristic with inclusion two C-UPFC controllers.

0.1750 p.u. V"™ is enforced conventionally by reducing the speci-
fied active power flow gradually. V{"* is enforced conventionally by
reducing the specified active power flow gradually with 0.05 MW
per step until (23) is achieved. The required computational time for
handling violation of this value conventionally equals to 2.1809s.
Case (7): It is similar to case (6), except that V;"* is enforced using
the proposed method by releasing the specified active power ac-
cording to (40). The modified active power that handles the viola-
tion of V; equals 39.822 MW. The required computational time for
this case is reduced to 0.3065s. Hence, V;"* is enforced more ac-
curately at the required value using the proposed method and need
less computational time compared to conventional method (case 6)
as illustrated in Table 7.

Case (8): It is similar to case (1), except that V;"* is limited to be
0.1500p.u. V;"* is enforced conventionally by reducing the speci-
fied active power flow gradually. V;"* is enforced by reducing the
specified active power flow gradually with 0.05 MW per step until
(23) is achieved where the specified active power is reduced to
37.60 MW.The required computation time for handling the V; vio-
lation in this case equals to 4.1464 s.

Case (9): It is similar to case (8). V"™ is enforced using the pro-
posed method by releasing the specified active power according to
(48). The modified active power that handles the violation of V;
equals to 37.968 MW. The required computation time for this case
equals to 0.1356 s. Hence, V;"* is enforced more accurately at the
required value using the proposed method and need less computa-
tion time compared to conventional method (case 8) as illustrated in
Table 7.

Case (10): It is similar to case (1), except that P> is limited to be
1 MW. PJ™ is enforced conventionally by reducing the specified

reactive power flow of receiving side gradually.P,;~ is enforced by

Table 6
Shunt reactive power, injected loads and the auxiliary buses voltage with incorporating double C-UPFC controllers.
peP 2 P &4 Qsn(MVAR) Vi(p. uw) Va(p. uw) Si(MVA) Sn(MVA)
MW) (MVAR) (MVAR) (p.u)
Frist 70 -15 20 1.03 —1.9020 0.953 0.954 11.71 + j69.73 —11.71 + j59.10
C-UPFC £15.0° £15.2°
Second 10 5 5 1.02 41.9561 1.058 1.038 —25.17 —j47.27 9.9503 —j29.26
C-UPFC 241.3° £32.0°
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Table 7
Studied cases of C-UPFC for handling violation of constraints (IEEE 30-bus test system).
Case— (¢D] 2 3) (©)] %) (6) @) [©)] ©)] 10 an
PP(MW) 45.00 35.850 35.873 45.00 45.00 39.7500 39.822 37.600 37.968 45.00 45.00
Q;P (MVAR) 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 30.00 21.700 21.7445
QP (MVAR) 35.00 35.00 35.00 16.100 16.1719 35.00 35.00 35.00 35.00 35.00 35.00
VP (p. u) 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02
|se11(p. u) 0.5600 0.4798 0.4800 0.5657 0.5657 0.5160 0.5166 0.4936 0.5016 0.5117 0.5119
Vs(p. u) 0.1878 0.1600 0.1601 0.1948 0.1948 0.1749 0.1750 0.1643 0.1705 0.1789 0.1789
£-140.0° 2z —139.6° £-139.6 ° 2-142.5° 2-142.5° 2-141.4° z2-141.4° 2£-139.1° ~z—142.0° 2-134.2° 2-134.2°
|Le21(p. u) 0.5546 0.4861 0.4863 0.4698 0.4700 0.5149 0.5154 0.4985 0.5019 0.5539 0.5539
Vi(p. u) 0.1685 0.1454 0.1455 0.1645 0.1645 0.1546 0.1549 0.1499 0.1500 0.1693 0.1693
£—-61.2° £58.49° £—2.89° 271.8° 271.7° £59.9° £260.0° £60.0° £59.5° £260.7° £60.8°
ILn1(p. u) 0.0875 0.0614 0.0614 0.2636 0.2629 0.0715 0.0717 0.0657 0.0666 0.0435 0.0434
Ven (p. u) 1.0126 1.0159 1.0159 0.9938 0.993 1.0144 1.0144 1.0154 1.0150 1.0213 1.0213
2-17.6° £2—16.8° z2-16.8° 2-17.7° 2-17.7° z2-17.1° z2-17.1° 2-17.0° <2-17.0° z2-17.7° 2-17.7°
By (MW) —1.5180 -1.7638 —-1.7637 —1.1420 -1.1418 -1.4539 —1.4524 —1.7962 —1.4336 —0.9954 -1.0000
Byo(MW) —-3.2725 -2.8944 —2.8957 —-1.6918 -1.6981 -3.0784 —3.0831 —2.9585 —3.0126 —3.2213 -3.2219
Pz (MW) 4.7905 4.6582 4.6594 2.8337 2.8400 4.5323 4.5355 4.7546 4.4461 4.2167 4.2219
Time (sec.) 0.0973 4.8935 0.3065 4.909 0.3534 2.1809 0.1207 4.1464 0.1356 2.9979 0.3744
Table 8
Simulation time and number of iterations of power flow solution with C-UPFC (IEEE 30-bus system).
Base L1 ez Vs Vi Foa
case Enforcement Enforcement Enforcement Enforcement Enforcement
Case— (€D)] 2 3 @ ©)] (6) @ 8 © 10) an
Method - Conv. Dev. Conv. Dev. Conv. Dev. Conv. Dev. Conv. Dev.
Number of iterations 7 174 15 187 15 84 16 131 13 104 13
Simulation time (sec.) 0.0973 4.8935 0.3065 4.909 0.3534 2.1809 0.1207 4.1464 0.1356 2.9979 0.3744

Conv.: Conventional method. Dev.: Developed method.

reducing the specified reactive power flow gradually with 0.05
MVAR per step until (23) is achieved where the specified reactive
power is reduced to 21.70 MVAR. The required computation time
for handling the E,; violation in this case equals to 2.9979s.

Case (11): It is similar to case (8), except that P)){* is enforced using
the proposed method by releasing the specified reactive power flow
of receiving side according to (61). The modified reactive power
flow of sending side that handles the violation E,; equals to 21.7445
MVAR. The required computation time for this case is reduced to
0.3744 s. Hence, P is enforced more accurately at the required
value using the proposed method and need less computation time
compared to conventional method (case 10) as illustrated in Table 7.

The number of iterations and simulation time for studied cases
considering the operating constraints of C-UPFC using the developed
and conventional methods are listed in Table 8. It can be observed that
the developed methods need less computational time and number of
iterations compared with the conventional method for handling the
operating constraints. This due to the saving in times number of load
flow solutions.

5. Conclusion

This paper has proposed a comprehensive modelling for Center-
node Unified Power Flow Controller into load flow analysis. In this
model, the C-UPFC is represented with injected loads as a function of
specified control variables. The main advantages of this model are
avoiding the modification of Jacobian matrix and reducing the com-
plexities of including C-UPFC into load flow codes. In addition of that,
innovative developed methods have proposed for handling operating
constraints violation of C-UPFC device. These methods are based on
releasing the specified control values of C-UPFC as a function of their
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maximum limits. The released values are included and updated during
the iterative process of load flow algorithm. More accurate operating
constraints values have been obtained with less computation time
compared with the conventional methods. The numerical results of
various studied cases using IEEE 30-bus and IEEE 118-bus test systems
demonstrated the feasibility and superiority of proposed C-UPFC model
and the operating constraints handling methods.
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