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This paper thus proposes a novel approach, called
improved sequential method, to solve the power flow for
the AC-MTDC-FACTS power system. Because this
method does not neglect the coupling effects between
the conventional power flow equations and control
equations, it will maintain the good convergence
property of Newton method. Moreover, by this method
Wwe can partition AC, MTDC and FACTS parts in the
power flow calculation so that a simple sequential form
can be adopted, and little modification is needed in
existing AC power flow programs to include the MTDC
systems and FACTS devices. Numerical tests on [EEE
test systems have been done and the results show that the
proposed method is efficient and valid.

2. AC-MTDC-FACTS POWER FLOW ANALYSIS

With the introduction of FACTS devices and MTDC
systems, the power flow equations can be written as (1),

FX s X X )= 0
Go(Xoer Xy ) =0
G (X, X)=0
where, X, =[V 4]
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power flow equations, and G,

ges in Jacobiqn matrix to
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"is a vector of original AC system
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» G, stand for the control
equations of MTDC systems and FACTS devices.

If MTDC systems and FACTS devices are introduced
into AC power flow equations by injected power models,
and X, , X can be expressed as X, =G;'"(X,)) and
X, =G;(X,,.), then (1) can be written as:
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By the gaussian elimination process, the sub-blocks,
H, , and H,_, ,of Jacobian matrix are eliminated.
Then,

de-ac

o Tax,] [aF]
o H, 0 |ax,|=|ag, 3)

L 0 0 H, A, AG,
where, H w=H,.—H
Aﬁ a AF - Hnr—d:

AG, = AG, + H,_,.AX,

de—ac ac?

0 -1
ac—dci{dl:Hdc—-ac | Hac—ij Hf-(u' ’

HAG,~H, H;'AG,,

AG =AG, + H, AX, .
Clearly the coupling effects of MTDC systems and
FACTS devices have been taken into account in the

modified Jacobian matrix H .. - Besides, we have

AF(X, X, —HAG,, X, —H'AG,) @
_AF(X_,X,)-H,_ HIAG,~H, HAG, =AF

As a result, the solution procedure to equation (3) could

be written as:
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Next we study the step 1 of the (k+1)th iteration,
Step 1
{AXJ(I,(?CIH[JU(+|) H—I(k+|)AG (X(k+l) X(lm))

_ X‘(i:n) +AX;ecmp(k+1)

Here it is reasonable to assume that Jacobian matrix H

(10)

temp(h+2
"Yd(”p !

is approximately unchanged in that the values of state
variables X, are little changed between step 3 of kth
iteration and step 1 of (k+1)th iteration. So after adding
AY D with AX 2™ we can derive [8]

AN LAY = —H,[AG, (XS, X4+ H,

-

b = A tempXh 1) comky (k)
= _HLK[A(’J()&( !X.JTW + AX(IL )+ H-h u(AX ]

= - HTAG, (XS X )+ H MK+ o AXC)
= _HVIAG (/Y“ 1 X: emph +1)

AX(A )]

(1n

Consequently, the iteration form of (5)—9) can be
altered as follows.

Step 1
AXY =
X(lc+|) AX‘(,“
l(k)AG/ (X(k) X(fk))

AX¥ =-H;
S o ac *
{ X = (13)

(k) (k)
X7+ AX
Step 2

k) _ _ pr-lik) (k) yr(k+1) (k+1)
{AXM = —HWAF(X®, X &, X D)
— vik) (k)
ac _Xac +AXac

-l(") X(’l) X(/t)
AGd( ac I ) (12)
X(k)

X(k+l) (14)
It is noted that the solution procedure consists of two

main operations:

1. Control variables of FACTS devices and MTDC
systems are calculated from (12) and (13).

2. With the new values of control variables, the AC
Jacobian matrix is updated. Then the state variabls are
calculated through the solution (14) of power flow
equations in one iteration of Newton method.

The iteration is repeated until the power mismatches
in both power flow equations and control equations have
converged.

A new method, improved sequential method, has been
proposed to handle the AC-MTDC-FACTS power
system. From the above derivation procedure, we can
see that the improved sequential iteration form of (12),
(13) and (14) is derived directly and exactly from the
Newton-Raphson iterative form of (2). This proposed
method can keep the good convergence characteristics

because f—im in (14) has considered the impacts of

MTDC systems and FACTS devices on the conventional
AC Jacobian matrix. Moreover, the AC power flow
equations, MTDC equations and FACTS equations can
be solved respectively in a simple, sequential iterative
procedure. This method enables us to extend the existing
AC power flow program codes easily to consider MTDC
systems and established and emerging FACTS devices

3. MTDC SYSTEM ANALYSIS

|'.-{' MTEX
— bk

| \ Ssystem

N

Fig | Equivalent representation of a converter terminal
The DC model can be defined as follows [6]:
V,=KaV,cosd —K,X I, -&
V,=0.995 KaV, cosg,
Pdl =Vd11!ll (IS'C)
Qu =Valatang, ¢ (15-d)
The various quantities of DC system involved are:

P,,Q, Active and reactive power transmitted from i

i AC current drawn from bus i

(15-2)
(15-b)

@, Phase angle difference between 7, and I,




"ELECO'99 INTERNATIONAL CONFERENCE ON ELECTRICAL AND ELECTRONICS ENGINEERING"

a Converter transformer tap
0 Converter control angle, firing angle for rectifier
and extinction angle of advance for inverter
{, DC injected current into bus 7,
. DC voltage at bus i,
£ | for rectifier, —1 for inverter

14

=4

G DC network conductance matrix.

k :3\/5/, k=%, k =0995k .
T T

In a MTDC system, it is assumed that the DC current
leaving the termial is positive. This implies that 1, is
negative for an inverter while positive for a rectifier.
V, of either inverter or rectifier is positive. Then, the

X Commutation reactance
|

MTDC network equations are obtained as /, = [G] V,.
Each additional converter contributes two independent
variables to the system and thus two further constraint
equations must be derived from the control strategy of
the system to define the operating state. Practically two
control equations for each converter can be chosen from
the following four control modes[9]:

1. P, -P?=0and a—a” =0, o0r cosf@-cosf*” =0;

2 1,-1I7=0and a-a” =0, 0r cosd —cos@¥ =0
3. a—a¥ =0 and cosf ~cosf” =0,
4. V, V¥ =0and a-a” =0, or coséd—cosd” =0,

Assume that one MTDC system has four types of
converters with the above four control modes in order. If
the control vector is X, :[Vd,,I{,Z,I{,],[d4]’, we can
obtain the reformed MTDC system network equations
G, as follows:

‘gn g, & O ‘ Vil | lii =2V |

| 0|, [P =g, V¥

18 &un &» o i N R E L (16)
& 8n & 9|V ‘ | Lys=gu V¥

i 8n 8o -~ -'__lr',;__ ] Vi

where,

1
7 =
al cosfyV, -———V, .

2 cl 2 3

" K
IL/I = P(l] /VL” “[d] = K Xl

In the power flow equations < of AC-MTDC system,
the only modification required to the usual real and
reactive power mismatch equations occurs for those
equations which relate to the converter terminal AC
buses. These equations with new injected power -P,

and -0, can be written as:
| P~ P(ac)= P, (dc) =0
iQf” ~Q,(ac)-Q,(dc) =0
Here we can get P, = P, for the first-type converter

AC buses,

(17

P,=V, I} for the second-type buses,

K
B, =V, (= a cosaV, -
’ KX

3

V,;) for the third-type

2705 3

buses and F,, =V} -1,, for the forth-type buses. O , for
the first-type,second-type and forth-type buses can be
obtained as follows:
e One of the two converter control equations is the
specified tap control equation, then

O = I KX @YV -V ¢ (18-2)

* One of the two converter control equations is the
specified fire angle equation, then

y = LN K,V + KX I -V
a\’ di 2% it dr d =

g (18-b)
 Kicos'6”
And
0, =( K, af cos@v,, - ! V) f.Kz(a—"”)zV.z——VZ.
4 K 3003 KX d3 Py a3y b di

27%¢3 2<% ¢l
(18-c)
for the third-type buses.
For the solution of MTDC system vector X, , the AC
power flow equations F and MTDC system network
equations G, can be effectively solved by the improved

sequential method introduced above..
4. FACTS DEVICES

Recently, lots of advanced FACTS devices emerged
because of the rapid development of the modem power
electronics technology. Mainly there are four types of
FACTS devices being used to control the power flow,

which are Static  Synchronous Compensator
(STATCOM), Thyristor Controlled Series Compensation
(TCSC), Thyristor  Controller  Phase Shifting
[ransformer (TCPST), Unified Power Flow Controller

(UPFC) and so on. In practice, STATCOM and Static
Var compensator (SVC) are used to hold the bus voltage
at specific value, so the buses connected to STATCOMs
and SVCs often are considered as PV buses in power
flow computation. This paper mainly discusses TCSC,
TCPST and UPFC. The line with a FACTS device often
is modeled as shown in Fig. 2.

G+ /B

—_
AP AP

I AL AQ

Fig 2 Injected power model of FACTS

l;':_.-

e TCSC

TCSC can increase or decrease the electrical length of
the line by supplying positive or negative reactance to
reduce or improve the line’s ability to transfer power.
The model presented below is simple and is to introduce
a new control variable X with a new control objective

F7 into the power flow equations. Fig. 3 can be

changed into Fig. 2, which is formulated as an injected-
power model. The corresponding injected power at
terminal buses i and j are:
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Fig 3 Transmission line [ — j with TCSC
2 " L%
AP =V G"+VV G"cos8, +VV,B"sin0,
AQ =V B"+VV,G"sing, -VV,B"cosb,

] (19)
AP = -V!G"+VV G"cosf, VYV, B"siné,
AQ, =V!B"-VV G"sinf, -V,V B"cosb,
The active power control equation G, is
AP, =V’G -VV G cosf, —VV B'sing, - P¥ =0  (20)

here, V' =G'+ jB', G' Gy
= + = - ——
e T T G UG+ BYX, - BY

]

. G+ B’
TG +{(G*+ BYX_ - B

G"=G'-G, B"=B"-B.
e TCPST

TCPST is capable of controlling the power flow by
locally altering the voltage angle difference. Like TCSC,
furtherly the model of TCPST (Fig.4) can be stated as an
injected one as Fig. 2, and the injected power can be
formulated as follows:

[B-(G*+B)X],

' i+ ;"S
E [ ¥
| B

E =jtang V. I,=—jtang-],
Fig 4 Schematic representation of TCPST

Y | .

AP = -V'T*G-VV T(Gsind, - Bcos6,)
AQ, =V'T*B+VY T(Gcosf, + Bsind,)

4 ) (21)
AP = -VV T(Gsing, + Bcosd,)
AQ, = -VV T(Gcosg, — Bsinb,)
The control variable is X, =[¢] and control

equation G, is:

AP, = K*V'G — KVV (Gcos@, + ¢) + Bsin(g, + $))~ P" = 0
(22)

where, T =tang, K =1/cos¢ .

e UPFC

UPFC, a versatile FACTS device, has the unique
capability to control simultaneously both the voltage
magnitude and active and reactive power flows on a
transmission corridor. Fig. 5 shows the equivalent circuit
representation of a UPFC and we also can derive its
injected power model as Fig. 2. Here, the equivalent
injected power can be expressed as follows:

14 G+ jB

:!; ¥

Vo= Ke* .V

Fig. 5 Schematic representation of UPFC

AP = -G[2K ¥ cosg, + KV} = KV, cos(@, +6,)]
+BK VYV, sin(g, +6,)

L . B
8Q = KV Gsing,+ K Beos +— KV’ cosd, =V,

AP, = KFVV [Geos@, +4¢,) - Bsin(0, +¢,)]

AQ =-KVV][Bcos@, +¢,)+Gsin@, +¢,)]

(23)
The UPFC control variables are X, =[X, ,¢,,1p,1q]7
and control equations are:
AP =(1+ K} + 2K, cosg VG - VV (Geosd, + Bsing )
—KVV[Gcos@, +¢)+ Bsin(g, +¢,)]- P" =0

(24)

AQ =—(1+ K +2K, cosg )V} (B+%)
+V,(Beost, ~Gsinb,)+ KVV,[Beos(®, + )
-Gsin(@, +4)]-0" =0

For the case when the UPFC controls voltage
magnitude at the AC shunt converter terminal (node i)
and power flowing from node i to node j, from (24)
and (25) we can see that if node i is defined as PV-type
bus, there are two control variables K, and ¢, left and
needed to be computed in the iteration. Other control

(25)

variables /, and 7, can be updated after each iteration

by the injected reactive power of PV-type node i and
the internal active power balance equation of UPFC,

5. POWER FLOW TEST CASES

A Newton-type power flow program, based on the
improved sequential method, has been extended to
include the FACTS devices and MTDC systems
described above. The developed program has been
extensively tested on large number of power networks of
different sizes with various FACTS device and MTDC
systems. The test results show the proposed method is
efficient with power flow solutions converging in five
iterations or less. The test results of two networks are
presented here:

1) IEEE 14-bus system with several FACTS devices

and a DC link.

2) IEEE 30-bus system with several FACTS devices

and a MTDC system.
e Test system 1

The IEEE 14-bus system is modified to include a DC
link connected between nodes 4 and 5, as is shown in
Fig. 6. The original line between nodes 4 and 5 is

157




"ELECO'99 INTERNATIONAL CONFERENCE ON ELECTRICAL AND ELECTRONICS ENGINEERING"

removed. A SVC is installed at the node 9 to keep the
voltage at 1.06 p.u., and a TCSC is placed at the line 2-3

to control the real power PY = 80MW .

X =0.126 R = 0.00334 X, =0.0728
Ii.' 3 ),
QD—o+—=—o—0D—

Cl | 8.

4

Fig 6 A DC link in IEEE 14-bus system
Two methods, the improved sequential method and the
sequential method are used to solve the system. Table 1
shows the DC link results and Fig. 7 shows the
convergence trajectories of the maximum absolute, nodal
power mismatches. Apparently, the improved sequential
method reached convergence with the required tolerance

of 107 pu_ faster than the sequential method.

LTS OF (EEE 14-BUS

U
Control | v o
! Conv Hlowartibics | [, (pu) . :,(p.u.) )
Cl | pE.g7 | 04566 | 128343 | 8 | 1030
c2 | g7.qv | -04s66 | 128190 | 16 | 0995

TCsC: X =-0.043pu. SVC. X, = 4. T3MVAR

1E+01
S 1E+00 ®
o 1E-01 (—m
g 1E-02 \?ili_ L
1E-03
1E-04 |— R‘\ <
1E-05 A oy
1E-06 i
1E-07

Mismatch ir

1 23456738

Iteration number
—e— Improved sequential method

-~u— Sequential method
Fig 7 Convergence trajectories of two methods for test system 1

o  Test system 2

The IEEE 30-bus system with a 5-terminal DC system
and various FACTS devices is tested. Table 2 reports the
values of commutation reactance and DC links. Four
branches are installed with FACTS devices [10]. The
power flow computation with the simultaneous method
(SM) and the improved sequential method (ISQ)
converged in less than 6 iterations. The sequential (SQ)
method required more number of iterations. The test
results are shown in Table 3.

TABLE 2 MTDC SYSTEM DATA FOR TEST SYSTEM 3

| Parameter | C1_ | C2 | C3_! C4 | C5 |
Type | Rectifier| Inverter Inverter |Inverter |Rectifier
Conv 3 Number| 2 | 4 6 | 28 | 1 |

Y (pa) | 00474 | 00474 | 00237 |00474
1-5 | 2-3| 2-5 |4-5
network | R(pu) | 00199 | 00228 | 00164 !00173

ogho2

e Le 71—

TABLE 3. TEST RESULTS OF 30-BUS SYSTEM
Control variables lter. Num

[ ct [ c2 [ c3 | ca | c5 |sM[IsQ[sQ |
112,07 vz 67 v 67 V;’,aw]V;",efm 3 (3]s
2| P v ar pr v pr o vt 4 |4 |6 |
3|pear v ar v ar| PP o (gv a7 4 | 4| 8 |
4_-é5P’aJP [ V;F’H:P [ P;P,g-'l’ V(,’P’HJP BIF_,U; S_TT
|'s |67.a” | 12.a” |BF.a*| [F.a” (V70" 5 [ 6 |10

6. CONCLUSION

This paper has presented a novel approach suitable for
solving the power flow of power system embedded with
FACTS devices and MTDC systems. The method is
derived from the Newton-type method and is capable of
solving large power networks very reliably. The
algorithm retains Newton’s quadratic convergence and
its robustness is verified by extensive tests on several
systems. Moreover, this new method can use the simple
iterative form of the sequential method while
maintaining the good convergence characteristics of
Newton-type algorithms. In this paper, injected power
models of FACTS devices and MTDC system are used
in the power flow algorithm. The efficiency of the
improved sequential method with these injected power
models to solve power networks containing FACTS
device and MTDC systems is verified. In summary, the
main merit of the proposed algorithm is that it may be
efficiently applied in existing AC power flow programs
with extension to include the effects of FACTS devices
and MTDC systems.
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