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Abstract: -HVDC system is necessary for very long power transmission lines and interconnections between
networks of different frequencies. Therefore, it is required to model HVDC transmissions lines and combined
them in the AC power flow calculation of the whole AC-DC system. In this paper, the Newton-Raphson
method used in AC power flow calculations is modified to be suitable to model the AC-DC systems with
inserting the HVDC line in the AC network. The elements of the unknown vector of the AC system are kept
unchanged and are extended by a new unknown vector of the DC system variables. The Jacobian matrix of the
AC system is modified to include the effect of the DC system which represents the modifications due to the DC
line. The modified Jacobian matrix includes the effect of the active and reactive power absorbed at the DC
buses, and their dependency ont he AC system variables. The modified Newton-Raphson method was
implemented on the AC-DC test systems with a power flow calculations using MATLAB script file and the
results were presented and discussed for the hybrid AC-DC systems.

Key-Words: - Newton-Raphson Method - HVDC - AC-DC Load Flow.

1 Introduction to DC at its rectifier side and reverse to AC at its
The industrial growth of countries needs large inverter side. The HVDC technology is still
amount of energy consumption, especially electrical undergoing many Fievelopments applied to improve
energy, so that, the generation and transmission the system reliability and to reduce the large costs of
services should be increased to convene the converter ~ stations at 1ts ends. Thp la_test
increasing of demand. The energy demand was development is subjected to the multi-terminal
doubled every ten years in modern countries while it HVDC system .conﬁguranons that increase the
was doubled every only seven years in the scope of application of HVDC systems [2, 3].

developing countries which required considerable The new voltagg source converters (VSC)-based
investment in electrical power sector [1]. HVDC system is more flexible than the

conventional current source converter (CSC)-based

There are significant increases in electrical :
HVDC system. But the conventional CSC-based

power generations using renewable energy

resources; however, they are in far away from load HVDC system used today due to its ability to
centers and the tendency towards transfer a large transfer large amount, greater than S00MW, power
amount of active power for long distances. compared to the VSC-based HVDC system [4].

Therefore, the high voltage direct current (HVDC) The power flow studies are very important,
system is a favorable solution for the transmitting because it gives large importance information
these large amount of power for long distant required for some power system studies such as:
between generations and load centers. Due to the system plan study, s.tablhty study and ensure finally
benefits of generation and utilization of electrical the correct operation of the electrical supply

networks [4]. The AC-DC power flow is carried by

power with the AC current compared to the DC . ¢
two methods known as unified and sequential

current, the HVDC transmission systems need a
conversion process at its two sides or ends, from AC methods [4-10].
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The unified method is the most reliable for
solution convergence when the AC-DC power flow
built with the fast decoupled technique as explained
in [5], while the sequential method diverged in some
mode of operation. But the unified method is more
complicated compared to the sequential method
when they built with the fast decoupled technique.
Thus, the two methods and the proposed modified
method are built using the more accurate Newton-
Raphson methods.

In this paper, the different methods that used in
AC-DC power flow calculations for hybrid AC-DC
system are discussed and analyzed. Moreover, the
AC-DC power flow with unified, sequential and
proposed modified method was discussed and
analyzed.

The system model of AC-DC power flow for
hybrid AC-DC systems was introduced and
analyzed in section 2. The modified AC-DC load
flow method was presented in section 3. Finally, the
proposed modified method is discussed and
compared with the other the two methods.

2 AC-DC System Model for Hybrid

Systems

In this section, the AC-DC system model for hybrid
systems is presented and discussed. The AC-DC
system model is divided into the parts: the DC
system model and the AC system model.
Accordingly, the interaction between them can be
modeled and represented using the proposed power
flow calculation method.

2.1 DC System Model

Figure 1 shows the monopolar HVDC system. It is
modeled considering constant current, constant
tapping of converter transformer at the rectifier side
as well as constant extinction angle and constant
tapping of converter transformer at the inverter side.
The residual equations (R1 to R9) of the system are
expressed as follows [4-7, 11-15]:

R, =le—£allkvtlcos¢l )
z

R, =V, —ﬂalvﬂ cosa+Ry Iy 2)
z

Ry =Vg1 —Vaa —Ri g 3)

R, =1, 4)

Rs =a, —aF (5)
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Vi [dy Ve |ds

1:31

Vio Pus, Qus - -

Fig. 1 Simple SIF AC-DC system

32
Re = Va2 R a,kVy, cos g, (6)
W2
R; :VdZ_TaZVtZCOS7+Rd2Id (7)
Rg = cos( — y) —cos(z —y*P) (8)
R, =a, —af )

where: Vg1, Vi are the DC line voltages at the
rectifier and inverter converter buses respectively.
lg: is DC line current. Vi, Vp: are the line to line
terminal voltages at the rectifier and inverter
converter buses respectively. &, and &, are the phase
angle of the line voltage at both rectifier and
inverter converter AC buses respectively. ¢ and ¢
are the angle between the fundamental components
of converter primary current and phase voltage at
rectifier and inverter converter buses respectively.
oy and o, are the transformer tapping ratios at
rectifier and inverter converter -buses respectively.
o and y are the rectifier side firing angle and the
inverter side extinction angle respectively. Rq; and
Ry, are rectifier and inverter side commutated
resistance respectively. R: is DC line per unit
resistance.

2.2 AC System Model

The AC system model consists of sets of
mismatches of active power and reactive power
equations. The mismatch of active power and
reactive power at any AC bus are [3, 5, 12-15]:

AR =R - 3P, (10)
j=

AQ =Q - ilQij (11)
J:

where; P® =P - P,
Q¥ =Qsi —Qui
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% P'] :VizYii COS& ii+ %V IV]YI] COS(Q ij —6 i +é‘ ])
i= j=1
i ”'n (12)
ZlQij = _VizYii Sine i~ ZIV IVJYIj Sin(@ ij _§i+ 5 J)
= L
And ,i: is the bus number
n: is the total number of AC buses
— n 1
Yii = VYio+ X — =Y;i£6;
i=1Zjj
j#i

1
- _Z_=Yi149ij

ij
Equations (10) and (11) are modified for the
converter AC buses as follows:

Yij

n
ARy =R® - _Zl Pi = Poci (13)
j=
n
AQy =Q - _ZIQij — Quei (14)
J:
where;
Paci = Vailai

Quei = Vil gi tan ¢

3 Solution Methodology

The solution methodology of AC-DC power flow
can be classified into three methods:

1. Unified method

2. Sequential method

3. Proposed modified method
The description of these methods is as follows:

3.1 The Unified Method

The AC and DC equations are solved together in the
unified method. In this method, the nonlinear AC
and DC equations for both AC and DC system
equations are combined into one set. The set of
nonlinear equations of both AC and DC systems can
be written as follows the Newtown-Raphson
method:

AP (A6 ]
AP, A6,
AQ |=|J||AV (15)
AQ, AV,
_R 1 L] _Ax ]
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where:
Ris the residual DC equations which can be
expressed as follows:

R = [R{RyR3R4RsRsR7RgRq "
Axis the DC system variables which can be
introduced as follows:
Ax = [Vgilga; @ @1 Vgzaz v 921"
[J] is the Jacobian matrix of the hybrid AC-DC
system which can be written as follows:

H L Jige
[l=l M N Iy (16)
‘]3dc J4dc ‘]Sdc
where:
OAP  OAP OAP  GAP
h_| 80 86 | [ _| v &V,
OAP,  OAP, | OAP,  OAP,
2y A
oAQ  6AQ oAQ  6AQ
M| 90 a6 | _| v v
OAQ, OAQ, [ OAQ, OAQ
00 06, R
| oAP oAQ
Jide = ai)l(:) o Joge = a(Z)((g
't =t
L OX OX
1o o | R ﬁ}J {@ @}
e o6, [T v oy,
‘]Sdc = g_lj:l

In order to obtain the new values of system
variables for iteration k, the following steps can be
used:

[AO ] (AP

A6, AP,

AV | = AQ (17)
AV, AQ,

_AX dk L Jdk _R Jk

(6] (6] [Ae6

6, 6, A6,

\Y; =|V | +|AV (18)
A A AV,

_X Jdk+1 _X dk _AX dk
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3.2 The Sequential Method
The AC and DC equations are solved together in the
Unified method which takes it asa sophisticated
method and difficult implementation while in the
sequential method, the AC and DC equations are
solved individually which takes it easy to
implement. The Newton-Raphson method is also
used here to solve these two sets of algebraic
equations. The DC system residuals equations can
be written as follows:
[R]=[2:][ax]
where
[‘]l]z[‘]sdc] (20)
In order to obtain the new values of the DC system
variables for iteration k, the following steps are
considered:

Rl

[axk = {3, 1)

s =D + e (22)
While, the AC system equations can be written as
follows:

(19)

AP AO
AP, AG,
=] (23)
AQ AV
AQt AVt

where[J,] is the Jacobian matrix which can be
evaluated as follows:

s

The new values of the AC system variables for
iteration k, can be implemented using the following

(24)

steps:
A0 4 [AP
AG, AR,
=1, ' (25)
AV AQ
[AVE, “1AQ k
0 0 AG
6 6, AG,
! =+ (26)
\ \ AV
Videa Mo LAV,

3.3 The Proposed Modified Method

In the sequential method, the AC and DC
equations are solved individually. So that it is easy
to implement but the divergence problem can be
occurred in some control mode of operations of the
DC system. The proposed modified method is firstly
presented by [16]. The DC converter bus is
considered as a v oltage dependent load to take its
effect on the AC Jacobian of the sequential method.
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The proposed technique is applied on the sequential
method for AC-DC power flow depending on t he
fast-decoupled method. In this work, the modified
approach is applied on the Newton-Raphson method
for the AC-DC power flow. In the proposed
modified method takes the effect of DC system on
the AC Jacobian matrix by considering the DC
system as a voltage dependent load on the AC side
at both DC system sides. This can be carried out by
representing the active and reactive power of the DC
system as a function of the AC terminal line voltage
as follows [5]:

32

Pyi = ——aikevglscosg (27)
T

Quei = ﬂaikfﬁildsm@ (28)
T

where, =1 for rectifier and =2 for

inverter Therefore, the DC system effect is seen in

the AC system Jacobian and this decreases the
number of iterations of AC-DC power flow
solutions and prevent the divergence in different
control modes of operations of the DC system as
well as it avoid the complexity of the unified
method.

4 Application Examples

The three AC-DC power flow methods presented in
section 3 are applied to two test systems. The first
system is a simple AC-DC 4-bus system shown in
Figure 2, while the second system is the IEEE 30-
bus test system with replacing the AC line between
buses 6 and 28 by a DC line.

4.1 Case Study 1:

The three power flow methods are first applied to a
suggested simple 4-bus AC-DC system shown in
Figure 2. The per unit system data of the 4-bus for
both AC and DC is introduced in Table 1.

= & Vi &

e

Fig. 2 éimple 4-bus AC-DC system
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TABLE 1. DATA OF SIMPLE 4-BUS AC-DC SYSTEM
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TABLE 2. RESULTS OF AC-DC SYSTEM FOR BASE

E; E, Q11 CASE, (lg, 7, 81, 82) CONTROL MODE, FOR SIMPLE 4-
= 1.05 = 1.05 =0.3 BUS SYSTEM
Py 0 AC system Results DC system Results
ACsystem | =P, |P,3=20 =L6_3 A 0.9936 Ve 1.101
data =0.5 Vi 0.992 g 1
{10 7, =17, 715 oy -4.124 a; 0.9
- ¥503 = j0.1 = j0.05 5 -1.649 a 7.7
=1 - 5; 12,719 @, 23.582
DC system | R, Xe1 = X2 Cil sp Vi 1.051
data =0.05 | =0.1 ~ % a 0.9
= 0.9
y 18
The MATLAB script file is built for different ¢2 28.808

control modes of operation of HVDC system for
different AC-DC power flow methods, unified,
sequential and proposed modified. The AC-DC
power flow program results for base case, constant
current at the rectifier side and constant extinction
angle at the inverter side asw ell as constant
transformer tapping at both sides, are tabulated in
Table 2 for both AC and DC systems. The results
obtained with the suggested modified method after 4
iterations with error of 0.0000678.

Figure 3 shows the converter bus voltages at
both rectifier and inverter sides versus iteration
numbers with different three AC-DC methods:
unified, sequential and proposed modified
respectively. It illustrated that the unified method
converged in 4 iterations; the modified method
converged in 4 iterations while the sequential
method converged in 5 iterations.

Table 3 shows the AC-DC power flow results of
simple 4-bus AC-DC system shown in Figure 2 at
different control modes and different AC-DC power
flow methods: unified (U), sequential (S) and
proposed modified (M). The control mode of
operation of AC-DC power flow is defined by
specified DC system variables. For example, in the
first control mode of operation in Table 3, lg, v, ay,
a, that are: the DC line current, extinction angle in
the inverter side, and the transformer tapping ratios
at the rectifier and inverter sides are specified or
fixed at a certain value. The other control modes of
operations can be defined in the same manner.

4.2 Case Study 2:

The system model is tested using the standard IEEE
30-bus system. The AC line between buses 6 and 28
is replaced by a DC line. The system data of the DC
line used in this case is introduced in Table 4.
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TABLE 3. AC-DC POWER FLOW RESULTS OF
SIMPLE 4-BUS AC-DC SYSTEM AT DIFFERENT

CONTROL MODES.
No Control Number of Iterations
' Mode U 3 ¥
1 lg, 7, a1, & 4 S i
2 Pac1, 7 a1, @2 4 5 :
I ] V y a ,
3 d d2 1 4 S p
A
4 a,ld, 7, de 4 5 :
a H V y f
5 1, Vau, 7 A ) :
Pdcz
1.001
| —— Vi1 (U)
—— Vt2 (U)
0.999} i
=epen V2 (S)
L e VL (M)
0.998 S
5 09971
=
£ 0996}
E 0.995}
0.994} N
................. . .
0993}
2 o Vt2 -
0.9910 : . é 4 5

Iteration Number
Fig. 3 AC converter bus terminal voltages versus
iteration number with different AC-DC power flow
methodswith (I, a;, v, a,) control mode.
TABLE 4. DC LINE DATA USED IN IEEE 30-BUS

SYSTEM.
Xc1
DC system | R, =0.1 Vo1 = j0.25
data = 0.05 Xc2 Yo2 =]030
=0.1

Figures 4 and 5 illustrate the convergence of the
AC and DC voltages at both rectifier and inverter
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sides respectively with the three AC-DC power flow
methods with (I3, a;, B, a;) control mode. It
illustrates that the unified method reach to final
solution after 6 iterations while the sequential
method reach to final solution after 7 iterations.
However, the final solution is obtained after 5
iterations using the proposed modified method.

2

8- Vt1(U) |4
B V2 (U)
—— V() |
——Vi2(S)
e VEL(M) [
%= V(M)

1.03r

1.0251

1.021

Vitl, Vt2, p. u.

4 5 6 7
Iteration Numbers

Fig. 4 AC converter voltages versus iteration

numbers with (I, a;, B, a,) control mode.
T : : : : :

-~ Vdl (U)
-~ @-- Vd2 (U)
—e— Vil (S)
—e— Va2 ()
=== V1 (M)
%= Vd2 (M)

1.12

Vdl, Va2, p. u.

Iteration Number
Fig. 5D C line voltages versus iteration numbers
with (I, a;, B, a;) control mode.

The convergence of the AC-DC power flow
with the three AC-DC power flow methods with
different control operation modes of the DC system
are summarized in Table 5. It illustrates that the
convergence of the modified method is better than
the sequential method and very close to the unified
method. Furthermore, the speed of convergence
using the suggested modified method is less than
that of the unified method which means that it is a
good method for AC-DC power flow calculations.
In the other wards, the results confirm that the
conversion time for the proposed modified method
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is smaller than that of the unified and sequential
methods for most suggested control mode of
operations. Also the iteration number required for
proposed modified method is smaller than that
required for both unified and sequential methods for
most suggested control modes of operations.

TABLE 5. THE CONVERGENCE OF AC-DC POWER

FLOW OF IEEE-30 BUS WITH DC LINE BETWEEN

BUSES 6 AND 28.

_ Number of Iterations
s| £38 U S M
Z. g2
S . . . . .
@) it| Time| it | Time | It | Time
1 |l a8 |6]0282] 6 |0200]5]0.189
2 Pd°1'a nau 60236 6 |0.203]7]0.205
2
3 'd’ng’al’ 610223]13(0233|9/0213
2
4 | alg, 7 Ve |7]0247] 5 10.177]6]0.179
5 | Va2 | 610246 | 7 | 02315 0.175
Pdc2
6 'd’g’al’ 610230 7 [0219]5]0.176
2

where g is the inverter side advance angle.

5 Conclusions
This paper has presented a system model of AC-DC
load flow solved by Newton-Raphson method. The
first sentence means that there is no contribution.
The DC line has been incorporated into the AC load
flow study modeled by the unified and sequential
methods. In the proposed modified method, the DC
system has been considered as a v oltage dependent
load in the AC system model and then the AC
Jacobian has been modified to include the DC line
effect on the AC system. The proposed modified
method overcame the slow of convergence of the
sequential method and the implementation
sophistication of the unified method.

The three AC-DC power flow methods have
been tested by two different hybrid AC-DC systems.
The first system was the 4-bus AC-DC system while
the second test system was the standard IEEE 30-
bus with replacing the AC section between buses 6
and 28 by a DC line. The results attained that the
proposed modified method was very close to that of
the unified method but without complexity of
implementations. Furthermore, the modified method
convergence time and iteration numbers were less
than the other two methods for most suggested
control modes of operations of the DC system
especially with large AC-DC systems.
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