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on ac–dc systems, and no generalized dc transmission papers
have been found in the literature. Most of the work have been
carried out for specific application (8,9).

An inspection of the available literature indicates that
practically adopted ac–dc load flow algorithms are based on
either Newton–Raphson (NR) or the fast decoupled (FD) tech-
nique. Stott (2) combined the dc link solution technique of
Sato and Arrillaga (3) with the NR ac load-flow program and
solved the ac–dc load-flow problem in the sequential frame-
work. The FD load-flow scheme was extended to the ac–dc
load flow by Arrillaga, Bodger, and Harker (4), El-Marsafawy
and Mathur (5), and many others. However, the algorithms
presented in Refs. 4 and 5 using the simultaneous solution
scheme are computationally superior, practically viable, and
technically versatile. All the previous discussions are perti-
nent to ac–dc load-flow only. The proposed technique can
faithfully be applied to ac systems, dc networks, and ac–dc
(interface) systems.

PROBLEM FORMULATION

In this section a mathematical model for dc transmission
network and ac–dc systems is developed. An integrated
ac–dc system consists of ac network, dc network, and ac–dc
interface (converter) system. For the purpose of dc trans-
mission network analysis, ac network components connected
to a converter are considered as part of the converter sys-
tem. The advantage of this approach is that the ac network
admittance matrix remains unaffected due to converter
transformer tap variations or due to reactive power changes
caused by switching of the capacitor banks at the converter
terminal busbars.

DC CONVERTER AND NETWORK MODEL

For the purpose of analysis of dc transmission networks,
HVDC converters have, so far, been modeled in polar coor-DC TRANSMISSION NETWORKS
dinate form. In this section, the HVDC converters are mod-
eled in the rectangular coordinate form. A HVDC converterA number of high-voltage direct-current (HVDC) links are
connected to an ac busbar P and a dc busbar i is shown infunctioning within the existing ac transmission systems in
Fig. 1.many countries, and the option of including multiterminal dc

For the purpose of the mathematical model the followingsubnetworks is receiving considerable attention. HVDC trans-
simple assumptions are made:mission subsystems are preferred for better economic and

technical benefits in specific applications, such as
• The three-phase voltage at a converter terminal busbar

is balanced and sinusoidal at system frequency.• To transfer bulk load over long distance more economi-
cally • Converter valves are ideal (no voltage drop) and con-

verter operation is balanced.• To transmit power in underground and submarine
cables • Converter transformer is lossless and its magnetizing ad-

mittance is negligible.• To facilitate the operation of interconnected ac systems
at different frequencies • Dc voltages and currents are smooth (ripple-free).

• To reduce the short-circuit level in an interconnected ac
system

• To increase the transient stability margin
• To improve the dynamic stability

Load flow is an important part of power system planning and
operation. Many papers have been published on ac–dc load

P PP + jQP Isi = ci + jdi

Idi

Vdi

i

1:a

flow (1–6). Different types of algorithms have been proposed
(1–7). However, most of these studies have been carried out Figure 1. HVDC converter and network model.
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• The effect of the overlap angle (�) while establishing a Therefore, the real power injection into the HVDC converter
in terms of the dc voltage and current isrelationship between the secondary current of the con-

verter transformer and converter current is neglected.
PP = Vdi

Idi
(8)

These assumptions are reasonable and made for the polar co-
From Eqs. (6) and (8)ordinate formulation as well.

Vdi
Idi

− Siai(ePci − fPdi) = 0 (9)
MATHEMATICAL MODEL FOR RECTANGULAR COORDINATES

The dc current injection at the dc busbar i in terms of dc
The performance equations using the converter variables in network conductance and dc busbar voltage is
the rectangular coordinates are derived and are as follows:
The dc voltage Vdi

at the converter terminal i is
Idi

=
Ndc∑
j=1

Gdcij
Vd j

(10)
Vdi

= k1ai cos θi|VP| − Sik2Xci
Idi

(1)

Rearranging Eq. (10)
where k1 � 3�2/�, ai is the converter transformer tap, 	i is
the converter control angle,

Idi
−

Ndc∑
j=1

Gdcij
Vd j

= 0 (11)

The secondary current of the converter transformer is related
θi =

{
αi for rectifier operation

λi for inverter operation

to the dc current as shown in Eq. (12) is
VP is the ac terminal voltage, Si

k1Idi
= |Isi

| = (c2
i + d2

i )1/2 (12)

Squaring both sides of Eq. (12) and after arrangingSi =




0 if no converter at ac busbar

1 if converter at ac busbar P is a rectifier

−1 if converter at ac busbar P is an inverter (k1Idi
)2 − (c2

i + d2
i ) = 0 (13)

k2 � 3/�, Xci
is the commuting reactance, and Idi

is the dc For a HVDC converter operating under the balanced condi-
current. tion from a known ac terminal voltage, only two independent

Expressing Vp in rectangular coordinates, variables Vd and Id are sufficient. However, the control re-
quirements of the converter involve additional variables. In
the rectangular coordinate formulation, a set of six variablesVdi

= k1ai cos θi(e
2
P + f 2

P )1/2 − Sik2Xci
Idi

(2)
(Vd, Id, a, c, d, cos 	) are required for the modeling of the
HVDC converter. Whereas in the polar coordinate formula-Squaring both sides and rearranging Eq. (2) can be written
tion, five variables (Vd, Id, a, 
, cos 	) are sufficient. In theas
latter case the converter secondary current angle is taken as
shown in Ref. 2. The choice of cos 	 instead of 	 as a primary(k1ai cos θi)

2(e2
P + f 2

P ) − (Vdi
+ Sik2Xci

Idi
)2 = 0 (3)

dc variable removes the trigonometric nonlinearity from the
system equations.

The complex power injection (PP � jQP) into the HVDC con- The evaluation of the six variables of the converter model
verter at ac terminal busbar P is in the rectangular coordinate requires six independent equa-

tions. Of the six, four equations are characterized by the
mathematical model as expressed in Eqs. (3), (9), (11), andPP + jQP = SiVPI∗

p = SiaiVpI∗
si

(4)

(13). The other two independent equations are obtained from
the specified control strategy for the converter operation.where Ip is the primary side current and Isi

is the secondary
The converter controls normally specified areside current, Isi

� ci � jdi.
Expressing VP and Isi

in rectangular coordinates,
1. Specified dc voltage:

PP + jQP = Siai[(ePci − fPdi) + j(ePdi + fPci )] (5)
Vdi

− V sp
di

= 0 (14)

The real power PP from Eq. (5) is
2. Specified dc current:

PP = Siai(ePci − fPdi) (6)
Idi

− Isp
di

= 0 (15)

Neglecting losses in the converter and converter transformer,
3. Specified dc power:the following relationship holds:

Pac = Pdc (7) Pdi
− Psp

di
= 0 (16)
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Table 1.

Vd Id a c d 	

Converter 1 1.29577 0.44835 0.97428 8.499 0.56905 0.20174
Converter 2 1.27950 �0.55029 1.03619 19.998 0.62789 0.39020
Converter 3 1.28891 0.10080 0.98398 12.498 0.12591 0.05015

4. Specified firing angle 	: CONCLUSIONS

A dc transmission system is usually incorporated into an elec-cos θi = cos θ sp
i = 0 (17)

tric power system because of special and unique reasons that
are not adequately or economically served by ac transmission.5. Specified converter transformer tap position:
Variables of the dc link that have been chosen for the problem
formulations are the converter transformer tap ratio, con-ai − asp

i = 0 (18)
verter terminal, firing angle of the rectifier, commutating re-
actance, dc voltage and the current in the dc link. Equations

6. Specified converter reactive power: relating these six variables and their solution strategy have
been discussed. The model developed is independent of a par-
ticular control of the dc link.ai(eP di + fPci) − Qsp

i = 0 (19)
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Ri1 = (k1ai cos θi )
2(e2

P + f 2
P ) − (Vdi

+ Sik2Xci
Idi

)2

from Eq. (3)


Ri2 = Vdi
Idi

− Siai(ePci − fPdi) from Eq. (9)


Ri3 = Idi
−

Nac∑
j=1

GdcijVdj from Eq. (11)


Ri4 = (kiIdi)
2 − (c2

i + d2
i ) from Eq. (13)


Ri5 = control equation


Ri6 = control equation

(21)
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where Gdcij

is the (i, j)th element of the dc network conduc-
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mathematical model of a dc system.

DEBUGGING. See SOFTWARE BUGS.
RESULTS DEBUGGING PARALLEL PROGRAMS. See PARALLEL

PROGRAMMING TOOLS.
An exhaustive simulation have been carried out on the IEEE DECENTRALIZED CONTROL. See LARGE-SCALE AND DE-14-, 30- and 57-busbar systems. In an actual ac system some

CENTRALIZED SYSTEMS.busbars are modified to dc and to form either a mesh or link
DECIDABILITY. See COMPUTABILITY.or mesh-link system. The actual formation of these lines are
DECISION ANALYSIS. See OPERATIONS RESEARCH DECI-explained in Ref. 6. Some dc results of the IEEE 30-bus sys-

SION MAKING.tem with a dc mesh-link system is provided in Table 1. The
test results are found to be in good agreement. DECISION LOGIC. See MAJORITY LOGIC.
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DECISION MAKING. See OPERATIONS RESEARCH DECI-

SION MAKING; PROBABILISTIC RISK ASSESSMENT.
DECISION SYSTEM FOR ROBOT SELECTION. See

EXPERT DECISION SYSTEM FOR ROBOT SELECTION.


