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Abstract: A new method for the analysis of ac voltage
stabiTity problems at HVDC terminals, when imbeded in
large networks; is presented. The method can be used to
evaluate the effects of dc modes of operation, ac sys-
tem operating conditions and VAr compensation schemes
on the combined system voltage stability. Dynamic pro-
perties of both ac and HVDC systems are incorporated in
the solution algorithm. A step-by-step technique is
developed for integrating the new algorithm with avail-
able load flow programs. Examples are given to demonst-
rate the performance of a new control strategy for HVDC
converters connected to weak ac systems and the results
are compared to classical solutions.

INTRODUCTION

With the rapid increase of HVDC utilization in the
electric utility, for either transmission or for back-
to-back applications, the relative portion of the dc
power to the total system power is growing. In other
words, ac systems at the terminals of HVDC schemes are
becoming relatively weaker. This in fact constitutes a
continuous challenge to the viability of HVDC in gene-
ral and to its controllers in particular. Many serious
problems in the overall performance of the combined
ac/dc system can arise with consequences reflected on
the total cost of the dc station. The one of particular
interest, and highest in consequences, is the ac volt-
age stability at the HVDC terminals';2 It includes all
operational problems related to ac voltage control
under both steady state and dynamic conditions. To
avoid this problem, additional ac equipment are usually
employed at the dc terminals such as synchronous conde-
nsers and static VAr compensators. The cost of these
devices, however, can offset the overall cost of the
HVDC scheme and therefore may threaten its major
economic advantage. This paper focuses on the fundamen-
tal frequency voltage stability aspect of the problem.
In fact, this phenomena can be experienced at all HVDC
converter terminals, whether in rectifier or inverter
mode of operation, depending upon the ac system
operating condition and the VAr compensation method.

To estimate the severity of such problems, available
analytical techniques employ simplistic methods based
upon the short circuit ratio (SCR) concept2 However,
many practical factors, including control schemes and
reactive power characteristics of the ac system, cannot
be implemented in such techniques. Therefore, system
planners tend to rely more heavily on the relatively
expensive digital and physical simulation techniques in
order to evaluate all possible alternative solutions.
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This paper presents a new approach to provide system
planners with a simple tool to effectively analyse the
ac voltage control problem at the HVDC terminals before
proceeding to other expensive and time consuming simu-
lation techniques. The approach is based on small per-
turbation analysis of the combined ac/dc system. It
allows for ac system voltage/VAr characteristics, impe-

dances, generators and loads as well as HVDC modes of
operation and VAr control schemes to be taken into
account. Implementation of the algorithm in available

utility digital programs enables users to study the
problem for large ac networks containing multiple dc
schemes.

ANALYTICAL APPROACH

On the subject of voltage stability and control at the
HVDC terminals, the need has been recognized to provide
the prospective user with a simple tool and guidance
criteria to assess the viability of alternative solu-
tions using HVDC in the early stages of planning.

The proposed analytical approach is meant to fill the
gap between simplistic approaches, using the SCR cri-
teria, for preliminary judgement and carrying out de-
tailed studies by means of digital and analogue simula-
tions. Although other techniques have been proposed in
the past>~} yet they have not gained a wide acceptance
either because they are not realistic or involve many
parameters unknown to the system planner. Therefore,
the attempt is made here to simplify, as possible, the
modelling method as well as the solution algorithm when
realistic characteristics are considered. The new algo-
rithm allows a modular representation of individual
system components. Therefore, available utility digital
programs for ac system analysis, such as load flow, can
be utilized.
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Fig. 1 Major system components at ac/dc juriction

Fig. 1 depicts typical system components present at
each ac/dc interconnecting point. The power Pd into the
HVDC converter is positive when in rectifier and nega-
tive when in inverter operation. The reactive power Qd
consumed by the converter and measured at the ac termi-
nal of the converter transformer is always positive as
shown in Fig. 1. Qa represents the VAr required by the
ac network to maintain a particular scheduled voltage V
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at the HVDC terminal. This reactive power should be
determined since it can have a considerable impact on
the voltage stability of the combined ac/dc system. To
supply both Qd and Qa, VAr compensation schemes are
often needed. A part of the VAr requirements is supp-
lied by the ac filters and shunt capacitors installed
at the terminal. These are represented as succeptance
Bc at the fundamental frequency.

The proposed method for evaluating voltage stability,
does not rely on simultaneous solution of the ac system
and the HVDC or VAr compensation schemes. Therefore,
after a normal ac load flow solution is obtained, with
few additions to the LF program, factors for voltage
stability are computed.. The effects of various dc modes
of operation and alternative methods for voltage cont-
rol can then be assessed with no load flow iterations.

VOLTAGE STABILITY CRITERIA

The phenomena of voltage stability, at system fundamen-
tal frequency, exclude all other types of stabilities
such as harmonic and phase angle, or transient stabili-
ties. It can, however, be related to the magnitude of
ac voltage excursions during steady state and dynamic
conditions. Similar to the well known voltage stability
phenomena associated with ac transmission, with diffe-
rent loadings at different power factors, the ac volt-
age stability at an HVDC terminal may be defined. How-
ever, because of the complex relationships between the
dc converter performance, the VAr compensation schemes
and the ac system, it is more convenient to study
analytically the small signal behavior of the combined
system. In this 1ine of thought, a good measure for ac
voltage stability could be the per-unit incremental
change of ac voltage due to a change ' q' in the infeed
reactive power supply at the HVDC terminal. In mathema-
tical terms, this can be defined as "Voltage Stability
Factor" at a specific dc power transfer:

VSF = (AV/V)/ Aq lpd (1)

Similar to ac line voltage stability, VSF is positive
for a stable system and is negative when the system is
suffering from voltage instability. However, the excur-
sions in voltage magnitude would be proportional to the
VSF. High values of VSF, therefore, indicate that the
system will show high voltage fluctuations when sub-
jected to transients, e.g. high temporary overvoltages
for high positive VSF.

COMPUTATION TECHNIQUE

From the definition made in Eq. 1 it may appear that
calculation of the VSF would be sufficient by means of
successive load flow runs. However, such an approach
will overlook the inherent dynamic properties of either
ac or dc systems. Once the main dynamic characteristics
are considered in the analysis, resulting VSF can be
closely correlated to system behavior under all steady
and dynamic conditions. For this purpose, incremental
changes of all system variables are calculated indivi-
dually by Tlinearizing the system relationships around
each operating point. The VSF is computed by elimina-
ting all dependent variables. This approach is diffe-
rent from the eigenvalue technique which is concerned
about control and phase angle stabilities.

Recently,> the VSF has been calculated for an isolated
dc terminal connected to an equivalent ac system. The
general procedure described here, however, can be
applied to study multiple dc schemes simultaneously
connected to large ac systems. Using the notations of
Fig. 1, the incremental reactive power balance at each
ac/dc interconnection is :

Aq = AQa + AQd - AQc - AQs (2)
Therefore;
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Each element in the denominator of Eq. 3 represents the
incremental Q/V characteristics of the particular
system component at the power transfer level Pd. These
elements will be computed individually.

VSF =

Incremental Q/V Characteristics of AC System

The incremental VAr injection Aq, shown in Fig. 1, will
cause a change in the voltage V/8 at the interconnec-
ting point 'i'. From the basic load flow relationships,
the incremental changes AV and AB are related to the
rest of the network by:
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assuming no change in power Pa.

Eq. 4 represents the ac system Jacobian J with all
injections in P and Q set to zero except Qab If matrix
M denotes the inverse of the Jacobian (J™°) we get:

AB 0 l
L [ ? (5)
AVIV - T AQa
AVk /Vk M3 ‘ M4 0
Therefore;
AQa = 1/m,(i,i)
AV 4 (6)

where, m,(i,1) is the diagonal element in the inverse
Jacobian matrix M which corresponds to the ac/dc
junction bus (i).

Computation of the matrix J is well known®. In fact,
available Toad flow programs form the Jacobian and its
inverse, 1in a sparse form, as part of Newton method.
However, J as computed from a load flow has to be modi-
fied to reflect the ac system dynamics. A simple app-
roach would be to model all generators and loads as a
combination of current source and impedance models.
This is similar to the modeling used in standard
stability programs.’

Incremental Q/V Characteristics of HVDC Terminals

For each HVDC converter terminal,
state equations (Appendix 1) are

the basic steady
linearized in the

form:
A. Ay = b. Au (7)
wher‘e;
-1 -Rc 0 VTcos VT
A = Id vd 0 0 0
0 0 PA(VT/Vd)E 0 0
-1 0 -Qd/1d vd 0 (8)
Avd 0 0
Ald 1 0 {APdl
Ay =| A ,b=1-Qd/Pd 1| ,Au=|AQd] (9)
AV/V | o 0
| Acosa

An equation representing the particular converter con-
troller 1is also required. It may represent the linear-
ized characteristics of constant current or constant



extinction angle control modes or any other controller
for voltage or reactive power control. For practical
cases, it is sufficient to model such a control system
by a simple PI-function. In this case only the gain and
slope will appear in the linearized equation. For cons-
tant Yy control, however, we have:

(2Rc/VT)ALd -~ (2Rc Id/VT)AV/V - Acosa = AcosY (10)

Because of the fast Ymin controller, AcosY = 0.

When more than one HVDC terminal need to be simultane-
ously studied, a linearized equation relating Vd and Id
of all terminals is added. The resulting equations can
then be rewritten in the form:

A" . Ay =b" .Au (11)

Hence, Ay = A" 1ope Au (12)
Assuming that no change

in dc power Pd takes place,
therefore;

AQd/( AV/V) = ]/C“(4) (13)

where, c"(4) is the element no. 4 of [ A“'].b"]

IMPLEMENTATION IN LOAD FLOW PROGRAM

As mentioned before, ac system VAr requirements have to
be established. Therefore, 1load flow studies are a
must. The ac voltage at each ac/dc junction bus is
fixed while the amount of the dc power infeed is
varied, i.e. PV-bus representation with open Q-limits.
The VAr absorbed by the dc terminal is assumed to be
fully compensated. Resulting Qgen at these PV-nodes re-
present the reactive power demand Qa of the ac system.

Different scheduled voltages, load scenarios, network
contingencies and generation scheduling have to be
studied in order to obtain a complete picture of the ac
system VAr characteristics.

Following every load flow solution run, the voltage
stability factor at each HVDC terminal (i) can be
calculated as follows:

Step 1. Model bus (i) as PQ-model.

Step 2. Replace all generators by their current source
model. As a good approximation, generator Xd'
can be added to the self admittance of its ter-
minal bus. .

Step 3. Change all loads to stability model,i.e. combi-
nations of constant Z, I and P.

Step 4. Construct the ac system Jacobian matrix. In
case that the LF program uses Newton method,
implement the above modifications directly in
the factorized J matrix.

Step 5. Set all mismatches in
Qa(i) = 1.

P & Q to zero except

Step 6. Compute the diagonal element m,(i,i) of the
inverted J matrix. Use Eq. 6 for calculating
AQa/(AV/V).

Step 7. Construct HVDC system matrix A" from Eq. 11 and
use Eq. 10 for calculating AQd/(AV/V).

Step 8. For ?hunt capacitors and filters installed at
bus (i);
AQc/(8V/V) = 2v%Be (14)

Step 9. Calculate the Voltage Stability Factor (VSF)
using Eq. 3.
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VOLTAGE STABILITY WITH CONVENTIONAL CONTROLS

HVDC converters, whether in inverter or rectifier mode
of operation, for either long distance transmission or
back-to-back applications are 1iable to voltage stabi-
lity problems when controlled by conventional methods.
Of course the characteristics and impedance of the con-
nected ac system play a major role in displaying and
enhancing such problems.

Fig. 2(a) shows the VSF for an inverter terminal conne-
cted to ac system with SCR=2.37. The inverter is assu-
med to be operating at constanty min in all range of dc
power transfer. The reactive power support from the ac
network, excluding any VAr compensartion, to maintain a
1.0 pu voltage at the ac bus is shown in Fig. 3(a). A1l
values are expressed in pu based on nominal Pd.

%o ] vsE
200+

0 : ) . . -2.0

Pd p.u

Fig. 2 Voltage Stability Factor for inverter with
Ymin control. SCR= 2.37
(a) for Qa characteristics of Fig. 3(a)
(b) for Qa characteristics of Fig. 3(b)

When the ac system has a different Qa requirements, as
shown by curve (b) in Fig. 3, but with the same SCR,
the VSF changes as shown in Fig. 2(b). The slight agg-
revation in voltage stability in the latter case is
because Qa is more inductive. Therefore, the VAr compe-
nsation scheme would be more capacitive. However, when
the ac system impedance is changed such that SCR =1.8,
the VSF shows more instability as depicted by Fig.4(a).

pu | Qqc
.2
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-2 4
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Fig. 3 AC system reactive power characteristics
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VOLTAGE STABILITY WITH VAr COMPENSATION SCHEMES

%| VSF
200 Synchronous and static reactive power compensators are
the classical solutions for VAr compensation and volt-
1501 age control at HVDC tegminals when suffering from
voltage stability problemst To include these devices in
| the above analysis, few additions are required.
100+ |
- : Synchronous Condensers
|
50 ) A synchronous condenser is often modeled by a voltage
-2 -z -6 i -1.0 source Esy with an angle Ssy behind a transient reacta-
ok® : . + “ ; nce Xsy. Incremental power balance equations at the dc
terminal are accordingly modified. These can be direc-
Pd pu
' tly implemented in Egs. 7 & 8.
-501 1
! For Q-balance (row 3 in A-matrix) add:
i
-1001 ! - ( Qsy -V%/ Xsy ). AV/V (15)
|
-150" : a and for P-balance (row 2 in A-matrix) add :
' 2
~( Qsy + V°/ Xsy ). ASsy (16)
-200+
where, Qsy 1is the reactive power supplied by the syn.
condenser and Xsy = Xd' + X (step-up transformer). In
this case another Tlinear equation representing the
Fig. 4 Voltage Stability Factor for inverter. SCR=1.8 small signal effect of synchronous condenser field and

(a) constant Y control excitation system is added to the A"-matrix of Eq. 11.
(b) constant B control

Y% VSF
One reason for such voltage instabilities is because
operation with constant extinction angle has inherent 2004
negative characteristics. Such characteristics can be
depicted by the negative AQd/AV shown in Fig. 5(a). _

Attempting to operate the inverter with constantB (or 160
equivalently constanta ) would improve the voltage sta-
bility as shown in Fig. 4(b). Note the similarity of 1
the VSF in Figs. 4(b) & 2(b). The effect of constant B

compared to Ymin control, in this case, is almost equi- 1204 a
valent to increasing the SCR by 0.5. The reason behind
this improvement 1is that the AQd/AV behavior of the -+
inverter with B control is positive (Fig. 5b). This 80
positive characteristic is, however, not sufficiently -+

large enough to counteract the destabilizing effect of u/’,,y//’//’ b_”,,///’/

the ac system in this case. T
40‘- —-_’—'_F——#—-—’_-—’—‘—._——/
AQy/AV oo -.2 -.4 -.6 -.8 1.0
1 Pd p.u
1.04
0.51 . . . .
b o Fig. 6 VSF for inverter with Ymin control. SCR= 1.8
___F~J“,,«-«="" (a) with synchronous condenser of 25% rating
g.0o%e -1 -2 -8 T -8 7 TR s b (b) with synchronous condenser of 50% rating
——— . }
— Pd p.u
-.51 a__\
The system studied earlier, where an HVDC inverter is
-1.0+ operating with Y min control and the SCR=1.8, is now

examined. With a rating of 25% the synchronous conden-
ser can eliminate the possibility of voltage instabi-
lity but with a poor voltage regulation as seen by
Fig. 5 Incremental Qd/V characteristics for inverter comparing Fig. 6(a) to Fig. 4(a). To be effective in
(a) constant Y control voltage control, the compensator should have a higher
(b) constant B control rating, say 50% (Fig. 6b).



Static VAr Compensators

Static VAr compensation (SVC) schemes are usually a
mixture of thyristor switched capacitors (TSC), thy-
ristor controlled reactors (TCR), fixed capacitors and
reactors The rating of each component in the VAr compe-
nsating scheme is determined by the VAr requirements at
the ac/dc interconnecting point. However, other econo-
mic factors may influence the choice of the minimum
unit rating.

To implement this type of VAr compensation in the com-
putation of voltage stability at the HVDC terminals two
models are employed: Fixed shunt succeptance (Bs) and
controlled VAr source (Qs) models.

Fixed capacitors and reactors are represented by the Bs

model. Also, since the TSC are physically switched in
discrete steps they can be represented by the Bs model
as well but only for the "switched-on" banks. To inc-

lude this model in the A-matrix of Eq.8, add to row 3:
- (2 V2 Bs). sV (17)

where Bs is pos}tive for capacitive VAr's and equals
to: net rating/Vn~ for all switched-on banks.

On the other hand, a TCR can be represented by its ex-
ternal V/I characteristics including its step-up trans-
former. In this case row 3 in A-matrix is modified by:

+(Qs + Ks V). v/ (18)
where, Ks = Qsn (pu)/slope (19)
and the slope is defined in terms of the nominal

controlled range Qsn of the TCR. When the TCR is
operating outside the controlled range, then :

Ks = 1/Xst (20)
and the model 1is automatically transformed to the
Bs model since;

Xst = Vn? / Qsn (pu) (21)

For the same studied inverter system with SCR=1.8, a
SVC scheme with a 50% TCR and a fixed capacitor is
employed instead of synchronous condensers. The VSF is
highly improved as shown in Fig. 7 (a).

The reason for the effective voltage control in this
case is that the TCR is able to react, in a fast man-
ner, to any voltage variations at the ac/dc junction.
This 1is reflected by the combined SVC+HVDC incremental
Q/V characteristics shown in Fig. 8 (a). Note the order
of magnitude of such a ratio compared to Fig. 5.

%
fon) VSF

BDT
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40} b
o—m——— @
0%:2 X . 736 ;8 -0

Pd p.u

-20b

Fig. 7 VSF for inverter with Ymin control. SCR= 1.8
(a) with static VAr comp. : TCR 50% rating

(b) with static VAr comp. : TCR 25% rating
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Fig. 8 HVDC+SVC incremental Q/V characteristics for
inverter with Ymin control
(a) TCR of 50% rating
(b) TCR of 25% rating

If a SVC scheme is chosen with a smaller rating of 25%
TCR but with two 15% switched capacitor banks, the VSF
is slightly degraded as shown in Fig. 7 (b). The ope-
ration for such a scheme would be as shown in Fig. 9.

.84 QC

-2 - -1.0

Fig. 9 Reactive power supply by fixed and switched
capacitors (Qc) and TCR (Qs)

VOLTAGE STABILITY WITH NEW HVDC CONTROL TECHNIQUES

Recently introduced advanced converter control tech-
niques, utilizing micro-processors, have realized a
greater flexibility and economic operation of HVDC
schemes%qthy extending the basic characteristics and
nominal operating domain of HVDC converters, it is now
possible to affect and modulate the reactive power
balance, on a continuous and temporary basis, at the
ac/dc junction points. By making full utilization of
the dc converter valves, no external VAr control
equipment would be required.

By such techm’ques,8 the HVDC converters change their
reactive power absorption according to the steady state
VAr requirements of their interconnected ac systems.
This is realized by local controllers at the dc termi-
nals. Switched capacitor and reactor units at each
terminal are coordinated to provide the necessary Q-
bias. The continuous regulation of Qd produces a smoo-
thing effect at the instants of switching as shown in
Fig 10. Coordination among the dc terminals may be ne-
cessary, but in a slow manner, in order to minimize the
overall system losses during steady state conditions.
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pu
.01
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.61 _ c
A1 Qd
24
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.0 + t 4 - + +

-.2 -.4 -.6 -.8 Pdp.u

Fig. 10 Reactive power coordination with new HVDC

control technigue

During transient conditions, however, when the ac volt-
age adjacent to a HVDC terminal experiences unaccepta-
ble variations, an immediate control action will be
exercised to alter the reactive power absorbed by the
dc converter. Thus 1limiting such voltage excursions.
This 1is achieved by temporarily changing the dc volt-
age, through firing (or extinction) angle, by means of
the fast converter controllers.

PU{
1.2.
_Vd

Iq

60}

401

20%

-1.0
Pd pu.

Fig.11 Inverter steady state operation with new controls
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Fig.12 Incremental Qd/V characteristics for inverter
with new controls

Applying this technique to the HVDC system discussed
before, produces the steady state variations of the in-
verter variables shown 1in Fig. 11. Coordination with
switched capacitors are necessary in this case to keep
the operating dc voltage close to nominal value. Due to
this new control technique, the incremental Q/V chara-
cteristics of the inverter terminal is highly improved
as depicted by Fig. 12. The resulting voltage stability
factor for the combined ac/dc system is shown in Fig.
13. Comparing the VSF with the new control technique to
other methods of compensation reveals the superiority
of such technique in improving the voltage stability at
the HVDC terminal.

% { VSF
1601
1204
4
804
404 /\VN
A \/‘\\\
040 -2 -4 -6 -.8 -1.0
| Pd p.u

Fig.13 Voltage Stability Factor for inverter with new
controls. SCR= 1.8

Correlation to Transient Performance

Fig. 14 shows the time simulations for the same ac/dc
system, with and without the new control method,
following a severe ac fault.
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Fig.14 System transient response for a severe ac fault
(a) with conventional converter controls
(b) with new converter controls

A high temporary overvolatge appears after fault clear-
ing with conventional dc converter controls. In this
case, the HVDC converter is assumed to be able to de-
block against such a high overvoltage. Note that the
rate of dc recovery (Pd, Qd) for such a weak ac system
condition, is relatively slow. Attempting to reduce the
dc recovery time, however, may be unsuccessful as it
would lead to a rapid ac voltage collapse and a sub-
sequent commutation failure. Both problems of high
temporary overvoltage and voltage instability following
dc recovery could be predicted by the VSF in Fig. 4. By
the same argument, the small VSF, depicted in Fig. 13
for the new dc controls, imply that the system is free
from such problems. This is ultimately evident by the
limited temporary overvoltage and the fast and stable
recovery performance shown in Fig. 14(b).

CONCLUSIONS

A new simple method for the analysis of ac voltage sta-
bility problems at HVDC terminals has been presented.
The method can be used to evaluate ac system configura-
tions and VAr compensation schemes before proceeding to
other expensive simulation techniques.
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A step-by-step technique has been developed tor cal-
culating a Voltage Stability Factor for large ac/dc
networks with minimum number of computations. Incorpo-
ration of the algorithm in available load flow programs
has been described.

Examples have been given to show the effects of ac
system VAr characteristics, synchronous and static VAr
compensators and dc modes of operation on voltage sta-
bility for a HVDC scheme connected to weak ac system.
Correlation to system dynamic performance has been
established.

The application of a new dc control strategy to improve
the ac voltage stability under low short circuit ratio
conditions have been demonstrated.
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APPENDIX I

Steady State HVDC Terminal Equations

(in pu for both rectifier and inverter)

Vd = VT cosa - Rc Id
Pd = Vd Id
Qd = Pd tan¢
Vd = VT cos¢
where;
= 3Xc/ R T = tap ratio

For inverter : cos Y 2 Rc Id/NT - cosa



