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Abstract: The modeling of lvads has a significant effect on the accuracy of dynamic voltage stability analysis
of HVYDC system. This paper investigates the dynantic nature of voltage instability considering static and
dynamic load models. The load effect at different conirol modes of HVDC system is considered for different
configuraiions of single infeed HVDC systems at different effective short circnit ratios. The resulls are

validated nsing nonlinear similations.
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I. INTRODUCTION

SYMBOLS:

The concept of voltage instability have been CLESCR4w.  Crilical cﬂ'c-.::livc short circuil ratio Tor bath
observed in AC systems when operating close to its CESCRg.,  rectifier and inverter, respectively.
steady state stability limit, also the voltage stability is CC.CP, CD  Constant current, conslant beta, constant
related to special load locations. Converter terminals A, CP, delay angle, constant power and constant DC
used for HVDC system can be seen as a special load chv voltage controllers, respectivety.
which may cause voltage instability [1]. Ax, and Output of integral branch of Pt Controller for
Different configurations of HVDC systems are AX,; both rectifier and inverter, respectively
used today at different places around the world [2]. The aand B Rectifier firing and inverer advance angles,
main configurations of HVDC systems are single- respectively
infeed (SIF) [3,5.6], single-infeed with a parallel AC 5,8, Rectifier and inverter bus phase anglcs.
line (S1FAC) [3,7] and multi-infeed systems [7.9]. , . . .
Several researchers tackled the voliage instability Par, Paz DC line active power lrar!sfcrs and reactive
Qa. Qg power consumed at rectifier and inverier

problem for SIF {3-6], other researches developed these
techniques to be suitable for SIFAC [ 3,7} A siatic
analysis of SIF considering static load effect was given
in [3,4]. In the dynamic analysis given in [6} a simple

P Srs PS " OSn
QSn

side, respectively.
Aclive and reactive static load power at
cecliler and inverter, respectlively.

representation of DC line and a simple RL circuit were Mo Mo gr(ét;:cfreaclwe voliage - dependent - poer
considered for only two control modes. In [5] a nodel Kpe: Kee The active and reactive power ioad constants.
suitable for SIF systems sensitivity analysis was given, K. Kov Voltage dependent active and reactive load
nevertheless, power ftow effect and load power at constants.
converter bus were not considered through stabitity Koo ke The current aclive and reaclive load
study. conslants,

In this paper, a detailed model of SIF and SIFAC Koe Koz Impedance aclive and reaclive load constants.
systems incorporaling static and dynamic load models P.. P, Active and reactive dynamic load power at
is introduced. Nonlinear simulation is used to validate Qs Qu both rectifier and inverier, respectively.
model results. FL, CL, Fixed, constant current, impedance, and

ZL, VL voltage dependent loads, respectively.
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- Fig. | HVDC Transmission Parallel with AC transmission, SIFAC =
1. SYSTEM MODEL Ot +0uy =0
The HVDC system for both SIF and SIFAC (3)

consists of the following parts:
1. DC System Model

The DC network includes converters (rectifier
and inverter), smoothing reactors and DC
transmission line. The DC transmission line is
represented by its n—equivalent. The DC network
is shown in the middle of Fig. 1. The DC system
and DC controller differential equations are
similar to that presented in [4, 8].

2. AC System Model

The active and reactive power flow through
AC lines in both rectifier and inverter for SIF can

be written as follows:
2

&Cj.—_—]f} ]:FCOSGJ'PI"} E} }:;CCOS(QJE-_J_}') (l)

AT o |

erj =vVJ- }’jsmﬂr,- —l’} EJ- }}Esm(t?jg—éj)

Where; ¥; =1/Z; + jB; ; =¥, 26, and
j.E:l/Zj: Yj.EéejE’

j =1 for rectifier and 2 for inverter.

~

3. AC-DC Power Flow equations
a) No load at converter buses

The system algebraic equations for SIF can be
written as follows:

Poct + P4y =0 @)
Pz =Fuz =0

Quer +Quy =0

Equations (2) and (3) can be replaced by equations
(4) and (5) to be suitable for SIFAC;

Pae1 +Pgy + P12 =0
Pacz = Fy2 + Py =0 )

ac

Pac3 + Pg2 =0

Quct Oy +Q; =0

5
Qucz +Qu2 + 0y =0 ®

where;

Py =VVaY cos(6y3 +8, -6 ) =-Py

Par} = E%Y} (?0893 +E2V2Y2E COS(QZE +52 -'(53)
Qi =-NV3Y,3 5in(6)5 + 55 -6 )= -0

1
Np=-=—=N240 = V7140

b) Static Load at Converter Buses

In this work the general static load model
presented in [3] was used to modify the stability
analysis model presented in [8]. The active and
reactive static load at converter bus can be taken as
follows:

2 2 A v

Py, =kt W, +k, Vi +k,V, e

i 2 Py
Os,, = ke thV, +k VE+ kY,

where j = | for rectifier and 2 for inverter:
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The active and reactive state Towd pawer o
recaficr and  mvener are 1o b added 1o
Equations (2wt {3) for SH o to Fguations (4)
and (5Y for SIFAC

¢} Dyvnamic Load
reactive  lomds

The dynanue  active  and

P,-'I' ‘Q-'. ure given by [6]

1 } s
P, = 7 by, +5k.57]

[ I *1
QL ok 1

21.ft

"

The awetne and veactive domd tanoions e
respectively given by:
X, =P =P

'\f‘.l f‘q".l

Fr:

":-q!'.: = Q'\.F " - Q'r".\" R

&)

The aceve and reacnve static and dynaniice Toead
at rechifier and verier e o be added 1o
Lyuations (2} and {3) for S1F or 1o Lguations (4)
and (5) for SIFAC

4. Smald Signal Stability Model

The system  differemtial cquations can b
lincarized 1o ablain the state spuce maodel as.

e = A N + By, (10

where:
Vi = [‘hr| 4,:'4\'I.2.4 l."” .. ”..\'2 "'”I..H .- ”,.1“: LWy ,
[[ad A5 ar Al for St7

Hpye =

By linearizing equations ¢2) and (3) for SIF or
(A and (5 for SIFAC. the state space Tonn of
aleebric cquations 1s oblnned as.

= Cx e + Dty (i

Where. "7 and “D™ aee the Jacobian submariees.
Assunmig that D oreocuus wonsimgubin along
SYSIEM Ryevtorios us 1he sysiem parameters v,
then equations {10} and {111 are reduced 10 {3,3).

| [80,.080,.808,.a1 A1) for SIEAC

tpe 2 (2]

Where A'= 4 -807°C.

LEguanon (12} represents the smuall signal
stabilily model of DAE suilable for SIF and
SIFAC svstem, Vollage stability analysis is carried
aut by computing Eigenvalues of the sysiem stale
s AL

Mast af 1he vollage instability problems are
relatcd 1o bifurcanon.  “lhese  bifurcutions
charucierized by changes of Eigemvilues of the
sysiem cquilibria as certain paramelers change in
tic system. The main types ol bifurcation are
saddle node bilwrcation (SNY which occurs when
otie Higenvalae become zero and Jobf bifurcation
(O which occurs when o par ol comples
IFigenvilnes cross the smagmary ovis [3-4, 11-13)
The sttt of coltge wmstabihity s greater af ihe
AC hus cannected 1o the vonverter operated o low
short circuil rano,

L. CASESTUDY

The data of the VDO system used o mnplemenl
the proposed technique is given in Table |.

Table 1 AC and DO systems data (p.u.)

AC system Data {p.u))

T

I'\‘;'(;‘ LR 5 Ry X B
L] s | ans | 00052 | 0+ 02857 | 04

2 1.1 115 0.0052 | 0+ 3333 1.6
L:_;L” = 9.2 +30 6 puL v = e =000 ]
2C Line Daa (p.u)

I3 L, T, C: |

oudde2 T a000823 n.ouu;ﬂ 0.000272 J

Fhe TIVDC system strength can be meisured
by the system effective short gircoit raun which is
woparaneier used 1o study systeny stabhity [0

-

g /
ESCR, = — -8, (13)
ZI
CASE (3) Static Load

The static load data at rectilier and mverer
are llustrated 1 Table 2.

Table 2 Static toad data in pou,

[ ke [ K ke 1 Ky

[Toi [0z [ oz | o 1.5
! Lq\' * kqi kjf_ K‘J\ ILIL
0.1 0.0l 001 | 00 .5
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Fig. 2 allustrates the p-v nose cuive due o
chunge of aclive load power at mvater bus of
SIE. The AC line voltage at both rectificy and
inverter decrease with an incrcase of stiic achive

load power up te a maximum power of 2,522
pa .
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Fig. 2 The p-v nese curve al rectifier and
naverter due to clmage Sl actoe o pesea

at imvener (S1F adopting CC/CR)

Fig. 3 tllustrates the p-v nose cunve duc 1o
change of active load power at rectifier bus ol
SIFAC. The AC line voltage at both rectifier and
inverter decrease with an increase of static active
load power up 10 a4 maximum power ol 1.031 po..

Fig. 3 The p-v nose curve at rectitier and
verter due to change of acoive load power
al reclifier (SIFAC adopting CDA/CC).

Figs, 4 and 5 illustrate the 'y against V, and
I'4y against 1y, curves at rectifier side for differcut
ypes of static  active and  reactive  loads
fespectively.  The masimum value of DC powel
iransfer varies according to the applied static load
types. The maximum DC  power (nmsfer
different static loads is shown in Tables 3 and 4
for SIF and SIFAC. respectively.
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Fig. 5 The Pg-V, and Py-ly curves at
rectifier at different types of slalic active
load power (SIFAC adopting CDA/CC).

Table 3 Maximum DC Power Transfer for SIF

Max. Pd| at——'

Load Max. Py, at |
Static Reaclive l
;
}
1

Type Static Active

Power Loads Power Loads

FL. BT o | 1035 |
cL | 123 [ 1056 |
ZL 1.129 1.073 i
VL 1.126 1.065
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Table 4 Maximum DC Pewer Trnslee for SIFAC

Load Max. Py, at tMax. Py, at
Type Static Active Static Reuctive
Power Loads Power Loads
FL 1,160 1.088 1
CcL 1.164 1102 ;
ZL 1.168 1114
VL 1.166 1.108

Fig. 6 tlustrates the belosvin of AT hine
vollage ot vectificr bus  versus the vollage
dependent active and reactive loud cocflicients,
Jilferent AC line volluge dependent power orders,
respectively. The system sirength increuses with
ncieasing of voltage order, which inust be greater

“than | [1D} o,

1
o 09
< 08
07 0/0.8 1) ¢, 23
0 05 g pu. ! 15

Fig. (6} AC line vouage versus the voliage
dependent loud coelficients for differont
power orders.

Reaching a critical effective short cireuit ratio
may be due to Saddle node (SN) or Hopl (11P)
bifurcations, or power MNow failure (PF) (o case off
toad at rectifier bus, the power order coefhcient ol
voltage dependent portion of stalic load positively
affects the stability at this bus due to 1he associated
reduction of Uns load pertion. As shown w Fiyg 2,
the effect of n,, change is relwively inore
nouceable compared with that ol ng. due te she
direct bearing of the reactive power on stabihiy

1 68 [
1.56
164
182 g
N
158

1.56 nev

154

1 1.5 Py 2.5 3 A5
fp.u)

Fig. 7 CESCRpgq versus hy, and n,,, for
COAICC contral mode (K., K,,)=0.1)

Fig. 8 illustrates the effect of increasing k..
Yo, Kpio Kgu Kpew Kyeo Ko and kg on CESCRy. I
illusirates that the CESCRy,. wncreases with an
increase  in either of the load constanis.
Nevertheless, tie increase of ky and ko yielded
the most significant bearing on system instability.

] 0.05 0.4 Q.15 02 025
[{=NTR]

Fig. 8 CESCRgeq against kyey. ket Kpus kgu.
k]\xh quh kpv? and kqvl for CDA!CC

Fig. 9 shows the expecled deterioration of
stability at the inverter bus due to its reaclive
loaclings. A similar loading ol the rectificr bus
positively affects the inverter's bus stability <ue to
the reduction of d¢ power transferred and ihe
associated reduction of reactive power needed for
the  commutation process. The DC  line's
performance is thus reduced on behalf of stability,

0 .02 .04 o008 0 o8 o1 o1z
1pui

rlg o CESCRIM vCrsus kqtl.z . kqll..“.a k.‘n_‘_h
and k., 2 for CC/CR control mode Load at
Rectifier and Inverter bus. respectively.
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Fig, 10 corresponds (o an SIF stable .« e w0
SCRyen vl 2.7776. The systom adopts L. 00
coutrol inode with an increase of G.01 poo o tive
current order al the imverter's CC controlles. e
recsifier current usciflates around o stable node.
The responses of AC line ~oltages a1 beth sectilier
i mverter puses cause ihe shown subsegquent
chnges in static active andd seactive foad powe
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Fig (10} Tunc response ol sysicm
variables due 0.0l increase in invaiter
eurrent order  (SIF adopting COV/CC
conirol al LSCRy,. 2.7770).

+Fig. (11) corresponds to an unsiable SIF
configuration. The system adopts CC/C[} control
mode at SCRy,, of 1.66091 (11P). Fig. 11.a shows
the time response of AC linc voliages, rectilier
firing angle and static load powers ut inveiter bus.
The variables arc found to oscillate around an
unstable node, which is evident from the phase
plime of AC and DC line voltages ugaiust DC line
current at inverter bus as shown in Fig. 11.L.
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Fig 11 b Phasc plane of Vs, [y and Vs 1y:

Fig li Time responses and phase planes
due 1o 0.05 increase m rectifier current
order (SII adopting CC/C) at ESCR,. of
1.66091)

To  compare  between  the  slabiluy
porformunces of SIF and SIFAC uuder lowd
conditions, the responses ol the later arc studied at
LESCRy,. value below that rendered the SIF
configuration unstable. Fig 12 shows the phase
planc of AC and DC line voltages against DC line
curtent al inverter bus for an SIFAC configuration
at ESCR,,, of 1.6609 which illustrates that ihe
variables oscillate around a stable node. The
system remained stable due to the active and
reactive power transfer capability from rectifier
bus 1o inverter bus through the parallel AC line,
which raises the voltage at the inverter bus.
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Fig. 12 Phase planes of Vo, 1z and Vi, Ly
due to 0.05 increasc in rectifier current
order (SIFAC adopting CC/CH at ESCR,,,.
of 1.6609)

The different wvalues of critical ESCR at
different control modes for both SIF and SIFAC
are presented in Table 5.

Table 5§ CESCR with Static Load at rectifier or

inverter bus, -
C:;::(;—:IT—_—W [ SIFAC
CDA/CC 1.89516 (SN) 1.8799 (SN) W
| CCICB 1.66091 (HP) 1.3081 (PF)
| COV/CC | 2.6544 (PF) 1.3314 (PF)
| CP/iCP 1.7693 (HP) 1.2512 (SN)
| CDV/CP 2.8248 (PF) 2.2717(PF)

CASE (b) Dynamic and Static Load

The dynamic active and reactive load and the
static load are applied at the converter bus. The
load data is shown in Table 6.

Table 6 Dynamic & Static load data in p.u.
e % 9

kE L k 1, ll‘l

0.05 2 0.01 0.04
F_E‘: Ny k L Tq

0.05 2 Q.01 0.04

Fig. 13 comesponds 1o an unstable case with
SIF configuration at SCRp., of 1.06954 (Hopf
bifurcation). The system adopts CP/CB control
mode. Fig. |3.a shows the time responses of DC
line current at both rectifier and inverter sides due
to a change of power order by 0.001 p.u which
oscillate around an unstable node, [t shows the

E. I5

time response of AC line voltage at inverter bus, It
shows also the time response of active and reactive
dynamic and static load power. The active and
reactive dynamic foad power is largely affected by
systern change rather than that of static load. Fig.
13.b shows the, phase plane of AC and DC line
voltages against’ DC line current at inverter bus
which illustrates that they oscillate around an
unslable node point.

_1.245 Id2
S 124 ,
af235 N
-— 1.23
1225 i

0.02 004 006 008 0!

012 0.14

002 004 008 008 01 012 014

002, 004 005 008 0.1 012 014
Time, sec

Fig 13.a Time responses due to rectifier

power order increase of 0.001 (SIF adopts

CP/CQ at ESCRy, 1.06954)

e _—
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1272 t226 123 1205 V24 17244 1 9n
Id2, p.u,
LY
i 08
d
¥ os
0,

122 1225 123 12356 124 1245 125
2. p.u.

Flg. 13.b phase plane of de, Id2 and Vz, 'dg
due to rectifier power order increase of
0.00! (SIF adopts CP/CR at ESCR,,,
1.06954)

Fig. 14 corresponds to a stable case with SIFAC
configurations at SCRge, of 1.7032. The system
adopts CP/CH control mode. It shows the time
responses due to a larger change of power order of
0.05 p.u.

The system variables oscitlate around a stable
node in spite of the {arger perturbation due to the
compensating effect of the AC line,
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Fig 14 system variables’ response due to
increase of rectifier power order by 0.05
(SIFAC adopts CP/CP , ESCRy,, = 1.7032)

The system's critical ESCR values at different
control mode of SIF and SIFAC with dynamic and
static load are presented in Table 7.

Table 7 CESCR with Static and Dynamic Loads

Control SIF SIFAC
Mode
CDA/CC 18336 (SN) | 1.9955 (PF)
CCICPp I.S085 (1IP) | 1.4421 ([IP1SN)
CDV/CC | 2.5351 (PF) 77391 (PF) |
CP/CP 1.06954 (HP) 1.3194 (SN)
CDV/CP 2.2199 (PF) 2.8936 (PF)

1V, CONCLUSION

The effect of different types of static and
dynamic Joads at both rectifier and inverter
terminals on the stability of the system were
presented. The analysis has been carried out for
different HVDC system configurations and the
maximum DC power transfer at different loading
conditions have been assessed. The results verified
the expected negative bearing of reactive loading
at inverter on stability as well as the positive effect
of the AC line in SIFAC configuration.
Furthermore, the analysis revealed certain
operating conditions where system’s stability was
seemingly enhanced at the cost of de-rated
system's performance; as the case of rectifier side
loading. Further work is recommended to propose
indices that adequately consider HVDC System's
stability and performance as well.
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