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Abstract 

An evaluation of steady-state stability boundaries various conlrol schemes at the inverter terminal of a hvdc system 
feeding into weak ac system has been reported here. The stability analysis has been performed using root locus tech- 
nique. Tlte influence of the sending and the receiving ac system impedance on the system stability boundaries has also 
been determined. It is observed that proper optimization of controller parameters may provide the same setting time or 
system damping, 

Since it is a well established fact that the minimal reactive power demand, and the harmonics generation are 
the salient features of the extinction angle control. Hence, it is not desirable to operate the hvdc system with other 
control schemes during steady-state. However, the extinction angle control may cause voltage/power instability during 
transients. Hence it is required to operate the hvdc system with another control scheme during transients. This paper 
also deals with effects of switching among control schemes for improving system performance. It has been observed 
that the switching among the control schemes may be achieved successfuuy and the dynamic overvoltages of the 
system may be minimized using the ac or the dc control scheme. The effectiveness of various control schemes has 
been determined by introducing each conrrol scheme just after the faults for 300 rns and then reverting the system 
operation to the extinction angIe control, It is also observed that switching among control schemes does not cause 
instabilities. 

1. Introduction 

The steady-state stability of an hvdc system is investigated to determine the stability boundaries 
of various inverter controls. The influence of the system and controller parameters on the sta- 
bility boundaies is also investigated. These studies will be useful in determining the control 
system response for a given system configuration and in providing information about the con- 
troller design for various operating ranges, 

A simplified model of an hvdc system has been used to design current control with an as- 
sumption that the ac bus voltage at the inverter does not change significantly 111 and [2]. This 
assumption is valid only if the inverter is feeding into a strong ac system. If the receiving ac 
system impedance is relatively high, the basic assumption of constant ac voltage in [I 1 and [2] 
is invalid, This assumption was dropped in the study reported in references3d. These studies 
have not included details of the compensator and integral control. Hence, the results obtained in 
 reference^^-^ are of not very great practical significance. furthermore, the scope of these studies 
is limited only to the extinction angle control on the inverter terminal. 

The technique presented in this paper overcomes the above-mentioned drawbacks. In addi- 
tion, the following control modes at the inverter terminal are also incorporated. 
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FIG. 1. Model of simplified system used for the stability analysis. 

Base Case System Parameters 

Sending AC System Receiving AC System 

R5 I xs I YCI ~ L I  Rs2 X82 Y c ~  r ~ 2  

SCR (Ohms) (Ohms) (Ohms) (Ohms) SCR (Ohms) (Ohms) (Ohms) (Ohms) 

4.0 0.5 5.7 0.0045 1 0 ' ~  1.5 7.8 36.57 0.0080 10" 

Effective Inductance of DC Links = 2.5 Henry 
Effective Resistance of DC Links = 1.5 Ohms 
Line to Line Voltage at the Inverter AC Bus = 230 kv 
Line to Line Voltage at the Rectifier AC Bus = 138 kv 
Base Value of Controller Gain = 5.0 
Base Value of Controller Time Conslant = 0,S 

(a) Extinction angle control, 
(b) Power factor control, 
(c) DC voltage control, 
(d) Reactive current control, and 
(e) Reactive power control. 

The digital simulation is carried out to further investigate the system recovery from various 
faults for different control schemes. There are various techniques available in the literature for 
simulating hvdc systems in detail on a digital c ~ r n ~ u t e r ~ - ~ .  However, the use of the EMTP and 
EMTDC packages has become more popular because of their versatility and user friendlinessla- 
". These simulation studies of hvdc systems are limited to conventional control modelling at 
the inverter terminal of the hvdc system. This paper is devoted to the modelling of the hvdc 
system and its various control schemes using the EMTDC package for digital simulation, 

2. System model and equations 

The following assumptions are made to determine the steady-state stability boundkes of an 
hvdc system. The system considered for the study is shown in Figure 1. 

Sending End: 

i) The ac system of the rectifier is supplied by an infinite source. That is, the capacity of the 
system is much larger than that af the hvdc transmission. Hence, the voltage on the ac bus 
can be considered to be constant. 
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ii) The ac system is represented by an equivalent machine, This equivalent machine is repre- 
sented by a voltage source behind the machine transient impedance. 

iii) The time constants of the excitation system are much larger than those of the dc system. 
Hence the dynamics of the excitation system are ignored. 

iv) The ac voltage is balanced and contains no harmonics. This implies that the filters absorb 
all harmonics generated by the dc system. 

Receiving End: 

i) An equivalent generator represents the receiving ac system. 

ii) The impedance of the receiving ac system is represented by an equivalent series connection 
of lumped resistance and reactance (Itsz, XS2). 

iii) A single capacitor (C2) represents the capacitance of the ac system and the compensating 
equipment. The reactie power of Ioads can be considered as a reduction in the value of this 
capacitor. 

iv) The total Ld and Rd represent inductance and resistance, respectively, of the dc line and the 
smoothing reactors on both sides. 

The system shown in Figure 1 is used for investigating the steady-state stability of an hvdc sys- 
tem. 

2 V,,  = (V, + A V ~ ) ~  + (DV,)* 

where, Vl, = rms value of the generating station bus voltage 
v I = rms value of the rectifier bus voltage 
p I = v, II coscp I 

PI = KLh-LI 

a = VII1 sin 
Q L ~  =-act V: = -yCI qL 
11 = f i x  fundamental current component of the ac side current 
CoS $1 = power factor at the rectifier terminal 

Equation (1) is further simplified to the following relationship by substituting expressions of the 
active and reactive power. 

where, 
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During steady-state, the power factor is defined as follows /5] .  

where, 

Xcl = communicating reactance at the rectifier terminals 

a =firing angle 

nl = transformation ratio (secondary to primary side) 

rn = no, of bridges connected in series 

id = direct current in the dc system 

The linearized version of equation (2) is given below. 

AV1= -h&d -far& 

where, 



CONTROL SCHEMES FOR A HVDC SYSTEM 

The subscript "a" represents the steady-state value of the variables. 

Similar equations are obtained at the inverter end. 

Modelling of DC Link 

The following equation represents the dc link. 

where, 

The incremental equation of the dc link is written as below. 

where, 

dl = Khi ,  cos Do - KRfdr cos a - (Re + Rei) 

d2 = KR (&, cos Q 4 Vra sin Q) 

d3 = Kr Ki cos Q + Vlo sin a) 
Development of block diagram and characteristic equation 

Constant Extinction Angle (CEA) Control: 

In steady -state, the relationship among P, y, and direct current is given as follows: 

where, 

p = ignition mgle 
y = extinction angle 
X, = cornmutating reactance at the inverter bus 
Vz = the inverter bus voltage (rms) 
nz = transformation ratio 

The incremental equation is 
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FIG. 2. Block diagram for stability analysis of various control schemes. 

s, =- 
I 

sin Po - 
sin yo  

Using equations (7) and (9) , the block diagram of the complete system is obtained as shown in 
Figure 2. This block diagram is used to determine the steady-state stability of f ie  hvdc system 
operating with various control schemes at the inverter terminal, The mot locm technique is 
used to determine the stability of the system as it has been used successfully in the part'". 

The controller canfiguraticm at the rectifier and the inverter has been considered as follows. 

The converter is represented by the following transfer function: 

Final fom of characteristic equation can be written as follows by substituting for the con- 
verter model and controlXers transfer function from equation (10) . 
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The ch~acteristic equation the various controls remains the same as equation (11) but the 
value of S1 and Sz change. The expressions for S1 S 2  for various control schemes may be de- 
rived by relating among the AD, A Id and control scheme. 

3. Discussion 

The influence of the system and controller parameters on system stability are discussed next the 
following controller configuration is implanted the inverter terminal. 

where Kc = controller gain 

Tc = controller time constant 

To, Tb = time constant of the lead-lag network 

The Influence of Controller Gain on the System Stability 

. The sending ac system and the receiving ac system impedance's are fixed ta that the ac systems 
of the receiving end and the sending end have short circuit ratios of 4.0 and 1.5, The dc line 
time constant is fixed to 0.167, This system data is used for the base case. The basic reason 
for choosing the low short circuit ratio for the inverter ac system is that it causes larger volt- 
age fluctuations and can cause voltage and power instability. Consequently, the controller 
must be designed to achieve good performance for these operating conditions. The distri- 
buting dc line will be considered for digital simulation. Hence, the equivalent induction and 
resistance is considered here so as to produce the same time constant as of the distributed dc ' 

line, 

The influence of the controller gain in the range 5.0 to 25.0 is shown in Figure 3. The most 
sensitive roots of the characteristic equation are plotted in Figure 3. The following conclusions 
are drawn : 

a) As the controller gain increases, the system becomes less stable for various control modes. 

b) It is possible to obtain the same settling time for all control modes but for different gains. 

c) The system damping for all ranges of gain is less than 0.707. Hence, to achieve a system 
damping greater than 0.707, the controller gains need to be reduced. However, lower gslin 
values may produce sluggish response. 
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d RC: Reactfvc Current 

OR: Reactiw Power 
OC: OC Voltage 
PF:. Power Factor 
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PF: P o w  Factar 

no, 3. Idhence of controller gain of various control Fro. 4. Influence of the rcceivinl: AC short circuit ratio 
schemes at the inverter on the dominant roots. on the dominant roots. 

The Influence of receiving AC System's Short Circuit Ratio of the System Stability 

The controller gain for all control rnodes i s  fixed to 5,0 so that it sufi%5eent stability margin is 
available to study the effect of the receiving ac system's short circuit ratio. The receiving end 
short circuit ratio is varied from 2.00 to 1 .Q5 to investigate its influence on stability. The reason 
for selecting these values of short circuit ratio is to determine the stability of the system around 
the base case of short circuit ratio of 1.5. The dc line time constant. is fixed to its base vdue of 
0.167. The movement of the most sensitive roots is shown in Figure 4. The fo'ollowing canclu- 
sions are drawn: 

a) AS the short circuit ratio of the receiving ac system is reduced, the system response deterio- 
rates and the system tends to become unstable. 

b) The controller gain must be lowered as the short circuit ratio of the receiving end reduces to 
achieve the desired response. 

c) The degree of stability varies for different control modes. However, it: can be forced to be 
the same by proper adjustments of gains as discussed in the previous section, 

The Influence af the Sending AC System's Short Circuit Ratio on the System Stability 

The receiving ac system impedance, dc line impedance, and controller gain are fixed to base 
values. The sending ac system impedance is varied to obtained short circuit ratio 1.0 to @-0+ 
These numbers of short circuit ratios are chosen to represent very weak to very strong ac sys- 
tems. Hence, this study will indicate the trend of stability with in the two extremes. 

The movwnent of the most sensitive roots is illustrated in Figure 5. It is observed from Fig- 
ure 5 that as the short circuit ratio of the sending end decreases, the system becomes more s&- 
ble. This is because the rise in the direct c o m t  is contmlled by the sending end impedance. 

4. Modelling of AC-DCAC system using emtdc package 

R ~ f l  system dynamics is simulated in the time domain with three phase representation of an 
LC W ~ Q &  in the RvlTDC package. Subroutines are available to model freqimcy dependent 
lk$xhted ~ s m l s s i o n  line, generalized six-pulse thyristor bfidge with damping circuits, Wins- 
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Hhere 
RC: Reactlve Cutrent 
OR: Reactive Power 
DC: DC Y o l t a g ~  
PF: Power Factor 

-W -5a -+a -W -M -59 O 10 2'3 30 49  JD SO 

REAL PART OF ROOT 

F~G. 5 .  Influence of the sending AC system short circuit 
ratio on tho dominant roots., 

former saturation, metering system, and the dc conventional controls. New computer pragrams 
are developed and implemented to realize the various cantrol modes at the inverter terminal. 

The point to point ac-dc-ac system shown in Figure 6 is modelled and simulated to investi- 
gate the system recovery from various faults for different control schemes, The system wifh the 
following specifications at the inverter is modelled. 

U i  I-cc t UC 

Cu t.r*cc1 t V o l  t a g c  
M c t ~ s u r c l ~ i c r ~  t 

I 

AC Sys tell] Represen t a  t i o n  

St: Switch is closed to appIy the ac faults at the inverter ac bus. 
Sz: Switch is closed to apply h e  ac faults at the rectifier ac bus. 
S3: Switch is closed to apply the dc fault at the inverter terminal. 

RG. 6. A HVDC system used for investigations. 



Table l(a) 
Data for the Receiving AC System 

z SCP 

SCR Rl R2 L2 Mag Angle Mag. Angle L-L, Filter Ratings 
(Ohms) (Ohms) @kwy) (Ohms) (deg) (MVA) (deg) Voltage (kv) (MVAR) 

Table l(b) ' 

Data far the Sending AC System 

z SCP 

SCR R1 R2 L2 Mag Angle Mag. Angle L-L, Filter Ratings 
(Ohms) (Ohms) (Henry) (Ohms) (deg) (MVA) (deb) Voltage (kv) (MVAR) 

Rated active power = 810 MW 
Current in the dc s y s tern = 1.8 KA 
Length of dc transmission line = 895 km 

The detailed representation of the ac system at the inverterhectifier bus is shown in Figure 
6. The ac system impedance (component values are shown in Table 1) at the rectifier and the 
inverter is adjusted to provide short circuit ratios of 4.0 (rectifier) and 1.5 (inverter) with 138 
kV at the rectifier ac bus and 230 KV at the inverter bus. These short circuit ratios are chosen to 
study the influence of low short circuit ratio of the receiving ac system on the system Tecovery 
from different faults for various control schemes. Further, each converter at the rectifier and the 
inverter terminal consists of : 

(I) Three series connected six-pulse valve groups per pole, each rated at 150 kV, 1.8 U. 
(n) Converter transformer with leakage reactance of 13% at its own base. 
(m) Smoothing reactor of 0.75 R. 
IN) DC filters tuned to 6th and 12th harmonics (component values are shown in Table 2). 

Each six-pulse converter at the rectifier and the inverter terminal is simulated using a subrou- 
tine. In this subroutine, each valve is individually modelled with an equivalent R-C snubber 
circuit and phase lock oscillator, which is used to generate firing pulses for each valveI2. Ad&- 
tionally, the converter transf~rmers are modelled with saturation as shown in Figure 7. The 
saturation is accounted for by adding an additional flux dependent current to the current corn- 
P e d  by the linear part of the modelI3. The V-1 characteristics of the transformers are modelled 
with a knee paint voltage of 1.2 p.u. and with an air core reactance double that of the leakage 
reactance. 

The 895 km long dc transmission line separating the inverter md the rectifier stations is 
modelled as hquency dependent, mutually coupled, distributed line with the following parme- 
ters, 

Line resistance = 0.0155 o h m s h  in the steady-state at 5.0 Hz 
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L~~ R~~ Table 2 
DC Filters at the Enverler and Rectifier Terminal 

Filter Tuned Resistance Inductance Capacitmca 
(Frequency) (Ohms) (Hew) (PO 

6th 24.0 0.2444 0.80 
12th 12.0 0.1222 0.40 

v Smoothing Reactor Inductance = 0.75 Henry. 

I Smoothing Reactor Resistance = 1.0 Ohms. 

FIG. 7. The converter transformer model. 

= 0.019 ohrns/km in the steady-state at 90,O Hz 
Mode traveling time = 3.037 rns 
Characteristic impedance = 300.00 ohms 

The ac system feeding the converter bus at both ends is modelled as an infinite bus. The ac 
system impedances are represented by R-RL networks having the same damping at the funda- 
mental and the second harmonic frequency. AC filters comprised of the 5th, 7th, 1 lth, 13th 
harmonics and high pass are connected at the converter buses as shown in Figure 8. The filter 
banks at each converter are divided into two equal sections to enable the switching out of 50% 
af filters after 6-cycles fallowing the dc block for controlling dynamic overvoltages. The corn- 
ponents values for ac filters are listed in Table 3. 

A - 8 :  Control  

C-D: y m i n  Control 

JH, E;F & EM: Current control for the inverter 
IK, BC & GN: Current control for the rectifier 
FH & GI: Vl3CL 

FIG. 8, Control characteristic of the HVDC System, 
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Table 3ta) 
AC Filters Components at the Inverter Bus 

Filter Tuned Resistance Inductance Capacitance 
(Frequency) (Ohms) (Henry) (PO 
5 14.22 0,2986 0.9425 
7 14.22 0.1222 0,4810 
1 I 5.32 0.0786 0.7395 
13 5,32 0.0786 0.5280 
HP 94.80 0.0072 2.2795 

Table 3(b) 
AC Filters components at the rectifier bus 

Filter Tuned Resistance Inductance Capacitance 
(Frequency) (Ohms) Wenry) (p,Q 

5 5.37 0,1094 2.5725 
7 5 -37 0.1094 1.3130 
11 3.56 0.0207 2.1570 
13 3.56 0.0207 1.544 
HP 47.20 0.0026 6.1790 

Total MVAR Supplied by ~iltkrs = 200 MVAR 
Number of each filter = 2 

5. DC system controls 

The dc system is assumed ta be operating in the constant current mode without higher level 
controls. The rectifier operates on constant current control, whereas the inverter controls the 
voltage by operating at a-constant extinction angle control under steady-state. The pole contml- 
ler determines the firing angle for the complete hvdc system by maintaining the direct current at 
a constant level, The firing-angle generated by the pole controller (Figure 9) is compared with 
the firing angle generated by the valve controller shown in Figure 5. The minimum of the two 
Rring angles is selected to send the signal to the firing circuit. 

120 140 1.60 In0 1.00 0 3,oo 
f IME 114 SCCS 

Fa. 9. Instantaneous AC voltage response For the DC line fault at the inverter terminal. 
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TlME IN SCCS 

. DVC 

1.20 1.40 1.60 180 1.00 1.10 2.40 

TlME IN SECS 

TlME IN 5CC5 

TlME IN 5fCS 

FIG. 10. Three phase RMS voltage response for the DC line fault at the inverter terminal, 

The voltage dependent current limit (VDCL) is incorporated to modify the control charac- 
teristics as shown in Figure 11 in order to help the system recover from the faults by reducing 
the direct current order for low operating voltages. If the dc voltage at the rectifier terrni~lal falls 
below Vni, for more than 20 msecs, the VDCL is activated, and hence the dc voltage at the rec- 
tifier end is limited by the current order to I,,,i,,. This current order is maintained until dc voltage 
on the rectifier is less than Vmi,. Once the rectifier voltage is greater than V,in, the current order 
is ramped to 1.0 p.u. The modified control characteristics are shown in Figure 10. The current is 
ramped fram 0.3 to 1.0 p.u. in Tvdcl (70 MS). 

6. Interfacing of various control modes with EMTDC 

The following control modes are realized in FORTRAN programming language. 

a) AC Voltage Control : The measurement of effective three phase14 voltage is performed by 
using a six-pulse diode bridge. The rectified voltage is passed through a low pass, first or- 
der filter network to model the delay introduced by the measurement circuit and filters to 
eliminate the 6th harmonic component of the rectified voltage. This filtered signal is sub- 
tracted from the reference sigilal (1.0 p.u. voltage) to generate the error signal. The error 
signal is processed by the controller controller to generate the f d n g  angle. The firing angle 
is limited between 108" and 180°6 
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FIG. 11. DC power recovery from DC fault at the inverter terminal. 

b) DC Voltage Control : The dc voltage is measured before the smoothing reactor at the in- 
verter terminal. The measured signal is passed through a delay circuit to simulate the 
measurement delay, The delay circuit is realized as follows: 

1 
Delay Circuit = - 

1 + T,s 

where Td = delay in secs; 

The measured signal is campared with the reference signal to generate the error signal. The 
enar signal is processed by controller in similar manner as for the ac for the ac voltage 
control to generate the firing angle. 

C) Power Factor Control : The power factor at the inverter terminal has been calculated by 
the following relationship" an passed through delay circuits to simulate the measurement 
delay. 

where KiVz  no load dc voltage 
Vdi = dc voltage at the inverter terminal 
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~ u r i n g  faults, it is passible for "V" to be zero. Hence, equation (1) causes an overflow. 
This problem has been overcome by setting the power factor at LO for the duration of the 
disturbance. The error signal is generated by subtracting the measured signal and process- 
ing similar to the above-mentioned control schemes. This control is realised without tap 
changes control. 

The power factor control reported in referencell is not a real power factor control because 
it needs assistance from h e  tap changer control, which makes the power factor response 
very slow. A pure power factor control is discussed here which does not require the assis- 
tance of the tap changer. 

d) Reactive Current Control : The reactive current at the inverterI6 terminal can be calculated 
by using equation (2). 

cos 9 = power factor 
I, = reactive current 

This calculated signal is passed through a simple delay circuit to simulate the measurement 
delay. The firing angle generated by this scheme is similar to that obtained from the a voltage 
control. 

e) Reactive Power Control: The reactive power absorbed at the inverter terminal is calculated 
by using equation (3). 

Q = Vlq (24) 

where V = rms vdtage fat three phase ac voltage 

I, = reactive current 

The measurement of "V" is carried out exactly as mentioned for the ac voltage control. The 
reactive current is calculated by using equation (2). The calculated reactive power is passed 
through a delay network to simulate the measurement delay. The error is calculated by subtract- 
ing measured reactive power from the reference value of the reactive power. The firing angle is 
generated in a fashion similar to that described far the ac voltage contral. 

The reactive current contro116 and the reactive power control have some characteristic in 
steady-state.However, during transients, the as bus voltage is not 1.0 p.u. and the characteristics 
of the reactive power control become different from the reactive current control. Hence, the 
investigations are also carried out for the reactive power control. 

These measurement schemes ax used to realize various control schemes. The effectiveness 
of various control. schemes is evaluated in the next section by investigating system response to 
some critical faults. 

7. Evaluations of HVDC control at the invertor terminal 

The suggestion of totally replacing16 the conventional controls by one of the new control 
schemes is undesirable because these alternate control modes operate at higher extinction angle, 
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which results in higher harmonic generation , reactive power demand and losses. Subsequently, 
the total cost of the station increases. 

A b&t;er solution14 is to introduced by new control just after the disturbance for a f ;w cycles 
to limit over voltages and minimize the possibilities of potential commutation failure. mS 
technique has the merit that during steady state condition the system operate with minimum 
reactive power demand. In addition the system recovery from fault/disturbance may be im- 
proved. 

14-16 Various views about use of alternate modes at the invertor terminal have r'otivated ~s 
steady. The major objective study presented in this paper is to evaluate the effectiveness s of 
various control schemes at an inverter terminal connected to a weak receiving ac system, 

The concept used to evaluate the effectiveness of various control modes is to replace the 
canventional control by one of the control schemes [b-el for 300 rns just after a Fault and then 
revert it back to the original conventional control: This concept of replacing conventional con- 
trol by the ac voltage control has been reported in reference". However, this study is limited 
only to three phase faults at the inverter ac bus, In this paper the effectiveness of the voltage 
control is studied for many other faults. In addition, ta complete the literature, the effectiveness 
of new control schemes like the dc voltage control, the reactive power control, and the power 
factor are also investigated, 

8. Measures for determining the effectiveness of various control schemes 

Comparison of various control schemes has been carried out on the basis of the dc power re- 
covery, peak overvoltages, and dynamic overvoltages, 

The three phase to ground fault and the signal phase to ground fault and dc faults are ap- 
plied, at the inverter end, and three phase to ground fault is applied at the rectifier ac bus also, 
These faults are assumed to be crit ical from abthor's point of view, 

9. Controller design for various schemes 

The fallowing can&ller configuration is defined for various control schemes at the inverter 
terminal of the hvdc system. 

where Kc = controller g&n 
Tc = controller time constant 

To, = time constant of the lead-lag netwark 

The contrdler optimization has also been carried out for the evaluation of the effectiveness 
of all control schemes. The controller for each control scheme is optimized by observing the 

tern recovery for a given disturbance over a range of controller parameters. The selection of 
conboller parameters is performed on the basis of the optimum system ipmriPmJ h--- 'hn 
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Table 4 
Controller settings for (a) three phase to ground fault at the inverter bus, (b) Single phase 
to c u n d  fault at the inverter bus, (c) DC h e  fault, (d) Three phase to ground fault at the 
inverter AC bus. 

(a) 

Name ofcontrol Kp Kr Ta Ti, Remarks 
scheme 

PFC 0.60 9.0 0.10 0.02 For conventional control Y,  = 
AVC 0.65 , 18.00 0.06 0.02 0.3, YL= 0.5 has been used 
DVC 0.20 3.00 0.03 0'01 
RCC 0.30 4.50 0.10 0.02 
RPC 0.250 5.50 0.05 0.01 

(b) 

PFC 0.50 12.00 0.10 0.01 For conventional control Y,  = 
AVC 0.45 30.00 0.10 0.03 0.5,Y'=0.70. 
DVC 0.30 4.50 0.10 0.01 
RCC 0.60 15,OO 0,lO 0.01 
W C  0.70 8.50 0.10 0.01 

PFC: Power Factor Control 
RCC: Reactive Current Control 
AVC AC Voltage Control 
DVC: DC Voltage Control 
RPC: Reactive Power Control 

(4 
PFC 0.5 10.5 0.10 0.01 For conventional control 
AVC 0.40 40.0 0.10 0.03 Y, = 0.35 YL = 0.55. 
DVC 0.35 5.0 0,10 0.01 
RCC 0.80 18.00 0.10 0.03 
RPC 0.85 9.00 0.05 0.02 
-- 
(4 
PFC 0.40 12.00 0.10 0,01 For conventional conk01 
AVC 0.50 38.00 0.07 0.01 Y, = 0.3330 YL= 0.450. 
DVC 0.40 7.0 0.10 0.01 
RCC 0.75 16.00 0.10 0.02 
lu'c 0.70 11.00 0.10 0.01 

disturbance. The procedure of optimization is repeated for all control schemes for various 
faults. However, the optimization of vsuiaus control schemes is valid only for a given system 
configuration, Once the system configuration changes, the optimization of the controller pa- 
rameters is to be carried outsagain for all control schemes for various fmlts. 

10. System response for various faults 

'The system response for various control schemes is studied by time domain simulation on the 
EWDC digital program, The results are summarized below : 
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Table 5 
System response for (a) the three phase to ground fault at the inverter AC Bus, (b) the three phase to ground fault 
at h e  inverter AC Bus, (c) the DC line fauIt at the inverter Terminal, the three phase to ground fault at the rectifier 
AC Bus. 

(4 
Ztzstantaneous Voltage Response Dynamic Overvoltage Respon.se DC Power 

Recovery T i m  

Conrrol Scheme Lfighed Mngni- Duration in Highest Magd- Duration in ms t,. in ms 
rude in p. u, Vp ms t, tude in p. u. VD to 

PFC 2.00 210 1.40 210 210 
DVC 2.00 142 1.35 142 210 
RPC 1.80 136 1.40 136 210 
AVC 2.00 110 1.35 110 210 
RCC 1 .a0 122 1.40 122 210 
CEA 2.00 230 1.48 230 210 

PFC 1.45 7 1 1.40 7 1 140 
DVC 1.83 80 1.33 80 140 
W C  1.66 122 1#33 122 140 
AVC 1.83 52 1,20 52 140 
RCC 1.60 135 1.26 133 140 
CE A 1.85 135 1,33 135 140 

PFC 1.5 123 1.5 126 I15 
DVC 1.5 84 1.5 84 115 
W C  1.5 122 1.5 122 115 
AVC 1.5 65 1.5 65 115 
RCC 1.5 125 1 .S 125 115 
CEA 1.5 110 1.5 110 115 

PFC 1.41 70 1.5 70 2 32 
DVC' 1.41 100 1.5 100 132 
RPC 1 S 128 1,5 128 132 
AVC 1.5 55 1.5 55 132 
RCC 1S 128 1.5 128 132 
CEA 1.5 85 1.5 85 132 

a) DC Line Fauh : The duration of this fault is 200 ms. The controller parameters used for 
system recovery for the fault are listed in Table 4 for various controls. 

n e  investigations ;ire carried out similarly for other faults also. The results for various 
faults are summarized in Table 5 .  

11. Discussion 

The evaluation of the effectiveness of various control schemes at thc inverter t e d n d  of the 
hvdc system feeding to a relatively weak ac system has been carded out. T ~ P  rw-+:----- 
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~arious control schemes is determined on the basis of the quality of the system rewvery fmm 
different ac and dc faults. The quality of the system recovery from different faults is evaluated 
in terms of the peak instantaneous overvoltages, dynamic overvoltages (magnitude and dura- 
tion), and dc power recovery time. The concept used for determining the effectiveness of vari- 
ous control schemes is that each control schemes introduced for 300 ms from the instant of the 
fault and thereafter the inverter operation is reverted to the conventional control. It is found that 
switching from one control scheme to another without producing significant voltage and power 
oscillation is possible. 

It has been observed that the appropriate choice of controller parameters of all control 
schemes produces similar ac power recovery time, However, the dynamic overvoltage profile 
may differ. It has been assumed in the study that the measurement circuit time constant is the 
same. One can argue that metal oxide arrests can be used to reduce the DOV. However, it clips 
the peak of DOV only, while control schemes can control the duration of DOV. 

12. Conclusions 

The evaluation of all control schemes at the inverter terminal of the weak ac system hits 
been performed. The following important concIusions can be drawn : 

1. High controller gain lead to instability. 

II. Higher short circuit ratio of the receiving ac system improves the stability. 

m. Lower short circuit ratio of the sending ac system improves the stability. 
IV. The similar dc power recovery time can be obtained by properly choosing the controller 

parameters for various control schemes. 

V. The dynamic overvaltages can be reduced by introducing proper control scheme (Table 5) 
just after fault for 300 ms and thereafter reverting the system operation to conventional 
control. This switching in the control schemes 'provides the advantages of operating the 
hvdc system with minimum harmonics and reactive power demand steady-state and mini- 
mizing DOV during transients. 
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