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Abstract: A novel control scheme is presented for 
the design of a supplementary subsynchronous 
damping controller (SSDC) equipped at the recti- 
fier end of an HV DC link that is connected in 
parallel with an existing resonating AC line. To 
stabilise the unstable subsynchronous resonance 
(SSR) modes, an approach based on modal 
control theory is developed for the design of the 
SSDC. Since the subsynchronous oscillations 
resulting from high levels of compensation on the 
AC line can be effectively damped out, the power 
transfer capability of the AC line can be enhanced 
by the proposed SSDC. In addition, the SSDC 
can also be used to increase the damping of tor- 
sional interaction between the HV DC link and 
turbine generator, thereby qualifying the HV DC 
link equipped with the proposed SSDC as an 
alternative to a new, second AC line where long 
distances of transmission may economically justify 
the use of an HV DC line. 

List of symbols 

General 
A,  B, C = system matrix 
o, 8 = rotor speed and rotor angle 
6 = generator torque angle 
U , ,  U ,  = auxiliary input signals of exciter and rectifier 
EFD = per unit output voltage of exciter 
VRE = voltage regulator output 
a = actuator signal 
9 = governor opening signal 
F 
e, 
vm = infinite busbar voltage 

Y = inverter extinction angle 
X,, ,  X , ,  = commutating chock reactances of rectifier 

and inverter 
V,, , V,, = p.u. RMS rectifier voltages refer to d, q R  axis 
I , ,  , I , ,  = P.U. RMS rectifier currents refer to d, q R  axis 
V,, V, = p.u. RMS voltages refer to dq-axis 
I , ,  I ,  = p.u. RMS currents refer to dq-axis 
8, = angle by which 9,-axis lags q-axis 
4, = angle between V,, and I ,  
V, , V, = p.u. rectifier and inverter voltages 
I , ,  I ,  = p.u. rectifier and inverter currents 

= fractions of mechanical torque distribution 
= AC line capacitor voltage 

U = rectifier delay angle 

Paper 6404C (Pg), received 4th May 1988 
The authors are with the Department of Electrical Engineering, Nation- 
al Taiwan University, Taipei, Taiwan, Republic of China 

78 

IREF = p.u. reference current 
Kln = current margin gain 
K , ,  TR 

K , ,  T, 

Subscripts 
d, 4 
fd = field circuit quantities 
fq, kd, kq = dq-axis damper windings 
R = rectifier quantities 
I = inverter quantities 
AC 
DC 
H P  
I P  
L P A  
LPB 
E X C  = exciter quantities 
GEN = generator quantities 
0 

tities 
REF = reference quantities 
A = busbar A quantities 

Prefix 
A 

= gain and time constant of rectifier current 

= gain and time constant of inverter current 
regulator 

regulator 

= dq-axis stator quantities 

= AC transmission line quantities 
= DC transmission line quantities 
= high pressure turbine quantities 
= medium pressure turbine quantities 
= low pressure A turbine quantities 
= low pressure B turbine quantities 

= steady-state or operating condition quan- 

= deviation or linearised quantities 

1 Introduction 

Since the torsional interaction between the HV DC link 
and the turbine generator at Square Butte in North 
Dakota was first reported in 1980 [l], several studies 
have been made to identify the cause of interaction and 
to devise countermeasures for these subsynchronous 
oscillations [2-71. 

Experience with the Square Butte DC link indicated 
that the rectifier current control loop and the frequency 
sensitive power control (FSPC), that was designed to 
damp interarea oscillations, could cause an undamped 
11.5 Hz oscillation under certain operating conditions 
[ 1, 31. The damping for this torsional oscillation was 
improved by an adjustment to the transfer function of the 
rectifier current control loop and the incorporation of a 
11.5 Hz notch filter into the FSPC. The subsequent tests 
on a similar system configuration, the CU HV DC link, 
showed that there was no risk of undamped sub- 
synchronous oscillations owing to the higher first tor- 
sional mode frequency of 19 Hz on the Coal Creek Unit 
[2, 4, 51. In view of the potential torsional oscillations 
associated with an HV DC link, a reasearch project was 
sponsored by the Electric Power Research Institute [6 ]  
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to develop a supplementary subsynchronous damping 
controller (SSDC) for the damping of these oscillations. 
With its parameters tuned by using the Bode plot (gain 
plot and phase plot), the designed SSDC could provide 
positive damping for the subsynchronous oscillations 
under some operating conditions. 

Recently, Harley and Balda [7] employed a different 
approach for the design of an SSDC. The eigenvalues of 
the torsional modes were scanned as the parameters of 
the SSDC were varied. Then a suitable set of parameters 
were chosen by a scrutiny of the resulting torsional mode 
eigenvalues. This trial-and-error approach suffers from a 
major drawback of requiring a great amount of computa- 
tional time because there are several parameters to be 
determined simultaneously, and the highly time- 
consuming work of computing system eigenvalues must 
be repeated over and over again, as these multidimen- 
sional unknown parameters are varied. 

The purpose of this paper is to present a systematic 
approach for the design of an SSDC. The parameters of 
the SSDC are determined by using a modern control 
theory called modal control [8,9]. To investigate the 
effect of the proposed SSDC on the torsional interaction 
between the HV DC line and the turbine generator as 
well as the SSR modes on an existing capacitor- 
compensated AC line, the SSDC is equipped at the recti- 
fier end of an HV DC link connected in parallel with the 
AC line. Sensitivity studies with regard to line flow, delay 
angle and the degree of series compensation on the AC 
line reveal that the proposed SSDC is insensitive in that 
it can provide good damping effects for the sub- 
synchronous oscillations over a wide range of operating 
conditions. In addition to these frequency-domain eigen- 
value analyses which deal exclusively with the linearised 
system, time domain simulations using a nonlinear 
system model are also performed to demonstrate the 
effectiveness of the proposed SSDC under disturbance 
conditions. 

2 System model 

The system considered is the IEEE First Benchmark 
Model [lo] with an HV DC link included, as shown in 
Fig. 1. 

busbar A 

pc 

I 

HP IP LPA LPB GEN EXC 

1EEEfirst benchmark model with an HV DC link included Fig. 1 

An equivalent T network [l 11, with two series imped- 
ances placed on both sides of a lumped charging capac- 
itance that is put at the midpoint of the line, is used as 
the model for the DC line. The dq-axis representations of 
DC transmission line equations are described in Appen- 
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dix 9.1. Appendix 9.2 contains the equations for the 
turbine torques and speed governor system. 

The system data using the same base values as those 
adopted in Reference 10 are given in Table 1 [12-161. 

Table 1 : Svstem data 

Mass-spring parameters 
Mass Shaft Inertia Spring 

HI, s constant 
K, p.u. torquelrad 

HP 0.092897 

IP 0.1 55589 

L PA 0.858670 

L PB 0.88421 5 

GEN 0.868495 

EXC 0.03421 65 

Turbine torque and speed governor system 
T,, = 0.3 s T,, = 7.0 s T,, = 0.2 s 
K, = 25.0 T,, = 0.2 s TSM = 0.3 s 
F,, = 30% F,, = 26% F,,, = 22% 

Synchronous generator, p.u. 
X,  = 1.790 X,, = 0.04 X,, = 0.006 X,, = 1.660 
X ,  = 1.710 X,, = 0.1 15 X,, = 0.245 X,, = 1.580 
R, = 0.001 5 R,, = 0.001 R,, = 0.0037 R,, = 0.0053 
R,, = 0.01 82 

Exciter and voltage regulator 
K, = 50.0 E,, = 7.3 p.u. U, msr = 0.1 2 p.u. 
T,=o.o1 S E F , , , , = - 7 . 3 P . U .  uE, , ,= -o .12p.U.  
TE = 0.002 s 

Transformer and ACDC transmission line. p.u. 

R,  = 0.01 X ,  = 0.1 4 RA, = 0.02 X,,, = 0.56 
R,, = 0.05 XLOc = 0.920 X,,, = 8.333 X,, = 10.0 

Rectifier and inverter current regulator 

K,  = 5.0 T, = 0.01 s K, = 5.0 T,=0.01 s 
aRmar=200 aRm,n=lOO U,,,,=O.1 p.u. U R , , , = - 0 . 1 p . ~ .  
K, = 0.9 

Operating conditions 
V,, = 1.05 p.u. 

PA,, = 0.4064 p.u. 
V,, = 0.9349 p.u. 
V,,, = 0.7179 p.u. 
iQAc0 = 0.1 877 p.u. 
id ,  = 1.5022 p.u. 
system frequency = 60 Hz 

HP-IP 19.303 

IP-LPA 34.929 

L PA - L PB 52.038 

L PB-GEN 70.858 

GEN - EXC 2.822 

F,,, = 22% 

P,, = 0.9 p.u. 

P,,, = 0.4846 p.u. 
I,, = 0.5183 p.u. 
V,,, = 0.681 9 p.u. 
V,,, = 0.9090 p.u. 
i,, = 0.681 5 p.u. 

PF = 0.9 lagging 

I V,l = 0.9901 p.u. 
V ,  = 0.9212 p.u. 
i,,,, = 0.8021 p.u. 
I , ,  = 0.51 83 p.u. 

XcAc/X,,, = 50% U,, = 18" y,, = 15" 

Under the operating condition of l( = 1.05 P.u., P ,  = 
0.9 P.u., power factor = 0.9 lagging, t lR = 18", y r  = 15", 
and XCAJXLAc = 50%, the eigenvalues for an AC system 
and a parallel ACDC system without an SSDC for the 
HV DC link are listed in Table 2. 

It can be observed that, without an SSDC, the 
inclusion of a parallel HV DC link cannot damp out 
the subsynchronous oscillations on an existing 
capacitor-compensated line. 

To see how the dampings of the torsional modes vary 
with the degree of compensation, the real parts of the 
eigenvalues for modes 0-5 of the ACDC system as a 
function of the ratio XcAC/XLAc are depicted in Fig. 2. 

It is evident from Table 2 and Fig. 2 that all SSR 
modes, except modes 2 and 5, may become unstable 
since, under certain operating conditions, the eigenvalues 
associated with these modes may have positive real parts. 
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Table 2: System eigenvalues (rad/s) 

AC system ACDC system 
without an SSDC 

Shaft (5) A,,, -0.1 81 8 f j298.18 -0.1 81 8 f j298.18 
modes (4) A,, -0.0223 f j202.70 0.01 71 f j202.72 

(3) A,,, 0.7875 f jl60.85 0.4245 f jl60.43 
(2) A E X C  -0.6416 f jl27.07 -0.6399 f jl27.08 
(1 ) A,,, -0.1 237 f j99.51 
(0) A,,, -0.1 81 3 f j9.93 -0.3325 f jlO.18 

-0.1 097 f j99.48 

ACDC system 
with an SSDC 

-0.1 824 f j298.18 
-6.5790 f j199.16 
-1.0673 f j157.39 
-0.9969 f j126.58 
-2.2854 f j91.92 
-3.1 882 f j10.33 

Other modes -8.2345 f j3072.36 
-8.3724 f j2293.64 
-7.1 008 f j590.56 
-6.91 33 f j162.83 
-4.8293 f j0.2969 

-499.9701 9 
-1 01.66485 

-32.06689 
-24.80366 
-8.1 1471 
-1.80831 
-3.9781 2 
-0.1 41 83 
-3.27838 

-31.51 21 f j3036.35 
-926.6337 f j1538.23 

-1 0.2643 f j592.15 
-57.4064 f j247.06 
-1 0.1 193 f j156.36 
-4.8552 f j0.2690 

-499.99587 
-1 01.68570 
-97.73752 
-32.20669 
-24.81 693 

-7.91 593 
-1.75985 
-0.1 41 79 
-3.71 192 
-3.4871 2 

-31.721 0 f j3036.06 
-926.7504 f j2348.93 
-1 0.9490 f j591.49 
-37.3710 f j255.27 
-10.4926 f j159.72 
-71.2491 f j64.97 
-6.1 753 f j16.71 
-2.5230 f j4.1863 
-4.6776 f j0.4270 
-3.51 38 f j0.1098 

-500.50760 
-1 33.03238 

-95.86946 
-24.82959 
-7.31 586 
-0.1 41 79 
-1.75949 
-4.51 796 

P,  = 0.9 P.u.; PF = 0.9 lagging; X,,,/X,,, = 50%; V ,  = 1.05 P.u.; (AC system) uR = 18"; 
y ,  = 15" (ACDC system) 

3 0 [  

2 

1 I I 1 I 

0 20 LO 60 80 100 

XCAC'XLAC'o'o 

generates the damping signal U , .  The power system sta- 
biliser is required because the electromechanical mode 
(mode 0) must be controlled in addition to the three tor- 
sional modes (modes 1, 3,  and 4). Fig. 3 depicts the block 
diagram of the proposed compensator. 

* R  
I 

a 
Rrnax 

I 'Rrnax Rrnin 

SK, l+STZ l + S T b  

l + S T W  1+ST,  1 t S T 3  
Aw 

"Rrnl n 
Fig. 2 Real parts of SSR mode eigenvalues as a function of 
X,,,/X,,, (ACDC system without SSDC and PSS) 

mode 0 
~ mode 1 

mode 2 
mode 3 
mode 4 "REF 1 +STA 
mode 5 

_ _ _ ~  
EFDrnax 

EFD 
. . . . . . . 

'Ernax E FDrnin 
Therefore the three SSR modes 1, 3, and 4 deserve special 
attention in the design of an SSDC. In addition to these 
SSR modes, the electromechanical mode (mode 0) should 
also be damped to improve its damping characteristic. 

3 Design of a supplementary subsynchronous 
damping controller using modal control theory 

To stabilise the three SSR modes and the electromechani- 
cal mode (mode 0), a compensator with two feedback 
signals, Am (generator speed deviation) and AZR (rectifier 
current deviation), is employed to generate two supple- 
mentary damping signals, U ,  and U , ,  for the exciter and 
the rectifier current regulator, respectively. It should be 
noted that the proposed compensator can be regarded as 
a combination of an SSDC, which generates the damping 
signal U , ,  and a power system stabiliser (PSS), which 

"Ernin 

Fig. 3 
control system with proposed compensator (SSDC and PSS) included 

Block diagram of the rectifier current regulator and excitation 

In the design of the proposed compensator using 
modal control theory, the state equations of the system 
linearised at the specified operating point are first written 

X ( t )  = A X @ )  + BU(t)  

Y ( t )  = C ( X ( t )  (1) 

where X ( t )  is the state vector that can be divided into two 
subvectors, X ,  and X , ,  comprising the state variables in 
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the mechanical system and electrical system, respectively. 

X Y  = [ A ~ H P ,  A ~ H P  7 AWrp 9 A01p 9 AWLPA, A o , p ~ ,  
AWLPB, A ~ L P B ,  Am, AS, A ~ E X C ,  A ~ E X C ,  ATHp, 
A ~ P ,  AT,,,, Aa, &IT 

X E  = [Aid, Ai,,, Aikd, Ai,, Ai,,, & . , ,  AE,,, AV,,, 
Aecd 9 Aecq 9 AidAC 9 Ai,,, 9 AKA,  AKA,  AI, ,  
AVDC, AI, > AaR, 

The output vector can be written as 

Y = CAW, (3) 

= CUE, URIT (4) 

and the input vector is 

The open-loop transfer function in complex frequency s 
domain from input U to putput Y is 

( 5 )  
The compensator transfer functions, H,(s) and HD&s), for 
the PSS and SSDC, respectively, are as follows [ 171 : 

G(s) = C(s1 - A ) - ' B  

s K ,  ( 1  + sT2)( 1 + sT4) H,(s) = - - - 
1 + sT, 1 + s T l  1 + s T 3  

sK, ( 1  + sT6)( 1 + sT8) 
HDc(s) = l+sT,, l+sT, l+sT, (7) 

where K , ,  T,, KDc, Ts,, and Tl-T8 are the unknown 
parameters to be determined. The feedback transfer func- 
tion matrix H(s)  is 

Taking the Laplace transform of eqns. 1 and 2, we have 
the state equations in frequency domain 

sX(s) = AX(s)  + BU(s) (9) 
Y(s) = CX(s )  (10) 

The input signals are derived from output feedback and 
can be expressed as 

U(s) = H(s)Y(s) ( 1  1) 

sX(s) = A X @ )  + BH(s)Y(s) (12) 

sX(s) = AX(s)  + BH(s)CX(s)  (13) 
[SI - A - BH(s)C]X(s) = 0 (14) 

Substituting eqn. 11 into eqn. 9, we have 

where Y(s) can be replaced by eqn. 10 as 

I f s  is the desired eigenvalues to be located in the closed- 
loop, X ( s )  in eqn. 14 is not identically equal to zero. 
Therefore the matrix [SI - A - BH(s)C] is not full rank 
and 

det [ S I  - A - BH(s)C] = 0 (15) 
Eqn. 15 can be factored into the product of two terms, as 
given by the following equation : 

(16) 
Consider the following matrix identity for determinants 
of products: 

det [ S I  - A] det [ I  - (SI - A)-'BH(s)C] = 0 

det [ I  + PQ] = det [ I  + QP] (17) 

where P and Q are matrices with appropriate dimensions 
and I is an identity matrix. 
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Eqn. 16 is then transformed to 

det [SI - A ]  det [ I  - C(s1 - A)-'BH(s)] = 0 (18) 
Substituting eqn. 5 into eqn. 18, the closed-loop charac- 
teristic equation is then given by 

(19) 
where s is the assigned eigenvalues placed in the closed- 
loop. Since the desired closed-loop eigenvalues are, in 
general, different from the open-loop eigenvalues, which 
can be computed by solving the equation 

det [SI - A ]  det [ I  - G(s)H(s)] = 0 

det [SI - A ]  = 0 

det [ I  - G(s)H(s)] = 0 

(20) 

(21) 

it follows that 

Thus, the unknown parameters of the two-input-two- 
output controller can be obtained by solving a set of 
algebraic equations resulting from the substitution of a 
set of preassigned eigenvalues into eqn. 21. For the 
present case, four of the twelve unknown parameters 
must be prespecified since only eight eigenvalues associ- 
ated with modes 0, 1, 3, and 4 will be assigned, resulting 
in eight algebraic equations. 

Prespeclfied parameters [f 7l 

Tl = T3 = T5 = T7 = 0.1 s 

Assigned eigenvalues 

- 6.6 & j 199.2 (mode 4) 

- 1 .1  & j157.4 (mode 3) 

-2.3 f j91.9 (mode 1 )  

-3.2 f j10.3 (mode 0) 
Using the above assigned eigenvalues, the following con- 
troller parameters are obtained: 

K ,  = -0.03, T, = 0.01 S, T2 = 0.5 S, T4 = 0.5 s 

K,, = -0.14, T,, = 0.1 S, T6 = 0.5 S, T, = 0.5 s 

The only constraint in the selection of the assigned eigen- 
values is that the resulting parameters should be reason- 
able (for example, the time constants should be positive). 

Using the above proposed controller, the closed-loop 
eigenvalues under the operating conditions described 
above are listed in Table 2. The real parts of the eigen- 
values for modes 0-5 as a function of XCAC-XLAC are 
plotted in Fig. 4. It can be observed that all the torsional 
modes will be stable for 35% < XCACfXLAC < 70%. 

4 S e n s i t i v i t y  s tudies  

To demonstrate the insensitivity of the proposed SSDC, 
eigenvalue analyses are carried out over a wide range of 
operating conditions. Some results are listed in Tables 
3-5. In Table 3, P,, is fixed at 0.9 P.u., and U, is varied 
from 10" to 20". The eigenvalues for different values of P ,  
are summarised in Table 4. Table 5 gives the results for 
the case with fixed AC line power PAC (PAC, = 
0.4064 P.u.) but with different DC line power P,, (or dif- 
ferent a,,). 

It can be concluded from Tables 3-5 that, under the 
preassigned parameters, the proposed SSDC, although 
designed at a particular operating condition, can provide 

81 



Table 3: Eigenvalues for various values of  a,(P, = 0.9 P.u.) 

mode 

5 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 
4 -9.5 f j198.5 -8.4 f 1198.5 -7.7 f j198.7 -7.1 f j198.9 -6.6 f j199.2 -6.1 f j199.5 
3 -2.1 f j156.5 -1.8 f j156.5 -1.5 f j156.7 -1.3 f jl57.0 -1.1 f j157.4 -0.9 f j157.8 
2 -1 .Of j126.6 -1 .Of j126.6 -1.0 f j126.6 -1.0 f j126.6 -1.0 f j126.6 -1.0 f j126.6 
1 -2.3 f j92.2 -2.3 f j92.0 -2.3 f j91.9 -2.3 f j91.9 -2.3 f j91.9 -2.3 f j92.0 
0 -1.9 f jll.0 -2.2 f j l l  .O -2.6 f j10.9 -2.9 f j10.6 -3.2 f j10.3 -3.3 f jlO.0 

Denotes the operating point on which the SSDC design is based 

aR 10" 12" 14" 16" 18"* 20" 

Table 4: Eigenvalues for different values of  P, (amo = 18") 

mode 
P, 0.7 0.9* 1.1 1.3 1.5 

~~ ~ 

5 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 
4 -6.9 f j199.8 -6.6 f j199.2 -6.3 f j198.8 -6.1 f j198.6 -5.9 f j198.8 
3 -1.1 f j157.4 -1.1 f j157.4 -1 .O f 1157.4 -0.8 f j157.6 -0.6 f jl58.0 
2 -1 .Of j126.6 -1 .Of  j126.6 -1 .O f j126.6 -1 .O f j126.6 -1.1 f j126.6 
1 -2.0 f j92.5 -2.3 f j91.9 -2.5 f j91.5 -2.6 f j91.3 -2.7 f j91.3 
0 -2.8 fj10.5 -3.2 f j10.3 -3.5 f j10.1 -3.8 f jlO.0 -4.1 f j9.8 

_________ ~~~ 

* Denotes the operating point on which the SSDC design is based 

Table 5: Eigenvalues for different values of P, (PAC" = 0.4084 P.u.) 
~ 

P,, 0.5860 0.5358 0.4846* 0.4323 0.3791 
mode 

5 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 -0.2 f j298.2 
4 -6.9* j198.6 -6.7 f j198.9 -6.6 f j199.2 -6.4f j199.4 -6.3 f j199.7 
3 -1.3fj157.0 -1.2fj157.2 -1.1 fj157.4 -1.Ofj157.6 -0.9fj157.8 
2 -1.0fj126.6 -1.Ofjl26.6 -1.0fj126.6 -1.Ofj126.6 -1.0fj126.6 
1 -2.4 f j9l.7 -2.4 f j91.8 -2.3 f j91.9 -2.2 f j92.1 -2.1 f j92.2 
0 -3.2 f j10.6 -3.2 f j10.5 -3.2 f j10.3 -3.2 f j10.2 -3.2 f jlO.1 

* Denotes the operating point on which the SSDC design is based 

ii U; 4 0  a o [  

g - 8  0 1  

I I I I I 1 

0 20 40 60 80 100 

X ~ ~ ~ ' X ~ ~ ~  ''0 

Fig. 4 Real parts of SSR mode eigenvalues as a function of 
XcAc/XLAc (ACDC system with SSDC and PSS) 

mode 0 
__ mode 1 

mode 2 
mode 3 
mode 4 
mode 5 

_ _ _ _  

. . . . . . . 

satisfactory damping characteristic over a wide range of 
operating conditions. 

5 Nonlinear simulations 

To illustrate the effectiveness of the proposed SSDC, 
which is designed based on a linearised system, under dis- 
turbance conditions, time domain simulations are per- 
formed using a nonlinear system model including all 
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system nonlinearities such as exciter ceilings, control 
signal limiters etc. 

The dynamic responses to a 0.2 p.u. step disturbance 
in generator torque (ATGEN), which lasts for four cycles 
(0.067 s), are shown in Figs. 5 and 6 for the system 
without and with an SSDC, respectively. The response 
curves in Fig. 5 indicate the expected unstable nature of 
the open-loop system and those in Fig. 6 clearly demon- 
strate the effectiveness of the SSDC in providing positive 
dampings for the SSR modes under disturbance condi- 
tions. The required control signals for the PSS and 
SSDC, U ,  and U,, are plotted in Fig. 7. It is observed 
that only moderate signals are needed for damping pur- 
poses. 

6 Conclusions 

A systematic approach based on modal control theory is 
presented for the design of a supplementary sub- 
synchronous damping controller (SSDC) equipped at the 
rectifier end of an HV DC link connected in parallel with 
an AC line. The subsynchronous oscillations on the 
series-compensated AC line, as well as the torsional inter- 
action between the HV DC converter and turbine gener- 
ator, can be effectively damped by the proposed SSDC. 
Sensitivity studies indicate that the proposed controller is 
insensitive in that it can provide good damping effect 
over a wide range of operating conditions. Digital simu- 
lations based on a nonlinear model are also performed to 
demonstrate the effectiveness of the proposed controller 
under major disturbance conditions. 
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8 Appendixes 

8.1 DC transmission line equations 
All the equations given in the Appendix are in per unit. 
The base values for the AC and DC quantities should be 
chosen such that the per unit values of any DC quantities 
will remain unchanged when converted to the reference 
frame of AC systems [13]. Thus, the DC quantities of 
rectifier output voltages and currents can be converted 
with reference to the common frame of the dq-axis of AC 
systems, according to the phasor diagram in Fig. 8 [l 11. 

where 6 ,  is the angle by which q,-axis lags the q-axis. 

Fig. 8 Phasor diagram for the dq quantities 

Since the reference direction for the q,-axis with respect 
to q-axis is arbitrary, it is convenient to select a direction 
which makes V,, vanish. Although transformation selec- 
tion is unnecessary to restrict V,, to zero, this particular 
selection allows the operation of the converter to be 
easily expressed. Under this reference frame, we have the 
following relationships : 

cos 6, = V,/%R (26) 

sin 6, = v d / V , R  (27) 

(28) 

(29) 

I d  = I d ,  cos 6, + I , ,  sin 6, 

and 

I, = - I d ,  sin 6, + I , ,  COS 6, 
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The rectifier voltage, VR, and inverter voltage, V,, can be 
written as [14] 

where VqI = V,, as shown in Fig. 1. Thus, the dR-axis 
and qR-axis components of I R  are given by 

(32) 

(33) 

respectively, where the power factor is defined by 

cos 4 R  = VR/%R (34) 

The equations for the rectifier and inverter regulators are 
~ 1 4 1  

(35) 

It is noted that the rectifier and inverter are both under 
constant current control. The steady-state operating 
point is found by first choosing a pair of values for t l R  
and Y r  and then solving the network equations to find the 
rectifier current, I , ,  and inverter current, I,. 

8.2 Turbine torques and speed governor system 
A two-time-constant governor is used in this paper, and 
two differential equations for the governor are [12] 

1 
g = - (a - g )  

TSM 

where T S R  and T S M  are, respectively, the time constants of 
the speed relay and the servomotor. The units for U, a 
and g in eqns. 37 and 38 are all in per unit values. 

All turbine torques are proportional to contribute the 
net mechanical torque for the mass-spring system. It is 
assumed that the exciter electrical torque output TExc is 
zero. The equations for system turbine torques are as 
follows [12, 181: 

1 I P  - TRH (< T H P  - T I P  
1 F I P  T -- 

(42) 
F L P B  

T L P ,  = - T L P A  
FLPA 

where TCH, T R H  and T,, are the time constants of the 
steam chest in front of the high pressure turbine, the 
reheater between high and medium-pressure turbines, 
and the crossover connection between the medium and 
low pressure turbines, respectively. 
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