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ABSTRACT: 

In this paper the performance of a superconducting generator (SCG) is 
analysed using damping and synchronizing torques. A numerical algorithm has 
been applied to obtain these torque components using a time response analysis 
of the SCG unit with-a different suggested controllers. Speed governor, phase 
advance and proportional integral controllers have been considered and the 
damping contribution by each of them are shown. 

1- INTRODUCTION: 

Damping and synchronizing torques has been the subject of many 
investigations . However , only these torque components are introduced in the 
analysis of controlled machines [I-31. An algorithm has been developed to 
calculate damping and synchronizing components from the system time response 
and employed to study the effect of the system parameters and loading f4]. 
The approach of using the damping and synchronizing torque concept in the 
analysis of the performance of controlled machines is very interesting, a s  it 
could provide a quantitative assessment of positive damping contribution from 
different control signals . 

Recently , the superconducting generators are expected to replace 
conventional synchronous machines in modem turbogenerators, this due to their 
capability to supply greater base load with higher efficiency. Also, the new 
machine has a smaller size and weight and lower per-unit reactances compared 
with the conventional generators. Traditionally, the performance of controlled 
superconducting generators ore analyscd either from calculating the open and 
closed loop eigenvalues or from observing the time response of the system 
[S-91 . 
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In this paper the .  concept of damping and synchronizing torques is 
.used to provide a quantitative assessment of the pe~f@rmwce of the controlled 
superconducting uniti'from its time response . . . .  Initjally . ,. ,the two torque 
components are defined ' and calculated for a 'syitem' operating without 
controllers . T h e n ,  various controllers have been considered and the 

. ,: : 

performance of the controlled system is analysed ' 2 ,  
. . .,.; : 

2- THE SYSTEM MODEL 
, . . . 

The system under study is shown in f i g . )  . It consists of a 
superconducting generating unit connected to an infinite network with a step-up 
transformer and a double circuit transmission line . The generator is driven by 
a steam turbine with fast acting electro-hydra"lic governor. 

The general d-q axes non-linear equations of the superconducting 
generator are given based on Park's representation as [lo]: 

Where, 

W d 



The transmission system is included in the model, replacing Ra by 
(R,+%) and Xd and Xq by (Xd+Xc) and (X,+X,) respectively. 

A three-stage reheat turbine model with electro-hydraulic governors is 
considered according to the IEEE recommendations as : 

i 

PYHP = (Gu po - Y ~ ~ ) I T ~ ~  (13) 

PYRH = (YHP - Y R X ) I T ~ ~  (14) 

The electro-hydraulic governor equations are : 

Where the position and ?ate limits are, 

3- CONTROL SYSTEMS 

The superconducting generator has almost zero field winding rcsistance, 
which mean very long field circuit time constant. Therefore, the field 
control was not considered . Fig.(2) shows the schematic diagram of the 
control system 

Different control systems have been considered such as conventional 
speed governor system (4% droop), a phase advance network with a transfer 
function of [8,10]: 

I+TIS 
Gph.a (s) = G --- 

I+T2S 



where T I  and T2 are the time constants of the network and G is the gain. 
These parameters were adjusted to obtain the best performance (T1=0.5 ,T2=0.01 
and G=0.1) . Also, a proportional integral controller which previously designed 
in Ref.[9] is considered with transfer function of the form : 

where K, , KI and T, are proportional , integral gains and washout time 
constant respectively. ' 

4- DAMPING AND SYNCHRONIZING TOROUE 

'Damping and synchronizing torques may be defined as follows [4] : at 
any given frequency of oscillation there will exist a breakiug electrical torque 
on the rotor of the same frequency and is proportional to the amplitude of 
oscillation . This torque can be broken into two components, one in time 
phase with the rotor angle called "synchronizing torque" and the other is in 
time phase with the rotor speed called "damping torque". 

AT,  = AT, + A T D  
4-1 Damping And Synchronizine. Coefficients : 

Following any small disturbance the change in electrical torque can be 
written as [4] : 

where, KD and Ks are damping and synchronizing torque coefficients 
respectively . These coefficients must be positive for the stable operation [ l l ] .  
The error between the electrical torque deviation and that obtained by summing 
both torque components from equation (23) can be defined in the time domain 
as: 

The summation of errors squared over the oscillation period (t) can be obtained 
and using the least-square technique to minimize the squared errors, leads to 
the following algorithm : 

Where, t=NT [ N  : NQ of iterations and T the sampling period ] 
Solving the above two equations the damping coefficients can be calculated 

38 



5- PERFORMANCE ANALYSIS 
I 

I 5-1 Open Loop Analysis 

The system is initially operated with no controller and subjected to 10% 
step-change in the governor actuating input . Fig. (3) shows the electrical 
torque, the torque components and coefficients for a lag and lead power 
factors . 

Effect of operating conditions 

It is of interest to know the variation of the damping and synchronizing 
coefficients as the operating conditions change. For the single machine infinite 
bus system , the two possibilities are the variation of system loading and the 
variation of tie-line impedance . Fig. (4) demonstrates the variation in the 
torque coefficients over a wide range of loading conditions. It can be seen 
that damping and synchronizing coefficients are always positive. As the power 
factor becomes increasingly lag the synchronizing torque becomes greater while 
the damping torque is decreased quite minimal . Generally, the system is 
operated well for lagging power factor for heavy and light loads. Also, Fig. 
(5) illustrates how the torque coefficients change as the tie-line impedance 
change. It is shown that both damping and synchronizing coefficients decrease 
with the increase in tie-line reactance. While, the tie-line resistance has a 
little effect . 

I Effect of machine paramerers 

i 
The shielding requirements of the field winding and its supportive 

structure are provided by a double screen shield system. In this section we 
will consider the effect of the two screens resistances on torque components. 
Fig. (6-a) demonstrates the variation in the synchronizing and damping 
coefficients as the screens i-esistances varied. It is apparent that the screew 
resistances contributes both positive damping and synchronizing torques . Also , 
it can be seen that while the maximum damping is obtained at the nominal 
value of the outer screen resistance, this damping coefficient is increased as 

I the inner screen resistance increased till certain point and if the resistance 
increased further the damping will decrease . To emphasize this point the 
system response to a step-change of the governor actuating input at two 

I different values of RKD2 are shown in Fig. (6-b). These results confirms the 
above concluded remark in Fig. (6-a) indicating that the inner screen resistance 

I must be increased to the optimum value to add positive damping. 

5-2 Controlled Svstem 

Many types of controllers are employed hence, the system becomes 
controlled system . Here , we repeat some tests to show the effect of a two 
different control schemes on the damping and synchronizing coefficients. 



Figures (7) and (8) shows the system response to a 10% step change in 
the governor actuating input when controlled by the two considered control 
schemes . A higher damping coefficient (KO) indicate well-damped oscillations 
following the disturbance . Moreover, higher values of the synchronizing torque 
coefficient (Ks) means fast pulling back into synchronism [ I l l  . However, fig. 
(9) shows the effect of system loading on Ks and Ko for both control 
schemes . It is illustrated for both control schemes that the variation of the 
synchronizing torque coefficient is the same as that in the open loop case, 
while the damping torque coefficient is increased. As the reactive power 
reduced the damping coefficient becomes greater, then for negativk reactive 
power (lead power factor ) it decreases , eventually becoming negative. 
However , it can be noticed that the addition of proportional plus integral 
controller to the conventional speed governor provides a significant positi~r: 
damping compared with that obtained using the phase advance network. 

In general, the higher the real loading on the machine, the worse the 
damping torque is . Where as , synchronizing is poorest under lead power 
factor . 

6- CONCLUSION 

A numerical algorithm has been applied to compute damping and 
synchronizing torques in superconducting generators . The technique 4ives a 
quantitative assessment of damping so that the effects of all electrical 
parameters can be predicted . 

The specific results obtained shows an accurate variation of 
synchronizing and damping torques with machine loading, tie-line impedance 
and screens resistances . Also, we can optimize some parameters to provide 
maximum damping . 

Finally , the technique enables us to compare between different control 
schemes according to their positive damping additions. 



* T r a n s m i s s i o n  S v s t e m  P a r a m e t e r s  

" parameters of Governor  antl Turbine 

T,, ,  = 0.1 sec. , F,,, = 0.26 , TI,, = 0.3 Sec., 

I . , , .  = 0.42 
TI ,. = 0.3 sec. , F1,,, = 0.32, TI,,, = 1 0  see. 

P,, = 1.2 p.11. , . - = I . , ;  = 0.1 see. , 

Nomenclature 

H inertia constant (liWsIkVA) 
I currcnt (pu . )  
I' differential operator  
K resistance (p.11.) 
T torque 
C' voltage (p.r~.) 
S reactance ([Lu.) 

Greek letters 
6 rotor angle 

flux linkage (p.u.) 

o) a n g d a r  speed (radls) 

Subscripts 
a armature  
(1.~1 tl :~ntl q components of s t ;~ to r  winding 
c,ni electrical, rnecllanici~l 
f field 
o s t c ;~ ly  statc 
fKD,,fKQI d and  q mutual components between outer screeri 

and field winding SCG 
fKD,.fh;Q2 d and  q rnntn;ll con~ponents Octnccn inner s c r c c ~ ~  

and  field winding SCG 

KD,,KQ, tl and q components of onter screen 
KD2,KQI d antl q components of inner screen 
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Fig.@) Schematic tliagmnl of the contl-(11 systen~. 
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~ig. (3)  SCG response to 10% step change in the reference input (UGR) for 100 rns 
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~ig.(5) Effect of Tie line on Ks and KD 
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~ i ~ . ( 6 )  Effect of damper winding resistance on 
Ks and KD 
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Pt = 0.8 , lead p.f 



1 2 3 
TIME (SeC) 

-2.5 
4 0 1 2 3 4 

TIME (Sed 

0 I 2 2 4 

TIME (SeC) 

2 
TIME (Sec) 

(a) Lag P.F (b) Lead P.F 

~ i ~ . ( 7 )  SCG response to 10% step change in the reference 
input (UGR) for 100 ms ( SG + PH.ADV.) 
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~ig.(8) SCG response to 10% step change in the reference 
input (UGR) for loo ms [SG + PI]  



(a) SG + PH.ADV. (b) SG + P I  

~ i ~ . ( 9 )  Effect of the system loading on Ks and KD 
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