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ABSTRACr. One most important aspect of design of superconducting 
generators concerns their stability following a major system disturbance. As 
the superconducting field winding of these generators has a relatively very 
long time constant, only governor control shall be relied upon to improve 
their stability. This paper presents the details of design of a state feedback 
controller , based on pole-placement technique, to improve transient 
performance of superconducting turbo-alternators, fitted with fast acting 
electro- hydraulic governors. The results, obtained by computer simulation, 
establish that such a controller, with a time delay to the control signal, 
enhances the transient stability of the machine, by rapidly damping the post 
fault rotor oscillation. 

The capability of superconducting materials to carry large DC with no ohmic loss has 
generated some interest in developing large superconducting generators. The most 
optimum configuration of such machines, which has evolved after considerable 
analysis, consists of a central rotor containing superconducting field winding 
surrounded by an air cored stator, operating at ambient temperature. The 
superconducting field winding, cooled by liquid helium, is enclosed by two eddy 
current shields. The stator is enclosed by a laminated magnetic environmental shield 
(Jones 1969 and Keirn and Loskoris 1985). The advantages of these machines, mainly, 
are enhanced unit rating and efficiency, and reduced unit size and weight. 

One most important design aspect of such machines concerns the stability 
following a major system disturbance like a three phase short-circuit. Being of 
air-cored design there is a poor magnetic coupling between the armature and the 
damping screens. Further, low rotor weight will result in low inertia constant. As a 
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result, these machines can be expected to have low damping characteristics and high 
hunting frequency, which are detrimental to stability. The interaction between the 
two screen may further aggravate the problem, though the relatively low synchronous 
reactance may give a higher stability limit. 

Conventional power system controllers, which control both, the governor and the 
exciter in a coordinated manner, are not applicable to superconducting generators, as 
the field winding of these machines has a relatively long time constant, a matter that 
leaves governor control option only. Previous work, on this machine, revealed that 
control of input power, with fast acting governors, based on acceleration feed back , 
provides positive damping . The acceleration term there, is achieved from speed error 
by means of phase advance network (Alyan and Rahim 1987). A discrete state-space 
controller has also been considered (Alyan and Rahim 1988). The controller structure 
is derived by using linear optimal control theory . However, great effort has to be done 
to choose the randomly selected weighting matrices. 

The objectives of the work described in this paper are to examine the performance 
of a state variable feedback controller , based on pole-assignment technique to 
improve the stability of superconducting generators . 

1. The Non-Linear Mathematical Model: 

For the purpose of analysis, a doubly screened superconducting generator of 2000 
MVA capacity (Alyan and Rahim 1988), is assumed to be connected to an infinite 
bus-bar through a transformer and a double circuit feeder. In addition to the 
superconducting field winding, the rotor of this machine carries an inner shield and an 
outer damper screen. The stator carries the stator winding and an environmental 
screen which constitute the outer body. The machine is represented by the well known 
Park's d-q axes model (Jones 1969). The two screens as well as the superconducting 
field winding are each represented by a single coil of fixed parameters as appropriate , 
in the direct and quadrature axes. Because of the air-cored nature of the machine, the 
parameters estimation is based upon a three dimensional field model (Rahim et al. 
1984). The transient model of the machine is given in the Appendix. 

The generator is driven by a three stage reheat steam turbine controlled by a fast 
acting electro-hydraulic governor. The basic parameters of the generator, the turbine , 
the governor and the transmission line are given in (Alyan and Rahim 1987) . The 
overall system is represented by a set of non-linear differential equations (Alyan and 
Rahim 1987, 1988, Lowrenson et al. 1976 and Pullman and Hogg 1979) . 

2. Controller Design 

2.1 The Linearized Model 
The design of a state-variable controller is done, first by reducing the order of the 

non-linear model, and then linearizing the equations about a chosen steady-state 
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operating conditions . This simplifies the design procedure because it reduces the 
number of equations, and at the same time provides an adequate representation of the 
system in the Linearized form. 

The ninth order mathematical model of the superconducting alternator, using the 
d-q representation may be reduced to fourth order model by introducing the following 
assumptions (Alyan and Rahim 1988). The effect of rates of change of rotor angle and 
flux linkage in the armature equations are neglected , feeders, transformer, armature 
and field winding resistances are reduced to zero; the effect of the eddy currents in the 
outer screen is neglected . The validity of these assumptions stems out of their 
negligible effects during small disturbances. The field winding reactance is combined 
with the reactance of the inner screen on the direct axis, thus eliminating the field 
circuit , while maintaining its effect. The reduction of the model is shown in the 
Appendix. 

It can also be assumed that the combined action of the main inlet and interceptor 
valves, as well as the effect of the entrained steam in the turbine, may each be 
represented by a first-order transfer function, thus reducing the governor-turbine 
system to a second order model. 

The Linearized model is of the form; 

Y = A1Y + B1U .. ... .... .. ...... .... .... .. ..... .. .. .. .. .. ...... .. ............................ (1) 


where Al and Bl are the state and input coefficient matrices and U is the input vector. 
The transposed form of the state vector Y is defined by the following equation : 

yl = (~6 p~6 ~'i'D2 ~'i'Q2 ~Gv ~T m) .... .. ... .. ........ . ...... ..... .. ..... .. ..... (2) 


where 6 is the load angle, 'i'D2 and 'i'D2 are the d-axis and q-axis flux linkage of the 
inner screen respectively, G v is ~he governor position and T m is the mechanical 
torque. Some of these variables are difficult to measure in practice. This set of 
variables is transformed to a new set of measurable quantities as follows; 

x = TY .. ..... .... .......... ... ...... ... ...... ....... ...... ...... ... .... .. . . .. ..... .... ..... .. . . (3) 


where T is the transformation matrix . The new state-variables are : 

Xl = (~6 p~6 ~Vl ~Il ~Gv ~Tm) ... .. ... ....... .. .............. .. .... .. ........ .. . (4) 


The new state-space equation is given by: 

x = AX + BU .... .. ........... ......... . .. ...................... ................ .. ..... .. .... (5) 
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where A is the n x n system matrix and B is n x p input matrix, given by : 

A = TA1T- 1 


B = TBI .. . .. .... . .. . ......... . . .. ... . ...... . .. .... .. . .... ... .. .. .. .. .. . . . ... ..... . ..... ........ (6) 


The details of the Linearized model are given in (Alyan and Rahim 1988). 

2.2 Design Procedure 
Consider that the feedback (- KX) is being applied to the system. The closed

loop response is then governed by the following equation: 

x = (A - BK) X + BU ... . .... .. .. ...... . .. . ........... ........... . .. ... ...... .. .. ..... .. . (7) 


The closed-loop eigenvalues are the roots of the determinant I U - A + BK I, 
where A contains the eigenvalues and I is the identity matrix. It has been proven (J an 
and Sanjoy 1971 and Brown 1985) that, if and only if the open-loop system, (A ,B), is 
completely controllable, then any set of desired closed-loop eigenvalues, 
r = [Aj, A2,'" An]' can be achieved, using a constant state feedback matrix , K. In 
order to synthesize the system with real hardware, all elements of the gain matrix, K 
must be real. This will be the case if, for each complex A; E r , Ai is also assigned to r. 

The open-loop system described by (A,B), is completely controllable, if and only 
if, the n x n controllability matrix, 0, given below, has rank n (Brown 1985). 

0= (B 	 AB .. . An-1B) ..... . .. . . ........ .. . ..... . . .. . ... ....... ... .......... .. .... . .... . .. (8) 


When the controllability of the open-loop system is identified, the task is then to 
design a state feedback controller, based on pole-placement technique , which yields 
the desired closed-loop eigenvalues. 

The feedback matrix, K, is determined in such a way that (7) is satisfied for n 
specified values of A; E r. That equation can be rewritten as follows (Brown 1985): 

Ll'(A) 	 I(U n - A)(ln + (Aln - A)-IBK)I 

lAin - A II In + (Un - A)-IBK)1 ... . . .. . ...... . .... . .... . ... ... . .. .. ... . .. ... (9) 

Let the 	open-loop characteristic polynomial be Ll(A); i.e. 

Ll(A) = lAin - AI ..... .. ........ ..... ... .. ... .. ............ .. . . ..... .... .... ... . .. . . .... ... .... (10) 
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Since ~ -1 (A) is of the same form as the Laplace transform of the open-loop 
transition matrix, this term can be denoted by 0(1.). The open-loop and closed-loop 
characteristic polynomials are related by: 

~I(A) = ~(A) I In + 0(A)BK I 
= ~ (A) I IT + K0(A) B I .... ................ .. .... .. ..... ......................... ....... (11) 

The gain matrix must be selected so that, (~I(,,-;) = 0) for each Ai E r. This will be 
accomplished by forcing the r x r determinant to vanish. Also for any desired Ai which 
is a root of ~' (A), the following procedure is valid. A sufficient condition for the 
determinant of (IT +K0 (A)B) to be zero , if any row or column is zero. Define the rh 

column of IT as ej and define '4'(Ai) = 0 (Ai)B with jth column being '4'i' Then "-; is a root 
of ~I(A) if K is selected to satisfy the relation ; 

ej + K'4'j("-;) = 0 ......................... .. ...... .... .. .... ................ ........ .. .... .... (12) 


since this forces column j to be zero. Thus: 

K'4'j (A i) = -ej ...... .... .. . .. .... .. .... .. .. .. .... .... ....... ..... .. ......................... (13) 


This equation by itself is not sufficient for determining K. However, if an 
independent equation of this type can be found for every Ai E r, then K can be 
determined . Controllability of the system , (A ,B) , is sufficient to guarantee that the 
rank '4' ("-;) = 0 for each A. If all the desired Aare distinct, it will always be possible to 
find n linearly dependant columns, \jIAA j ), \jIj2 (A1) , .. . \jIjn(A

I1 
) from the column 

matrix, \jI(A). 

Then: 

K = - (ejl ej2 ej3 ej4 ejS ej6) '4'-1 (A) ........ .. .... .... ............ ........ ......... (14) 


Equation (14) gives the required gain matrix, K , for any arbitrary assigned 
closed-loop eigenvalues . 

Results 

Open-Loop Eigenvalues 

The open-loop eigenvalues are the roots of the characteristic equation of the 
determinant of A. Because of the wide range of operation, it is expected to have 
different sets of eigenvalues, depending upon the operating point. Hence the 
operation region is divided into 24 subregions, and a set of six eigenvalues is obtained 
at the center of each subregion . Table (1) shows the eigenvalues for two operating 
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Table 1. The open-loop eigenvalues 

A, 

P=O.7 & Q=O.S 

- 10.0 

P= O.7 & Q=-O.S 

-10.0 

~ - 3.33 - 3.33 

1.3 - 3.101 - 3.03 

A. - U)69 - 1.115 

1.5, ~ -0.065 ± jl0.964 -1.115 ± j7 .565 

points . It can be seen that , the first four eigenvalues are negative real numbers whose 
values do not change appreciably with the operating point. The last two eigenvalues 
are complex conjugate pair, which indicate hunting oscillations of the rotor. 

The Uncontrolled Response 
A symmetrical three phase short-circuit is assumed at the high voltage terminals of 

the generator transformer. This fault is sustained for a period of 140 ms. The response 
of the machine is obtained by solving the non-linear model by numerical integration, 
using Runge-Kutta Vernier method . The rotor angle oscillations, which are of 
particular interest for both transient stability studies , and for the design of the state 
feedback controller , are plotted in Fig. 1 and 2 for the two operating points of Table 
(1) . It can be seen that, for both operating points, subsequent to the short-circuit , the 
rotor sets into a swing mode oscillation, which are poorly damped. It can also be seen 
that there is a considerable increase in the first swing of the rotor angle from the 
steady state value. To improve the performance of the system it is essential to achieve 
higher damping of the rotor oscillations and also reduce the first swing of the rotor 
angle . The state-space controller , based on pole-placement technique , shall be 
designed so as to achieve these twin objectives . 

Closed-Loop R esponses 
A schematic diagram of a multi-variable controller, with six state inputs and a 

single output, is shown in Fig.3 (Pullman and Hogg 1979) . 

The controller design is based upon the pole-placement technique described 
earlier , to generate a gain , K, for a set of chosen closed-loop eigenvalues . The above 
process is repeated, for each of the 24 subregions , till satisfactory damping of the 
oscillations and acceptable valve movement are obtained. Table (2) shows the final 
choice of the eigenvalues corresponding to the operating points considered in the 
previous section. 
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Table 2. The closed-loop eigenvalues 

P=O.7 & Q=O.5 P=O.7 & Q=-O.5 

/'1 -11.0 -11.0 

"-2 - 3.33 - 3.33 

A3 - 3.1 - 3.0 

A4 - 1.0 - 1.0 

AS, A6 -2.0 ± j10.9 -2.0 ± j7.S 

The corresponding closed-loop response of the valve position and rotor angle are 
included in Fig . 1 and 2. 

It can be observed , from Fig. 1 and 2, that there is a marked improvement in the 
damping of the rotor oscillations , thus establishing the effectiveness of the controller 
in damping out the rotor oscillations . At the same time the value movement is 
confined to two consecutive operations. The increase in the amplitude of the first 
rotor swing in case of controlled system, as compared to that the uncontrolled system, 
is due to the increase in input power caused by the full opening of the valves . 

Q -----
TREF 

Multivariable 

Controller 


State Variables 


Steam 

'TVTPTa,-

Transmission InfintteServomechanism 
System Busbar

0 
Fig. 3. Schematic diagram of turbo-generator and control system 
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Innovative Corrections 

Though the damping is enhanced, there is an increase in the first swing of the rotor 
angle. The reason for this is that , following the short-circuit , the governor valve is 
opened further , thus increasing the mechanical input torque to the generator. It is 
obvious , that some innovative corrections are needed to nullify this trend. 

Effects of varying 1..\ and 1..2 

In an attempt to contain the increase of the first swing of the rotor angle by 
preventing the further valve opening, following the short-circuit , it is thought of 
modifying the closed loop eigenvalues, 1..1 and 1..2, which are associated with the time 
constants of the valve and the turbine. The chosen values of AI and 1..2 are changed in 
random combination , and accordingly the feedback controller gains are recalculated . 
The response of the system is obtained at the two operating points, using the new 
controller gains. The values of all the other eigenvalues were unaltered during this 
trial. The response of the system is compared with previous response in Fig. 4 and 5. It 
can be observed that , for the point with negative reactive power , the increase in the 
first swing of the rotor angle is considerably reduced , when compared with the 
previous closed-loop response . However, for the operating point , with positive 
reactive power , there is no reduction in the first swing of the rotor angle. Also, it can 
be seen that the degree of damping is adversely affected , a matter that may not be 
considered satisfactory . 

Effects of time delay to control signal 
The additional input mechanical power, which is sustained during the period of 

short-circuit, is responsible for the acceleration of the rotor. It is proposed here, as a 
corrective measure , to delay the control signal, Ug , to the governor valve. With this 
modification the system response, at lagging pf. operations, was studied by using time 
delay of the values ; 0.1, 0.2 and 0.5 sec. The corresponding rotor oscillations and 
valve movements are plotted in Fig . 6,7 and 8, respectively , for the operating point , 
with positive reactive power. It can be noticed from these figures that, better results, 
for the first swing, a re obtained for long time delays . The reductions in the amplitude 
of the first swing for the considered delay intervals are about 4° ,6° and 8° respectively. 
This is because the delay of the valve opening prevents the increase in the input power 
which is behind the overshoot. However this improvement is on the expenses of 
system damping and valve movement. 
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Conclusions 

From the foregoing discussion it can be concluded that: 

1. 	 Large superconducting generators, turbine and transmission system forms 
completely controllable system. 

2. 	 The post fault oscillations of the rotor can be effectively damped out by 
employing a pole-placement state-space feedback controller in conjunction 
with a fast acting electrohydraulic governor. 

3. The first swing of the rotor angle can be effectively curtailed by incorporating a 
time delay to the controller to the governor servomechanism. 

Thus the prime mover control by a pole-placement state feedback controller 
enhances overall transient stability of the superconducting generator by rapid 
damping of the oscillations and curtailing the first swing of the rotor angle . 
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Appendix 

Transient model of the alternator 
The transient model of the superconducting alternator is represented by the 

following equations; 

po = w .. . ...... . .. . ..... ... ........ . ........................................................... (15) 


pw = Wo (Tm - Te)/2H ..... ...... .......... . ........ ......... .... .. ....................... (16) 


p'\jJf = Wo (Vr - Rri r ) ...... .. .. ...... ............ ............................................ (17) 


P'\jJd = Wo (V d + '\jJq + (Ra + Re)id) + w'\jJq .. .................... ...... ............ .... (18) 


P'\jJOI = - wo Ro1iol .............. . .................... .. .............. .. .. . .. .. ........ .... (19) 


P'\jJ02 = -wo R02io2 .... ............ .. ........ ... .... . .. . .. .. ......... .... ........ ... .. .. .. . (20) 


P'\jJQI = - woRQliQI .... .... .............. ...... ..................... . .... .......... ........ (22) 


P'\jJQ2 = woR Q2iQ2 ..... .. .... ................. . .......... .. ............... .. ................. (23) 


Linearized model of the system 

According to the simplifying assumptions given before, the generator equations 
are reduced to the following; 

V d = - '\jJq ................ ..... .. ... ............. .. ...... .......... .... ........ .............. . (24) 


Vd = '\jJd ................ ............... .......................... ......... ... ........ . ... ... ... . (25) 


P'\jJ02 = -woRo2io2 ......... ......................... .. ............................. .. ... ... (26) 


P'\jJQ2 = -woRQ2iQ2 ................... . . .... .... ............................ ..... ... ....... (27) 


P'\jJr = wo(Vr - Rrir) = 0 ............ .. ..................................................... (28) 


The terminal voltage and current are given by ; 


2
V~ = Vd2 + Vq .... . ............................................. ........... .. .......... ..... (29) 


2i~ = ii + i . .. . •. ... .... •.• . . ....•. . ...... . .•. . .... . .. . •. •.•. . . . .. .... .. •. • .. .•.•.•.•.•....... (30)
q 
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The transmission system is represented by ; 

Vdt = Vb sing () - Xeiq . ......... . ... . ........... ....... ... ......... ...................... .. (31) 


Vqt = Vb Cos () + Xeid ............................ . .. ... .. . ... .... . .. .. .......... .......... (32) 


The change in the d-axis flux can be written in the fol!owing form ; 

p[ljJ] = [L]p[i] .. .. .... .. .. . ........ . .. .. .......... .. ................ ..... ... . ... . ....... .. ... . (33) 

where; 

Xd XdD2 XdF 
... .. (34) XdD2 XD2 XFD2 

XdF XFD2 Xf 

Using the assumption of constant flux linkage of the field winding, the row and 
column associated with the field winding may be eliminated by using simple matrix 
reduction. The result of this reduction gives; 

- X'D XadM } [1~2 ] ' .... ........ ,...... (35) 

XadM XD2M 

The linearized model of the generator and turbine reduces to the following; 

pM 0 1 0 0 0 0 M 0 

p~w A7 0 As A9 0 wJ2H ~w 0 

P~"'D2 A) o 0 -At 0 0 0 ~"'D2 0 

P~"'Q2 
P~Gv 

All 
0 

0 
0 

0 
0 

-A. 

0 
0 

lrrG 

0 
0 

~"'Q2 
~Gv 

+ 0 
lrrG 

(~Ug) ... . (36) 

P~Tm 0 0 0 0 K-ifT lrrT ~Tm 0 
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where; 

XadM XaqAl A20 Q 

woR02X.dm Vb woRD2X'dA3 A4D 0 

woRQ2XaqVb woRq2XqAs A6
Q Q 

) WoA7 (A2X4 Sin Xl - A IX3 COS Xl 2H 

Wo A WoA8 Sin Xl2H I A9 -- A2 COS XI
2H 

AlO -A3 sin Xl All -As cos Xl 

Xl + XadM 

o 

XD21 + X adM 

The transformation from the unmeasurable quantities in(Keim and Loskoris1985) 
to the measurable quantities of (Alyan and Rahim 1988) is done according to the 
following; 

http:woR02X.dm
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~6M 1 0 0 0 0 0 

~w 0 1 0 0 0 0 ~w 


~1jJD2
~Vl AI2 0 An AI4 0 0 

~1jJQ2 
 ... ............ (37)
M AI5 0 AI6 AI7 0 0 
~Gv0 0 0 0 1 0~G " 
~Tm

P~Tm 0 0 0 0 0 

Where; 

Vb [___X_'d__ (Xe XD2M) 5:.]V td cos 6 - 1 - 0 V tq sin u 
V t X'd + Xe 

Vb [ IdXD2M IqXQ2
sin 6 + -Q- cos 6]

It 0 
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List of Main Symbols 

V voltage (pu) 
I current (pu) 
X reactance (pu) 
R resistance (pu) 
'\jJ fluxlinkage (pu) 
r time constant ( sec) 
T m mechanical torque (pu) 
G = valve position (pu) 
o load angle (radians) 

wo = rated angular frequency (radians/sec) 
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