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Superconducting Generator (SCG) has many advantages such as small size, high generation efficiency, low
impedance, and so on. An improved power system with many potential good properties may be obtained by
introduction of SCG. In order to study the behaviors of SCG in power systems, a digital type SCG model
for an existing analog type real-time power system simulator is developed in this work, which is suitable for
real-time simulations when the generator constants and control systems are changed frequently. By use of the
above-mentioned equipments, real-time simulation in cases of SCG with different generator constants and in
case of SCG in multi-machine power system has been conducted. The real-time simulation results verify the
effects of SCG on power system stability enhancement and show the influence of generator constants on its

stability-improving effects.

Keywords: superconducting generator, SCG, digital type SCG model, analog type real-time power system simulator,

real-time simulation, power system stability

1. Introduction

Supercondueting Generator (SCG) has a supercon-
ducting field winding, which leads to many advan-
tages such as small size, high generation efficiency, low
impedance, and so on. Many researches have shown
the feasibilities of design, manufacture ® and control of
SCGs@. In Japan, a national project (Super-GM) to
develop a SCG model machine begun in 1988, as a re-
sult, a T0MW class SCG was manufactured and many
experiments have been done for the purpose of devel-
opment of large capacity SCGs ®. From a design point

_of view, generator constants of SCG are more flexible.
The fact that SCG can bring stability-improving effects
in power systems was also confirmed by digital simula-
tion ),

A digital type SCG model is developed for an ex-
isting analog type real-time power system simulator in
this work. It is suitable for accomplishing a lot of real-
time simulations when the generator constants and con-
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trol systems are changed frequently. The construct and
some experimental results on the characteristics of the
developed SCG model were introduced in the former
paper by the authors®, but few experimental results
were given about the behaviors of SCG in power system
networks. In this paper, besides a brief explanation of
the developed digital type SCG models, real-time sim-
ulation results obtained by use of the above-mentioned
equipments are given to show the improving-effects of
SCG on power system stability. The real-time simula-
tions of SCG in power systems are the first time carried
out in this work. And, as the first step of a series of
study on the behaviors of SCG in power system net-
works, this paper presents some basic real-time simu-
lation results about this point, further studies utilizing
these equipments will be done and introduced in the
future works. Some of the conclusions from this work
are the same as those by method of digital simulations,
and this demonstrates the validity and reliability of the
developed SCG model and real-time power system sim-
ulator. Some other conclusions that have never been
studied by digital simulations are obtained and intro-
duced as well. '

The article is organized in six sections. The structure
of a SCG model machine, which is studied in this work,
is simply introduced in the second section. Experimental
setup including SCG and conventional generator (CG)
model, transmission line and load model is explained in
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Fig.1. Structure of SCG with low response
excitation ‘

the third section. In this section, the structure of the
developed digital type SCG model is briefly explained
as well. In the fourth section, experimental results from
one-machine infinite bus power system model in cases of
different SCG generator constants are given to show the
effects of these constants on SCG’s stability-improving
effects, followed by those results from three-machine in-
finite bus power system model for the comparison of the
ability of SCG and CG in multi-machine power systems.
In the fifth section, conclusion and future works are pre-
sented. At the last, acknowledgement to the supporter
of this work is addressed.

2. Structure of SCG

By now, two types of SCG were manufactured and
thoroughly investigated. In this work, SCG with low
response excitation is studied.

The front view of SCG with low response excitation
in section is shown in Fig. 1. Because SCG has a super-
conducting field winding cooled by liquid helium, multi-
cylindrical structure is adopted. Besides the room tem-
perature damper, a radiation shield is added in the cold
region and works as a cold damper. As the supercon-
ducting field winding can generate very high magnetic
field, SCG does not need iron core around the armature
winding, this leads to the advantages of avoiding flux
saturation and of low synchronous reactance.

Because SCG has different structure from the conven-
tional generator, the mathematical model for conven-
tional generator cannot be used for the simulation of
SCG, therefore, a new mathematical model for SCG is
necessary.

3. Experimental Setup

The real-time simulation experiment is carried out by
use of a digital type generator model and a set of ana-
log type real-time power system simulator. The power
system grid is assembled on the transmission line panel
of this simulator, and the digital type generator model
and analog generator models are connected to the power
system grid through a simple synchronism indicator &
switches unite. The generator outputs are recorded or
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measured by oscilloscopes or by measuring instruments.

3.1 SCG Model In this experiment, a digital
type generator model developed by the authors is used
for the simulation of SCG. This model is suitable for
simulations when the generator constants and control
systems are changed frequently. The construct and some
experimental results on the characteristics of this model
were introduced in the paper by the authors ®. In this
paper, we briefly give some explanations of this model.

3.1.1 Structure of digital SCG model An
outline of the digital type SCG model is shown in Fig. 2.
SCG model is constructed by use of DSP (Digital Signal
Processor) board for generator modeling and controlled
current source for connecting to the existing analog type
real-time power system simulator.

In Fig. 2, the mathematical model of SCG can be made
in block diagram by use of Matlab/Simulink, which is
a widely used CAD tool, and then downloaded via a
toolbox called Real Time Workshop into DSP for the
real-time simulation. Therefore, it is easy to change the
generator constants or construct new control systems in
this model. Time interval for real-time simulation is set
to 50 us.

The mathematical model for SCG modeling in Fig. 2
can be obtained by both of method based on equivalent
circuit of synchronous machine and of method based on
operational impedances from electromagnetic analysis.
In this paper, the operational impedance based method
is adopted. Flow chart for SCG modeling is shown in
Fig. 3. ‘ :

In Fig. 3, the air-gap fluxes ¢qq and ¢,q are calculated



from the exciting voltage E;4 of AVR and the armature
currents I; and I,; angular frequency w and generator
phase angle § are computed from the instantaneous ap-
plied torque 7;, of GOV and the electric torque Tg; the
armature winding currents are obtained by use of the
measured generator terminal voltages and the internal
induced voltages. Then, the calculated digital signals
of three-phase armature-winding currents are conversed
into analog signals through A/D and D/A converters,
and these analog signals are used to control the cur-
rent sources for connecting to the analog type real-time
power system simulator.

Because some of these mathematical formulas in Fig. 3
are the same as those for the conventional generator that
can be found in many articles, and some of them have
already been introduced in Ref. (5), only equations for
computation of air-gap fluxes (shadowed block in Fig. 3)
that are different from the conventional generator and
specially related to the SCG’s structure are presented
here.

Equation for calculation of air-gap fluxes is given by

Xaa(s) G(s)

Pad(s) = ——wo—-’d(s) + ";O—Efd@)
Xl (T 1)
QDaq(S) - _%IqCS)
Where,

©Vad($), Paq(s): dq axis air-gap fluxes
Xad(s)a
I4(s),14(s): dq axis armature winding currents

Xaq(s): dq axis operational impedance

‘Fy4(s): Exciting voltage applied on field winding
G(s)/wo: Transfer function from Etq(s) to waals)

For dynamic analysis of SCG, the exact relationship
between generator constants and SCG’s structural de-
sign was studied . Referred to the results, the opera-
tional impedances for SCG with low response excitation
can be expressed as’

Xoals) =X (14 8T%) (1 + sTY) (L + sT)")
S)=
! "1 sTg) (1+ sTho) (T4 sTh)
(L+sT7) (1+sT2")
Kualo)=Xea iy (1517 (@
g0 q0

Maz0. 1
re 1+ (Th+ Tq’g) + 82T}, Ty

Where,

T, T, Ty d-axis short-circuit transient time con-
stant, d-axis short-circuit sub transient
time constant and d-axis short-circuit
sub-sub transient time constant, re-
spectively

T, T, Ths: d-axis open-circuit time constant, d-

axis open-circuit sub transient time
constant, d-axis open-circuit sub-sub
transient time constant, respectively

Meo: Mutual impedance between armature wind-

ing and field winding
r¢: Field circuit resistance »

G(s)

370

T§: Time constant computed from Ty

Time constants for g-axis are defined as same as those
for d-axis.

From equation (2), we know that SCG has one more
time constant (sub-sub transient time constant) than
that of the conventional generator. This is because SCG
has one more damper - cold damper besides the room
temperature damper (see Fig.1).

3.1.2 Characteristics of digital type SCG
model  In order to verify the validity of the de-
veloped SCG model, several experiments with single-
machine model were carried out®. The Direct-axis
impedances X 4(Xqq + X;) are measured in steady-state
condition by method of short-circuit experiment for dif-
ferent Xy values set in the generator model, and the
experimental results showed that the errors between the
set and measured values in Xy are very little; For tran-
sient condition, we know from equation (2) that, beside
Xad, time constants such as T, T, This, 15, T, T4,
etc. are also critical parameters for the transient dy-
namic characteristics of SCG, therefore, the values of T},
and T, T} are tested for transient-state condition by
method of open-circuit and sudden short-circuit exper-
iments, and the experimental results showed that there
are less than 5% relative errors occurred in the measured
value of Ty, and T} from the set values. Because T}, is
much longer than 77/, the relative error in T7; should be
less than that in T);. However, the relative error in 77"
is relatively larger, this is because of the loss of accuracy
when they are obtained from the transient waves, since
T} is too short to be measured with good precision.

From the experimental results on electrical character-
istics with single-machine model, it was verified that the
developed model could simulate the behavior of SCG
with satisfied accuracy. By the way, if current resources
with better accuracy are utilized, better accuracy in
these generator constants could be obtained.

3.2 Conventional Generator (CG) Model

Conventional generator models of analog type real-
time power system simulator are used. Generator is
modeled base on Park equations and computations are
done in real-time by use of analog amplifier. These gen-
erator models give three-phase instantaneous values of
power output. The generator parameters such as oper-
ational impedances and time constants are fixed. Three
types of AVR and GOV models can be chosen for gen-
erator controls. .

3.3 Transmission Line and Load Models

Transmission line models of analog type real-time
power system’ simulator are used. Transmission line
is simulated by use of coils and capacitors. Typical
impedance of 500kv transmission line is adopted for
these models. Several types of transmission line length
(8km, 12km, 16 km, 20 km, 30 km, 40 km, 50 km or dou-
ble of them) can be selected. Circuit breakers (CB) are
simulated by use of thyristor switches.

RLC load (constant-impedance static load) model of
analog type real-time power system simulator are used
in this experiment. Resistance, reactance and capaci-
tance can be set respectively, and several values of R,
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Fig.4. One-machine infinite bus (1G-IB) model

Table 1. Experimental cases and generator con-
stants (5000 MVA based values) for 1G-IB system

CASES | 1 [ 71 s

Type cG

Xdpw 1.7 0.6 | 0.6

Xdpw | 0.35 0.42 | 0.42
X'dlpw | 025 | 0. 4 0. 0.35 | 0.85
X"dpw | - | 01770177 |0.177 [ 0.177 | 0.177 | 0.177 | 0.177
Xalpu) 17 | 042 | 06 | 06 | 06 | 06 | 0.8 | 0.6

Xalpw) | 035 | .| - - - - - -

Xapw | 025 | 023 | 023 | 0.23 | 0.35 | 0.35 | 0.85 | 0.35
X"qpw) | -~ |0.178]0.1780.178 | 0.178 | 0.178 | 0.178 | 0.178
Tdo(sec) | 4.857 | 15.88 | 15.88 ' 15.88
Td0(sec) | 0.042 | 0.107 | 0.107 0.107
Td0(sec) | -~ | 0.013 | 0.013 0.013 | 0.013
T q0(sec) | 1.001 -- -- -- -

Tq0(sec) | 0.042 | 0.33 | 0.33 033 | 0.33
T q0(sec) | == | 0.029 | 0.029 0.029 | 0.029
Xlipw) |0.225] 02 | 02

Ta(sec) | 0.4 | 0.2 | 0.12 24
Msec) | 80 | 74 | 74 7.4j

[ICase 1
B Case 2
. [ECase 3
_ |MECase 4
3 B Case 5

W Case 6
" |mCase 7
" |mCase 8

Pmax of G (pu)

Case Case Case Case Case

Case Case Case
1 2 3 4 5 6 7 8

Fig.5. Maximum values of generator power out-
puts in cases of different generator constants

L and C can be used for construction of different load
values. ‘

4, Experimental Results

4.1 Experimental Results in cases of Differ-
ent Generator Constants One-machine infinite
- bus (1G-IB) model shown in Fig.4 is used. The fault
is assumed to be a 70msec 3LG on transmission line 1
which is cleared by opening the circuit breakers of both
ends. Generator terminal voltage is 1.05 pu; In order to
study the ability of the main bodies of SCG and CG, no
AVR and GOV control are considered for both CG and
SCG in these experiments. ‘

Generator constants for CG and SCG are listed in
Table 1. IEEJ (The Institute of Electrical Engineers
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Table 2. Dependence of Pyax upon SCG constants

(1) Among SCG generator constants, the value of Xd and
T,, affects Pmax most strongly

(2) Smaller values in Xd, X’d, X’d, Ta and Xl result in a
larger Pmax; the changes (to be srﬁaller) in Xd, X’d and X1
bring about better effects than the change in X”d and Ta

(3) More Pmax is obtained with longer time constants T,

of Japan) standard generator constants are adopted for
CG (casel) (™. Generator constants of the 70 MW class
SCG model machine are used for SCG (case2). Genera-
tor constants in cases 3~8 are based on those in case2.

Maximum generator power outputs (Prmax, 1000 MVA
based pu values) in these cases are measured by real-
time simulation and illustrated in Fig. 5.

By comparing Py in case 2~8 (SCG) with that in
casel (CG), it is known that generator power output
increase of 20~40% by use of SCGs.

The change in Ppa., following the change in gener-
ator constants can be studied based on the results in
Fig. reff5. From these results, when AVR control is not
considered, the following conclusion in Table 2 can be
summarized. ‘

From the results in this experiment, it have been clar-
ified that, when no control systems are considered, SCG
can give much more stable power output than CG. In
other wards, even without any complex control, SCG
can keep enough power output on account of. its own
good stability that CG does not have, this is because
SCG have the features of lower impedances, shorter Ta
and much longer T}, than that of CG. The property is
very attractive especially for the power system including
remote site fluctuating power plants while the maximum
generator power output is limited by power system sta-
bility.

It is also cleared that different generator constant for
SCG may bring about different effect on system stabil-
ity, especially the conclusion (3). Usually, we think that
the long time constant of T, may not be a good prop-
erty for SCG, however, it is known from this experiment
that, longer time constant is absolutely a good property
for SCG when AVR control is not adopted.

In conclusion, because there is more flexibility in de-
sign of generator constants for SCG, these generator con-
stants should be selected formerly in order to obtain the
most adequate Pyax for a power system.

4.2 Experimental Results in Multi-machine
Power System Model  3-machine infinite bus (3G-
IB) power system model shown in Fig. 6 is used to study
the characteristic of SCG in a multi-machine power sys-
tem. In this model, G1 is a group of generators with
enough power resource for the future increase in Load 2,
Load 3 and loads included in the infinite bus; the infinite
bus is actually a large group of generators and loads; G2
and G3 are supplying the power for the local loads.

IEEJ standard generator constants (casel in Table 1)
are used for all CG; generator constants of 70 MW class
SCG model machine (case2 in Table 1) are used for
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Fig.6. 3-machine infinite bus system model
Table 3. Experimental cases for 3-machine infinite
bus system :

G Measured

parameter
Case 1 CG Par
Case 2 CG Psi
Case 3 CG PG2
Case 4 CG P

1. Generator that is not shadowed keeps constant output as that in
the initial condition
2. All loads are kept constant as that in the initial condition

Pmax(pu)
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OUI—=UINCIW IR IO

]
Case 2 (PG1) ! Case 3 (PG2) Case 4 (PG2)

Fig.7. Available generator power outputs in
3G-IB power system mode

Case 1(PG1)

SCG. The fault on transmission line 2 is assumed to
be a 70msec 3LG and cleared by opening the circuit
breakers of both ends. Generator terminal voltage for
all generators is 1.05 pu. For the same reason mentioned
in section 4.1, no AVR and GOV control are considered
for both SCG and CG.

Experimental cases shown in Table 3 are done for the
power system in Fig. 6.

The maximum values of generator power output Ppax
(1000 MVA based pu values) are measured and given
in Fig. 7. Please note that, we are using pu values for
SCG/CG modeling, although the generator constants
in 5000 MVA based pu values are adopted for gener-
ator modeling, generator capacity can be more than

5000 MVA.

From Fig.7, when no AVR control is considered for
both SCG and CG, the following conclusions can be ab-
tained:

M
power output range of G1 is extended from 1.915pu to
2.912 pu with an increase of 52.06%. A larger Py for
G1 means more power can be transmitted from G1 to

By replacing G1 from CG to SCG, the available '
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Fig.8. Generator terminal voltage of G1 during
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the loads included in infinite buses through the long tie
transmission lines. On the other hand, a lower P, for
G1 means G1 can reduce more power so as to have more
of the remainder power in infinite bus be transmitted
to the loads in the left side of this system, e.g., in the
case when those loads included in infinite buses become
lighter during the nighttime.

(2) Because the tie transmission line 2 & 3 are very
long, after the fault, the voltage of bus A is mainly kept
by G1 and G2. Since transmission line for G1 is longer
and power output and local load for G1 is heavier than
that for G2, G2 is playing a great role in keeping the
voltage of bus A during the fault. When G2 is CG (with-
out AVR control), during the fault, the voltage of bus
A becomes very low, and the very slow oscillation be-
tween the left side (G1 & G2 group) and right side (G3
& IB group) cannot be suppressed, the whole system

"tends to be unstable.  However, if G2 is SCG, because

SCG owns high stability itself even without AVR con-
trol, the system can operate with a large available power
output range from 1.701pu to 4.03 pu without causing
any stability problems.

(3) There exists not only a maximum value, but also
a minimum value in the generator power output for this
power system. This result reminds us that, in power
system operation, not only the available maximum gen-
erator power output should be paid great attentions,
but also the available minimum generator power output
should be considered as well.

In order to know the reason why SCG has better sta-
bility effects than that of CG, the swing curves of gener-
ator terminal voltage of G1, when G1 is SCG or CG un-
der the same operating condition, are shown in Fig. 8. It
can be seen that, the generator terminal voltage drop at
fault is smaller and the terminal voltage recovers much
quickly in the case of SCG than that of CG. This is be-
cause of that, SCG have the ability in keeping higher
internal fluxes during the fault and therefore can with-

stand a contingency under heavier operating condition
than CG.

IEEJ Trans. PE, Vol.123, No.3, 2003
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5. Conclusions

With many advantages that may lead to some good
properties in an improved power system, superconduct-
ing generator (SCQG) is one of candidates to meet the
needs of higher stability and higher efficiency in the fu-
ture power system networks.

In this work, a digital type SCG model for an existing
analog type real-time power system simulator is devel-
oped and introduced. By use of the above-mentioned
equipments, real-time simulations in one-machine infi-
nite bus power system model in cases of SCG with differ-
ent generator constants and real-time simulations in case
of SCG in multi-machine power system are carried out.
By this simulation study, the influence of different gen-
erator constants on stability-improving effects of SCG
has been clarified, and the advantages of the main body
(without control systems) of SCG over CG for power sys-
tem stability enhancement has been verified—the avail-
able generator power output range of SCG is wider and
terminal voltage drop at fault of SCG is smaller than
that of CG.

Further studies utilizing these equipments will be done
and introduced in the future works, which will show the
effects of SCG on power system abilities under the power
system network open-access environment,.
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