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Abstract - TPP's Axially Symmetric Divertor
EXperiment (ASDEX Upgrade) belongs to the
tokamak family. The power supply of ASDEX
Upgrade comprises the flywheel generators EZ3
(500 MJ / 144 MVA) and EZ4 (650 MJ / 220
MVA). So far, each synchronous machine has
been feeding its own 10.5 KV grid. In both grids
sudden load changes can occur and the power
frequencies may decrease from 110 Hz to 85 Hz.
These requirements and the different eletrical
and mechanical parameters of both generators
require detailed numerical models for an
investigation of the stability limits of a parallel
operation of these machines on one common
busbar. In the paper the flywheel generator
models derived from analytical calculations and
measurements are described and first stability
investigations are presented showing the
transient behaviour of the twe parallel connected
flywheel gemerators during nominal pulsed
power operation.
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I. INTRODUCTION

For more than three decades, worldwide efforts
have been made to investigate the fusion of the
hydrogen isotopes deuterium and tritium for energy
production. A number of principles are available for
the experimental devices serving this purpose. One
of the most favourable is the toroidal confinement
of an ionized gas (plasma) which is heated to about
100 million degrees and confined in a vacuum
chamber by the field of large magnets. The type of
magnetic plasma confinement device, with a high
electric current of the order of several 10° amperes
flowing in the plasma, is named tokamak.

The Max-Planck-Institut fiir Plasmaphysik,
Garching, commissioned such a device, called
ASDEX Upgrade, in 1991. In this device the ring-
shaped hydrogen plasma carries an electric current
up to 1.4 x 10" A. The magnetically coupled ceils of
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the experimental device which is shown in Fig. 1
require an electric power of several hundred MVA
for about 10 s [1]. Static power converters powered
by flywheel generators are used to feed the coils.

Fig. 1. ASDEX Upgrade tokamak

The time of construction of the flywheel generators
EZ3 and EZ4 are ten years apart from each other
and the electrical and mechanical properties of the
machines are quite different. Therefore, each
generator feeds its own 10.5 kV system. For future
plasma experiments a parallel operation of both
flywheel generators on one common busbar would
be favourable.

II. DERIVATION OF THE FLYWHEEL
GENERATOR MODELS

Detailed models are stringent for a stability
analysis of the parallel connected flywheel
generators because of the pulsed power require-
ments of ASDEX Upgrade. The course of a load
pulse is as follows (generator data see Table 1):

1. Ramping up of the flywheel generators to a
predefined r.p.m. value and provision of the
nominal veltage {controlled voltage of 10.5 kV).

2. Start of pulse: The active power supplied causes
a speed drop of the flywheel generators and a
decrease of the grid frequency
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3. End of pulse: It takes several minutes to ramp up the flywheel generators to the operating range required

for the next pulse (range of operation: 85-110 Hz).

Table 1. Relevant machine data

Flywheel generator EZ3 EZ4

Design voltage Uy = 10.5kV Up =10.5kV
Nominal apparent power Sp =144 MVA Sp =220 MVA

in pulsed operation cos ¢ = 0,93 cos (0 = 0.49
Nominal frequency fy = 100 Hz fa = 100 Hz
Moment of inertia J = 90.4 tm* J=120.3 tm”
Initial rotational speed 1=1650min "’ n=1650min""
Unsaturated/saturated synchronous reactance, direct axis Xdu=4.5/x3s= 3.6 Xdu= 2.63 / xds= 2.24
Unsaturated synchronous reactance, quadrature axis Xg = 3.1 =1.62
Unsaturated subtransient reactance, direct axis %dy‘ =0.186 xdp‘ ‘=0.175
Unsaturated subtransient reactance, quadrature axis Xqu‘‘ =0.19 =(.147
Unsaturated transient reactance, direct axis xdy‘ = 0.68 Xdy* =0.328
Transient short-circuit time constant Tq'=0.55s Tg =0.204 5
Subtransient short-circuit time constant Tq“=0.03s Ta*“= 0.021s
Winding resistance at T=20°C Ry =5.9mf R] = 2.68 m{)/Strang |
Exciter resistance at T=20°C Rf = 83 m{)/Strang Rf= 130.4 m()
Rated excitation current at minimum rotational speed I =2522 A Ifn = 2568 A

Starting from these data all relevant parameters for
the machine models employing “Watcom” ATP and
Simplorer [2] were derived analytically. In
Simplorer the machine model is based on equation
system (1) [3, 4].

W pas¥ pg: Flux linkage of d- and g-axis of damper
winding

iudsiuq: Damper winding current (d- and g-axis

component)
u, = Ri ...%qm% uy = Rygy+ d;f W 4 : Flux linkage of exciter winding
d\I’ dy {12 : Exciter windin, t
w = Ri+ ¥, 6 0 = ;o # : Exciter winding curren
¢ LA Rodos dt _ g
. Ay, ) . dq;Dq Direct axis inductances:
ooy T Ry . .
Coupling Stator Damper | Exciter
inductance
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You [ 5 loat Lovs Lo | Po Damper Lpgd 1Lppd  |Lpg
Ve | |3 La Exciter Liad Lind Led
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g |_ 7
(WDq =13 Loy Lo, [qu} (1) Coupling inductance g Stator Damper
2 Stator Ly Lapg
W, =Ll Damper Lpgg LpDg
3 . .
"'=P5 atq —\l’qlar) L,: Zero-sequence inductance
2 9 . Instantaneous position of rotor
m+m,=J 149
) =J——
dr :
4 The dq0 parameters [3 - 5] of equation system (1)
= N were extracted from the machine parameters in
dt Table 1 as outlined in the Appendix.
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In continuous operation the nominal
apparent power of the flywheel generators EZ3 and
EZ4 is one order of magnitude smaller than under
pulsed conditions. Therefore, in pulsed operation,
both machines are in the saturated state. Whereas in
Simplorer the effects of saturation were considered
using saturated machine parameters (linear
approximation), the ATP simulations are performed
using a characteristic curve for saturation.

III. SIMULATION AND MEASUREMENT OF
THE TRANSIENT BEHAVIOUR
OF GENERATOR EZ3

Extensive measurements were performed on
generator EZ3 to investigate the validity of the
Simplorer model (linear approximation of
saturation) during pulsed operation. Fig. 2 shows a
typical result.
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Fig. 2. Measurement of characteristic values of
generator EZ3 at the beginning of an ASDEX
Upgrade pulse with a plasma current of 1 MA

I,»: Phase current {- 8 kA <> 8 kA]

Uj,: Phase-to-phase voltage [-18 kV—18 kV]
P...: Active power [- 40 MW < 40 MW]

Qs Reactive power [ 0« 82 MVATr]

I.r: Exciter current [ - 500 A < 2000 A]

n: Rotational speed [1470 <« 1530 1/min]

In order to simplify the interpretation of the
measurement results only vertical field coils were
connected to the flywheel generator EZ3 during the
load pulse shown in Fig. 3. Only the beginning of
the load puise is shown: the ramp-up of the plasma
and vertical field coil currents to their stationary
values during the flat-top phase (t > 1.35 s). The
flat-top phase is characterized by a stationary
plasma current of 1.0 MA.

During the first second there is a relative
high demand of active power which is used in the
ASDEX Upgrade tokamak to build up the magnetic
fields required for the plasma confinement. That
phase is also characterized by a relative steep drop
of rotational speed. During the plasma flat-top
phase (t > 1.35 s) there is a high proportion of
reactive power being generated by the thyristor
converters which are necessary for controlling the
plasma.

In Fig. 3 the transient behavior of generator
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Fig. 3. Simulation of characteristic values of
generator EZ3 at the beginning of the pulse
shown in Fig. 2 employing the Simplorer code

L;»>: Phase current [- 8 kA <> 8 kA]

U, ,: Phase-to-phase voltage [-18 kV& 18 kV]
Pres: Active power [- 40 MW « 40 MW]
Qres: Reactive power [ 0 «> 82 MV ATr]

L.: Exciter current [ - 1500 A «» 1500 A]
n: Rotational speed [1470 <> 1530 1/min]
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EZ3 was calculated using the load parameters P
and Q; evaluated from the measurement. The good
agreement between calculated and measured results
was not only achieved during the ramp-up, but also
during the flat-top phase.

Since the linear approximation model for
saturation effects being used in the Simplorer
simulations seems to be sufficiently accurate for
simulating the transient behaviour of the generators
during puised power operation, the same type of
model was also used for generator EZ4. With these
models preliminary investigations of the stability of
the parallel connected generators during pulsed
operation were performed.

IV. INVESTIGATION OF THE TRANSIENT
BEHAVIOUR OF A PARALLEL CON-
NECTION OF EZ3 AND EZ4

First investigations were performed using the
Simplorer code as described in the previous section.
The simulations were realized by means of two
generators, EZ3 and EZ4, connected to the same
busbar. The applied load function is shown in Fig.
4. The power factor of the load varies between
cosp=10(t=05s)andcosp=02(t>155s). A
simple progression of the load function was as-
sumed to facilitate the interpretation of the results.
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Fig. 4. Impressed load on the two machine system
P: Active power, Q: Reactive power

Fig. 5 shows the effective load current and the
effective generator currents of EZ3 and EZ4. Tt can
be seen that both machines feed the load with power
ratios that are about proportional to the nominal
powers of the two machines. Fig. 5 also shows that
there is no relevant circulating current between the
machines. This has been achieved without
modifying the control system of the two generators.
Only the proportional component of the busbar
voltage controller of both machines has been
adapted to the new situation.
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Fig. 5. Effective phase currents with EZ3 and EZ4
in parallel operation (load function see Fig. 4)

One object of further investigations will be the de-
sign of a regulating concept to optimize the dynamic
response of both machines on sudden load changes.
As both machines are operating on the same
busbar, it is obvious that they have nearly the same
angular speed, except for asynchronous effects
which occur during transient processes. Fig. 6
shows the rotor speed. There is a drop in velocity as
well as in the one-machine system. Since both
machines are operating inside the same system, they
are forced to maintain one common angular speed.
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Fig. 6. Rotor speed of EZ3 and EZ4

Focusing on the exciter level, the currents of
EZ3 and EZ4 are displayed in Fig. 7. As was
expected the steep increase of reactive power causes
a steep increase of the exciter currents. Both exciter
currents do not exceed their nominal values even
though the reactive load increases by 300 MVAr
within 0.5 s. A well balanced load distribution is
also displayed in Fig. 8 which shows the active and
reactive power portions of both machines feeding
the impressed load in Fig. 4.

Finally, the stability of the two-generators
system is to be investigated. A closer look at the
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Fig 7. Exciter currents of EZ3 (Iox, gz3) and EZ4
(chc, EZ4)
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Fig.8. Active and reactive power portions of
generator EZ3 (above) and EZ4 (below)

angular speed shows that synchronous operation of
generator EZ3 and EZ4 is provided during the
considered time period. The busbar voltage verifies
this statement. The system voltage is a three-phase
system with a frequency of about 100 Hz. The
calculated phase voltage shown in Fig. 9 has only
minor deviations from its effective value of
6.06 kV. Voliage stability is provided although the
load step in reactive power is two times higher than
the one that can be achieved by means of the
thyristor converters installed.

Investigations of a complete pulse (about 10 s)
assuming different load cases and fault conditions
will follow. Part of these investigations will be
devoted to the effects of reactive power
compensation (RPC) by switched capacitor banks.
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Fig. 9. Effective phase voltage in the 10.5 kV
system

To compensate the inductive loads of the thyristor
converters two 15 MVAr RPC units were installed.
An upgrade to 120 MVAr is planned [6]. Switching
up to eight RPC units during the coil ramp-up may
additionally affect the dynamic stability of the two-
generator system and must be investigated.

All results shall be compared to simulation
results achieved by means of a “Watcom™ ATP
model allowing a more detailed modelling of
saturation effects. Presently this work is in progress.

V. CONCLUSION

For future experiments with elongated plasma
flat-top phase it is favourabie to feed the vertical
field coils of ASDEX Upgrade by a parallel connec-
tion of the two flywheel generators EZ3 and EZ4.

The different machine parameters of the
generators and the changeable load characteristics
require extensive stability analyses in order to
exclude potential hazards of a parallel connection.

First stability analyses employing the Simplorer
code have shown that, as a matter of principle, a
parallel operation of the generators EZ3 and EZ4 is
possible.

However, the regulating parameters of the two-
generator system must be adapted 10 the new
conditions in order to operate the two-machine
system with a balanced load distribution in the
static and dynamic case and to meet the demands of
safety standards.

Furthermore stabiltity studies will be necessary
to find the maximum load leading to instability
under normal and fault conditions.
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APPENDIX
The derivation of the dg0-parameters In eguation

system (1) was based on the leakage equivalent circuits
shown in Figs. 10 and 11 [3-5].

R X,
pE—— R -
I ihe T
i i o Xl Xou
Xha
R, R,
& L 4 I
R, X,
.
: Ty
i Yooy
x,,l
R,

R’sy:  Direct axis component of exciter resistance
R’pg.  Direct axis component of damper resistance
R'pg:  Quadr. axis component of damper resistance

Fig. 10. Equivalent circuit for determining x4‘‘and x,*

Fig. 10 corresponds to equation system (2). The
assumption -t the short circuit time constant is initially
dominated :he damper winding leads to equation
system (3) ic. ;¢ subtransient time constants.

Xg=Xoq +XM||XGN||Xéfd

X5 =X, XpaXopa X o
" XpaXaps + XpaXop + Xapa Xop (2
Xy =Xy + XpglXing
X, X
X; = Xuq + 4 O?q"
X},q +X0Dq
¥ Xpa XoaXap
D f ]
"= i Kpg Kaga + XogaXop + XjuXog
d Rpy (3)
' quXuq
o
T = by + Aag
4 ORpy,

The equivalent circuit valid in the transient case (Fig. 11)
delivers equations (4} and (5).
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Fig. 11. Equivalent circuit for determination of x4*

XX
Xy= Ky +—— )
Ky + X
X;ﬁi+ X.MX:II!
] th +Xad (5)
Tj=——
@R

For EZ3 and EZ4 it can be assumed that Xg4 = Xgq = Xo
and Xgpg = XoDq = Xop so that the dq0-reactances can
be calculated from the following equation system:

Xe=Xp+ X,
Xq =X,,q + X
XigXop KXoy
XpaXip + Xpg Xop + XopXor (6)
XpgXop
Xig +Xip
XigXor
X + Xor

Xi=X,+

X;:Xa +

Xy=X_+

o

The assumption T4* = Tq** leads to a similar equation
system for Ry, R'pg, R'pg and R'gg.

Considering typical leakage coefficients and all
relevant transformation ratios leads to the values of the
dq0-parameters in equation system (1).
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