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Abstract – The power and energy for ASDEX Upgrade, Ger-
many’s largest experiment for nuclear fusion research, is pro-
vided by three separate networks based on flywheel genera-
tors. Damage at couplings of the shafts of the flywheel genera-
tors EZ3 (144 MVA / 500 MWs) and EZ4 (220 MVA / 600
MWs) were discovered during a routine check. They can only
be explained by subsynchronous resonances (SSR)  which are
excited by active power transients from the converter loads.
Torque sensors were installed for generator protection. They
cause an early termination of plasma experiments if a prede-
fined torque level is exceeded. Since the low natural damping
involved with torsional resonances was identified as a major
cause of the SSR phenomena observed, two feedback con-
trolled DC circuits were developed providing electromagnetic
damping for the generator shafts in case of SSR excitation.
Since April 2003, the damping circuits have been routinely
operated during all plasma experiments. They provide suffi-
cient active damping power to avoid a trip signal from the
torque sensors. The paper summarises results from analysing,
designing, commissioning and operating these damping cir-
cuits which might be of general interest since they are an ef-
fective and low cost solution for damping SSR in electric
power systems.

Keywords – Subsynchronous resonance (SSR), torsional oscilla-
tion, active damping, damping control, magnetic energy storage

I. INTRODUCTION

The ASDEX Upgrade (AUG) tokamak, a nuclear fusion
experiment [1], requires electrical power up to a few hun-
dred megawatts for a time period of about ten seconds. The
power and energy is provided by three separate networks
based on  flywheel generators [2, 3], as shown in Fig. 1. In
1999, during a routine check performed on generator EZ3,
it was discovered that the coupling bolts of the flywheel-
generator shaft were deformed. In 2002, damage was also
discovered during inspection of a coupling of the EZ4 shaft
assembly. Given that the active load of each generator in
service (~100 MW)  is well below the design value of the
shaft (> 800 MW), the damage can only be explained by a
torsional resonance of the shaft, itself excited by active
power transients from the converter loads.

Values of 23.8 Hz and 26 Hz were calculated for the
first natural frequency of the EZ3 and EZ4 shaft assembly.
Frequencies between 10 and 30 Hz have been identified in
the spectrum of the ASDEX Upgrade load curves. Since
torsional shaft oscillations are characterised by very low
damping, torsional resonance can become dangerous even
for over-dimensioned generator shafts. Therefore, in 2001,

contactless torque measurement systems [4] were installed
on the shafts of the EZ3 and EZ4 generators. The torque
sensors were installed close to the coupling between the
flywheel and the rotor. A measurement result showing a
resonant excitation of the EZ3 shaft is shown in Fig. 2.
Although the load curve (measured active power) shows no
evident active power transients between t = 2 s and t = 6 s,
the curve contains a spectrum of frequencies in the range
20 – 30 Hz which is caused by feedback control of the
plasma [5]. The feedback control system serves to mag-
netically confine the plasma by means of magnet coils sup-
plied by thyristor converters as shown in Fig. 1. Due to the
low damping of the shaft, an active power oscillation with a
frequency of 24 Hz and a power in the order of 1 MW can
cause an increase of the torque amplitude as shown in Fig.
2  up to a value of 1.11 MNm. This value corresponds to
an active power of 175 MW at a generator speed of 1500
r.p.m and caused the EZ3 torque sensors to send a trip sig-
nal, i. e. plasma experiment # 16971 was terminated early
due to SSR. In order to exclude negative effects on the
lifetime of the shaft system, low trip settings had to be ap-
plied, thus causing an early termination of many plasma
experiments. Before protecting the machines in that way,
torque amplitudes corresponding to an active power higher
than 400 MW and 700 MW had been measured on the EZ3
and EZ4 generators [5].

During plasma experiments conducted in 2002, more
than 100 SSR phenomena were investigated by measure-
ments and partly by numerical investigations. The evalua-
tion of the results showed that the main problems causing
SSR at IPP are not the dynamic properties of the load
(ASDEX Upgrade) but the low natural frequencies of the
shaft systems and the low natural damping involved with
torsional oscillations of the rotating parts of the machines.
The high Q factor of the EZ3 shaft can be seen in the
sharpness of the resonance point at 23.8 Hz shown in Fig.
3. Having investigated different methods of reducing the
torsional stresses in the generator shafts by simulation and
measurement, IPP decided to develop its own method of
damping SSR. The object of the development was to install
one feedback controlled damping circuit at each generator,
therefore allowing one mode of torsional resonance to be
damped efficiently. Conventional methods for damping
SSR are either based on facilities enabling to control reac-
tive power in order to increase the torsional mode damping
(e. g. thyristor controlled series capacitor, shunt reactor or
SVC), or provide damping by modulating the generator
output power by means of power electronic devices in-
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stalled in the network (e. g. FACTS devices). Like these
devices, the IPP damping circuits were designed to damp
torsional resonances by means of active power. However, a
novel design of the damping system and control scheme
was developed  in order to fulfil the requirement of damp-
ing SSR without having to influence control parameters of
the network or tokamak load  (AUG). The new damping
circuits are directly connected to  the generator busbars and
are operated independently from other devices or control
systems. The active power required for damping SSR is
provided by separate magnetic energy storage units as de-
scribed in section II.

II. DETAILED DESIGN OF THE IPP ACTIVE
      DAMPING CIRCUITS

The use of energy storage devices, such as a supercon-
ducting magnetic energy storage (SMES) system, seems
most attractive for damping SSR phenomena [6]. But in
view of shaft assemblies weighing more than a hundred
tons (e. g. EZ3 shaft system: 117 tons, EZ4 shaft system:
142 tons), the necessity of installing a sufficiently large
energy storage unit is disadvantageous. For damping SSR
phenomena as described in section I, it would be necessary
to install an energy storage system capable of generating
more than a hundred active power pulses with amplitudes
of at least one megawatt. In view of the complexity and
costs of a SMES or the technical and maintenance effort
caused by other energy storage systems (e. g. based on
batteries) a new approach for providing the active damping
power was developed.

This approach is based on the classical damping method
for a mechanical oscillator which can be used efficiently in
taking advantage of the high Q factor of the torsional os-
cillation, as shown in Fig. 3. Generally, torsional oscilla-
tions of generator shafts can be described by the following
n-dimensional differential equation system:

BuKDJ ��� ��� ���           (1)

�(t)� Rn: Torsion angle of shaft; u(t) � Rn: Torque; J:
Matrix of moments of inertia; D: Damping matrix K: Stiff-

ness matrix; B: Input matrix for electrical torques

The most efficient damping method is to apply an addi-
tional electrical torque in counter-phase to the torsional
velocity ��  of the shaft. In general, the application of such
a torque seems difficult. But having to deal with only one
torsional mode [5] and having torque sensors installed
which permit to measure the torsional stress (i. e. the tor-
sion angle of the shaft) with high accuracy [4], meant that
this approach seemed practicable. The torsional velocity is
derived from the torque measurement. The derivation is
realised in the block “Control System for Signal Modifica-
tion” in Fig. 4 by means of a phase shifter. Considering all
delay times in the feedback loop a total phase shift of 90
degrees is applied. The phase-shifted feedback signal (imod)

Plasma current
(1.2 MA at flat-top)

EZ3 Active power75 MW

EZ3 Stator current ( î max. 8 kA)

EZ3 torque
1.1 MNm

Fig. 2. Time histories of generator current, active power
and measured torque during plasma experiment # 16971

10 Hz

23.8 Hz

Fig. 3. Fourier analysis of EZ3 torque sensor signal
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Fig. 1. Flywheel generator power supply of AUG
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is superimposed on a static value (itrapez) controlling the DC
current in an inductor which is supplied by a current con-
trolled six-pulse thyristor bridge (damping converter).

The advantage of using a feedback circuit as shown in
Fig. 4 is that the current flow in the inductor is controlled
with a frequency corresponding to the measured natural
frequency of the shaft assembly. Therefore, with proper
phasing, only very little power must be applied in order to
damp the torsional resonances. This allows a compact de-
sign of the damping system. The inductor is only used as a
means for buffer storage of magnetic energy, being loaded
and unloaded in counter-phase to the torsional velocity of
the shaft. Only small inductance values are necessary in the
DC circuit (a few millihenry), thereby allowing the circuit
to be de-energised until torsional oscillations are detected.
Actually no magnetic energy storage unit is required, only
a compact buffer storage of magnetic energy. The magnetic
energy stored in the active damping facilities installed at
the EZ3 and EZ4 busbars is very low (tens of kilojoule).
However, these circuits provide sufficient damping for the
SSR problems experienced in the past. One reason for that
is the steepness of the resonance curves of the problematic
torsional modes, as shown in Fig. 3.

III. SIMULATION MODEL AND NUMERICAL
INVESTIGATION OF THE DAMPING CIRCUITS

During the development and construction phase of the
damping circuits a numerical simulation model of the sys-
tem shown in Fig. 4 was derived using the program pack-
age Simplorer [7]. The main purpose of the numerical
simulations was to optimize operational parameters, per-

form parametrical studies and investigate the transient
stablity of the set-up under normal operating and fault con-
ditions. For these investigations a detailed model is re-
quired. Thus, the non-linear properties of the synchronous
machines, the thyristor converters and the control system
can be considered with sufficient accuracy.

A detailed investigation of the EZ3 shaft-system dynam-
ics had already been performed [8]. The transient analysis
of feedback controlled DC circuits for damping SSR re-
quired numerical simulations with coupled electrical, mag-
netic and mechanical variables. A simplified model of the
EZ3 mechanical rotor-shaft system was developed for this
purpose (see Fig. 5) and integrated into the generator
model based on dq0 parameters [9].  The differential equa-
tion system of the mass-spring model was derived from
single torque equations as given by equation (1) in the gen-
eral case. If the natural damping of the mechanical system
is neglected, the differential equation system can be re-
solved with additional variables as given in equation sys-
tem (2). The natural damping of the shaft was modelled on
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Fig. 5. Mass-spring model of EZ3 shaft system
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Fig. 4. Schematic of feedback controlled DC circuit for damping of torsional resonances in the EZ3 shaft assembly
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the electric circuit representation of the mechanical model
by means of ohmic resistances.

Since one purpose of the simulation model was to analyze
all phase shifts and delay times in the feedback circuit, not
only the synchronous machine including rotor-shaft system,
but also the transformers, thyristor converters with control
system and all electronic components of the feedback loop
had to modelled in detail.

IV. TEST SET-UP FOR COMPARISON OF
SIMULATION AND MEASUREMENT

A test configuration was set up in order to investigate the
dynamic response of the damping loop and to commission
the damping system at low power. In the test configuration
the dynamic load  (ASDEX Upgrade) was replaced by only
one thyristor converter (“disturbance converter") feeding a
magnet coil with an inductance of L = 34 mH. A defined
excitation of torques in the generator shaft can be accom-
plished by means of dynamic control of the converter cur-
rent, as shown in Fig. 6.

For damping tests the output power of the feedback con-
trolled DC circuit can be reduced in two ways:
� Electronically (reduced gain in the feedback loop)
� By limitation of the DC current of the damping con-

verter (in limiting the static reference itrapez, see Fig. 4)
The latter is an important safety feature because limiting
and monitoring the DC current of the damping converter
permits fail-safe testing. An existing thyristor converter
module of the ASDEX Upgrade power supply (Udi0=
1.5 kV, IN = 22.5 kA) was used as a "damping converter".
A water-cooled coil (L = 5 mH) was used as converter load
in the damping circuit, i. e. as buffer storage of magnetic
energy. During the tests, the DC currents were limited to
low values (I < 6 kA) by means of reference limiting and a
trip level based on a DC current measurement. Additional
protection was achieved by means of two (completely) re-
dundant torque measurement systems with fast-acting trip-
levels. After adjustment of the hardware in the feedback
loop and optimum setting of the phase shifter, the damping
capability of the first active damping circuit was demon-
strated by the end of January 2003, as shown in Fig. 7. The
active power flow during the damping tests cannot be
evaluated by measurement. It was evaluated by simulation,

as shown in Fig. 8.
Starting in February, the active damping circuit with the

5 mH-coil has been successfully used for SSR damping on
generator EZ4 during all plasma experiments performed
(active damping in more than 1000 loading cases since
then). Despite the use of an active damping circuit on gen-
erator EZ4,  dozens of plasma experiments still had to be
interrupted because of a violation of the maximum allowed
torque level in the shaft assembly of generator EZ3 (feed-
ing a separate network as shown in Fig. 1). Therefore, a
second active damping circuit had to be developed and
installed in that network. Since a second magnet coil with
parameters comparable to the first active damping circuit
was not available, numerical investigations were performed
in order to investigate the stability limits and operational
restrictions if a much smaller inductance (1 mH) was used

Current

EZ3 Torque

1.1 MNm

1.5 kA

1.6 kV

Disturbance coil:

Voltage

EZ3 Active Power2.5 MW

Fig. 6. Defined excitation of torsional resonance in the
EZ3 generator shaft in controlling the current in the

„disturbance coil“  with 24 Hz

Dist. coil voltage

Damping converter:
   DC output voltage*

 *(reference value)

DC output current:
Reference value

EZ3 Torque 0.6 MNm

510 V

1.5 kA
1.6 kV

5 kA
Measured value

Disturbance coil current

5 kA

Fig. 7. Damping of the torsional resonance shown in Fig. 6
by means of active damping circuit operated at low power

(< 2 MW)

TMF :  Torque excerted at shaft between motor-rotor and flywheel
TFG :  Torque excerted at shaft between flywheel and generator-rotor

(2)
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as a buffer storage of magnetic energy. Since the simula-
tions and additional tests showed that a damping power
comparable to the first active damping power could be
achieved in operating the second damping circuit more
dynamically (higher gain in the feedback loop), the second
active damping circuit was developed and installed using a
1 mH-inductor. As shown in Fig. 9, the damping properties
of the second active damping circuit are comparable to
those of damping circuit no. 1. This is remarkable because
it shows that torsional resonances in a shaft assembly
weighing more than 100 tons can be damped by means of a
1 mH-inductor, i. e. by means of stored energy of less than
25 kJ. Since inductors with small inductance values can be
operated with high current ramp-up rates, the active
damping circuit can be de-energised until a torsional oscil-
lation is detected. As soon as torsional resonance is de-
tected, the availability of the active damping circuit can be
established within milliseconds.

V. DAMPING OF SSR DURING PLASMA
         DISCHARGES

Since commissioning of the second active damping circuit
in April 2003, both have been continuously used during
plasma discharges. Up to now (end of July 2003) the ef-
fectiveness and robustness of using this damping method
has been proven in about 1000 plasma discharges. Exam-
ples of SSR damping during plasma discharges are shown
in Figs. 10-12. Figure 10 shows torsional resonance
damping on generator EZ4 after the occurrence of active
power transients with an amplitude of more than 50 MW.
They were caused by a scenario for ramping up the plasma
current which was not optimal.

A more typical result from ASDEX Upgrade operation is
shown in Fig. 12.  These curves were measured in an ex-
perimental scenario which was very similar to the one
shown in Fig. 2. Active damping was provided by means of
damping circuit no. 2. As can be seen at t < 0, a high con-
verter output voltage was only  measured during ramp-up
of the DC current in the damping circuit. Despite the low
damping power used, torsional resonances, as they are
shown in Fig. 2, could be suppressed without problems.

Dist. coil voltage

Disturbance coil current

Damping converter:

DC output voltage
(reference value)

DC output current:
Reference value

Measured value

EZ3 Torque
0.52 MNm

370 V

8.1 kA

1.5 kA 1.3 kV

6.9 kA

Fig. 9. Damping of torsional resonance (as in Fig. 6)
with feedback circuit no. 2 (damp. coil with 1 mH)

Fig. 8. Active power during the damping test shown in
Fig. 7 (comparison of simulation and measurement)

EZ4 stator current î  max. 8.3 kA

EZ4 active power
 114 MW

EZ4 torque

max. 1 MNm

Damping converter:
   DC output voltage*

DC output current:
Reference value (dotted line)
Measured value
(black line)

û  max. 900 V

5 kA

Fig. 10. Damping of SSR during plasma experiment
(damping circuit no.1 - coil with 5 mH)

EZ4 stator current

EZ4 active power

 114 MW
EZ4 torque

max. 1 MNm Damping converter:

   DC output voltage
     (reference value)

Reference value

Measured value

û  max. 900 V
i max. 6 kA

DC output current

Fig. 11. Detail of Fig. 10
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The duration of the plasma experiment was not limited by
torsional resonances, although more active power transients
could be observed in the time history of active power (at
t > 5 s) than in Fig. 2. They are caused by stability prob-
lems of one of the converters operated at high current
(disturbance frequency > 30 Hz), whereas small distur-
bances with frequencies in the range below 30 Hz are
mainly caused by plasma feedback control [5].

VI. RESULTS OF PARAMETRICAL STUDIES, TESTS
AND FURTHER INVESTIGATIONS

Parametrical studies show that the effectiveness of using a
feedback controlled buffer storage of magnetic energy is
not limited to low values of the inductor or converter out-
put power. The simulations show that a damping power of
more than 50 MW could be established in operating active
damping circuit no. 1 at higher DC current (e. g. in using
two converter modules in parallel), or at higher converter
output voltage (e. g. in using two converter modules in
series), therefore in principle, this damping system could
also be applied to larger machines. More than one torsional
mode can be damped if one active damping circuit is used
for each torsional mode (to be measured by separate torque
sensors along the shaft assembly). Since the damping cir-
cuits are operated at low power and generate only one fre-
quency, they could ideally be used in networks supplied by
several generators with different mechanical parameters.

At IPP the damping power has been limited to values be-
low 10 MW because that has provided sufficient damping
for all plasma experiments performed since January. In
most  plasma discharges, the feedback controlled damping
power even stayed below 5 MW. Despite this power limi-
tation, redundant and diversified protection systems were
installed on both machines ensuring that a malfunction of
the active damping circuits (working at the natural fre-
quency of the 1st torsional mode), or a violation of the
torque limits could be detected immediately and cause an

action corresponding to the fault level. If, for example, the
highest of three fault levels is reached (which has not hap-
pened so far),  the  feedback  loop  will  be opened by
means of  hardware circuitry within milliseconds and a fail-
safe signal causing an early termination of the pulse will be
sent to all converter modules.

Further development work will be dedicated to a thermal
optimisation of the damping circuits. This can be achieved
in adding either a second feedback loop, or an additional
control loop so that the static current reference itrapez  (see
Fig. 4) can be controlled depending on the measured tor-
sional amplitudes. This will allow an even more compact
design of the active damping installation.

VII. CONCLUSIONS

Two novel systems for damping subsynchronous reso-
nances in a separate network have been developed, in-
stalled, commissioned and operated this year. They are
directly connected to the generator busbars and damp the
first torsional mode efficiently, providing torques to the
rotor-shaft system which have the same effect as increased
natural damping. The active damping circuits are inde-
pendently controlled by using the torsional stress measured
by contactless torque sensors. The active power for damp-
ing the torsional resonances is taken from compact buffer
storages of magnetic energy (stored energy < 50 kJ). They
are loaded and unloaded with the natural frequency of the
1st torsional mode of the shaft assembly, thus providing
sufficient damping power for SSR in generator shafts
weighing more than 100 tons. The new damping circuits
have proven to be an efficient and reliable method of
damping SSR in hundreds of cases during plasma experi-
ments which can cause torsional stresses similar to a static
load with a magnitude higher than 700 MW.
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Plasma
current
(1.2 MA)

EZ3 Active power80 MW

EZ3 Stator current ( î  max. 8.5 kA)

EZ3 torque*

Damping converter voltage

Damping converter current

520 V

  5 kA

*max.: 0.32 MNm at t = 0.5 s

Fig. 12. Damping of SSR during plasma experiment
(damping circuit no.2 - coil with 1 mH) – similar load

curve as shown in Fig. 2.


