
Abstract— A novel exciter for applying a dynamic torsional 
force to a rotating structure is presented in this paper. It has 
been developed at IPP in order to perform vibration tests 
with shaft assemblies of large flywheel generators 
(synchronous machines). The electromagnetic exciter 
(shaker) needs no fixture to the rotating shaft because the 
torque is applied by means of the stator winding of an 
electrical machine. Therefore, the exciter can most easily be 
applied in cases where a three-phase electrical machine (a 
motor or generator) is part of the shaft assembly. The 
oscillating power for the shaker is generated in a separate 
current-controlled DC circuit with an inductor acting as a 
buffer storage of magnetic energy. An AC component with 
adjustable frequency is superimposed on the inductor 
current in order to generate pulsating torques acting on the 
rotating shaft with the desired waveform and frequency. 
Since this torsional exciter does not require an external 
power source, can easily be installed (without contact to the 
rotating structure) and provides dynamic torsional forces 
which are sufficient for multi-megawatt applications, it is 
best suited for on-site tests of large rotating machinery.  
   
Torsional exciter, electromagnetic shaker, rotordynamics,   
mechanical testing, torsional vibration, modal analysis 

I.    INTRODUCTION 
Electromagnetic exciters for testing vibration properties 
of rotating structures were already proposed sixty years 
ago [1]. The first electromagnetic exciters were mainly 
developed for testing propellers without the necessity of 
using aircraft engines and to provide a vibration generator  
which simulates the rotary and vibratory stress of normal 
operating conditions while permitting a more satisfactory 
control or variation of the vibratory stress in accordance 
with different desired test conditions. The vibration 
generator consisted of a single-phase alternating-current 
motor, thus utilizing the characteristic of this type motor 
to reduce the motor torque to zero twice within each cycle 
of the alternating load current. The application of motor 
torque pulsations in single-phase motors was also 
proposed in experimental procedures for investigating 
torsional vibration in small air-conditioning units [2]. In 
this test procedure the fan motor was set up to act as a 
torsional exciter. This solution is attractive because modal 
vibration tests can be performed on site, without having to 
install an additional  torsional exciter, e. g. a hydraulic 
exciter system [3]. Since both proposed electromagnetic 
exciters utilize the torque characteristic of a single-phase 

induction machine, they are not suited for an application 
to large electrical machinery which generally requires the 
application of three-phase machines. In three-phase 
electrical machines at balanced operation, the 
instantaneous power at each winding connected to the 
phases R, S, and T can be described by Equation System 
(1). The underlined parts of the equation do not contribute 
to the resulting torque transferred to the rotor. Therefore, 
the total active power transmitted by a three-phase 
electrical machine does not have a pulsating torque 
characteristic like a single-phase induction machine so 
that the test procedures proposed in [1] and [2] cannot be 
applied. 
 

where 
PRST: Instantaneous power at each winding 
uRST: Winding voltage 
iRST: Winding current  
ω:  Angular network frequency 
φ: Phase shift between uRST  and iRST 
 

The study and test of the dynamics of systems in which 
at least one part rotates with significant angular 
momentum is most relevant for large rotating machinery 
[4]. Testing of large rotating components poses 
significant practical difficulties in measurements and 
excitations. The different excitation techniques fall in two 
basic classes – transient excitation (free vibration) and 
continuous excitation (forced vibration). Since the 
rotating motion of the impact site is likely to cause errors 
in the measurement of frequency response functions [5], a 
harmonic (continuous) excitation device is preferable for 
testing large or complex rotating structures. In cases 
where a hydraulic torsional exciter cannot be applied, an 
electromagnetic exciter system which is capable of 
applying a sufficiently high dynamic torsional force to the 
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rotating structure must be utilized. Such systems have 
been specially developed for laboratory tests of large 
rotating machinery [5]. They require the use of 
sufficiently large electro-magnets which are able to 
provide relevant dynamic forces to the rotating structure 
and have the disadvantage that they are difficult to move. 
Therefore, such exciter systems are not suited for on-site 
tests of large rotor shaft systems. 

But in many cases on-site tests of large rotating 
machinery could easily be performed with a device 
similar to the one applied at IPP. Three-phase machines 
can provide an oscillating torque to a shaft system if the 
load current is modulated simultaneously in all three 
phases with an angular frequency Ω and an amplitude m·î 
(0 < m < 1). In modulating the stator current the 
instantaneous power at each stator winding is given by 
Equation System (2) assuming balanced operation [6].  

 
where 
   Ω:  Angular frequency of current modulation 

m·î:    Amplitude of current modulation 
0φ :  Phase angle of current modulation 

 
If a stator current modulation can be achieved by 

means of a suitable device connected to the three-phase 
system of the electrical machine, a torque oscillating with 
the modulation frequency Ω is applied to the rotor. Since 
the oscillating torque is transferred with the same phase 

angle by all windings, its frequency Ω does not depend on 
the number of pole pairs of the electrical machine. The 
nominal power of such a device can be one or two 
magnitudes smaller than the nominal power of the 
electrical machine. This rating is sufficient for most 
experimental procedures involving large rotating 
machinery and enables a compact design of the device, so 
that it can be used for vibration tests on site.  

Such tests had to be performed at IPP because of 
problems with torsional resonances which appeared in the 
shaft assemblies of large flywheel generators. Having 
investigated different methods of reducing the torsional 
stress in the generator shafts by simulation and 
measurement, IPP decided to solve these problems in 
developing an active damping device based on a feedback 
controlled DC circuit [7]. In 2003, one feedback 
controlled damping circuit was installed at each 
generator, therefore allowing one mode of torsional 
resonance to be damped efficiently. Testing and 
commissioning these active damping circuits required an 
experimental set-up enabling a continuous controlled 
excitation of torsional vibrations in the rotor shaft systems 
of the synchronous generators. 

Section II describes this experimental set-up which 
enables a controlled excitation of torsional vibrations in 
the IPP flywheel generator shaft assemblies. After a 
discussion of typical simulation and measurement results 
in Section III, Section IV describes a compact torsional 
exciter which can easily be applied in modal vibration 
tests on site. After presenting results which can be 
achieved with such a device,  the paper ends with a 
conclusion on this torsional excitation method. 

 

 II.  DESIGN OF THE IPP EXPERIMENTAL SET-UP FOR 
THE EXCITATION OF TORSIONAL VIBRATIONS 

 

Fig. 1 shows the IPP test set-up for the excitation of 
torsional oscillations in the shaft system of flywheel 
generator EZ3 (144 MVA / 500 MWs), a synchronous 
generator with a shaft assembly weighing more than 100 
tons. The “disturbance converter” in the test set-up is a 
current-controlled 6-pulse thyristor converter in bridge 
connection feeding an inductor (ASDEX Upgrade magnet 
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Fig. 1. Experimental set-up: Excitation of torsional (subsynchronous) oscillations in the shaft assembly of generator EZ3
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coil) with an inductance value of 84 mH and an ohmic 
resistance of 23 mΩ. The converter output current was 
controlled in such a way that torsional oscillations were 
excited in the EZ3 shaft assembly. This can be achieved 
in supplying the inductor with a current consisting of a 
DC component (itrapez in Fig. 1) and an AC component 
(ifluc). The DC component is important because it enables 
the inductor in the DC circuit to be operated as a buffer 
storage of magnetic energy, being loaded and unloaded 
with an alternating current ifluc. Thus an oscillating active 
power with a single, electronically adjustable frequency Ω 
can be generated if appropriate design values for the 
single components, especially the inductor, are chosen. In 
the general case the instantaneous power at the inductor 
terminals PL(t) can be calculated by Equation 3. 

 
where 

PL:  Instantaneous power at the inductor terminals  
uL:   Voltage at DC inductor,  
iL:   Current in DC inductor, 
IDC:   DC component of  iL,  
UDC:  DC component of uL,   
ûL:  Amplitude of AC component of uL,   
îL:   Amplitude of AC component of iL,   
φL:  Phase shift between uL and iL 
Ω:  Angular frequency of AC component of iL 

    (identical to angular frequency in eq. (2)) 
 
The frequency Ω and the DC and AC components of iL 
correspond to the reference current signal of the current-
controlled thyristor converter. In choosing a DC inductor 
with high inductance and negligible ohmic resistance 
(which is the case in Fig. 1) and applying a reference 
current  IDC >> îL, Equation (3) can be simplified as 
follows:  

 
Considering only the fundamental component of the 
current input of the line-commutated thyristor converter 
feeding the DC inductor, the apparent power input can be 
calculated as given in Equation 5 [8].  

 

S1  = Udi0 · IDC 
where 

S1:  Fundamental apparent input power 

Udi0:  Converter no-load voltage 
 

The fundamental active power of a thyristor converter 
feeding a DC inductor can be calculated as indicated in 
Equation 6 [8]: 

               P1 = S1· cos φ1 
 

      P1(t) = Udiα(t) IDC  = (Udi0 cosα(t)) IDC            (6)        
 

where 
P1:  Fundamental active input power 
φ1:  Phase shift angle of fundamental component 
Udiα: Converter output voltage  
α:   Delay angle of thyristor converter     

 
I. e. the fundamental component of the active input power 
of a line-commutated converter feeding a suitable DC 
inductor is directly proportional to the voltage modulation 
Udiα(t). In choosing design values as given in Fig. 1, the 
fundamental active input power of a thyristor converter P1 
is equal to the  instantaneous power at the DC inductor 
terminals PL  and can be calculated by Equation (4). In 
using a six-pulse line commutated converter, current 
harmonics below the 5th harmonic oscillation 
(corresponding to 250 Hz in a 50 Hz-network) can be 
neglected. Therefore, the active power generated by a 
suitable  thyristor-controlled torsional exciter features 
only one distinct frequency Ω, higher harmonics only 
exist at a frequency greater than or equal to 5ω.  

III.     RESULTS OF SIMULATIONS AND TESTS  
              BASED ON THE IPP EXPERIMENTAL SET-UP  

A. Mechanical properties of the IPP  flywheel generator  
       shaft systems 

In the IPP experimental set-up the EZ3 generator was 
excited with a frequency Ω  corresponding to the first 
natural frequency of the EZ3 shaft system which is 24 Hz. 
This mechanical resonant frequency was estimated by 
means of the simple mass-spring model of the shaft 
assembly which is shown in Fig. 2 [7]. For high-speed 
rotors or the rotor system of a large flywheel generator, 
the kinetic energy of rotation can be a potential safety 
hazard. There may be mechanisms which transfer some of 
the rotational energy of the rotor into internal vibration 
modes of the machine [4]. The amount of kinetic energy 
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Figure 2. Mass-spring model of EZ3 shaft system 



available in the rotor is usually orders of magnitude 
greater than the deformational energy which any internal 
mode can absorb. Especially low torsional modes of a 
rigid rotor shaft system are characterized by very low 
natural damping values. The dynamic behaviour of a rigid 
rotor shaft system can be described by a partial 
differential equation system or, after a discretization by 
means of n finite elements, by the n-dimensional 
differential equation system given in (7).  

  
BvKφφDφJ =++ &&&  

where 
φφφφ:   Vector of shaft torsion angles; 
v:   Vector of externally applied torques;  
J:   Matrix of moments of inertia; 
D:   Damping matrix;  
K:   Stiffness matrix;  
B:        Input matrix for external torques. 

 
Because of potential safety hazards in performing 

modal vibration tests at low torsional modes, the torsional 
exciter used in these tests must be capable of supplying an 
external torque not only with an adjustable frequency, but 
also with an adjustable amplitude. In performing tests 
with shafts of large diameter as they are used in the shaft 
system of turbine generators or large flywheel generators, 
small torsional angles in the range of tenths of a degree 
can correspond to torque values in the range of 
Meganewtonmeters (MNm). This requires the application 
of a suitable measurement and protection system. At IPP, 
a direct torque measurement based on an inductive sensor 
operating without contact was chosen [9]. With such a 
sensor the torque can be measured with high accuracy and 
low operational effort because the sensor can be installed 
at a shaft location where the torsional mode is well 
observable while the rotating machinery is in operation. 
The estimated first natural frequency of the EZ3 shaft 
system was confirmed in performing an FFT 
transformation of the signal from a torque measurement, 
as shown in Fig. 3. The measurement was performed 
during the swing-out phase of a torsional oscillation after 
a continuous excitation with the set-up shown in Fig. 1. 
During the measurement the sensor was installed at the 
coupling between the generator rotor and the flywheel. 

 

B.  Dynamic performance of the exciter system  
For the modal vibration tests performed, the output 

power of the thyristor controlled DC circuit was 
minimized in operating the circuit at small DC output 
current, IDC = 450 A. This is the smallest current level at 
which dynamic tests can be performed because the 
thyristor converter modules of the IPP experimental 
power supply have nominal (short-time) currents above 
20 kA (no sufficient resolution of the current controller 
for a current modulation with too small amplitude). Fig. 4 
shows the excitation of a torsional resonance in the shaft 
assembly of flywheel generator EZ4 (220 MVA, 600 MJ) 
by means of a torsional exciter circuit as shown in Fig. 1. 
The first natural frequency of the EZ4 shaft assembly is 
26 Hz. This value and the mechanical characteristics of 
the EZ4 shaft assembly are similar to the ones of the EZ3 
shaft system. The first curve shows the inductor current iL 
which is modulated with a frequency of 26 Hz. uL is the 
thyristor converter output voltage and PL is the active 
power generated by the dynamically controlled DC 
circuit. PL corresponds to Pdist  in Fig. 1. The lowest curve 
is the torque measured at the EZ4 shaft assembly at a 
location between the generator rotor and the flywheel. 
Due to the low natural damping of the rotating steel 
structure (see frequency spectrum of the torque sensor 
signal shown in Fig. 3), the oscillating active power 
causes a slow but constant increase of the measured 
torque. In order to perform modal vibration tests on site, a 
compact (mobile) exciter system is necessary. The 
nominal (continuous) current of such a system should not 
be higher than 100 A so that standard (air-cooled) power 
electronic devices can be applied. Since the external 
pulsating torque must only be applied for a few seconds, 
it is sufficient to design the electrical circuit generating 
the oscillating power only for a short-time delivery of 
active power. That way, the excitation of a torsional 
resonance as shown in Fig. 4 can be achieved with a 
thyristor converter, transformer and inductor being 
designed for a nominal (continuous) current of 120 A 
(and a short-time current of 600 A).  

 

C. Parametrical study: Excitation of  the first 
        torsional mode in a rigid rotor shaft system  

In an earlier performed study, a numerical simulation 
model of the arrangement shown in Fig. 1 was derived 
and the results from numerical simulations were validated 
by measurement results at a DC current level of 5 kA [7]. 
The numerical investigations require a detailed model so 
that the non-linear properties of the synchronous machine, 
the thyristor converter and the control system can be 
considered. Since no experiments could be performed 
with DC currents smaller than the one shown in Fig. 4, 
investigations with small DC currents were performed by 
means of the validated numerical simulation model 
derived for generator EZ3 [7]. A typical simulation result 
is shown in Fig. 5. The simulations were performed 
assuming a lower DC component of  iL than in Fig. 4, but 

(7)

10 Hz

23.8 Hz

 

Fig. 3. Fourier analysis of EZ3 torque sensor signal 



a slightly increased converter output voltage which is 
modulated with a frequency of 24 Hz and an amplitude ûL 
= 1.7 kV (UDC = 200 V). The high DC component UDC can 
be explained by the type of inductor used in the 
simulations. Since the inductor being utilized during the 
tests at IPP is not of a standard type (a standard inductor 
would have a much higher ohmic resistance than the one 
shown in Fig. 1), an inductor with an inductance L = 100 
mH and a resistance R = 1 Ω was used in the simulations. 
Despite of the low current level and the fact that the 
power circuit of the simulated torsional exciter is based 
on standard components, it can be seen in Fig. 5 that a 
dynamic response of the shaft system can be achieved 
which is comparable to the one shown in Fig. 4. Even 
higher torques could be applied in utilizing a converter 
module with higher no-load voltage, e. g. Udi0 = 3 kV. 

 Due to the sharp resonance characteristic of the rigid 
shaft system, small changes to the excitation frequency 
can cause significant changes in the measured torque. If 
only small torques are generated, the torque signal 
resulting from the electro-mechanical excitation can be 
superposed by relatively high disturbance signals which 
make it difficult to achieve accurate measurement results 
– see lowest curve in Fig. 4. Therefore, the simulation 
model of the set-up shown in Fig. 1 is used to demonstrate 
the sensitivity of the EZ3 shaft system to a torsional 
excitation with a frequency near the first natural 
frequency. Instead of showing the sensitivity in the time 
domain, the rotordynamics can be better visualized in 
displaying locus diagrams of simulated electro-
mechanical excitations, such as the one shown in Fig. 5. 
In the locus diagram it is most advantageous to plot the 
torque generated in the shaft system versus a torsional 
exciter variable being 90° phase shifted, such as the DC 
inductor voltage uL. The optimum excitation is achieved if 
these two signals remain phase shifted with exactly 90° 
during the whole excitation process. Due to the operation 
of the six-pulse thyristor converter, uL is superposed by a 
sixth harmonic which can be recognized in Fig. 5. 
Therefore, instead of using uL in the locus diagram, the 
reference value for the thyristor converter output voltage, 

uL,ref is used. uL,ref corresponds to the fundamental 
component of uL which represents the time function of the 
externally applied torque, see Equations (5) and (6). Fig. 
6 shows the resulting locus diagram of the torsional 
excitation shown in Fig. 5. In order to show  the 
sensitivity of the shaft system to small changes of the 
fundamental frequency Ω of such an exciter system, the 
locus curves in Figs. 7 and 8 show an excitation with the 
same system parameters but an excitation frequency 
which differs by +/- 0.3 Hz.  The y-axis reflects the strong 
influence of the excitation frequency on the maximum 
achievable torque. The influence shown in Figs. 6-8 is in 
good agreement with the measurement result shown in 
Fig. 3. If an excitation frequency of 23.845 Hz was 
chosen, a completely axis-symmetrical  locus  diagram  
could  be  achieved and a torque value of 200 kNm could 
be reached after 1.5 seconds of torsional excitation. In 
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Fig. 6. Locus diagram corresponding to Fig. 5: Plot of the 

generated torque versus  the torsional exciter voltage 
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Fig. 4. Measured excitation of a torsional oscillation in 

the shaft system of flywheel generator EZ4 
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Fig. 5. Simulated excitation of a torsional oscillation in 
the shaft system of flywheel generator EZ3 
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contrast to this, a torque value of 160 kNm (135 kNm) 
cannot be exceeded if an excitation frequency of 24.1 Hz 
(23.5 Hz) is chosen. The locus diagrams in Figs. 6 and 7 
show that these maximum values do not depend on the 
duration of the excitation.   

IV.    A MOBILE TORSIONAL EXCITER FOR MODAL 
VIBRATION TESTS 

Drive systems of large rotor shaft assemblies are 
usually not  designed   to generate an oscillating active 
power with a frequency sufficiently high for modal 
vibration tests. If an existing drive system could fulfill this 

requirement, e. g. in case of an IGBT converter supplying 
a synchronous motor, it would cause much engineering 
effort to implement a dynamic control scheme for 
torsional vibration tests and to install all protection 
devices required for performing dynamic tests with a 
drive system which has been designed to operate at 
nominal power of the electrical machine.  Therefore, a 
separate electromagnetic exciter system is more 
advantageous. It can be designed to operate at low power 
and could be arranged as a modular, compact unit for 
flexible use in different applications involving large 
electrical machinery, e. g. in power plants, wind-electric 
power stations, industrial facilities, or marine drive 
systems.  The results presented in Section III are based on 
rotor systems with a simple structure. But a continuous 
torsional exciter for tests on site would be most 
advantageous in complex modal testing [5]. The 
possibility to apply this type of exciter to multi-mass 
systems has already been demonstrated [10]. An 
important advantage of the proposed torsional exciter 
system is that modal vibration tests can be performed 
without accessing the rotor system, i. e. such tests could 
be performed during normal operation of the test object. 
In order to avoid nuisance interactions with other 
equipment during the tests, they must be performed at low 
power level, e. g. less than one percent of the nominal 
power of the electrical machine. Then, a relatively long 
excitation period is required in order to achieve accurate 
measurement results. If the exciter is applied in the case 
of highly coupled rotating structures, like it is the case for 
different turbine generators in a power plant, precautions 
have to be taken in order to avoid that a rotating structure 
not being monitored is subjected to a relevant torsional 
stress. 

   As an example for a long lasting excitation with well 
defined frequencies, Figs. 9 and 10 show measurement 
results performed at generator EZ4 with an excitation 
power of less than 1 MW (EZ4 rating: 220 MVA). 
Considering that rotor systems with unknown oscillatory 
characteristics must be excited with even lower power 
than it is shown in Figs. 9 and 10, modal tests based on 
this exciter method can be time consuming, especially in 
case of shaft systems featuring sharp resonance points. 
But the application of a mobile electromagnetic torsional 
exciter system could be automated, as shown in Fig. 11. 
After connecting the power circuit of the automated 
torsional exciter to the three-phase system of the 
synchronous machine (turbine generator), the modal 
vibration test can be automatically executed by means of a 
programmable control circuit. The user can define a 
frequency range (e. g. 30 Hz ≤ Ω ≤ 80 Hz), a frequency 
step width (e. g. ∆Ω = 0.2 Hz) and a threshold for the 
maximum allowed torque. During the testing, long lasting 
exciter pulses are sequentially applied, similar to the ones 
shown in Figs. 9 and 10. The difference in frequency 
between consecutive pulses is ∆Ω.  If the pre-defined 
threshold for the measured torque is reached, the 
corresponding pulse is terminated and the values achieved 
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Fig.  7. Plot of the generated torque versus  the torsional 
exciter voltage (exciter frequency: 24.1 Hz) 
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Fig.  8. Plot of the generated torque versus  the torsional 

exciter voltage (exciter frequency: 23.5 Hz) 
 



are stored on disk. In the range of critical frequencies 
modal vibration tests with a smaller  frequency  step width 
can  be  performed  in  order  to  determine the oscillatory  

 characteristics of the rotating structure more precisely. 
Especially the first test  sequences being performed at low 
power  could  be  automatically  controlled.  One  type  of  
 

  

 
 

Fig. 9. Measured torsional excitation of generator EZ4 with a frequency of 26 Hz 
 
 

 
 

Fig. 10. Measured torsional excitation of generator EZ4 with a frequency of 25.667 Hz 
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Fig. 9. Measured torsional excitation of generator EZ4 with a frequency of 26 Hz 
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design  of  the  torsional  exciter could be applied to many 
different applications if the transformer of the power 
circuit is designed as a matching transformer. Since the 
mobile exciter system can be applied on site and the 
rotating machinery can be operating during the tests, the 
automated test procedure may be an attractive alternative 
to conventional test methods. 
 

V. CONCLUSION 
 

A torsional exciter for on-site testing of large rotating 
machinery has been developed and applied to the rotor 
shaft systems of two large flywheel generators belonging 
to IPP`s experimental power supply. The power circuit of 
the excitation device is based on a feedback controlled 
buffer storage of magnetic energy being loaded and 
unloaded by means of transforming rotational energy 
from the rotating shaft assembly. Because of this design 
feature an external power source is not required and the 
torsional exciter can be designed as a compact (mobile) 
system for universal application to various shaft 
assemblies featuring a three-phase motor or generator. 
Depending on the design of the power circuit, this type of 
device can be used to generate a continuous torque with 

adjustable frequency (up to hundreds of hertz) and 
amplitude (corresponding to a power in the range of 
kilowatts or megawatts). Since this exciter needs no 
fixture to the rotating shaft, it can be applied to shaft 
systems rotating with high speed or shaft systems which 
must stay in operation while the vibration testing is 
performed. This requires test runs with low power which 
may be time consuming but can be performed by means 
of an automated torsional exciter system. Such a system 
can sequentially generate long lasting exciter pulses being 
followed by a cool down period of the power circuitry.  

This type of mobile exciter system can also be applied 
for acceptance testing of new rotating machinery on site 
(for instance in wind power stations). In this application a 
defined torque (ranging from tens of kilonewtonmeters to 
meganewtonmeters) could be generated at critical 
locations of the rotating shaft system, the torque 
representing an overload which may occur under extreme 
operating conditions. High torque values can be generated 
at various locations of the rigid rotor shaft system in 
exciting the system with low power but a frequency 
corresponding to various natural modes of oscillation. 
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Fig. 11: Schematic of an automated torsional exciter 
for modal vibration testing of a turbine-generator 




