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ABSTRACT 
 
Exciter or actuator is emerging as a new machine element in modern rotating machinery, 
because of its cost effectiveness, i.e. extra benefits acquired by such a new installment. 
In fact, there are a few special commercially available products equipped with exciters 
such as the dynamically tuned gyroscope and the active magnetic bearing spindle. Some 
of the obvious benefits are: an exciter can be used as an active bearing, an active 
balancer, and an actuator for in-situ identification and scenario (planned diagnostic) 
tests. This work extensively discusses the benefits that can be gained by introducing 
exciter(s) in rotating machinery. There is always a trade-off between the cost and the 
benefits with any new installments. However, if the benefits earned at the expense of 
installation of new exciters in a machine may even out the cost, such exciters will be 
considered as an important element of the machine.  
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1. INTRODUCTION 
 
1.1 Sensors are already an essential part of modern rotating machines. 
 
Rotating machinery nowadays is mostly equipped with sensors as well as such 
functional elements as blades, bearings, seals, dampers, etc. The number of sensors 



mounted in a machine is even drastically increasing as the machine condition 
monitoring and diagnosis technique advances. However, up until the massive 
production of commercial sensors, particularly the proximity probes and piezo-electric 
accelerometers, prevailed, installation of sensors in a machine for monitoring the 
machine conditions or health has normally meant a cost, implying that the benefits 
earned by such an expensive sensor system used to be far less than the installation cost. 
Since then, the situation has been reversed, as the rotating machines tend to become 
large in size and to operate at high speeds, thus requiring more reliability and safety in 
operation than ever. In addition, the benefits acquired by placement of even redundant 
sensors in a precision operating machine get far exceeded by the advent of the PC based 
computer technology and the development of effective machine condition diagnostic 
systems. Now, employment of a diagnostic system with many sensors in a new machine 
or replacement of the existing diagnostic system in a machine in service by a new 
system is becoming a matter of option, leveling the trade-off between the cost and the 
benefits.  
 
In a modern power unit, it already has become a practice to place a pair of vibration 
sensors at a location so that the orbital trajectory of shaft, that is one of the essential 
information in diagnosis of rotating machines, can be measured. Such vibration sensors 
are normally placed at more than a dozen of selected shaft locations as well as most of 
bearing locations, requiring careful considerations for selection and machining of shaft/ 
bearing sensor planes at the design and manufacture stages. In a sense, measurement of 
rotor vibrations became an important part of the design specifications, not just an 
appending job description.  
 
1.2 Balancing planes are an essential part, too. 
 
On the other hand, as the modern rotating machinery has the tendency of operating at 
higher speeds than ever, such machines should safely pass through several, at least, 
critical speeds including flexural critical speeds before they get to the service speeds. 
The operation of a machine beyond its flexural critical speeds requires then the so-
called multi-plane balancing either in a balancing shop or at site for safe and quiet 
operation. Modal balancing and influence coefficient methods are the most common 
multi-plane balancing techniques used nowadays. The number of trial runs, or the 
balancing effort, depends directly on the number of balancing planes as well as the 
number of sensor locations. Thus the modern high speed rotating machinery tends to be 



equipped with many balancing planes, whose optimal locations are carefully selected at 
the design stage of the machine. Figure 1 depicts a typical commercial turbine rotor that 
has four built-in balancing planes with two sensor locations [1].  

Figure 1. Typical Turbine Rotor [1] 

 
 
1.3 Exciter/actuator as a new machine element. 
 
Along with the similar concept to the usage of sensors in modern rotating machinery, 
we can develop the rationale to employment of an exciter or exciters in a rotating 
machine. Although some investigations have recently done with the feasibility of 
introduction of an exciter in a machine either to control the machine vibration or to 
identify its system parameters, it is true that there have been raised much doubt among 
many researchers and engineers about its practicality, particularly the cost of installation 
of such exciters in an existing machine. As discussed before, it is again a trade-off 
problem between the cost and the benefits. If the benefits earned at the expense of 
installation of new exciters in a machine may even out the cost, such exciters will be 
considered as an important element of the machine. Then, the design engineers of 
rotating machines will even further reduce the cost of installation of exciters by 
reflecting their optimal functions properly at the design stage of new machines.  
 
1.4 Rotors with exciters. 
 
Although it is not popular yet to find rotating machines equipped with exciters, there are 
a few special commercially available products such as the dynamically tuned gyroscope 
(DTG) [2] and the active magnetic bearing (AMB) spindle [3], as shown in Figures 2 
and 3, respectively.  A pair of torquers rebalances DTG as external moments or angular  
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movements angularly disturb it. The 
torquers are the exciters, which generate 
torques to balance the rotor. A pair of 
AMBs levitates a spindle by the 
balanced electro-magnetic radial forces 
generated from two opposite magnetic 
coils. AMB is also used to control or 
reduce the radial and axial vibrations 
caused during operation.  
 

Figure 2. Dynamically Tuned Gyroscope [2] 

 
This paper extensively 
discusses the benefits 
that can be acquired by 
introducing exciter(s) 
in rotating machinery. 
This idea can also be 
extended to general 
non-rotating machines 
and structures. The 
only difference 
between rotating and 

non-rotating machines is that the exciters used for rotating machines ought to be often 
of a non-contacting type. In this paper, an electro-magnetic exciter is particularly of 
interest, although it is not limited to such a case.  
 
2. BENEFITS OF BUILT-IN EXCITERS IN A ROTOR SYSTEM 

 
2.1 Active bearing/actuator 
 
An exciter can be used as an active bearing, which can either replace an existing rolling 
element/fluid film bearing or work as a vibration control device [4]. A typical example 
of the former case is the magnetic bearing as shown in Figure 3, which has been widely 
used in industry due to its frictionless and lubrication-free characteristics. A magnetic 
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Figure 3 Active Magnetic Bearing System [3] 



bearing can change its bearing parameters, depending upon its control strategy, although 
most of commercial units possess fixed control gains. The control gains are normally 
tuned so that it can introduce enough damping to the rotor system. The relatively low 
stiffness of replaced magnetic bearing compared with rolling element/fluid film 
bearings of a same size may deteriorate the support of the machine payload. In that case, 
extra placement of such exciter as a vibration control device (an actuator or an active 
damper) is recommended.  Due to the great difference in payload, the latter device can 
be made smaller in size, requiring less power consumption, than the former. Figure 4 
shows a typical configuration of electro-magnetic exciter, which can be used as an 
actuator, an active vibration controller. As shown in Figure 5, the vibration of a flexible 
rotor can be drastically reduced by an electro-magnetic actuator particularly in the 
vicinity of the flexural critical speeds. Note that the rotor could have been operating 
right at the critical speed with the aid of the actuator. 

�

Figure 4. Schematic of electro-magnetic exciter: (a ) front and (b) side views [4]. 

�

Figure 5. Controlled response of a flexible rotor by an active electro-magnetic actuator [4] 



2.2 Active balancing 
 
It has been analytically and experimentally well proven that modal balancing of a 
flexible rotor requires only a single balancing head, whose configuration changes to 
balance out the modal unbalances associated with different modes as the rotational 
speed changes [5,6]. Thus an exciter can be used as an automatic modal balancer, which 
identifies the modal unbalance at each critical speed and balances it within its physical 
power limit, unless the exciter sits right on any of the nodes associated with the modes 
of interest. This idea of modal balancing for all modes of interest can also be extended 
to the dynamic rigid balancing (often referred to as the two-plane balancing) of rotors, 
that normally requires two separate passive balancers. The two-plane balancing can be 
achieved by a single active balancer in the exactly same way as in the flexible modal 
balancing. If we had two properly located active balancers, they can completely balance 
out residual unbalance without changing their configuration as done by the conventional 
two-plane balancing method. In addition, since the exciters, now the active balancers, 
are actively controlled, any change in unbalance of a rotor can be detected and corrected 
automatically during operation, maintaining the required balance grade. Figure 6 is the 
schematic of a typical balancing head, an automatic balancer, which is equipped with 
two independently driven correction unbalance planes. Figure 7 demonstrates that a 
single balancing head can successfully balance the second flexural modal unbalance, 
implying that a flexible rotor can be safely run through as many flexural critical speeds 
as desired. In the experiments, the unbalance response of 45 mµ  was set as the 
threshold level so that, as the rotational speed is incremented and the unbalance  

�

Figure 6. Schematic of balancing head [6]�



response exceeds the threshold, the influence coefficients are recalculated before the 
active balancer is activated. Note that the electro-magnetic exciter shown in Figure 4 
can be conveniently used for modal balancing as an alternative to the mechanical device 
shown in Figure 6, as will be explained later. 
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Figure 7. On-line controlled unbalance response by a balancing head passing through the 2nd 

flexural critical speed [6] 

 
2.3 In-situ identification 
 
One of the most popular structural identification schemes utilizes modal testing, which 
has normally been restricted to linear system identification, but has recently been 
evolved to identify a class of non-linearity present in a structure/system. For effective 
modal testing of structures, there have been developed various types of excitation 
techniques: impact, sine, sine sweep, random, pseudo-random, burst random, periodic 
random, chirps, and so on. In addition, a particular type of excitation techniques has 
also been proven very effective for modal testing of rotating machinery [3,7]: 
uncorrelated isotropic random, directional (rotating) random, modulated random, etc. 
Once the modal parameters of a structure/machine are identified through extensive 
modal testing procedure, the physical parameters can be constructed based on the 
acquired modal data, including modal frequencies, dampings and mode shapes. The 
identified physical parameters may indicate any malfunctions or ill conditions in the 
structure/machine. The most beneficial advantage with installation of an exciter in a 
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rotating machine is that the identification process can be done during the machine 
operation, provided that the excitation level is limited within the machine operational 
allowance and yet it is significant enough to extract the necessary information from the 
resulting vibration signals. The identification can be performed, regularly or irregularly, 
whenever necessary. 
 
The single gimbal DTG is a typical example of asymmetric rotor with inherent rotating 
inertia asymmetry. And the identification of the rotor and gimbal inertia parameters is 
known to be important for the precise compensation of drift errors or the proper design 
of DTG for strapdown use, since large part of drift errors are functions of the rotor and 
gimbal moments of inertia [2]. Thus every unit has to be checked for drift error 
compensation before shipment. It has been suggested in [7] that experimental 
identification of such inertia asymmetry, rather than the conventional elaborated drift 
error measurement, can be easily achieved by using the built-in torquer system as the 
exciter system for modal testing of the DTG, particularly the complex modal testing 
developed for rotating machinery. 
 
Figure 8 shows the typical model-based diagnostic system [8] proposed for rotating 
machines in power plants. The success of the diagnostic system, however, depends 
heavily on not only the accuracy of the analytical or computational model but also the 
quality of the collected vibration data. In theory, any physical change in a machine is 
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reflected in its operational vibration response, so that we can detect such a change solely 
from the vibration data. In practice, however, such operational vibration often fails in 
revealing a minor change in system parameters, because all the excitations are due to 
the shaft rotation.  It is not a surprise that a carefully planned excitation can extract 
more information of the system than a natural, rotation-related, excitation. 
 
 
2.4 Scenario Tests 
 
Scenario test is the identification routine performed according to a planned ‘scenario,’ 
which may be called an active diagnostic test. For the scenario to be meaningful, there 
may be two stringent requirements: availability of a rotor system model, which can 
predict the response of the interested rotor system to disturbances with fair accuracy, 
and an excitation device, which can generate appropriate forces or disturbances required 
by scenario.  
  
Figure 9 is a new version of the previous model-based diagnostic system when it is 
equipped with an exciter system. The new system is different from the previous one in 
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that the diagnostic system works with the rich system information generated by 
carefully planned, or scenario, tests, making a full use of the built-in exciter system.  
 
On-line or off-line scenario tests can be designed with the exciter system to identify 
modal unbalance, runouts, system parameters; to detect such defects as cracks, 
misalignments, rubs, etc.; to actively control the transient and steady-state vibrations, 
including the unbalance responses, of interest along the shaft. With multiple exciters, 
the contents of the scenario tests may be enriched, but it is not sure yet if it is really 
worth employing more than a single exciter. The scenario tests are worth being carried 
out, when they are designed to enhance the analytical or numerical rotor system model. 
As the modeling accuracy is increased, the reliability of the diagnostic system increases, 
too. Eventually, the model will become a virtual rotor system. Once a reliable virtual 
rotor system model is constructed, not only the system malfunctions are well detected, 
but the system behavior under any, expected or unexpected, loading situations can be 
precisely predicted and thus any harmful situations will be appropriately avoided. 
 
3. APPLICATIONS OF SCENARIO TESTS 
 
There will be numerous examples of scenario tests: some are already in use, but many 
are yet to be invented.  
 
3.1 Balancing - forward synchronous excitation 
 
Balancing is perhaps one of the oldest techniques, which has been extensively used in 
rotating machine industry. Balancing theories have also been well developed for both 
rigid and flexible rotors, which essentially utilize the so-called influence coefficients 
identified based on trial test runs. Although the number of balancing planes depends 
upon the number of interested modes, selected balancing speeds and sensor planes, it is 
more than one, except for the simple static balancing case. Balancing planes are not 
active in the sense that, once proper correction unbalances are implemented on 
balancing planes, they are not to be changed at will until the next balancing routine 
starts. The reason why we need four balancing planes in Figure 1 is that balancing 
planes are not active. It has been proven that a single active balancing plane is enough 
to balance any types of rotor, at least, in theory, as demonstrated in Figures 6 and 7. 
With the use of an active balancer, influence coefficients can be identified through a 
trial run in the same way as in the static balancing and modal unbalance correction can 



be achieved in the vicinity of every critical speeds of interest. In conclusion, balancing 
is perhaps one of the simplest and yet most powerful scenario tests using an actuator. 
 
3.2 Runout identification/compensation - multiple harmonic excitation 
 
The idea of balancing, which utilizes only the forward synchronous excitation for 
simulation of unbalance, can be easily extended to identification of runouts, which 
comprise of integer multiple harmonic components, synchronous to the rotation. 
Influence coefficients can be defined to account for each harmonic component and 
obtained in a similar way to the static balancing procedure [9]. In-situ identification of 
runouts is particularly important when the runouts vary with respect to the operation 
speed, due to the inherent band-limited sensor/amplifier dynamics and feedback 
mechanism. 
 
3.3 Modal testing-random excitation  
 
Modal testing has been widely adopted for identification of linear or nonlinear 
structures. Unlike non-rotating structures, rotating machines have rotor part in addition 
to stator part. Some investigators have succeeded in modal testing of rotors in operation, 
but the testing schemes essentially remained the same as before [10,11,12]. However, it 
has been clearly proven that the rotor dynamics is quite different in nature from the 
structural dynamics, requiring a different approach for modal testing [13]. For example, 
the rotor part with rotating asymmetry induces time-varying, periodically excited 
parameters into the equation of motion.  Rotating asymmetry of such asymmetric 
rotors results from various sources: shaft stiffness asymmetry may be caused by crack 
development; inertia asymmetry may be due to the inherent design problem as seen in 
case of the single gimbal gyroscope. Note that there also exists stationary asymmetry in 
the stator part of anisotropic rotors, which may be due to inherent bearing/pedestal 
characteristics. Thus it becomes often important to identify the degree of stator 
anisotropy and rotor asymmetry in order to diagnose the machine conditions. There 
have been extensive investigations on identification of such properties by employing the 
complex modal testing which essentially adopts the complex forces and responses to 
describe the planar whirling motion of rotor shafts [3,13]. The directional frequency 
response functions (dFRFs) defined between the complex forces and responses are the 
key feature of the complex modal testing of rotating machinery [13,14,15]. In particular, 
the reverse dFRFs are known to be a powerful indicator of presence of asymmetry and 



anisotropy.  
 
Figure 10 shows a typical crack detection system equipped with a pair of exciters for 
complex modal testing so that the reverse dFRFs can be well estimated [16]. For an 
open cracked rotor, modal testing alone will suffice to detect the crack development. 
However, for a breathing cracked rotor, modal testing may fail in effective identification 
of crack, since essentially such a rotor will behave as a nonlinear time varying system. 
To resolve such a problem, a scenario test, consisting of random excitation of the rotor 
superimposed with the unbalance excitation, may be required so that the 
opening/closing of crack is under control. 

 
For example, the forward synchronous (unbalance) excitation can be given to a 
breathing cracked rotor with its magnitude and phase varied, while the response 
characteristics of the rotor due to the opening and closing of crack is observed. Then, 
the magnitude and phase of the forward synchronous excitation required to leave the 
breathing crack completely open or closed can be easily determined. With the 
completely open and closed cracked rotor, a series of modal testing schemes can be 
applied to check the crack opening angle, location and growth rate, since the modal 

Figure 10. Schematic of the System for Detection of a Cracked Rotor 
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testing for such time-invariant, linear rotor systems are already well developed. Figure 
11 illustrates the scenario test required for detection of breathing crack in a rotor.  
 
The two pairs of facing electro-magnets (marked 1, 2, 3 and 4 in Figure 11) can easily 
generate a rotating harmonic excitation to the rotor, synchronous to the rotation, but 
with arbitrary phase and magnitude. Thus, the generated force can be used as the 
correction unbalance as well as the trial unbalance for calculation of influence 
coefficient, as previously cited in section 2.2. 
�

�

3.4 Combined excitations 
 
Complex modal testing methods have been well developed for asymmetric rotors or 
anisotropic rotors, whose equation of motion can be converted into a constant parameter 
differential equation. However, when a rotor possesses, in general, asymmetry as well as 
anisotropy properties, the corresponding equation of motion is characterized by a time-
varying parameter differential equation, so that modal testing of such a system is not 
even clearly defined, unlike the time-invariant system. Operational response of a rotor 
system to such common excitation sources as the unbalance and gravity forces is 
characterized by the presence of 0X and +1X harmonics for an isotropic rotor, -1X, 0X 
and +1X harmonics for an anisotropic rotor, 0X, 1X, and 2X harmonics for an 
asymmetric rotor, -1X, 0X, 1X and 2X harmonics for a general rotor. Thus, at least in 
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theory, such operational response can tell about the development of asymmetry and/or 
anisotropy of a rotor system. However, the naturally induced responses tend to be not 
strong enough for practical applications. Among others, a combination of gravity and 
forward synchronous excitation can be a good candidate for clear diagnosis of 
asymmetry and/or anisotropy of a general rotor [13]. The level of excitation can be 
properly adjusted so that the clear observation of the rotor properties is guaranteed 
while the safe operation of the rotor is ensured. 
 
3.5 Other types of excitation 
 
Any types, linear or nonlinear, of system parameters and faults can be effectively 
identified by inventing unique excitation techniques, which can be combinations of the 
above techniques or totally new ones. The success of the techniques essentially relies on 
the accuracy of the associated models: models of crack, misalignment, rub, and so on. 
 
  
4. PROSPECTS 
 
So far, the benefits earned at the expense of installing exciters in rotating machines have 
been discussed and some of the available excitation techniques have been suggested. On 
the other hand, the costs, which may be incurred by installation and operation of 
exciters, should not be overlooked. Re-design and manufacture of many, if not the 
whole, rotating machine components in favor of newly introduced exciters, operation of 
exciters equipped with force sensors, enhanced signal processing units, etc. are the 
typical sources of extra costs to the existing systems. However, if such benefits exceed 
such costs, the design, operation and condition monitoring concept of rotating machines 
will be totally changed and the exciters may be considered as an important element of 
the machines. Then, the design engineers of rotating machines will even further reduce 
the cost of installation of exciters by reflecting their optimal functions properly at the 
design stage of new machines.  In order to speed up the implementation of such a 
device in rotating machinery, the system/fault modeling, actuator design, diagnosis 
techniques should be further enhanced. 
 
With the help of exciters installed in rotating machines, the scenario tests are worth 
being carried out, in particular when they are designed to enhance the analytical or 
numerical rotor system model including the disturbances. As the modeling accuracy is 



increased so that the model evolves toward an ultimate rotor, a virtual rotor system, the 
reliability of the active diagnostic system increases. Once a reliable virtual rotor system 
model is constructed, not only the system malfunctions are well detected, but the system 
behavior under any, expected or unexpected, loading situations can be precisely 
predicted and thus any harmful situations will be appropriately avoided. 
 
One of the most expensive parts in an exciter system perhaps will be the sensor unit, 
which measure the transmitted (generated) forces by the exciters. Traditionally, strain-
gauge or piezo-electric type load cells have been widely used to measure the forces, but 
they often turn out to be cost ineffective, requiring a relatively large space for 
installation. On the other hand, the economically priced and miniaturized Hall sensors 
are nowadays commercially available so that measurement of magnetic flux and thus 
force generated by electromagnetic exciter can be easily achieved [17]. Among others, 
electro-magnetic exciter, which is of non-contacting type, can indeed be an excellent 
choice for practical use in rotating machines.   
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