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Abstract. A magnetic bearing exciter is attached to the rotor-bearing system, to exert an
asynchronously rotating force on the rotor to excite the first forward mode. And the half-power
point method is developed on the basis of displacement response function, where displacement
response data is needed only to identify the frequency and damping. The simulation results show
that the method can effectively identify the damping with speed and white noise interference. The
experiment results show that the damping radio decreases with increasing rotational speed. It has a
good engineering application prospects.

Introduction

Centrifugal compressor instability remains a major concern causing reduced unit availability and
project commissioning delays, leading to revenue lost for both users and vendors of the equipment.
The evaluation of rotor stability has become an essential part of rotordynamic analyses and rotating
machinery design. The damping ratio is an important index to use when evaluating stability of the
rotor system. It is defined by the API Standard 617 [1] as “Stability analysis is the determination of
the natural frequencies and the corresponding logarithmic decrements of the damped rotor/support
system using a complex eigenvalue analysis.”

To determine the damping of the damped rotor/support system under operational conditions,
many researches have been done. Multiple output backward autoregression (MOBAR) method was
proposed by C. Hunter Cloud [2] for estimating the damping ratio of complex systems. When
stability measurements were performed by the Dresser-Rand [3], Sulzer Turbo Ltd [4,5] and Hitachi
Plant Technologies Ltd[6] , a magnetic bearing exciter was used. Particularly, extensive stability
measurements were performed in Sulzer Turbo Ltd [4], the damping ratio was evaluated by the
circle fit method and good results had been achieved.

In this paper, a magnetic bearing exciter is attached to the rotor-bearing system, to inject an
asynchronously rotating force into the rotor to excite the first forward precession mode. And we are
developing the half-power point method on the basis of displacement response function, where
displacement response data is needed only to identify the frequency and damping. And we
conducted a theoretical derivation and the simulation using this method. Finally, to research the
relationship between rotational speed and damping, the damping test on the bedstand at various
speeds. Experimental study demonstrates, the damping radio decreases with increasing of rotating
speed in a rotor-bearing system.

Theoretical derivation
In general, consider a single-degree-of-freedom system subject to an excitation, the differential
equation of motion is:

mi(t) + cx(t) + kx(t) = f£(¢) (D
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where m is known as the mass, c is the damping and k is the stiffness. x(t) is the vibration
displacement of SDOF system and f(x) is an excitation.
Fourier transform to Eq. (1), it can be obtained:
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®, 1s called the undamped natural frequency (radians per second), ¢&is a nondimensional parameter,

called damping ratio or damping factor.
Therefore, the displacement frequency response function of SDOF system can be expressed as:

x(w) 1

H,(v)= = 5
/(@) F(w) m(o] —o’ +2jéw,w) )
And the magnitude of displacement frequency response function can be written as:
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It reflects the relationship between the amplitude of displacement frequency response function
and the frequency o of the excitation applied to SDOF system.
In Eq.(1), take f(¢)=F,sinwt to represent a frequency-sweep force, Fjis the excitation

amplitude, the frequency o of excitation gradual changes in the frequency domain containing the
system resonance frequency band. We can obtain the following equations:

¥(t) + 2Ew X(t) + ) x(t) = 5sin ot (7)
m

The special solution of Eq. (7) can be written in the form:

x(t) = Asin(wt — @) ()
where
A= & ©)
m(@} — &) +(2éw,0)°
and
@ =tan"' 22&00(02 (10)
@, — W

In Eq. (9), it reflects the relation between the amplitude of displacement response function and
the frequency @ of the excitation.
Compare Eq. (6) and Eq. (9), the following holds:

A=F,|H (o) (an
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where Fjis a constant. Therefore, within the frequency domain ® of frequency-sweep force, the
frequency in the half-power point on the amplitude-frequency response curve of displacement
response function is equal to that in the half-power point on the amplitude-frequency curve of
displacement frequency response function. That is, the damping ratio can be calculated by using the
half-power point method on the amplitude-frequency response curve of displacement response
function. Eq. (9) expressed the displacement response function of frequency response curve shown
in Figure 1.
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Fig. 1. The amplitude-frequency response curve of displacement response function

The frequency @), corresponding to the peak of amplitude-frequency response curve, can be

calculated by the method of extremum in Eq.(9). The following is obtained:

W) = 0= wy1-2&° (12)

When & <0.1, it can be considered that @] = @, .

In the half-power point, the magnitude of the displacement response function can be expressed

as:
R, Ay 1R 13
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The solution can be obtained:
0~ (1 —E) (14)
OpL=Wg (14{;) (1 5)
So, it can be got:
£=2 "% (16)
2w,
Simulation

Considering a single-disc rotor system. Assuming the shaft is massless, and take the mass of rigid
disc m=25kg, viscous damping c=5000N-m/s, stiffness k=6.3x10°N/m. So, the natural frequency
f;=80HZ and damping ratio &£=19.9%. And the rotational speed is 2400rpm. Apply a
frequency-sweep force (the frequency range from 20HZ to 120HZ) to the system with white noise
or not add white noise interference.
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The time signal of vibration response to be obtained, and then fast Fourier transformed(FFT).
Within the sweep frequency range, the vibration response caused by the excitation is extracted in

frequency domain. The amplitude-frequency response curve of displacement response function can
be plotted and fitted by the least square method, shown in Figure 2.
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Fig. 2. The amplitude-frequency response curve of displacement response function

By the half-power point method, it can be obtained: with white noise, fp=79.78HZ, £&=20.32%;
without white noise, f=78.61HZ, £=20.47%. By contrast, we can get the conclusion that this
method can effectively identify the damping with speed and white noise interference.

Experimental Research

Test Procedure. Test bed structure is shown in Figure 3. To research the relation between rotational
speed and damping, the damping test on the bedstand at 1500rpm, 1800rpm, 2100rpm, 2400rpm,
2700rpm, 3000rpm, 3300rpm. In the test, the first natural frequency is excited asynchronously. A
magnetic bearing exciter is attached to the rotor-bearing system, to inject an asynchronously
rotating force into the rotor to excite the first forward precession mode. The shaft response is
measured while running the magnetic force excitation frequency through the natural frequency of
the rotor, to extract the amplitude-frequency response data of displacement response function.

(1) electric spindle (Z) oil fitm bearings
(2) active magnetic bearing flywheel
(5) kev-phase sensor (&leddy current transducer

Fig. 3. Photograph of experimental system

As shown in Figure 4 the damping ratio measurements are carried out by applying a harmonic
force with a sweep over a frequency range from 10Hz to 110Hz. To avoid any distortion of the

measured resonance curves a frequency increase rate of 1 Hz/sec is defined. The level of the
excitation force was adjusted in order to ensure high quality responses.
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Fig. 4. Power Signal of the Magnetic Bearing Exciter

Test Results. Figure 5 shows waterfall plots of the rotor while exciting the forward precession
mode. It can clearly be seen that the rotor speed remains constant while the injection force sweeps
through the frequency range resulting in a peak response at the first rotor natural frequency. The
results of the evaluation are visualized in the amplitude-frequency response curve of displacement
response function. Figure 6 shows an amplitude-frequency response curve for the originally
measured data and the curve fit superimposed. The damping ratio is determined by fitting the best
curve through the plotted points for each resonance with the half power point band. The results of
damping ratio measurements, Figure 7, show that the stability of the rotor system measured has
change at different speeds. The most remarkable result on the measured damping curves is, the
damping radio decreases with increasing of rotating speed. It is the same as expected. As rotational
speed increases, the swirling fluid in oil-film bearings gaps leads to cross-coupled stiffness growth,
which reduces the damping of the forward mode.
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Fig. 5. Waterfall Plot of test process at 2700rpm

Conclusions

(1)The method to identify damping is proposed. Displacement response data is needed only to
identify the frequency and damping ratio while running the magnetic force excitation frequency
through the natural frequency of the rotor.

(2) The simulation results show that the method can effectively identify the damping with speed and
white noise interference.

(3) The experiment results show that the damping ratio decreases with increasing of rotating speed.
(4)This method is simple, reliable, and suitable for damping ratio measurement of rotating
machinery under operational conditions. So, it has a good engineering application prospects.
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Fig. 6. The amplitude-frequency response curve of displacement response function at 2700rpm
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Fig. 7. Measured frequency and damping ratio
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