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ABSTRACT

An active magnetic bearing (AMB) system has
been successfully developed for turbine expander
by our laboratory. Dynamic characteristics of the
system are studied by theoretical analysis and
experiment investigation in this paper. The
relationships among stiffness, damping, stability,
innate frequency and control parameters are
discussed. The results show that the scope of the
stiffness and damping of the AMBs s limited by the
system stability. Both the cylindrical and conical
innate frequencies are sensitive to the control
parameters, while the first innate bending frequency
is less sensitive. On the other hand, the adjustment
of the control parameters and the increase of the
damping of the AMBSs can restrain vibration of the
rotor rotating at the cylindrical and conical innate
frequencies, while the damping of the AMBs is too
little to keep the rotor rotating normally when the
rotor operates near the first bending innate
frequency.

INTRODUCTION

Compared with traditional bearings, AMB has
many advantages, such as noncontact supporting
and active control capabilities. The number of AMB
equipped rotating machines has been increasing
remarkably in the last few years[1].

AMB is mainly applied on rigid rotor system,
and now gradually applied on flexible rotor system
[2]. However, there are many difficulties for AMB

to be applied on practical flexible rotor system. The
magnetic bearing system may have extremely light
damping [3], which can not restrain the vibration of
the rotor when it passes the bending critical speeds.
So-called non-co-location problem of sensor and
electromagnet in radial AMB usually occurs due to
limited space around the rotor and it could cause the
entire rotor system instability especially combined
with 1% and 2" bending mode [4].

Modern control theories, i.e., the LQR theory,
H¥ theory, sliding-mode theory and so on, are
prepared for the optimal control design for the servo
feedback system. However, it seems that they are
too general for practical use of the high-speed
flexible rotor, and the passage of the bending mode
is generally difficult [2]. Specia
approaches have to be adopted for practical system

resonance

to pass the bending critical speed, sich as Feed
Forward excitation method [2, 58], Ncross method
[2], disturbance observer [9], HB type magnetic
bearing [10], averaging and actuator
averaging [4]. To avoid encountering this kind of
problem, some application
rigid-rotor-design method [2, 11].

This paper presents our practical AMB system

sensor

instances  adopt

developed for turbine expander, whose flux of
atmosphere is 3200nt/h, and the rotor reaches
30000r/min. In this application, the rotor is about 13
kilogram, and is fully supported by the AMBsin all
five degrees of freedom. Ten eddy-current sensors
are used to detect the displacements of the rotor in
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five degrees of freedom in a differential structure,
and another one sensor is used to detect the rotation
speed of the rotor. TMS320F240 is engaged here as
the hardware of the controller, and the classic PID
control layout is used. Five switch power amplifiers
are used to drive the currents through the wires, and
the power supply of each switching amplifier is 150
volt. The maximumcurrent in each coil is5ampere.
Also, the rigid-rotor-design method is adopted
in the design of turbine expander in order to avoid
encountering the problem of flexible rotor. This
paper discusses the dynamic characteristics of the
practical AMB system, when the rotor rotates near
the 1% bending critical speed. Analysis and
experiment results are presented in detail .

SYMBOLSAND NOTATIONS

kyi: current stiffness coefficient

As: plus coefficient of sensor segment

Ts: time constant of displacement segment
Ay: plus coefficient of amplifier segment

Tp: time constant of power amplifier ssgment
kp: proportional coefficient of controller

ki: integral coefficient of controller

kq: differentia coefficient of controller

Tq: differential time coefficient of controller
ix, iy: control currentin AMBs of x, y freedom

MODEL OF MATHEMATICS

In the AMB rotor system, X, y, z j, y ae
freedom,
introduce

displacements in five degrees of

respectively. For convenience, we

non-dimensional parameters as follows,

Xx=x/d,, y=y/d,, [ =],

y =y, Lo=ifig, 1, =iy /[io
where, ig is average control current, do average
diameter. The rotor is divided into a set of nodes,
and the total number of nodes is 31. The magnetic
bearings are on the 11" and 22" node, respectively.
Non-dimensional equation of the system can be
written asfollows,

€0 M O0U éM 0 o0u
€ — = u,, e — - Uu
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where, R=[R,R,,R,]", M,C and K are

non-dimensional matrixes of mass, damping, and

stiffness, respectively. K, is related to kq. K

711

K

,or Kg, K, and K arefunctions of As, Ts,

Ap, Tp, kp, Ki, kq and Tg.
Here,
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CALCULATION RESULTS
Control parameters of the system are shown as
Tablel.

TABLE 1: Control parameters of the System

ko ki Kg Ta (s)

Thrust — "

i 14 106 22 10° 46 10
Bearing

Radid . .3 . 5

i 38 3B5 14 10° 20 10
Bearings

Within 0~100000rpm, the calculation results of
the innate critical speeds are shown asfollows,
N, =4310rpm, N, =6100rpm,
N, =37740rpm, N, =74940rpm
The corresponding rates of logarithmic attenuation

are asfollows,
d, =0.988, d, =1.02,

d,=587"107, d, =0.111
Varying kp and kg, the relationships of critical

speeds to the k,, and kq can be obtained as Fig.1.

EXCITING VIBRATION TEST
Inthe Test 1, Test 2 and Test 3, therotor is
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HGURE 1: Sensitivity of critical speedstok, and kg

supported by AMBs normally, and the control
parameters with various differential parameters are
shown in Table 2. Adding sinusoidal signal with
various frequencies to the input of the power amplifier,
exciting force with various frequencies can be brought
into the system. Based on the amplitude of the rotor,
curves of flexibility corresponding to the differential

parameters can be obtained as shown in Fig.2.

TABLE 2: Control parametersin Test 1, 2and 3

kp I(i kd Td (S)

Thrust 3 —

_ 14 106 22 10° 46 10

Bearing

, Testl 24 355 49 104 14 10°
B 2

T 5 Tet2 24 35 88 10" 17 10°
x 9O
o

Tet3 24 355 16 10° 22 10°

In the Test 4, Test 5 and Test 6, the rotor is
supported by AMBs normally, and the control

parameters with various proportional parameters are

shown in Table 3. Also, curves of flexibility
corresponding to the various proportional parameters

can be obtained as shown in Fig.3.

TABLE 3: Control parametersin Test 4, 5and 6

kp I(i kd Td (S)
Thrust — .5
_ 14 106 22 10° 46 10
Bearing
, Test4 24 365 16 10° 22 10°
T 2
g g Test5 29 365 16 10° 22 10°
[
m
Test6 36 355 16 10° 22 10°

From Fig.2 and Fig.3, we can conclude that,

(1) There are two innate frequencies near 100Hz and
640Hz. The innate frequencies over 1000Hz are
larger enough than the operation speed and can be
ignored.

(2) Thevalue of innate frequencies near 640Hz can
not be varied by the adjustment of the control
parameters.
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FIGURES: Curves of vibration (a) and control current (b) in Test 9, Test 10 and Test 11
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FIGURE 6: Curves of vibration (a) and control current (b) in Test 12
OPERATION TEST control parameters with various proportional

In the Test 7 and Test 8, the turbine expander parameters are shown in Table 5. Fig.5 shows the
supported by the AMBs operates with high rotation amplitude of the rotor corresponding to the various
speed, and the control parameters with various proportional parameters measured by 1# sensor, and
differential parameters are shown in Table 4. Fig.4 the amplitude of control current in 1# radial bearing.
shows the amplitude of the rotor corresponding to the Fig.4 and Fig.5 show that the system has two
various differential parameters measured by 1# sensor, critical speeds below 10000rpm and another critical
and the amplitude of control current in 1# radial speed above 30000rpm. The value of the critical speed
bearing. above 30000rpm is less influenced by the adjustment

) of the control parameters.
TABLE 4: Control parametersin Test 7 and 8

To further validate above, he system erates

Kp Ki Kq T (s) near the first bending critical speed in Test 12, and the

Thrust 3 s control parameters are shown in Table 6. Both the
] 14 106 22 10° 46 10 .

Bearing amplitude of the rotor measured by 1# sensor, and the

amplitude of control current in 1# radial bearing are

¢ Test7 27 355 55 10% 15 10° o
% < shown in Fig.6.
8
x @ PR o
@ Tet8 27 355 1110° 18 10° TABLE 6: Control parametersin Test 12
kp ki Kq Ta (s)
TABLE5: Control parametersin Test 9, 10 and 11 E—
ru — B
ke ki Ky T,(9) Beaing 14 106 22 10° 46 10
Thrust Radial
_ 14 106 22 10° 46 10° ! 38 3HB5 14 10° 20 10°
Bearing Bearings

Test9 24 355 11 10° 18 10°
Fig.6 shows that, when the rotation speed reach

[%2)
(@)
% Test10 27 3B5 11 10° 1.8 10° 36188rpm, the amplitude of the rotor and control
()]
m

Radial

current are too large to keep the rotor operating
normally, and the rotor collideswith the AMBs.

When the rotor collides with the AMBSs, the
power gas, which drive the expander wheel, are turned
off, and the rotation speed of therotor fall down. After

Tet1l 30 355 11 10° 18 10°

In the Test 9, Test 10 and Test 11, the turbine
expander operates with high rotation speed, and the
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a short-time collision stage, the rotor operates
normally again. However, it can be seen from Fig.6
that the curve in the process of rising speed do not
accord with that in the process of falling speed. It is
mainly caused by destroy of the balance precision of
the rotor when it collideswith the AMBs.

CONCLUSION
Main results obtained in this paper are

summarized asfollows,

(1) Both the values of the cylindrical and conical
innate frequencies are sensitive to the control
parameters, while the value of the first innate
bending frequency is less sensitive.

(2) The variation of the control parameters and the
increase of the damping of the AMBs can restrain
the vibration of the rotor when it rotates at the
cylindrical and conical innate frequencies, while
the damping of the AMBs is too little to keep the
rotor rotating normally when the rotor operates

near the beading innate frequency.
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