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. To avoid this peak vibration, this paper presents an active
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are obtained and stored in a look-up table. Then, a gain schedul-
ing strategy is adopted to suppress the imbalance-induced vibra-
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a gain scheduling strategy is used to suppress the imbalanc a
induced vibration during acceleration based on the influence cc >l 21 Cy
efficient table. ALY
This paper consists of four sections. In Section 2, an algorithm
used in active balancing scheme is introduced. In Section 3, tr R Q|G
experimental validation procedure and the results are presente Balancer > Rotor
Finally, conclusions are presented in Section 4. .
Controller
2 The Active Balancing Algorithm Wit = Wi —(CTC)'CTve [ C

The influence coefficient method is a powerful off-line balanc-
ing method. The general formulation of the influence coefficieiig. 1 Diagram of active balancing based on influence coeffi-
method is cient table

v=Vy+ Cw. (1)

In Eq. (1), v, also called residue vibration, is amby 1 complex ) . . .
vector representing the rotor synchronous vibratiooth magni- bration[9]. If we neglect the non-synchronous transient V|_brat|on,
tude and phageneasured an locations. Synchronous vibration is € Synchronous response for a general rotor system during accel-
the vibration with the frequency of the rotor rotating speegl. €ration can be obtained based on Ezp) in [9]

also anm by 1 complex vector, represents the rotor synchronous N

vibration at them sensor locations caused by the system inherent _ i(at?/2+ pi (1)

. . ' . vt—wEue PKEIM g (1) ]+ vg(t 6
imbalancew is an by 1 complex vector representing the imbal- ® =1 d U]+ Vvo(D), ©)

ances(both magnitude and locatipmprovided by balancers at
locations.C is anm by n complex matrix whose elements are thevherev(t) is a complex number that represents the overall syn-
influence coefficients relating the imbalances provided by balar@ronous vibration of rotor. It consists of two terng) vo(t) is
ers and the rotor synchronous vibration response. The influeribé synchronous vibration caused only by the system inherent im-
coefficient is a function of the sensor/balancer position and tf@lance, an@2) the synchronous vibration caused by the balancer,
rotating speed. The assumptions behind @g.are that the rotor WhereN is the number of significant vibration modes, is the
synchronous response is proportional to the imbalance and titabalance provided by the balancer in the balancer’s coordinate
the effect of individual imbalances can be superimposed to gig¥stemw-uy is a complex number that represents the imbalance
the effect of a set of imbalances. These two assumptions hdu@vided by the balancer in theh mode.a is the rotor accelera-
been generally accepted if the imbalances, and hence tif. Mg andp, are defined as the magnitude and phase of the
imbalance-induced vibration, are not very large. synchronous vibration in thkth mode when the imbalance pro-
The estimation ofC can be obtained by trial runs. First, thevided by the balancer is one unit, respectively. Please haje
imbalance of the balancer is set\as and the corresponding vi- and py are only related with the dynamic parameters of the rotor
bration is measured ag . Then, the imbalance of the balancer issystem, not with the imbalance. If “instantaneous” influence co-
set asw,, which is different fromw,, and the corresponding efficient is defined as

vibration isv,. The influence coefficient is estimated as N
i i ’ i[at?
VY o C'()= 2, ufel“ B M), )
wh—w)

- . then we have
whereC" is the (,j)th element ofC matrix, V' is the vibration at

theith measurement location, amg is the imbalance provided by V(t)=w-C’(t)+vy(t). (8)

the jth balancer. ) o )
To minimize the residue vibration, we have the control law The “instantaneous” influence coefficient at different speeds

can be obtained by only two acceleration trial runs. First, the rotor
w=—(C'C) 1CTv,. (3) system can be accelerated from 0 rpm to working speed with the
. . _ imbalance provided by the balancerwag. The vibration signal
w is the least squares solution gf+ Cw=0. In the control law during the acceleration is recordedwgét). Then, we can change

Eq._(3), the ir_1f|uence coefficient_matrix Is obtained through ©She balancer’s position and let it provide imbalancewgs The
perimental trial runs. Ideally, this control law only needs ong

movement if the pre-estimated influence coefficients are perfeé’tStem can be accelerated again and the vibration signal is re-

oo : . corded as/,(t). Finally, the “instantaneous” influence coefficient
and the vibration measurement is accurate. In practice, howevgtr,[he interested speddr time) can be obtained by

we need several control iterations to minimize the imbalance-

induced vibration. For th&th iteration, we have ) vil(t)—viz(t)
C'l't)y=——7— 9)
VOZ Vk_ CWk . (4) WJl_ WJZ
Considering Eqs(3) and(4) yields Equation 9 is similar to Eq. 2 except that the instantaneous
Wit 1=W—(CTC)"ICTy, . ) influence coefficient is time-varying. Based on the concept of the

“instantaneous” influence coefficient, the influence coefficient
This control law only works at constant rotating speed because tha&ancing method can be extended to speed varying case. A dia-
influence coefficients change with the rotating speed. gram of this extension is shown in Fig. 1.

For the acceleration case, “instantaneous” influence coeffi- In Fig. 1, v, is the rotor vibrations at the sensor positiofisis
cients can be used to extend this control law. It is known that thiee current rotating speed, a@is the influence coefficient cor-
imbalance response of a rotor system without gyroscopic effecesponding to current spee@.is picked from a predefined table
consists of three parts: a small transient vibration due to suddiat is obtained by experimental trial runs. If there is no exact
acceleration, the synchronous vibration with the frequency of imatch of () in the table, a linear interpolation can be used as
stantaneous rotating speed, and a suddenly occurring transientfaffows.
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Equivalent Heavy Spot
b ]

Fig. 2 The electromagnetic active balancer.  (a) a photo of the electromagnetic balancer (b) a diagram of balancer’s working
principle (c) a diagram shows a balancer mounting on a toolholder and the coils that supplies powers for the balancer movement.

- N Q-Q, - The second problem needs to be addressed is the effect of the
cl=cl+ ﬁ(cm ) (10)  system damping. A very small system dampitige damping co-
k+1 efficient is less than 0.05 in our experiehceuld cause two prob-
whereQ, <0 <Q,, , and the superscnm] is the matrix element lems in the active balancingi) significant nonsynchronous tran-
index. The rationale for the element-wise interpolation of the irsient vibration will happen during acceleration period under small
fluence coefficient matrix is that the,{)th element ofC is damping condition. The transient vibration will cause significant
roughly the magnitude and phase of the transfer function betwedifficulties in the calculation of the synchronous vibration compo-
the jth imbalance and the response at fltle sensor position nent, particularly when its frequency is close to the synchronous
evaluated at the given rotational speed. For a mechanical systémgquency. However, the synchronous vibration calculation is
the transfer function should be smooth and, if the speed intenailtical in both the influence coefficient estimation and the real-
betweenQ),,, and(}, is small, the linear interpolation is a goodtime implementation of the control law. Significant transient vi-
approximation. bration will degrade the performance of influence coefficient
The control law used in Fig. 1 is related to the control law usemhethod.(ii) the movement of the balancer could cause an undes-
by Knospe, et al[5]. In their imbalance control scheme, the acired transient vibration under small damping condition. To deal
tuator is the magnetic bearing. Because the imbalance producaesith this problem, the balancing action should be avoided when
rotating centrifugal force, a synchronous rotating force can ltke rotating speed is close to the critical speeds. The balancing
generated at the magnetic bearings to offset the centrifugal foroegion can be decided through experiments based on the engineer-
The magnitude and phase of the controlled synchronous forcerig requirement on the tolerable transient vibration.
decided based on the influence coefficient model of the rotor.In general, small damping has a detrimental impact on the per-
Therefore, their control law is also an extension of the influendermance of the proposed active balancing method. Fortunately,
coefficient balancing method. for many machining tools, particularly for the belt-driven machin-
To successfully implement this active balancing scheme, twog tools, the system damping is not smallX0.05). The impact
problems need to be addressed. First is the stability issue causédhe transient vibration can be ignored. Based on this active
by the delay in the movement of the balancer. Assume we pick bplancing scheme, a hardware setup is built and experimental vali-
an influence coefficient at stdg and the time of finishing the dation is conducted.
control iteration is at time stelp+ 1. The difference between these
two time steps is the delay caused by the algorithm and the bgl- E . tal Validati
ancer movement. Since the control law is implemented based ©On xperimental validation
Cy, the calculated imbalance &-+1 should bew, ,=w 3.1 Introduction of the Electromagnetic Balancer. An
—(CkC) ~'CLVi. Therefore, the vibration dt+1 is electromagnetic balancer is used in this research. The working
_ _ T~ \—1AT principle of this mass-redistribution balancer is shown in Fig. 2.
Vicr 1= Crer iWic 11 V0= Cier (Wi = (G Ci) ™ "Cievid) + Vo .- 1 The balancer consists of two rings as shown in Fig).2These
(11) two rings are not balanced and can be viewed as two heavy spots
Noticing vk—Ckwk+v0 and substituting it into Eq(11), we get as shown in Fig. (). After mounted on the spindle or toolholder,

vkﬂ—ckﬂ(wk (CIC) ~*Cl(Cw+Vg)) + Vo Since the balancer can rotate with the rotor. These two rings are held in
(CTCk) CkaWk wy, hence, we have place by permanent magnetic forces. When the balancer is acti-
vated, an electric current passes through the coil as shown in Fig.

Vir 1= (1= Cr1(CLC) 1P Vo (12)  2(c), the rings can be moved with respect to the spindle by the

electromagnetic force. There are two individual coils in one pack-
age. Hence, the two rings can be moved individually. The combi-
nation of these two heavy spots is equivalent to a single heavy
o(l —Ck+1(C[Ck)‘1CI)<1, (13) spot as shown in Fig.(B). Moreover, two magnetic hall sensors
are mounted on the two coils. Using these two sensors, we can
Qetect the relative locations of these two rings with respect to the
rence position. In this way, we can have feedbacks of the
ations of the heavy spots.

To ensure efficient imbalance reduction, we néegl, ||< v,
which means a sufficient condition for stability is

whereo(-) denotes the maximum singular value. The intuitiv
understanding can be obtained by considering the simplest
dimension case. In that case, the criterion tells that if the S|gns|8
Cy+1 andCy keep the same, the active balancmg scheme will b
effective. In this analysis, the uncertainty in the influence coeffl 3.2 The Experimental Setup. An experimental testbed was
cient estimation is not considered. In practice, multiple trial rurisuilt on a FadalHS88 vertical machining center. A diagram and
and averaging can ensure the accuracy of the estimation. In magihoto of the testbed are shown in Fig. 3.

cases, we can neglect the difference between the true influenc&here are four types of sensor in the systéf): An encoder
coefficients and the values in the look-up table. disk mounted on the balancer and a transmissive optical sensor

Journal of Dynamic Systems, Measurement, and Control MARCH 2004, Vol. 126 / 221



Host PC  Dspace Real time Control ~ Analog-Digital
@ Prototyping System Interface Box
= /

Toolholder

Accelerometer

Reflective Sensor — |

Transmissive Sensor —— s [ e
Magnetic Sensor for Balancer Az
Magnetic Sensor for Balancer B~

Supporting tower

Fig. 3 The basic structure of the active balancing testbed

can generate 30 evenly distributed pulses per revolution. Thesgive balancing performance under fast acceleration condition.
pulses are used as the reference for the position and speed niée acceleration rate is from 4,000 rpm to 10,000 rpm in 2 s.
surements(2) A reflective optical sensor and a reflective tap&igure Ga) illustrates the synchronous vibration without active
attached on the spindle can generate one pulse per revolution. Ba&ncing. The speed profile is also shown in the figure. Figure
rising edge of this pulse is used as the reference zero position. ®ib) illustrates the synchronous vibration during fast acceleration
positions of the rings of the balancer and the phase of the vibraith active balancing. It can be seen that the synchronous vibra-
tion are all with respect to this referend®) Two magnetic hall tion is suppressed significantly. Figure&)6and 6d) show the
sensors detect the positions of the two rings of the balader. control action during the active balancing. Figure)Gllustrates
Rotor vibration is measured by accelerometer. This signal is #me angular location of the rings of the balancer with respect to the
analog signal. It is sampled and converted into digital signal by aeference locatiofthe position of the reflective tapdnitially, the
analog-to-digital converter. One point needs to be noticed is thato rings are separated by 180 degree so that the balancer is
the sampling of the vibration signal is triggered by the encodeelf-balanced, which means no imbalance is provided by the bal-
signal. Therefore, the vibration signal is sampled at even spindlacer. Active balancing is activated by the magnitude of the syn-
angle increments, instead of even time increments. The advantabeonous vibration. If the magnitude is larger than 0.05 g, the
of this sampling strategy is that the synchronous vibration can betive balancing scheme is activated. Furthermore, to avoid the
easily estimated from this angle-based sampling signal. These sigpact of the movement of the balancer, the active balancing is
nals are illustrated in Fig. 4. deactivated when the rotating speed is between 7,500 rpm and
8,500 rpm. From Fig. @), the balancer is activated several times

3.3 Experimental Validation Results. To implement the iing the whole acceleration period. Figur&illustrates the

active balancing scheme, an influence coefficient table needs to

btained by trial Define the imbal ided b b fitrol actions in a polar coordinate system. The magnitude and
obtained by trial runs. Define the imbalance provided by one bafe hhase of the overall imbalance provided by the two rings are
ancer ring as one unit. Therefore, the maximum imbalance pr

) ; . ; . flustrated. There are two significant jumps in the whole control
vided by the balancer is two units. The influence coefficient as_a.: g Jump

function of speed for the Fadal vertical machine center is shown
in Fig. 5. The influence coefficients are obtained under the accgh
eration around 1,000 rpm/s. For this particular machine, the i
pact of different accelerations on the “instantaneous” influen
coefficient is negligible.

The influence coefficients depict the transfer function of the
rotor system from the excitation at the balancer position to the
vibration at the sensor position. Clearly, the system can be viewe "—0.8
as a second-order dynamic system when the rotating speed is I© ‘g

low 11,000 rpm. The resonant peak of the system occurs betwe g9

Figures 6e)~(g) illustrate the active balancing performance

der slow acceleration condition. A slow acceleration from 4,000
om to 10,000 rpm within 10 s is used. The imbalance-induced
bration is also suppressed significantly during the acceleration

7,500~ 8,500 rpm. S 504

The comparison between the system vibration with and WithOL‘goE I

active balancing is shown in Fig. 6. Figuréap~(d) show the ggoz
o0
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Fig. 5 The influence coefficients of fadal machine center at
Fig. 4 The signal diagram of the active balancing experiment various speeds
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(e) Slow Acceleration without Active Balancing

(a) Fast acceleration without Active Balancing
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Fig. 6 Experimental validation results

period. Since the balancer has enough time to respond to the dysst control performance is an important engineering problem.
tem vibration during slow acceleration period, the hostile vibraFhese issues are currently under investigation. The results will be
tion at the resonant peak is almost eliminated completely. Thigported in the near future.

observation has significant engineering implications. During the
startup of turbomachineries used in chemical or energy industri%C
the acceleration is often very slow. The most difficult task during
the startup is to pass the critical speeds. The experimental result§his work was supported by BalaDyne Corporation and the
demonstrated indicate that active balancing during acceleratidrnS. Department of Commerce, National Institute of Standards
period can be used to eliminate the hostile peak vibrations duriagd Technology, Advanced Technology Program, Cooperative
the start-up period. Hence, this technology can find extremefgreement Number 70NANB7H3029.

wide applications in practice.
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