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Abstract—A vibration prediction model for the switched reluc- " Magnitude
tance motor is constructed in this paper. Shaker and force hammer Response
tests for vibration measurement are used for measuring crucial pa- Simsoi
X . . inusoidal Transfer 3
rameters like modal frequency and damping ratio for the transfer Excitation Todal Function ‘;’ed‘f‘ef
A N ‘Acceleration
function. A detailed lookup table of normal force versus phase cur- Test veney Model
rent and rotor angle is constructed based on finite-element calcu- il
. . . . . a
lations. The model is then verified by experiments, with acceptable Do .
Amping Comparison
accuracy.
Index Terms—Finite-element (FE) calculation, hammer excita- Static FEM Current. Rotor
; ; ; ot ; Normal Force R
tion, normal force, shaker, sinusoidal excitation, switched reluc- Catcutation P> Position, Normal
tance motor (SRM), vibration. Force Lookup Table

|I. INTRODUCTION Current Waveform, ..
Speed, Turn-on and —

I T IS ALREADY accepted that the vibrations in switched re: Turn-off Angles

luctance motors (SRMs) are caused primarily by the ova.-
1zIng de_formatlop of the stator lamination stack due to It_S radlﬁlg. 1. Flowchart of vibration prediction modeling and verification.
magnetic attraction to the rotor [1], [2]. Currently, there is work

being done on the determination of resonant frequencies [3], [4hd acceleration measurements, etc. Firstly, shaker tests are
mode shapes [5]-[7], and testing [8]-{10]. However, the predigpne for SRM vibrations. Three parameters are needed for
tion of vibration deserves some attention. . the transfer function model of each resonant frequency, and
This paper will make it possible to predict the vibration in thgney are then used to construct the transfer function model in
SRM, using the vibration transfer function obtained from shakejfjpuLINK. Secondly, intensive FEM calculations are done
and impulsg hammer tests, together with anormal force lookyging ANSYS to construct a lookup table of SRM phase cur-
table from finite-element (FE) calculations. _ rent, rotor position, and normal force. Next, the phase current
Fig. 1 shows the flowchart for vibration prediction modelingyayveform. motor speed, turn-on, and turn-off angles of the
and verification. The final goal is to compare the predicted angnning SRM are recorded and then used in the lookup table
measured accelerations. As can be seen from the flowCh@Bnstructed in the previous step. If the motor is not available,
there are two paths: one for predicted acceleration and the otggh1ated currents fromy — i data can be used. The actual
one for measured acceleration. . . normal force applied to the stator—rotor pole is calculated while
The most important and difficult path is the "Predicteghe SRM is running at different speeds. Finally, the calculated
Acceleration,” where a lot of work has to be done; this requirggyma| force data is used in the transfer function to predict the
shaker and force hammer tests, parameter determinatiQfseleration and. hence. noise.
transfer function modeling, FE method (FEM) normal force por the measured acceleration path, several accelerometers
calculation, lookup table construction, running SRM currefre mounted directly on the outer case of the stator. The motor

is running and acceleration spectra are recorded under different
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To solve this equation, it can be assumed that the solution is
in the form ofx(t) = Ce™, whereC andr are undetermined
constants. The solution becomes

z(t) = e=Swnt

. {a:o e \/1—C2wnt+% sin4/1 — g%nt} . (M

S P
1 G

—

The constants(X,¢) and (Xo,¢9) can be expressed

+X
v +" F(9) asX = Xy = \J(C)’ +(C5)% ¢ = tan ' (CL/CY)
F(t) and ¢9 = tan—!(-C%/C}), where ¢ = 1z, and
Cy = o+ (wpzo//1— w, for the initial conditions

Fig. 2. A spring-mass-damper system. #(t = 0) = zo andi(t = 0) = iy. The motion described

by the solution is damped harmonic motion of angular fre-
guency /1 — (2w, but because of the factar<«~t, the
amplitude decreases exponentially with time. The quantity
A. Frequency Response Function (FRF) of SRM Vibrations wq = /1 — (?w,, is called the frequency of damped vibration.
At can be seen that the frequency of damped vibragigns

Il. DEVELOPMENT OF THE TRANSFER FUNCTION
FOR EACH MODE

From a vibration point of view, the SRM is a complicate

multidegree-of-freedom (MDOF) system [11], [12]. However i
can be represented as the linear superposition of a finite num

of SDOF systems.

Fig. 2 is the model for a force acting on a viscous damp
spring—mass system. The equation of motion can be obtairfdd

using Newton'’s second law
mi + ci + kv = F(t). 1)

Forw, = \/k/m = undamped natural frequency, ¢ =
¢/2mw, = c¢/2vV/mk = Damping ratio, ande/m = 2(wn,
the displacement response (Compliance) of the system is
F(s) 1

X(s) = m s%+ 2(wps + w2’ @)
Velocity response (Mobility) is
V(o= sx(s =T ©)

m s2+ 2w,s + w2’
Acceleration response (Accelerance) is
F(s) 52

— o2 _
a(s) = s°X(s) = PP oL

(4)

9Iways less than the undamped natural frequency
be‘Fhe logarithmic decrement represents the rate at which the
amplitude of a free damped vibration decreases. It is defined

a5 the natural logarithm of the ratio of any two successive

plitudes. Let; andt, denote the times corresponding to two
consecutive amplitudes (displacements), measured one cycle
apart for an underdamped system. The ratio of the displacements
$1/$2 — Xoe—(wntl cos(wdtl—d)o)/XOe—Cwntg cos(wqta—¢o) can

be formed. Howeverj; = t; + 74 wherery; = 27 /wq is

the period of damped vibration. Hences (wata — ¢po) =

cos (2m + wqt1 — ¢o) = cos (wat1 — ¢o), and the ratio can be
rewritten asz; [z, = e~ $@ntt Je—¢wn(titTa) — ownTe The
logarithmic decrement can be obtained as

2 2
5:1nE:Cwan: ¢ .

27
P T Cun JIC w2
©®)

For small damping, it can be approximatedéas? 2 ( if
(< 1L

The logarithmic decrement is dimensionless and is actually
another form of the dimensionless damping ratidonce? is

Therefore, the transfer function from force to acceleration iﬁﬁown ¢ can be found by solving = §/ /(%)2 + 682 orit

Hs) = ;((z)) _ 1 s

()

m %+ 2wns + w2’

For the stator of the SRM, the transfer function can be written o’

as

a(s) s?
H(s) = ~ N4, .
(s) F(s) Z 82 4 2Cwnis + w2,

(6)
wherew,; is the resonant natural frequency of madg¢, is the
damping ratio of mode, A; is the gain relative to modg and
s is the Laplace’s variable.

can be approximated as

ggi if § < 2mor¢ < 1. ©)

If the damping in the given system is not known, it can be
determined experimentally by measuring any two consecutive
displacements; andx, one cycle apart. By taking the natural
logarithm of the ratio ok; andx», ¢ is obtained. By using (9),
the damping ratig can be computed. In fact, the damping ratio
¢ can also be found by measuring two displacements separated
by any number of complete cycles.

The transfer function of the stator vibrations and the forces|f x; andx,, ., denote the amplitudes corresponding to times
acting on the stator is composed of a sum of the second-ordgandt,, ; = t; + m7,, wherem is an integerg; /2,11 =

high-pass filters.

B. Damping Ratio Measurement

x1/x9 - T2/x3 - T3/Ty -+ Ty [Tme1. ANy tWO cONsecutive
displacements separated by one cycle satisfy the equation
5Uj/5vj+1 — eCWnTd SOIL’1/$m+1 — (eCwan,)m = eMCWnTa

The motion of free vibration of the SODF system wittandé = 1/mln (z1/xm+1), Which can be substituted into the

nonzero initial condition can be expressedast-ci+kx = 0.

damping ratio equation to obtain the viscous damping ratio
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Fig. 3. Test setup of sinusoidal excitation method. '100

time (ms)

I1l. | DENTIFICATION OF THE TRASFERFUNCTION USING THE
SHAKER AND HAMMER Fig. 4. Damped response at the resonant frequency.

A. Test Setup and Procedure responses after the shaker was shut off during excitation of the

A shaker is used to measure the parameters of the transfetond mode.
function for each resonant frequency. The test setup is showrFrom Fig. 4, the damping ratio of the second mode is calcu-
in Fig. 3. An 8/6 4-kW SRM is suspended with four elastigated. Logarithmic decrement
ropes through its mounting holes to a solid bench, to establish 1 . 1 719235
a so-called free—free condition. A signal generator (Tektronix § = —1In L - —In———"
TM503, 3 MHz) supplies sinusoidal signals of different fre- Te+N 15 17602
guencies to the power amplifier (B&K 2706). A shaker (B&K The damping ratio
4809) is driven by the sinusoidal signals and excites the SRM. A : 5 5 0.093 84
force transducer is stud-mounted onto the body frame (through (2 = —F/—~ -—— = —(—
a threaded hole) and connected to the shaker by the stinger. The V(2m)?+ 6% 2w 2m
shaker is placed directly on the ground where the reaction force
will be absorbed. Accelerometers are screwed onto the bddy Gain Relative to the Second Mode
frame at several different locations to pick up the acceleration.gygm
Force and acceleration outputs are recorded in a storage oscillo-

=0.09384.  (10)

~0.0156.  (11)

2
scope (LeCroy 9304 AM, QUAD 200 MHz, 100 MS/s) through  From Hy(s) = az(s) _ Ay 5 ~ (12
a coupler (Kistler 5134), and then used in a computer program Fy(s) $ + 2%“"2”5 + wWno
. ) w
for data processing. _ . _ |Hy(jow)| =As | — (jw) . .
The frequency of the sinusoidal signal output from the (Jw)? + 2Cwn2(jw) + wiqy

signal generator is adjustable. It is changed till the predominant A w? 13)
motion of the frame body is due to the desired mode of vibra- —2 \/(Wr%z — 22 4 (2<2wn2w)2'

tion. Firstly, the so-called wide-band sweeps are performed.

Watching the response signal on an oscilloscope (or listeningt the resonant frequency,

to the noise), a rise in the amplitude of response is detected Wy A,
where a narrow-band sweep is performed, using smaller frdH2(jwn2)| = A2 o =

— 2 2 90,
guency changes, in order to identify the frequency of the mode n2 — Wia)® + (2Qwn2wn2) %4)

more accurately. The shaker is shut down and the decaying,om Fig. 4, the amplitude of the force is 7.1747 N (the

waveforms of force and acceleration are recorded. sensitivity of the force transducer is 0.940 mV/Ibf lpf =
4.4498 N), and the coupler gain is 100), and the amplitude of
acceleration is 7.2607 f8* (the sensitivity of the accelerome-

When a so-called “pure” mode is excited, the damping ratigrs is 10.00 mV/g, and the coupler gain is 100). Therefore,
of the stator at the modal frequency can be measured from the 7 9607 m

envelope of the damped sinusoidal response. The shaker is srppytz(jwnm = GQ(J_“’”?) =

off to simulate a damped response of the stator at the frequency Fy(jwn2)|  7T174TN
of the tested resonant mode. Ideally, the stator should exhibitrhe gain relative to the second mode is

a damped sinusoidal response at all points, with a single fre- , .
quency of vibration being the frequency of the excited mode. A2 =22 [H2(jwn2)| = 2 x 0.0156 x 1.012 kg

Fig. 4 is the recorded damped sinusoidal force and acceleration =0.0315744 kg™ (16)

B. Damping Ratio Measurement

=1.012kg™". (15)
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TABLE | A A
PARAMETERS FOR THESECOND- AND THIRD-ORDER VIBRATION Foree. N —»  Aluminum tip Magnjtude Aluminum tip
TRANSFERFUNCTIONS ? Plastic tip

Mods No. | Frequency (Hz) | Damp Ratio @) | Gain A (kg') > Rubber tip Plastic tip
2 1316.5 0.0156 0.0315744 \

3 2480.2 0.0241 0.0054461 _\%ﬁp
> >

D. Final Transfer Function

Time, ms Frequency, kHz

Finally, the transfer function for the second mode of the SRM

. @ (b)
stator can be written as

Fig. 5. Modal hammer impact force waveform and spectra. (a) Force
52 waveform. (b) Force spectra.

H =A
2(3) 232+2C2wn23+w72l2

whered, = 0.0315744 kg™, (3 = 0.0156, wpo = 27 fy =
27 x 1316.5 rad/s, ands is the Laplace’s variable.

Similarly, the transfer function of the other resonant frequen:
cies can be obtained with the same method. The results of tt
second and third mode resonant frequencies are listed in Table %

COUPLER

OSCILLOSCOPE

IV. WIDE-BAND EXCITATION EXPERIMENTS—IMPULSE f*\ o
HAMMER EXCITATION METHOD ‘

A. Introduction

Mechanical vibration modal tests for electric motors require : i P e
a precise dynamic force measurement as well as correspondi r‘: X /) S
acceleration measurement, although there is no theoretical r ”?" o ?\ Accelerometer
striction as to the waveform. Precise force measurement can | T Nar \
achieved by electrodynamic or servohydraulic exciters (vibra-
tors) controlled by a signal generator (sinusoidal wave or evEl§: 6. Test setup of modal hammer excitation experiment.
white noise signal) via a power amplifier, and a force transducer
(load cell) between the exciter and the object to be tested. HdiP helps the users optimize control and reduce the possibility
ever, a more convenient and economical excitation method @fndouble hits,” which has to be avoided during the test.
be used—a hammer mounted with a high-quality piezoelect%c
force transducer at its tip. In applications like modal tests for
middle-size electric motors, where a high crest factor and a lim-The experimental system is shown in Fig. 6. A modal hammer
ited ability to shape the input force spectrum is of no concetENDEVCO 2302-10, 500-Ib range, frequency range 8 kHz,
modal hammer testing is an ideal excitation method. It is also 8@nsitivity 10 mV/lb) is used to supply an impulse force signal
advantage for impact hammers that they are highly portable fBoad-band force excitation). A coupler (or signal conditioner)
fieldwork and provide no unwanted mass loading to the strud/ENDEVCO 4416 B, or Kistler 5134) is used for force and ac-
ture under test. celeration signal conditioning.

The modal hammer produces an impulse force at one hit, I
which excites the structure with a constant force over a fre- Hammer Excitation Procedure
guency range of interest. It is also called nonattached broadAs can be seen in Fig. 6, the procedure for hammer excita-
band excitation. The waveform produced by a modal hammnién is much simpler than the shaker excitation method. The
is an impact—a transient (short duration) energy transfer eveh@mmer can be moved anywhere for the tester’s interests and
The spectrum is continuous, with maximum amplitude at 0 Honvenience, which is sometimes impossible for the shaker.
and decaying amplitude with increasing frequency. There aféth one hit, information for all the frequencies of interest will
three interchangeable tips provided for the hammer, which de recorded and ready for analysis.
termine the width of the input pulse and, thus, the bandwidth. )
Typical force impulse and its spectra produced with differefd: ExPerimental Results
tips are shown in Fig. 5. Different models of hammers together1) Impulse Force and Acceleration Response in Time Do-
with their tips are compared carefully, the final goal is to exmain: Fig. 7 shows the recorded impulse force and acceleration
cite the structure over the entire frequency range of interessponse in the time domain. As can be seen in the amplified
simultaneously. view of the impulse force, it should be as sharp as possible. The

For the commercial hammer, its structure is acceleratigharpness (how close it is to a “perfect” impulse) depends on
compensated to avoid glitches in the spectrum due to hamnttee hammer model, the tip material, the tested object, and also
structure resonance, and the ergonomically designed harttlie experience of the tester.

Computer

Hammer Excitation Setup
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impulse force and accelertion response (time domain for entire motor) transfer function from impulse excitation (#2location)
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Fig. 7. Measured time-domain waveforms of force and acceleration. u I
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0.02 ;

o
o
=
o

1 R e e e e B B

force spectrum

0.005f--=-4===-=k==--

niials Bleltt s el Rl

'
'

T
'
'
v
'
'
'

1
'
'
'

R TR .90 S|

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

0.15

Y ' ' ' ' N

0.05f----

acceleration spectrum

0
. requoncy () Fig. 10. FE meshing and force plot.

Fig. 8. Frequency-domain analysis of force and acceleration.
g a y y V. CALCULATION OF THE NORMAL FORCE

The acceleration waveform shows a decayed curve of accdl- L0OKup Table Construction
eration (vibration). It is clear that there are several frequenciesThe normal force between SRM stator poles and rotor poles
present because it shows “beating” phenomena. causes an attraction and thus ovalization of the stator, which is
2) Impulse Force and Acceleration Response in the Fréie main cause of SRM vibration and acoustic noise. The normal
guency Domain:Fig. 8 is the frequency-domain representatioforce in the SRM is very difficult to measure from experiment.
of the impulse force and acceleration responses. The impuléence an FE package (ANSYS) is used here to calculate the
force has the information from 0 Hz up to 8 kHz, but th@ormal force in SRMs.
usable frequency range is 0 Hz—5 kHz. For the frequency rangeA two—dimensional (2-D) ANSYS model is used for electro-
5-8 kHz, it is not reliable, because the energy in this rangerisagnetic FE analysis [13], [14], as shown in Fig. 10. Static force
low, making it hard to excite any resonant mode frequencies.calculations are carried out for 31 positions from aligned to un-
It can also be seen from Fig. 8 that the peak response of atigned (from 0 to 3(°, in steps of 1), and at each position, 25
celeration is 1345 Hz, which is the second mode resonant foifferent currents (from 1 to 25 A, in steps of 1 A) are applied
guency for the entire motor (motor with end-bells and rotorjo the windings. At each position and current, the normal force
This resultis very close to that of sinusoidal excitation and FE&Nd tangential force (which leads to torque) are calculated and
results. The second mode vibration dominates the acceleratiotable of force versus rotor position and phase current is con-
spectrum. structed. Fig. 11 shows the force plot of the SRM as a function
3) Transfer Function CalculationiFig. 9 is the transfer of phase current and rotor position.
function of the SRM from hammer excitation. A dominant peak This normal force versus phase current and rotor position
is at 1345 Hz, which is the second mode resonant frequenimokup table can now be used to obtain the actual normal force
The other resonant frequencies are not shown clearly. Thisaiging on the stator, for an arbitrary phase current waveform,
because they are low compared with the second mode, anddhee turn-on and turn-off angles are known. This will be used
energy used in the hammer excitation test is low for the othterdetermine the force harmonics and, hence, to calculate the vi-
excitations. brations resulting from the normal forces.
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Fig. 12 shows the recorded phase current waveform of th 0,00 0 ooz 0 5000 prosn

SRM at 1450 r/min (no load). With the known turn-on and
turn-off angles, this current waveform can be used in the pre
vious lookup table to calculate the normal force acting on the
stator poles, as shown in Fig. 13.

A fast Fourier transform (FFT) calculation is carried out for
the above normal force as shown in Fig. 14. The frequency o
the fundamental is

1450 r/min revolution : 5000 10000
fi= 760 S X6 poIeS: 145 73 = 145 Hz. (17) time (ms) frequency (Hz)

min . . Fig. 15. Input normal force and output acceleration in vibration prediction
The normal force magnitudes of all the harmonics are showfdel (simulated results at 1450 r/min).
in this figure together with the frequencies. This result can be
used as input to the simulation model described in the previo \.&%ﬂ

acceleration response (mlsz)

paragraph; thus, the output will be the simulated acceleration |
sponse. Fig. 15 shows the input (normal force) and output (sta | tgc Computer
acceleration) in the vibration prediction model, in both time an| Drive R 2B, S ﬁ
frequency domain. :

Vo7 NG :
e f : 3 Oscilloscope
VIl. CORRELATION WITH TEST RESULTS { | Running | Hi

, SRM
A. Running Motor Test Results __§; : N ﬂ

F_ig. 16 shows the_ test setup for the SRM a_cceleration e /}L__/\/gl—'—b Coupler
periment. The SRM is controlled by a TASC Drive (OULTON | Accelerometer /J'E_ﬁLf,
Switched Reluctance Drive), with which the speed is adjustable.
The SRM is suspended by four ropes. Acceleration responses16. Test setup of running SRM acceleration experiment.
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Fig. 17 also shows the measured acceleration at a different lo-
cation from peak of the second-order mode shape, which is very
low. Fig. 18 shows that the second-order resonant frequency
dominates all the others at all speeds for this motor.

VIIl. CONCLUSIONS

A normal force—stator acceleration transfer function is de-
termined in this paper based on shaker excitation and impulse
hammer tests. A detailed normal force versus phase current and
rotor position lookup table is constructed using FE calculations.
A vibration prediction model of the SRM is built based on the
transfer function and normal force lookup table. The model is
then verified by a running motor test, which shows acceptable
accuracy. This now allows the possibility of using a transfer
function model such as this for improved design of SRMs from

Fig. 17. Acceleration response in time and frequency domain (measugggjibration and acoustic noise point of view.

results at 1450 r/min).

= [y] [xd]

N

magnitude spectrum

oo

speed (RPM)

frequency (Hz)

Fig. 18. 3-D view of acceleration spectra under different speeds.
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