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Abstract. This article presents a study on nonlinear vibwatieffects that can occur during induction motor
acceleration, due to an interaction between motod &lastic support structure dynamics. A couplediehavas
obtained and subsequently simulated to verify wdratbnlinear effects, like Sommerfeld or Chaoscéffaan occur.
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1. INTRODUCTION

Vibration analysis in electromechanical systemsvésy important because most of motor drives expenim
vibration problems due to inherent unbalance, essalt of failure in project, maintenance or inst#bn. In addition,
not only the equipment can fail, but also the st components or support bases. Furthermoregtidn can cause
faster friction in machine parts, like bearingsamge screws, couplings and fixation elements whemtachine natural
frequency matches the excitation frequency. In gitisation, a phenomenon called resonance occassilgy leading
to excessive deflection or destructive failuresqR2013).

Motor vibration analysis itself is widely known, dammonitoring and prediction techniques are usuahdustry.
However, it is also important to analyze the intéicm between motor and its support base. Theresamee nonlinear
oscillations that can occur in these coupled systeand its effects have been studied for systemmefd by direct
current motor (DC motor) and an elastic base, aseaseen in Balthazat al (2003) and Rocha (2004). Nevertheless,
DC motor has no longer been used in large scaledimstrial processes. In recent years, drives base@C motors
have been gradually substituted by drives basedltennate Current Three-phase Induction Motor (TIM)

The objective of this study is to analyze and satmilsystems composed of elastic base support dvduging
coupled dynamic models, in order to identify andifyewhether nonlinear oscillation phenomena adevant to this
motor type.

2. NONLINEAR VIBRATION IN ELETROMECHANICAL SYSTEMS

Non-ideal systems composed of an electrical matoran elastic base were analyzed by Sommerfelderearly
1900s. He observed that, in resonance region, D@rmotation had not varied linearly along with amvoltage. In
other words, when voltage increased, rotation ladntreased linearly. Thus, the energy injectethesystems was
consumed in order to increase the vibration anmgditut seemed that the motor was captured by thenesce. After
some energy amount had been injected, a jump aatamd the rotation returned to vary linearly, glavith voltage.
This effect was known as Sommerfeld effect and staslied in many arrangements with DC motors (Baklihat
al.,2003).

Other nonlinear effect type that can occur in gystdike this is the Chaos. It occurs when a smailation or
disturbance in the system entry provokes a larggatian in exit parameters. Discussion about thisl ather
oscillations nonlinear effects can be obtainedtiogatzet al, (1994).

Although TIM is nowadays the most important motoive in industry, there are just a few studies alsystems
composed of TIM and an elastic base. A system witsynchronous motor starting, like an induction enotvas
analyzed by Leonov (2008), but with a very simplifimotor dynamic model that has not regarded melemtrical
dynamics, showing that, in direct starts, Sommdrefifect cannot occur. Other example is shown icaXic and
Cveticanin (2009), also with a TIM simplified modshowing that, with nonlinear base coil, the dffsan occur.

3. ELECTROMECHANICAL DYNAMIC MODEL

The system that will be investigated physical maslshown in Fig.1.
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Figure 1. Induction motor with unbalanced rotor &scelastic support.

In this system, TIM ha$1 mass, and rotor unbalancing can be represented.byvherer is radius in which the
unbalancing mass is localizethe v is the angular viscous damping coefficient dnsl the rotor inertia momertlastic
support stiffness ik and cx is the viscous damping coefficient. Rotor angul@pldcement i and motor linear
displacement ig.

3.1 Mechanical M odel

In order to obtain the mechanical movement equatibagrange’s equation can be used, with kineterggnasT
and potential energy & withL =T —V. So, Lagrange’s equation can be written as:

(2] 5
t\dg ) dq

Whereqi is motion generalized coordinate a@dis theqi coordinate acting generalized force.
The system kinetic and potential energy can beesgad as:
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Wherev2 = v& + v, So, EqQ. (2) can be rewritten as:
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Applying Eg. (1) forx andé coordinates using Eq. (3) and Eq. (4), the sygjewerning equations are:
(M +m) %+ ¢ X+ kx= mésin@)- mé* cosp )= C (5)
(J +mr?)d + ¢,0 - misin@)+ mgrcosP )= T- T (6)

Where Te is the motor torque andl is the load torque. In order to write the equatidaking into account as many
dimensionless parameters as possible, one defines:
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Taking the relations from Eq. (7) into account . E5) and Eq. (6), the system governing equatgamsbe written
in the following form:

% == X—f x+ ufdsin@)+ ub? cosg ) (8)
6=-{,0+exsin@)-egcosf }a(T,-T) (9)

3.2 Electric Motor Dynamic Equations

The motor dynamic electric model is necessary tyae the system complete behavior, because @ebtnamics
can interact with the mechanic vibration dynamidse electrical circuit that can represent the imiducmotor is shown
in Fig. 2.
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Figure 2. Induction motor electric circuit repretsgion

As can be seen in Krause al. (2002), motor dynamical model can be written indtion of motor magnetic flow
rates and voltages. If the equations have its eafexl changed by a referential frame transfornrmatldkke Park’s or
Clark’'s d-q transformation, the rotor variable piosi dependence is eliminated and the differentigliations
coefficient can be written, as constants and thetesy can be easily simulated. This model can bdenatically
expressed according to Eq. 10.

V| |8n & 0 a, 0 0¢g,
Vs | |8 @& 0 0 as 0 (|¢
Vos |_| O 0 & 0 0 0}y (10)
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In Eq. 11, X, X, and D parameters are another parameters functions|laa$o
Xss = XI5+ XM
X =X + X, (12)

D = Xssxlrr - XM2

Moreover, T, torque can be written as:

_(3)( P X, .
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3.3 Space State M odel

In order to prepare the simulation complete moiie necessary to rewrite the dynamic equationspace state.
Then, Eq. (8) and Eg. (9) are rewritten as:

X = _—1.[Zxx+ aff X+ SinBlel + e el . - U sinBlea T+ 1 sefa T- u cos96'?2} (14)
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(1—,uasin2 8)

State space variables can be defines as follows:

=y =4} =X =0
X =g X ar % % (16)

=W, x%=W, x=Xx x=6

The complete space state equations that représesystem complete dynamic model can be now cordensEq.
17, wherew (see Eq. 11) was replaced lﬁgl(P is the motor number of poles), as frame referenae fixed, for

electrical dynamics analysis, in the motor rotor.
With this model, the complete system can be simedlat

. r X, w r X
% zlt[/qs = wb|:vqs_T¢/ qs_aw ast = Y qz| (17-&)
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3.4 Simulation and Results

Two simulation types have been processed, onerolaie TIM direct start and another to simulatestset using a
frequency inverter. Motor and mechanical parametezdisted in Table 1.

Table 1. Simulation of Mechanical and Electricatd®aeters.

Electrical parameters M echanical parameters
Parameter Value Parameter Value

R 0.19Q C, 0.001 N.m.s/rad

R 0.07Q C, 10 N.s/m

Xy 0.38Q J 0.001 kg.m2

Xis 0.75Q r 0.005 m

X, 20Q M 5 kg

P 4 g 10 m/s?

K 0

The system was simulated with Matlab/Simutinkoftware. Natural resonance speed was adjuste¢Oimad/s.

In the direct start simulation, the unbalance degr&rameterqvaried from 10e-4 to 200e-4 kg.m, in order to fyeri
the system behavior.

Fig. 3 shows motor speed during a direct start,nithe unbalance degree was of 10e-4 kg.m and 20Kgem. It is
possible to verify that motor speed passed throggonance speed without any perturbation, althaagillation
amplitude grew as unbalance degree grew.

This result agrees with systems studied in Leor2®08), where the author showed that a synchrondtisnator
starting like a TIM cannot be captured by Sommérédfect.

In order to start through a frequency inverter,uhbalance degree varied from 10e-4 kg.m to 30kkg-#h, to stress
the system and verify if oscillation problems cacuwr.

TIM start simulation strategy was of stair modke|ESP (Electric Submergible Pump) in petroleunisyéh order
to simulate a quasi-static situation. Results ioe¢ different unbalance degrees are presented.id Bnd Fig. 5.

In order to verify nonlinear effects presence ia thotor speed, two other analyzes were made, omerify the
resonance region speed oscillation frequency spactind another to check the linearity between ievespeed
reference and motor medium speed during the stateps.
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Figure 3. Motor speed during a direct start withhalance degree of 10e-4 kg.m and 200 e-4 kg.m.

Motor Speed

Speed (rad/s)

Time (s}

Figure. 4. Motor speed during a frequency investart with unbalance degree of 10e-4 kg.m.
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Figure 5. Motor speed during a frequency investart with unbalance degree of 200e-4 kg.m and -30Kgem.

The frequency analysis was made with FFT (Fast fieguiiransform) technique, with a sample of theesbe
oscillation in the resonance region.

Frequency analysis results are show in Fig. 6 agd/-

Linearity analysis was made comparing the speesteate for the inverter, as input, and the motodiora speed
for each step during the start. Results are shdwign8 and Fig. 9.

3.5 Simulation Results Comments

As can be seen in Fig. 9, there are evidencesirtdatate nonlinearity presence on the input-outlation for
unbalance degree larger values. It is possiblaydtsat it is Sommerfeld effect evidence in TIMr&gawith a frequency
inverter, even without nonlinear coil or dampinglike showed Zucovic and Cveticanin (2009).

Chaotic movements existence is always possibleoimlimear systems. With increasing unbalance degresor
shaft rotation variation, primary motor bracket igaion, increases substantially, and even shoversat signs,
although in the short time span (see Fig. 5). Bhisws rotation axis high instability and, therefdrigh instability of
its own primary support excitation, which is indiga of a lack of predictability deterministic respse, the exact
gualitative chaos characteristic.
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Figure. 6. Resonance region oscillation speedifraqy analysis of 10e-4 kg.m unbalance degree.
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Figure 7. Resonance region oscillation speed &erqy analysis of 200e-4 kg.m and 300e-4 kg.m umnicalaegree.
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Figure. 8. 10e-4 kg.m unbalance degree Input-Owtpalysis.
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Figure. 9. 200e-4 kg.m and 300e-4 kg.m unbalaegee# Input-Output analysis.
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It can be observed to some unbalance degree thatfponse spectrum shows that various frequeshagk play
relevant role in the response, rather than one wating the response. The frequency spectrum sicaftenhere the
main excitement does not change (in this case,nthtor drive), is a classic indication of the systéynamics
complexity, which may lead to chaos.

Besides the scattering spectrum, it is noted thaiccurs at frequencies that are related to théesysatural
frequency, showing energy flow between natural dyioca and forced dynamics, what points to a kinthwd dynamic
competition”, which generates response unpredidigbndicative of the chaos possibility.

Finally, it is noted that frequencies that are ipigtand sub-multiple of the natural frequency egpece is a classic
route to chaos, inside what is called a doublinfyrbation period (sub-multiple frequency) or freqag doubling
(multiple frequencies). In both cases, the bifumratiagram (or the Poincaré map, if applicabld) amter a response
in future uncertainty route periods.

3.6 Conclusion

In this work, a mechanical system composed of eetiphase AC induction motor and its elastic foundatas been
studied.

Dynamic equations were used to get a complete madeth was not found in any other study in therhture. In
part, this is due to the three-phase induction mdimamic behavior complexity. Electrical enginegrideals with
electrical interactions very specific charactetiti leaving aside the possible influences of mechanorder
disturbances. In turn, mechanical engineering do¢sisually take into account electrical orderutisances influences
in the mechanical system dynamics study. As a tredithis study, an integrated model that can bglieg in many
detailed studies on the possibility of very patécumovements was done, as already observed irradenenideal
system studies.

A complete analysis of the possible answers thatsiistem can provide was not done. The idea was\elop a
model and show with reasonable simulations setttigisystem may have irregular movements, sutchase resulting
from Sommerfeld effect, i.e. the motor part rotatibmovement “capture” dictated by electricity dgmes and the
mechanical oscillator natural frequency.

Simulations aimed to observe vibration influencettos motor-elastic base set speed passage thresghance and
motor speed Sommerfeld effect check, as also sougbhov (2008) and Zucovic and Cveticanin (2009grev
performed with simplified motor models scan. Sintiolas were performed in Matlab ™.

Two types of motor accelerations were simulatetedistart and starting ramp with frequency invergs can be
seen in Fig. 3, for direct starting, even passimgugh the resonance region, no nonlinear osailfaéffect was
observed during motor acceleration, as demonsteatatytically in system simplified model in Leon(2008).

For acceleration ramp, through simulating a starsteps with the frequency inverter, approachirg rfssonance
region, speed fluctuation in speed increased ceralidy as the imbalance degree grew, and inputboutgation
discontinuity was observed for an unbalance degmgal to 200e-4 kg.m. Furthermore, motor speed tspac
oscillation frequency analysis was taken, as peingithat as the unbalance degree increases, the digiorted is the
waveform characteristic of the system response jmgoaway from linear response.

These system types model is fully developed, whadkes into account all electric machine dynamicd &és
interaction with mechanical dynamics. As shownrehie Sommerfeld effect and chaos route presertieation and it
is important to know and prevent these effectorect system performance.
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