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Abstract—This manuscript deals with predicting the dynarb&havior of the rotor in a claw-poled,
permanent-magnet (PM), stepper motor. The FEM motl@ prototype stepper is used to calculate the
magnetic forces on the rotor, where the PM is medtlelith an altered geometry approach. This altered
geometry helps achieving a realistic magnetic fliexsity profile and direct PM material property uhp
The obtained forces are used in the following asialyas the excitation, to simulate the rotor’s tioteal

and also axial movements with the help of proposgstem of equations. To validate the introduced
modeling approach, a measurement of the rotatiandlaxial movement was performed on a motor with
the same geometry and material properties. Thdtsesuithe simulated movement are in good agreement
with the experimental data for the tested motor.

Keywords—Stepper motors, Permanent magnet motors, Fingt@eht method, Magnetostatics, Torque,
Movement simulation, Position measurement, Velogigasurement.

Highlights:
- Altered geometry PM modeling approach.
- Calculation and reconstruction of torque-displacencarves.
- Upgraded system of equations for simulating thatimbal and axial movements of the
rotor.
- A robust, computationally efficient, step-by-stémuslation method.

I. INTRODUCTION

Small, claw-poled, PM, steppers are commonly usenany home appliances and the automotive
industry due to their positioning abilities anditHew cost. The performance of the motor is dedifiy the
materials used and its geometrical details, pdditthe stator poles. Optimizing the geometryider to
achieve a higher torque can affect the steppingiracg and the dynamics of the rotor's movement.
Numerous analyses and papers investigating thexctesistics of low-cost, PM, steppers have beenemad
in the past using 2D and 3D FEM [1], [2], [3]. Thesearchers were mainly interested in the statguto
characteristics [2], [3], [4], such as pole-shapéimizationfor maximizing the torque [5And minimizing
the detent [5], [6], investigating the effects odterial deterioratiof], [8], the stator-to-stator gap [9] and
different magnetization processes [5], [6]. In &iddi to those useful contributions, some detailedlyses
of full-scale motors (without the use of symmewyréduce the problem size) and their dynamic piagser
[10], [11] (e.g., eddy currents [12], [13], irorskes [13], stepping [14], [11], pull-in and pullt¢u4]) have
been made.

This manuscript focuses on the rotor movement thekfore previous publications and methods sesve a
the foundation, necessary for a dynamics simulafidre rotational movement of the rotor is tradititiy
simulated by using the well-established differdndgquations described in [15] and [16]. This method
approximates the torque of the motor with a sineerd 7], [18] and therefore loses some of the Valkia



information held by realistic torque-displacementves. These curves are unique to the individusbst
geometry and therefore very important. The probleans avoided if the coupled electro-magnetic-
mechanical FEM time-stepping [10] approach (e.gsysnMaxwell,) is used. Such approach is highly
accurate but computationally demanding and timesaoring, due to the large number of FEM calculation
iterations. To simulate the effects of the geognein the stepping abilities of the motor, with aodo
balance between accuracy and time consumptiomtaegrated method is proposed in this manuscrigs Th
method combines FEM-calculated magnetic torquesfarmes with a proposed system of equations, to
simulate the rotor’s rotational and also axial nmmoeats. Firstly, the FEM is used to compute theicstat
torque-displacement and force-displacement curVes. proposed system of equations then uses these
curves for quick and independent movement simuiatid’he axial movement is normally neglected in
simulations, due to the small influence on the trotel output. But the axial movement [19] is not s
unimportant in small, claw-poled steppers, becaidke vibrations and noise that the rotor creatleen it
axially collides with the bearing flanges. All varyg forces excite structures, which then generhtanges

in the surrounding air pressure, known as acoustitssion (noise). Keeping these excitation forcea t
minimum is an efficient way of dealing with noistyuctures. These axial vibrations are also probteama
when the rotor axis acts as a gear shaft and sotdbeer gears in small actuators. The system refibre
exposed to an additional wear mechanism and areasght noise that promotes the feeling of low-tyali
engineering. Therefore, the rotor’'s axial movemseriddressed in this work.

An important aspect of this work is the desire tesgnt the whole workflow as an undemanding, robust
and computationally efficient method, for enginesrgest their many prototype motors. Therefore thi
manuscript is organized as follows: In Section #Ht@p-by-step numerical analysis procedure is ptede
This incorporates the presentation of the analynedor A), the novel modeling of the PM B), torque
computation C), introduced rotor's dynamic respoegaations D) and the design of a simple controller
with simulation parameters E). Section Il presexperimental setup used to obtain the rotor moweme
which is later compared with simulation resultsSection IV. The summarized conclusions about the
method are given in V.

Il.  NUMERICAL ANALYSIS PROCEDURE

The creation of a numerical model starts with thHE&DCgeometry of a motor that needs to be virtually
tested before the first prototypes are manufactufé® geometry is then imported into Ansys and the
material properties are assigned. In order to &ehéecurate torque estimations, a non-simplifieahgetry
for all the magnetic parts, except the plain begriand the shaft, is used. We assume that théestsisteel
shaft and the plain brass bearings do not affectthgnetic flux and do not have a significant iefloe on
the torque characteristics. The PM rotor is modedsdpartially stand-alone segments with a radial
magnetization that periodically changes direction.

The current in the windings produces a magnetic ttat flows in the stator and polarizes its clavieg.
Although the results of the dynamic behavior of tbir that will be presented in this work corresgs to
half-stepping mode, some partial results will shdwgher order micro-stepping [20] modes for
demonstration purposes. For example, full-steppirggle uses only 4 winding-current combinations (4
different torque curves), where 1/16 micro-stepgig 64 combinations (64 different torque curvés).
general the method allows simulations of any stegppnode.

By changing the angular position of the rotor, elifint torque-displacement curves are obtained.€Thes
curves represent the potential static torque ofntia¢or. Transient effects are not included in thiEM
segment.

The torques and the forces acting on the rotorec@u® move relative to the stator in a mannet tha
defined by the current available torque and axiaetd. There is only one useful torque componensiogu
the rotor to rotate (torque about the shaft). OtREM calculated torques and forces act as unwanted
influences that slow down the rotor via the frictiof the plain bearings. Using a developed systém o
differential equations, calculated torques anddsrave can simulate the winding currents, as veethe
rotational and axial movement.

In order to simulate a “point-to-point” movememnsiead of oscillatory rotation about the first &ab
position (the zero crossing of an active torqueseyra simple PWM current controller must be sirteda
Using the manufacturer's data for a controller ghaarrent output for different movements, a simple



virtual controller can be developed. The controflentinuously adjusts the current via the voltagéMPin
order to achieve the desired level of current. @man the current levels changes the torque and the
position of the rotor.

A. Prototype-motor specifications

The bipolar, claw-poled, PM, stepper analyzed is Work (Fig. 1a) has 48 poles, corresponding 7064
step angle. In each of the two phases of the statdr35 mm copper-alloy wire is used for a windivith
160 turns. The stator is formed from structuralestmetal (normally the stators are made from a raggn
sheet-metal) with an inner diameter of 23 mm anduater diameter of 42 mm. The permanent magnet
made of a bonded Nd-Fe-Co-B powder glued to therroas a floor plan of circular ring with the wall
thickness of 1.2 mm and height of 11.2 mm. It iggme&ized to have 24 poles. The motor is designdxto
driven with 0.8 A and ~12 V.

B. Permanent-magnet model

Since a low-cost motor is being analyzed herePtilerotor creates a specific challenge. An Nd-FeBCo-
magnetic powder is mixed with epoxy resin and itgddnto a mold to form an economical and effective
magnet.
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Fig. 1. Main design elements of the motor a). Maigrfeux density profile of a PM: typical segment
approach b), proposed geometrical approach c),unedisnagnetic flux density at approximately 0.15 mm
away from the magnet surface d).



However, at this stage the magnet is yet to be etampd in the magnetizing machine to create the
radially magnetized segments which later interaith wnergized stator. Because there is a consitierab
amount of resin, air pockets and optionally fibershe magnet, the energy product, residual indacsind
coercive force all change respectively to voluneetdading of the magnetic powder (specified by the
manufacturer). The real magnetized magnet alsoahagusoidal magnetic flux distribution along its
tangential direction (Fig. 1d), which is in sligtanflict with the result of the simulation if a gdhe radial
segments of the PM ring are used (Fig. 1b). Duthése problems with the need of scaling the magneti
material properties and obtaining the realistiausoidal shaped magnetic density profile (Fig. lajeav
method for changing the geometry of the PM was ldges.

This method proposes that the segment’s geomettyalume are changed to suit the volume portion of
the magnetic material but keep both original inaed outer PM diameters in its centers (Fig. 1cke Th
model therefore also keeps the original wall thedsrand very important rotor-stator air gap. Trepstof
the segments is not explicitly defined due to thegible variation of the volumetric loading of matia
powder and angular width of the segment. For ttst fipproximation the sinusoidal shape of the segsne
(Fig. 1c) can be used. Afterwards, typically |dsant 4 iterations are needed to obtain the satmfashape
that corresponds to the combination of desired melwand the approximate magnetic flux density peofil
The magnetic flux density of the newdhaped segments (Fig. 1c) resembles the sinusdistalbution
(Fig. 1d) more closely than the typical approaciy.(Eb) and also does not need the scaling of nahter
properties. An alternative, but relatively compbgproach for improved PM modeling is presented/in [
where the author analyses the magnetization process

C. Torque computation

The current in the winding generates a magnetild fasound the leads/coils. The direction of this
rotational field depends on the direction of therent flow. The created magnetic flux runs on ttecs
metal and polarizes the claw poles. Each pole rntwacts a rotor segment of opposite polarizatibareby
generating useful torque. Since there is usualbt af interest in design influences [2], [5], a HEM is
used to compute these torques and forces in maltgibr positions. The torque-displacement cunvad h
much information about the performance of the mofdie peak torque and zero-crossing locations
determine the strength and stepping accuracy ofmbtr. Because the main interest is dynamics, the
shape of the curve is also crucial. Computing tirgue with the FEM is an accurate (often used for
different model verifications [21]) and flexible][&ayto calculate the torque behavior. Influences sw&ch a
temperature, teeth bending stresses [8] and mauufag errors can be easily simulated. Based on the
phase-current levels in the desired stepping mddeg. 2), a torque-displacement curve is calculated
(Fig. 3a). Because of the motor's geometry, theuercurve repeats 12 times in one rotor rotatidns T
means that it is only necessary to calculate thgutovalues for 30 degrees of rotation. Using aopler
expansion the torque curve (Fig. 3a) can be extttaleuit specific needs (Fig. 3b). To define ttais
properties of the full-stepping mode a total ofrftarque-displacement curves need to be calculdteese
are defined by [566; -566], [566; 566], [-566; 56Bb66; -566] MA (800 mA of a total driving-cur@n
respectively, to signals in Fig. 2a. For half (Rlg), quarter, etc. stepping, the required numibeuoves
quickly increases. For example, the curves repteddn the 1/8-stepping mode are shown in Fig. 3c.
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Fig. 3. Representation of torque-displacement cur€errve obtained with magnetostatic FEM at
[800; 0] mA a), periodically expanded curve b),\&s representing 1/8 micro-stepping mode c).

Computing these curves can be time consuming dtigetaumber of elements needed to achieve accurate
results. Some reduction in the number of elemeatsbe achieved by using a virtual work method and a
vector potential [22]. The number of needed elesean be determined by recalculating the same point
several times with an increasing number of eleménmtsee where the solution converges. By using this
method, it is possible to decide how many elemargssufficient for an accurate, individual analysisd
then the best balance between accuracy and corgffort can be found.

Because the FEM curves are static, the removedrialat®m the rotor does not present any drawbacks.
Realistic mass and inertia will be used as constanan independent dynamics simulation.



Obtaining a large number of torque curves for hdglision stepping modes (e.g. 32 curves for 1/84r
for 1/16-stepping mode) with a sufficient quantdf finite elements is time consuming and therefore
unpractical. To overcome this problem, most of theves can be reconstructed from the four primary
curves cl6, c32, c48, c64 shown in Table |. Tabfgdsents the phase currents defining the torque-
displacement curves (c1-c64) for the 1/16 micrgsiteg mode (skipping every second combination will
give 32 combinations corresponding to 1/8 micrggileg mode, etc.). A total of 64 curves can be iokth
by calculating only c16, c32, c48 and c64 (TableThese are the primary curves, where the maximum
phase current energizes only one phase of the midtercurrent in the other phase is set to zero.

TABLE I: All static torque curves for 1/16-steppidgfined by phase currents in amperes

curve | C1 C2 | .JCi5[Ci6[C17]..[C31[C32]C33] ... [Ca7][C48[Ca9] ... C63[ Cb4
I.[A] | 0.078 | 0.156 0.8 0 0.8 0
I2[A] | -0.796 | -0.785 0 0.8 0 08

The reconstruction of the other curves can be nuaiteg the introduced equations (1)—(4), where c4—c6
are the torque vectorsXis the reconstructed torque vector, n isrihih vector elementy is the current in
the first phase anid is the current in the second phase.

cl —cil5:

X (n) = c64(n)di,(cX )+ c16(n) 1, (cX ) 1)
cl7 —c31:

X (n) = c16(n)d1, (cX )+ c32(n)d , (cX ) 2
c33 — c47:

X (n) = c32(n)d1,(cX ) + c48(n) 1, (cX) 3)
c49 — c63:

cX (n) = c48(n)di, (cX ) + c64(n) 1, (cX ) 4)

For example (Fig. 4), a c2 torque curve with156 mA andl,=-785 mA can be reconstructed from c16
and c64 with equation (1) m=1:62 points (0.5 degrees increment).

The primary curves were computed with FEM and tbe af B-H curve for the metal, so they include the
detent torque and saturation effects. Becauseett@nstruction expressions (1)-(4) produce torqugesu
that are only a linear combination of the primangs, we can expect some minor discrepancies cothpare
to a FEM calculated curve (Fig. 4). This reductmfquality is a simplification made to speed-up the
simulations.

An additional speed-up of the computation of theque-displacement curves can be achieved by
computing only one primary curve and offset theeottinree for the appropriate displacement angles It
advised to compute all four primary curves for fing& prototype motor to find the right angle offse
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Fig. 4. Reconstructed torque curve c2-r and FEMpmaed c2-c.

An investigation of the zero-crossing of the torgligplacement curves lets us examine the stepping
accuracy of the motor. This is very useful pre-nfaoturing data, because of the well-known problems
with the stepping accuracy of claw-poled, PM, stppn micro-stepping modes. The gradient of theeu
at zero-crossing defines the motor's ability towsecthe step position. A steep curve is important i
applications where a high operating friction is exied, because the positioning will be more aceuréte
gradient also affects the oscillating frequencytloé rotor. The shape of the curve affects the tor
rotational movement. A high torque ripple (Fig. 8auses the rotor to run more roughly.

The same procedure for the computation and reaani&in can be used to determine the axial forces on
the rotor.

D. Computation of the rotor's dynamic response

A well-established method for simulating the rotoovement for hybrid and claw-poled steppers is to
solve a system of differential equations descrilme[l5], [16]. This method is a fast and robust meaf
simulating the rotor movement and the stepper’'sathin characteristics, such as pull-in and pull{a5{.
The drawback of this method is the sinusoidal sificgtion. The torque generated by energizing tiatos
is assumed to be a sine wave, which is rarely éise i claw-poled steppers (see section II.C)dtitin,
the motor’s torque and detent constants have tobbgined. These are highly important as they detfiee
shape of the torque-displacement curve. So theg tabe either measured or computed by other means.
In present times of modern computers these draveba@sent a good argument for using FEM.

Simulating the movement by recalculating the foraedth the FEM after each time step id a time-
consuming method, because of the large numbeepsstecessary to appropriately simulate the “point-
point” movements. The results are accurate [10hbse it is possible to include electromagnetic togp
eddy-current and iron losses [12], [13] that influe the magnetic field generation, especially ghhi
stepping rates (e.g. Ansys Maxwell). Whereas thigr@ach is well suited for individual analyzes (gig
detailed scientific researches and in “cutting” @dgplications), its drawbacks are evident wheridemw
range of motors is being analyzed. Namely, largapatation demands and times limit the applicabibty
the approach in parametric studies and optimizagmtedures, where a greater number of analyzes is
required.

The approach introduced in this manuscript jointhbnethods to develop a relatively fast and aceurat
method for the numerical simulations of stepperar®tThe developed system of equations (derivem fro
[15], [16]) uses torque-displacement and forceddisgment curves, to simulate both the rotationa an
axial movement of the rotor. Once the FEM curvesabtained and stored, any movement can be quickly
simulated with the introduced system of equati@)s(Q), independently of FEM model:



di i
= {ul -RO,-M 22+ a)El'Clvo(O)}/Ll )
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% = mi[ppz(il,iz,@)— B, Et—sgn(Z)E(g [, [, +T/j -c,, ] ®)
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whereiy, i> are the currents in both phasas,u. are the voltages, R is the winding resistaMdds the
mutual inductance of the windingk, is the winding inductance (In particular case bbtlandM are
obtained by FEM. Inductances are many times consilmdependent of rotatioh[15], [16], however a
FEM computation enables @ dependent. and M to be obtained and used for even more accurate
analyses)g is the rotor angular velociti,Ci0(6) is the torque curve calculated with the FEM, wbaty
one winding is fully energized (note that it mustdalculated with 1A winding current or normalizedLA
to satisfy unit requirements),is the rotor position) is the rotor inertiaT (i1,i2,6) is the torque defined by
(1)—(4) for a current rotor positiofle is the friction torque generated by the rotor'ssmiaccentricityTa is
the friction torque added to the motor (gearboxogker, etc.)T; is the friction torque caused by the rotor's
axial movement (10); is the rotor’s axial velocityn is the mass of the rotdf(i1,i»,0) is the axial force
for the current rotor position (defined in a simigay to the torque)y is the acceleration due to gravity (in
current application the motor's axis lays in honta plane (Fig. 5))u is the coefficient of friction
between the plain brass bearing and the staintes$-shaftcsy is the spring-washer spring consta®itjs
the rotational movement damping constant (for ninfermation on damping properties please see [12],
[16], [23-27]),Ba is the axial movement damping constant argithe axial displacement of the rotor.
Spring washers help maintain the axial positiomhef rotor, and so contribute to the good vibro-aticu
aspects of the product. The axial movement of titery governed by newly formulated equation (8),
causes the compression of either the upper or Ispéng washer. Compression creates a frictionueig
that affects the rotation. In (1@)s represents the mean radius of the bearing flamgeuais the axial
friction coefficient.

T, =c,, [zlr, [y, (10)
TE = ml’ lje mz IJII' Ijs (11)

The friction torque caused by the mass eccentriftthe rotorTe is described by (11), wherg is the
eccentricity andsis the shaft radius. The mass eccentricity shookdbe confused with geometrical run-
out of the rotor. The run-out would affect the megmfield and change the FEM calculated curves.

E. Virtual controller

Without the ability to control the winding currerggotor only moves to the nearest stable pointtentds
its position with a holding torque. Different comhbtions of winding currents change the shape of the
torque-displacement curves and therefore the staid#tions, so the motor can step in the desiregttion.
The higher the micro-stepping mode, the highemtimaber of different torque combinations to considier
the controller sets a constant time interval fortlaé current combinations, a motor will be stegpat a
constant rate. Shortening the time intervals spegdde rotation and the stepping becomes smoattbr
more coherent. If the intervals become too shbs, rotor can no longer keep up with the fast-chaggi
magnetic field defined by the stator and the motwses synchronization. To avoid any loss of
synchronization (step loss), a careful analysistib@smade. In contrast, elongating the intervalssea
deceleration. This work deals with two differemaiations.



For the stepping test, the controller has to chahgecurrent in the windings each tenth of a sedand
order to engage the next torque curve. This testale the stepping accuracy and the “ringing” (ekieots
and undershoots) characteristics of the motor.

The test of two rotations with a linear accelematgofile is meant to examine the theoretical dyitam
behavior of high speed rotational movement. The 4t@ps in the Y2-stepping mode define a theoretical
720° rotation. Such point-to-point movements witHireear acceleration profile are common tasks for
steppers in many positioning systems. The simulgtirameters are presented in Table II.

TABLE II: Simulation parameters

V max 973 PPS (full-step)
V minfV max 15/32

Acceleration 19092 full-steg's
Stepping mode (SM) 1/2

[run 800 mA

Micro-stepping gives steppers the ability to runrenemoothly with less torque ripple and therefess|
vibration. The speed of the stepper is in mostsasated in PPS (positions per second), whichaglit
RPM (rotations per minute), as stated in (12), wi2gris the number of motor poles.

— Veps (60° (12)

2p

RPM

IIl.  EXPERIMENT

To evaluate the simulation results an experimeti wiepping and point-to-point movement was made.

The motor was driven with an AMIS-30623, bipolatepper-motor chip based on LIN communication
(automotive CAN standard sub frame).

stepper
motor > )
XI a) Measuring rotation
N
N

z * laser
& vibrometer

b) Measuring axial vibrations
Fig. 5. Experimental setup. Measuring rotationalsement with encoder a), and axial vibrations with
vibrometer b).

The shaft of the motor was coupled with a Scancamiature encoder using ¥kgn? of inertia and 0.5
Nmm of friction torque (Fig. 5a). The encoder hasesolution of 7500 lines per rotation, which igrh



multiplied by four in the measuring software. Axi@lovement was measured using a Polytec portable
digital viborometer PDV-100, with the sensitivity 8{mm/s)/V. The beam of a helium neon laser was
pointed in the center of the motor shaft to prdgiseeasure the axial velocity without adding anyssia
[28]to a very light rotor (Fig. 5b). A non-contact messment of axial movement was performed without
the presence of encoder, so the rotor was ableot@rfreely. The data acquisition was performed ith
20 kHz sampling frequency.

IV. COMPARISON AND DISCUSSION

The validation of the proposed method was startéd & simulation of the stepping. Each tenth of a
second the controller sets a new phase-current icatiin, which defines a new torque curve with a
different zero crossing. The rotor reacts to thangfe in the torque and moves to a new, stableiposit
Fig. 6 shows 12 consecutive steps in Y2-steppingemdbeoretically, the step angles should be 3.78° a
all equal. In this case the non-optimal stator gemyncauses unwanted anomalies in the torque curves
which affect the motor’'s stepping abilities. A camdttion of short and long steps is a common problem
when micro-stepping a claw-poled, PM, steppers. that particular reason Fig. 6 shows Yz-stepping
instead of full-stepping mode. Comparison of thedation (Fig. 6a) and measurement (Fig. 6b) of a
stepping accuracy test in Y%-stepping mode revealelatively good quality of the simulation. 12
consecutive steps are enough to see the motorsstapping abilities.

50
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Time [s]
a) Simulated 1/2 stepping

Angle [°]

0 1 L L
0 0.2 0.4 0.6 0.8 1 1.2

Time [s]
b) Measured 1/2 stepping
Fig. 6. Simulation a) and measurement b) comparé$dhe Y2-stepping.

The point-to-point movement was specially chosen inoorporate acceleration, continuous run,
deceleration, and damped oscillation during thalfstep for comparison purposes. The plot of arrgula
displacement (Fig. 7a-c) mainly shows the finalli(@ey) position, the information about the time
necessary to reach the position and the overshdbedast step. Fig. 7d shows more detailed in&tiom
about the acceleration, constant speed and detieterlnspecting both plots (Fig. 7a and Fig. 7ieg the
engineer important information about the rotatidmehavior of the motor.
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Fig. 7. Simulation and measurement comparisonhfempbint-to-point movement a), with detailed views
for the acceleration b) and deceleration c). Anguédocity comparison is shown in d).

Fig. 7a shows the comparison of the experimentaitgined and simulated rotor displacement. Dud¢o t
marginal discrepancies, the acceleration and dextela are checked separately. Fig. 7b is focusethe
acceleration, where the rotor quickly gains speadl synchronizes with the stator-generated flux. Fa
shows a combination of the rotor’s deceleration threddamped oscillation.

The quality of the simulation can be more accuyat@wed with a plot of the angular velocity (Figd).
Small deviations of the simulation compared to rteasurements are more obvious when comparing the
derivatives. The simulation fails to completely faté the measurement at the peaks and the locahmin
of the acceleration (0-0.03 s). Also, the frequeotthe synchronization in the simulation appearde
higher than in the experimental data. This canhieecuse of the minimal errors in the total inectidhe
rotating parts, the calculated torque, the frictiomnd the damping parameters. The differences are
gradually minimized when the rotor reaches its giesied speed (0.03-0.08 s). Deceleration (0.08<).12
and damped oscillations (0.12-0.17 s) at the fstap can be very problematic to simulate in small
steppers. As is clear from the stepping analysiastit differences between the individual steps are
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possible. Combining that with the non-uniform figet, which depends on the angular location due to
assembly errors when coupling the shaft with thaodar, can result in very different behaviors.

During the rotation the rotor also moves axiallyg(RB). This simulation and also experiment were
carried out using spring washers on both sideshefrotor, which hold the rotor centered between the
bearings and improve the vibro-acoustics of theomatspecially at low stepping rates. Without tke of
the washers some impacts occur between the rotbth@nbearings. To simulate the axial movemenhén t
motor without spring washers, (8) should be altexpgropriately. The simulation produces result$ e
in a good agreement with experimentally obtainet@ dgig. 8). Again, the most problematic sectiothis
synchronization at acceleration (~0.015 s), withilsir reasons as stated for the rotational veloditye
frequency domain analysis (Fig. 8) confirms a gagteement.
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2 0 5 0.005
Q —_—
o ()
G} >
(] il
Z 0.1 : 0
0 0.05 0.1 0.15 0.2 0 500 1000 1500 2000
Time [s] Freq. [Hz]
a) Simulated axial velocity ¢) Simulated axial velocity FFT
= 0.1 - - - _ 0.01
£ )
2
2 0 5 0.005
3 °
] =
~ 0.1 - ' : 0
0 0.05 0.1 0.15 0.2 0 500 1000 1500 2000
Time [s] Freq. [Hz]
b) Measured axial velocity d) Measured axial velocity FFT

Fig. 8. Axial velocity comparison.

V. CONCLUSIONS

This manuscript presents an integrated step-by-apgpoach with a different PM modeling preposition
and introduced coupled rotational-axial movementagigns to simulate the rotor movement in PM
steppers. The method is designed as an enginetooigfor analyzing the geometrical influences of
prototype motors, creating large parametric studied optimizations, with a favorable combination of
computing effort and simulation quality. Throughethse of FEM, PM modeling approach and broad
energy-dissipation mechanisms, we minimize the nfeedan iterative search for the right simulation
parameters. The method also incorporates the yabdlisimulate the axial movement of the rotor, aond
enables the additional experimentation of the vécoustic aspects of the motor. A step-by-step open
approach is also beneficial for using only parthef method. When the focus is on the static charatts
of the motor, it is only necessary to calculate phienary torque curves and reconstruct the otHarthis
way the torque characteristics and the potentgbmhg accuracy are known. On the other hand,df th
torques and forces are already established, oalptbposed dynamic equations can be used to sienthiat
movement. With regards to experimental data, th®duced approach displayed the accuracy, sufficien
for the majority of engineering applications.
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