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Abstract: The main problem in improving the tracking performance of linear synchronous
motors is the presence of force ripple caused by the irregular magnetic field of the permanent
magnets and inaccuracy in electronic commutation by the servo amplifier. In this paper a
method to compensate the force ripple based on shaping of the phase current waveforms
is presented. The method generates optimized current waveforms which produces minimal
copper losses and maximize motor efficiency. The current waveforms are based on a Fourier
series approximation. A comparison of the tracking performance with and without force
ripple compensation is give@opyright® 2002 IFAC
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1. INTRODUCTION ties up to 10n/s and accelerations of (Howe et
al., 2001).

Permanent magnet (PM) linear synchronous motors The more predominant_ ngnlinear eﬁect; underlyil_”ng a
(LSM) are beginning to find widespread industrial ap- PM LSM system are friction and force ripple arising
plications, particularly for tasks requiring a high pre- from imperfections in the underlying components e.g.
cision in positioning such as various semiconductor Irégular magnetic field, inaccuracy of commutation.
fabrication and inspection processes (Basak, 1996).In order to avoid force ripple different methods have
PM LSMs have better performance and higher power P€en developed. In(Jahns and Soong, 1996) several
density than their induction counterparts (Gieras and techniques of torque ripple minimization for rotating
Zbigniew, 1999). The main benefits of PM LSMs are Motors are reviewed. The arrangement of the perma-
the high force density achievable and the high po- N€nt magnets can be optimized to reduce cogging
sitioning precision and accuracy associated with the forces (Junget al, 1999),(Cruise and Landy, 1998).
mechanical simplicity of such systems. The electro- IN (Van den Braembussctet al, 1996) a force rip-
magnetic force is applied directly to the payload with- ple m_odel is developed and |d(=fnt.|f|cat|on is carn_ed
out any mechanical transmission such as chains orout with a force sensor apd a frictionless air bearing
screw couplings. This greatly reduces nonlinearities SUPPOrt of the motor carriage. In (Ottet al, 1997)
and disturbances caused by backlash and additionaf Neuronal-network based feedforward controller is
frictional forces (Pritschow, 1998). Todayts state-of- Proposed to reduce the effect of force ripple. Position-
the-art linear motors can, typically, achieve veloci- triggered repetitive control is presented in (Van den



Braembusscheet al, 1998). Other approaches are gap between the magnetic plates. The magnet assem-
based on disturbance observers (Schrijver and vanbly consists of rare earth magnets, mounted in alter-
Dijk, 1999), (Lin et al,, 2000), iterative learning con- nate polarity on the steel plates. The electromagnetic
trol (Lee et al, 2000) or adaptive control (Xu and thrust force is produced by the interaction between
Yao, 2000). In (Réhrig and Jochheim, 2001) a force the permanent magnetic field in the secondary and the
ripple compensation method for PM LSM systems magnetic field in the primary driven by the phase cur-
with hardware commutated servo amplifiers was pre- rents of the servo amplifier. The linear motors under
sented. A model based method was chosen, becausevaluation are current-controlled three-phase motors
force ripple is a highly reproducible and time-invariant driving carriages supported by roller bearings. Figure
disturbance. 2 shows the Y-axis driven by an Anorad LEA-S-4-S

In this paper a compensation and identification method linear motor.

for software commutated servo amplifiers is proposed.
The force ripple compensation is directly integrated in g
the software commutation module of the motion con-
troller. The waveforms of the phase currents are opti- B8
mized in order to get smooth force and minimal cop- | &

per losses. The optimal current waveforms are basec_ -
on Fourier series approximation and are identified by
measuring the control signal in a closed position con- Lg._ 4]
trol. e

The paper is organized as follows: In Section 2 the Fi9- 2. Experimental setup
experimental setup is described. In Section 3, a phys-

ical model of the PM LSM is derived and explained.

In Section 4 the optimization procedure of the phase

currents is described. In Section 5 the controller de- 5 5 ggryo Amplifier

sign is presented and a comparison of the tracking
performance with and without ripple compensation is
given. Finally Section 6 concludes the paper.

The servo amplifiers used in the setup are PWM types
with closed current control loop. The software com-
mutation of the three phases is performed in the mo-
tion controller with the help of the position encoder.
This commutation method requires two current com-
mand signals, from the controller, which é%apart.
The initialization routine for determining the phase
relationship is part of the motion controller. The third

) . phase is derived in the servo amplifier:
The motors considered here are PM LSM with epoxy

cores. A PM LSM consists of a secondary and a Uy =—U;— U,

moving primary. There are two basic classifications of

PM LSMs: epoxy core (i.e. non-ferrous, slotless) and Figure 3 shows the block diagram of the Anorad servo

steel core. Epoxy core motors have coils wound within amplifier. The maximum input signais of the servo

epoxy support. These motors have a closed magneti@amplifier (10V) correlate to the peak currents of the

path through the gap since two magnetic plates "sand-current loops. In the setup the peak current of the

wich” the coil assembly (Anorad, 1999). Figure 1 amplifier is 28\. The PWM works with a switching

shows an unmounted PM LSM with epoxy core. The frequency of 2kHz The current loop bandwidth is
specified with 25kHz (Anorad, 1998)

2. EXPERIMENTAL SETUP

2.1 Linear Motor

COIL ASSEMBLY

The dynamics of the servo amplifier will not be con-
sidered as they play a minor role in the dynamics of
the whole system.

3. SYSTEM MODELING

MAGNET CHANNEL
ASSEMBLY

The thrust force is produced by the interaction be-
tween the magnetic field in the secondary and the
magnetic field of the phase windings. The thrust force
Fig. 1. Anorad LE linear motor is proportional to the magnetic field and the phase
currentsi,, ig, ic. The back-EMF induced in a phase
secondary induces a multipole magnetic field in the air winding (€,, €, €:) is proportional to the magnetic
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Fig. 3. Block diagram of Anorad servo amplifier

field and the speed of the motor. The total thrust force The main idea of the proposed method is to identify
Fihrust 1S the sum of the forces produced by all phases: the back-EMF waveforms in a closed position control
loop by measuring the control signg of the position
XEr = eyint Eaint e 1) contrqller at dnffgrent load forcel,,,q gnd positions
thrust = €ala T G8la + Ecle x. Neither additional sensor nor device for position

The model of a PM LSM can also be described in the adjustment are necessary. In order to avoid inaccuracy
dq-reference frame (Gieras and Zbigniewi 1999) In a by stiction the measurement is achieved with mOVing

PM LSM the reluctance force is negligible and only carriage. The position of the carriage is obtained from
the current in the g-axis produces force: an incremental linear optical encoder with a measure-

ment resolution of 2um. The experiment consists of
) several movements at constant low velocityn(ty's)
Fihrust = Co I ) and different load forces (0. 70N). The output of the

There are two types of position dependent distur- position controller is stored at equidistant positions.
bances: cogging force and force ripple. Cogging is a In the identification procedure a sinusoidal reference
magnetic disturbance force that is caused by attraction¢U"rentis used:

between the PMs and the iron part of the primary. The

force depends on the relative position of the primary U = U sin (_ (x— >> 3)
with respect to the magnets, and it is independent of 1= Tp %

the motor current. Force ripple is an electro-magnetic _ T o

effect and causes a periodic variation of the force con- U, =Ug SIN (r_p (X— Xo) - ?>

stantc,. Force ripple occurs only if the motor current
is different from zero, and its absolute value depends
on the required thrust force and the relative position
of the primary to the secondary. Both disturbances are
periodic functions of the position. (Van den Braem-
busscheet al,, 1998)

whereu,, u, are the current commands of the two
phasesyy is the output of the position controllex,

is the position of the carriagep is the pole pitch and
X, is the zero position with maximum force which is
find in an initialization routine.

Cogging is negligible in a motor with iron-less pri-
mary (Anorad, 1999). Figure 4 shows the nonlinear ¢
block diagram of a servo system with PM LSM. The
nonlinear disturbances are the velocity depended fric-
tion forceF; o, @and the position dependent cogging oz

force Feygging@nd force ripplec, (X).

The friction force is modeled with a kinetic friction
model. In the kinetic friction model the friction force
is a function of velocity only. The friction curve is o5l
identified with experiments at different velocities. The
friction has a discontinuity at = 0, because of stic- or
tion. A survey of friction models and compensation
methods is given in (Amstrong-Hélouvey al.,, 1994).
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4. CURRENT WAVEFORM OPTIMIZATION ) )
Fig. 5. Control signal at load force F =20 N

Aim of the current waveform optimization is to obtain

a reference waveform of the _phase currents which Figyre 5 shows the control signaj versus the posi-
generates smooth force. Only if the back-EMF wave- tjon x. For analysis of the control signal a least square
forms are sinusoidal, a sinusoidal current waveform astimation of the model parameters (function 4) was

optimal current waveforms depend directly on the pased on the pole pitchy.

waveforms of the back-EMF.
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Fig. 4. Nonlinear model of a PM LSM servo system
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where6, are the estimated parameters.
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Figure 6 shows the amplitudes of the sinusoids
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Fig. 7. phase currents at load force F = 20 N

e The product of back-EMF and phase current is
proportional to the force contributed by each
phase.

e All waveforms are periodic.

e All harmonics of the waveform scale in direct
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ooer ! 7 ] of the motor’s basic force equation.
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Fig. 6. Spectrum of the force ripple Wheree, (x), e3(X), e:(x) are the back-EMFs of the

phases A, B, C at a constant velocikyjs the posi-
The fundamental period (8@m) correspondents to tion andu,, u, are the phase current commands. The
27p. The amplitude of this sinusoid is independent back-EMFs are calculated in dg-coordinates and then
of the load force. The curves of the phase currenttransformed into the phase coordinates A, B, C. After
commandsuy,, U, in figure 7 show that the current the identification of the back-EMF waveforms, the op-
independent ripple with the period ofrg= 30.0mm timized phase current waveforms are calculated. The
are caused by offsets in the analog circuits of the servooptimal current waveforms for generation of smooth
amplifier. force are not uniquely defined unless additional con-

straints are defined. The constraint considered here

In a first step the offsets of the phase current com- are:

mands are calculated and eliminated in equation 4. In
the second step the back-EMF waveforms are identi- e The sum of the phase currents is equal zero.
fied. Following assumptions are made: ¢ Minimum copper losses?qR)

e A constant force is produced with the measured The optimization procedure was performed with the
phase currents. MATLAB ™ Optimization Toolbox (Mathworks, 1999).



In Figure 8 the calculated and normalized back-EMFs
and the optimized phase currents are shown.
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Fig. 8. back-EMFs and phase currents

The result of the optimization procedure are the pa-
rameters of function (6) for shaping the phase cur-
rents.

u; (X7 UO) = al+B1 (X) Ug
U (X, Up) =8+ B () U
B=Y b.ksin<k”(X+d-k)) (6)
i ) [ Tp !

keM

Where Mﬁ is the set of considered harmonicsjs
the position of the carriagey, is the control signal
(desired thrust force);, u, are the phase currents
commandsg; are the offsets of the servo amplifier
inputs, b, are the amplitudes of the wave shapss,
are the phase shifts ang is the pole pitch.

5. CONTROLLER DESIGN

Figure 9 shows the block diagram of the servo control
system. In order to achieve a better tracking perfor-

200mnvs. If the ripple compensation is applied, the
tracking error is reduced significantly.

15
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sation

Fig. 10. Tracking error

6. CONCLUSION

In this paper, a motion controller with force ripple
compensation is presented. The compensation method
based on optimized current waveforms which pro-
duces minimal copper losses and maximize motor ef-
ficiency. The optimized current shapes are valid for
any velocity and thus a static force measurement is
possible. In order to identify the model parameters, no
additional sensors are required. Experiments show that
the tracking performance is significantly improved
if the ripple compensation is applied. The described
force ripple compensation method is implemented in
the motion controller of several machines for semi-
conductor production to improve the tracking perfor-
mance.
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