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Abstract - This paper discusses the controller design 
and test approaches leading to the performance im- 
provement of a brushless 3-phase ac synchronous perma- 
nent magnet linear machine. The feasible controller de- 
sign concept for the linear machine is presented and fur- 
ther implemented in Simuliok and dSPACE. Two control- 
lers, a PD and a PID-controller, are designed to reach 
high position accuracy during constant speed operation 
without a settling h e .  The controllers for the linear ma- 
chine are implemented and the theoretical results are 
verified. 

I. INTRODUCTION 

Linear permaoent magnet machines combine high speed 
and position accuracy. Hence, these machines are popular as 
long-stroke actuators in manufacturing equipment like pick- 
and-place-machines and wafer scanners. AU these production 
machineries demand fast and accurate positioning stages with 
minimal delays and settling times to maximize the production 
output. The initial electromagnetic design, the power ampli- 
fier and the controllers determine the maximum reachable 
performance of the stage. 

Fig. 1 shows a picture of the iron-core linear machine. In 
Table 1 the parameters of the linear drive are summarized. 
The controller for this bear motor must reach high position 
accuracy during constant speed (scanning) operation. Fur- 
thermore, no settlimg is allowed. The settling time is defined 
(Fig. 2) as the time between the moment that the speed refer- 
ence reaches constant speed and the moment that the position 
error is within its tolerated limits (M pm). 

Fig. I.  Tesl srmp with fhe hear  m o r .  

TABLE 1 
SPu7nCAllONS 0 

stam width 
pale pitch, 4 
"wn force 
motor constan4 K, 

HE LINEAR DWYE 

0.012 m 

72.55 NIA 
15 Ndm 
8.75 kg 

incremmtal 

ume (*I 
Fig. 2. Used definition of the settliog tlme 

The paper describes the design of two conlmllers and the 
implementation of the linear drive in Simulink and dSPACE. 
First, the PD-controller is implemented. This controller 
causes a mean position error during constant speed, which 
can be compensated by a Coulomb friction feedforward con- 
troller. The second controller is the PID-coutroller. This con- 
troller eliminates the position error during constant speed 
operation, but introduws a settling time, which is compen- 
sated with the observer. A cogging feedforwmd controller is 
implemented with both controllers to reduce the rms-position 
-1. 
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11. MOTOR MODEL 

The electromagnetic force (8, generated by a not-saturated 
3-phase linear machine [I] with phases a, band c is equal to: 

If the phase currents are equal to: 
* I T  

r, 
ia = isin(--x+ p), 

^ A 2  
ib = isin(-x---n+p), 

r, 3 

(4) 
* i I 2  .. 

ic =isin(-x+-IT+p), - 
7, 3 

then the force can be written as: 

F = :K,* icos(p) = K, i cos (p -p~ ,  

(5 )  
2 

where 
Kph 
K, 
i 
x 
r, ' 

% 

p 

is the motor Anstant per phase (NIA), 
is the motor constant (N/A), 
is the phase current (A). 
is the position of the translator (m). 
is the pole pitch (m), 
is an unknown phase angle (rad), which accountsfor 
the unknown position of the translator, 
is the phase angle of the currents.to be set equal to the 
unknown angle in order to maximize the force 
(rad). 

From equation (9, it cambe seen that the force depends on 
the position of the.trmlator relative to the stator. Because the 
linear motor uses an incrementa! encoder, the initial position 
of the translator with respect to the stator is unknown. An 
alignment procedure is used to determine the value of p to 
maximize the force [2]. 

The mechanical part of the system is modelled by the 
translator mass m and damping D. The values of these pa- 
rameters and the value of the motor constant K, are summa- 
rizedinTable1. 

IiI. PD-CO~OLLER 

The advantage of a properly designed PD-controller is that 
the settling time is negligible. However, feedforward control 
for all major disturbances have to be implemented to reduce 
the mean position mor during constant speed operation. 

The gains of the pmportioel and derivative feedback of 
the controller are calculated so that the closed loop system is 

critically damped and has a bandwidth of 100 Hz. The im- 
plementation of a controller with such relative high band- 
width is only possible if the mechanical resonance kequen- 
cies of the positioning system are far outside this bandwidth. 

A. Velacity observer 
The PD-controller needs both position and speed meas- 

urements. The incremental encoder measures only the posi- 
tion of the translator of the linear motor. Direct differentiation 
of the position signal of the linear encoder does not produce a 
precise and noise free velocity signal. For this reason, a 
closed loop velocity observer is used to determine the speed 
of the translator. The velocity observer contains the motor 
model and simulates the system behavior 6ecause it has the 
same current input as the linear motor. By feeding back the 
position through a PID-controller in the observer, the error 
between the real linear motor and the model in the observer is 
removed. The bandwidth over which the observer differenti- 
ates the position must be higher than the bandwidth of the 
PD-controller, otherwise it will limit the controller perform- 
ance 131. 

Fig. 3 shows two different observers, which have been 
compared. The estimated velocity of 'observer 1' is the out- 
put of the motor model in the observer [4]. The output of 'ob- 
server 2' is the sum of the output of observer 1 and the de- 
rivative feedback of the position error [SI. The difference 
between both observers is shown in the Bode diagram of the 
transfer iimction between position input and velocity output 
of the observers in Fig. 4. 

Both observers differentiate the position input for the lower 
frequencies. However, Observkt 2 amplifies the position input 
for the higher ftequencies and feeds the noise from the en- 
coder through the gain Kc-d of the observer and derivative 
gain of the PD-controller back to the power amplifier and the 
linear motor. This results in (audible) noise in the h e a r  mo- 
tor. Observer l integrates the position input for the hi&= 
frequencies and filters it. 

The disadvantage of observer 1 is that, contrary to ob 
server2, the estimated velocity contains an error, which 
causes a position error of the translator if there is no integral 
feedback in the observer. 

Observer 1 has been implemented in the controller of the 
linear motor. The bandwidth is set to 300 Hz. 

Fig. 3. Two observers with different estimated speed outputs. KOJ, KO-d 
and KO-i are the g a h  of the propofiiond, derivative and intetegral fedback 
rc0pSti"dy. 
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Fig. 4. Bode diagram ofboth observers. 

B. Feedforword controller for ahmping and mass 
The closed system has a steady state mor without the feed- 

forward controller for the dampiig of the motor. A feedfor- 
ward controller for the mass significantly reduces the position 
error during acceleration. The cmeuts, which neutralize the 
effects of the damping and the mass of the translator, can be 
calculated straightforward and are derived, respectively: 

. D  
I = - V ,  

K, 
. m  

I = -a. 
K ,  

C. 
A feedforward controller for the Coulomb friction is an es- 

sential part of the PD-controller. The average position during 
constant speed is not equal to 0 pm without this feedforward 
controller. Although the friction is hard to model properly, 
the implementation of the simplest model of the Coulomb 
friction in the feedforward controller performs well. The 
Coulomb friction is compensated by a constant current, 
which sign depends on the direction of the velocity. Fig. 5 
shows that the Coulomb friction feedforward controller can 
eliminate the average position error during constaut speed. 
The value of the Coulomb friction is equal to 19 N. 
D. Feedforword controller for the cogging firces 

The interaction, between the teeth of the translator and the 
individual magnets on the stator of the linear motor, cause 
cogging forces. This disturbance leads to a position depend- 
ent enor. This error can be estimated independent of the zero 
position of the translator. It is measured with respect to the 
phase of the current in one motor phase, since the phase of 
the current in an ac synchronous motor is determined by the 
relative position of the motor phase above the magnets. Every 
phase angle corresponds with a relative position above the 
magnets. 

Feedforword controller for the Coulombfiction 

- I 0.5 d s  , I . 0 d s  ’ -1.5 ds 2.0 mls 0 mls 
E 21 I - - - - -  ...... ~~~~~~ .... - 2  - 

~.h&?~~.+%& . .  
‘V 

. . . . . ~~~~~ . . . ! . . . ~~~~~  

0.5 1 1.5 2 25 

Fig. 5. Effect of the fedlonvard controller for the Coulomb Wction for dif- 
ferent speeds. 

Fig. 6 shows the distribution of the position error as func- 
tion of the phase of the current in one motor phase at three 
different speeds, measured over a stroke of 1 m. Although the 
measurement contains much noise caused by errors from the 
encoder and force ripples, a sinusoidally shaped trend with 
the double frequency of the motor current can be recognized. 
Potentially, this trend could be l i e d  to cogging forces but 
the implementation of a speed independent feedforward sig- 
nal offered no solution. However, the introduction of a feed- 
forward signal, which is quadratically proportional to the 
speed, removes the sinusoidal trend. The origin of this phe- 
nomenon is the subject of fiuther investigation and requires 
better sensor resolution than available. 

lime (s) 

1 I 10. P- . c.. I- dl.0 * 
I <  

- . . . . . 
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Fig. 7 shows the implementation of this feedforward sig- 
nal. The amplitude and the relative phase of the compensating 
current are tuned for a translator speed of 2 nus. The selected 
value for the amplitude of the current is 0.22 A. The particu- 
lar value of -1 17 electrical degrees is selected for the phase 
but it generally depends on the position of the encoder sensor. 

Fig 8. shows the effect of the compensation for the same 
speeds as in Fig. 6. The position error at constant speed is 
reduced €rom i 7  pm to i 4  pm. 

I 1 &- '" tl 

UnPll"ud. ol-glnl 
" p N l t n l  ""f 

M*m"- L O O W  T.I. 
I.1" 

Fig. 7. Feedfonvard coolroller for the cog& forces. The amplitude (A) and 
the value of the phase (ph) of the compensating sine wave are tvned for one 

Epees The look-up table, containing the quadratic relationship, is used to 
adjust the ampliu.de for other speeds. 

W .  PD-CONTROLLER 

The performance of the feedfoward controllers, which are 
implemented with the PD-controller, for example, the wm- 
pensation for the Coulomb friction, is strongly dependent on 
the correctness of the controller parameters. Implementing a 
PW-controller can decrease the sensitivity to these parame 
ters or the necessity of those feedforward signals. However, 
the integral feedback, which eliminates the average position 
error during constant speed operation, introduces a settling 
time because the integration takes time. Furthermore, a too 
bigb integral feedback gain will increase the rms-position 
error. 

Normally, the motor parameters and the parameters of the 
motor model in the observer are the same. However, a prop 
erty of observer 1 is that the damping of the observer can be 
used to influence the transient behaviour of the controller. 
The damping in the observer can be used to control the over- 
shoot of the step-response and to decrease the speed mor  of 
the observer during acceleration. The settling time of the 
linear motor can be sacient ly  reduced by increasing the 
dampmg of the observer from 15 Nslm to 100 Nslm. Two 
PID-controUers with these damping coefficients in the ob- 
server are designed for comparison with the PD-controller. 
Both PID-controllers use observer 1, the feedfonvard control- 
lers for the mass, dampimg and cogging forces and have a 
bandwidth of 100 Hz. 

Fig. 9. shows the position error, when the speed of the 
translator is changed fiom +2 d s  to -2 m/s with maximal 
force. The position, speed, acceleration and jerk references 
are specified in the Appendix (Fig. 11). These measurements 
are done for the PD-controller and two PID-controllers. The 
PID-controller with the normal damping of the linear motor 
in the observer (15 Ndm) has a settling time of 7.5 m. The 
PD-controller and the PID-controller with the increased 
damping have no settling time. 

. W n o m b t e " d ~ ~ a  
. . . . . . ~ ~ ~ ~ ~ ~ ~ .  x lo= 1.5 ,~~~ ~i ~ ~ _ _ .  ..... 

,.,, ,L . ; I-:-- ; !  ; 
ft.:qh<*,; ,'i /*  ',, , # I  , 

f-cl 
Fig. 9. Dynamic behaviour of the PD conhoUer, the PID controller and the 

indicates the time at which wmtant speed should be reached and the position 

urntroller with the normal damping has settled. 

pm*ontroiicr with wi in the obssrvcr. f he isfl "mid line 

-r mini& T ~ C  w d  vatlcal line indicates the moment that the pm-  
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“be linear positioning system can make less correct move- 
ments (a scan with a certain length at constant speed with 
minimal position error) per hour if the controller has a 
settling time. The nmber of scans per hour for the system 
with the senlig time is 2.3 % less compared to the system 
without settling time if the length of the scan is 1 m and the 
speed is equal to 2 d s .  If the length of the scan is equal to 
0.2 m the loss of production is more than 5 %. 

v. IMPLFMENTA~~ON OF THE CONTROLLERS IN DSPACE 

In order to validate the control system topologies, the con- 
trollers are implemented in S i u l i  and &PACE. The 
flexible architecture of the dSPACE system allows a fast re- 
view and debugging of controller designs. Fig. IO shows the 
implementation of the controller in Simuli. This model is 
used to program the dSPACE system. The sample frequency 
of the dSPACE system is 5 WIZ. 

“be main part of Fig. 10 shows the feedback and feedfor- 
ward controllers. Besides there are three bther functorial 
blocks: 

- The ‘Trajectory generator’ block generates the motion 
profiles. The outputs are a position, speed and acceleration 
reference. The mjectory generator is written in C and imple- 
mented as an s-function. 

- The other s-function ‘alignment’ contains the initial 
alignment procedure, which adjust the phase angle of the cur- 
rent, p, to the unknown phase angle p,. After the alignment 
the translator is moved to its initial position. For that purpose, 
a simple controller is implemented in the s-function, which 
uses the position and speed signals from the encoder. There- 
after, the s-function resets all the integrators in the controller 
and enables the controller. Besides, this block is responsible 
for the calculation of the hanslator position from the encoder 
signal and the calculation of the phase of the current for one 
mitor phase. 

- The ‘dSPACE subsystem’ is the interface between the 
controller and hear  motor. The current amplitude, which is 
calculated by the controller, and the phase of the current are 
converted to the reference signals for the three motor phases 
by the ‘dSPACE subsystem’-block. It also receives the en- 
der and signals of the end-switches of the motor. 
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VI. CONCLUSIONS 

Two controller types have been tested to improve the per- 
formance of an ac synchronous permanent magnet linear mo- 
tor. The motor model and the controller designs have been 
verified with experimental results. Both the PD-controller 
with the feedforward controller for the Coulomb friction, and 
the PID-controller with extra damping in the observer can 
control the linear motor without a settling time and without 
an average position error during constant speed operation. Its 
realition enables to meet the target of performance im- 
provement. Due to the implementation of feedforward con- 
trollers the position mor  can be reduced to the level of accu- 
racy of the measurement system. This accuracy level limits 
the further investigation of the position error during constant 
speed. 

APPENDIX 

Trajectory used to test the dynamic behaviour of the control- 
lers in section TV is shown in Fig. 11. 

poslim resnnu 
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