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POSITION CONTROL OF LINEAR SYNCHRONOUS MOTOR DRIVES
WITH EXPLOITATION OF FORCED DYNAMICS CONTROL PRINCIPLES

POLOHOVE RIADENIE POHONOV S LINEARNYM SYNCHRONNYM MOTOROM
S VYUZITIM PRINCIPOV RIADENIA S VNUTENOU DYNAMIKOU
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Summary Closed-loop position control of mechanisms directly driven by linear synchronous motors with permanent magnets is
presented. The control strategy is based on forced dynamic control, which is a form of feedback linearisation, yielding a non-linear
multivariable control law to obtain a prescribed linear speed dynamics together with the vector control condition of mutual
orthogonality between the stator current and magnetic flux vectors (assuming perfect estimates of the plant parameters). Outer
position control loop is closed via simple feedback with proportional gain. Simulations of the design control system, including the
drive with power electronic switching, predict the intended drive performance.

Abstrakt V Clanku sa uvadza polohové riadenie mechanizmu priamo pohditaného linedmym synchrénnym  motorom
s permaneninymi magnetmi. Koncepeia riadenia je zaloZend na riadeni s vnltenou dynamikou, ¢o je forma linearizacie spitnej
vazby, ktord generuje taky viacpaprametrovy nelinedrny riadiaci algorismus, ktory umoZiiuje dodrZat predpisan( lincarnu dynamiku
rychlosti pohonu, spolu S0 vzéjomnou kolmostou vektorov statorového pridu
a magnelického toku motora, ¢o je podmienkou vektorového riadenia (za predpokladu spravneho odhadu parametrov systému).
Simulacie navrhnutého riadiaceho systému, ktoré obsahujt aj spinanie spinatov vykonovej elektroniky, potvrdzuji predpokladané
vlastnosti pohonu.

1. INTRODUCTION

2. CONTROL OF THE DRIVE WITH LINEAR

There is an increasing use of linear motors for )
PMSM

industrial position control systems. The paper develops
position control system for linear permanent magnet
synchronous motor (PMSM) based on forced dynamics
control principles. Forced dynamic control is a relatively
new control method for controlling of a.c. electrical drives
based on the principle of feedback linearisation [1], [2].
The reason for utilising this method is that it is possible to
design the position control system to be linear and have a
prescribed second order transfer function. In the linear
synchronous motor, mutual orthogonality of the force
producing stator current vector and magnetic flux vector is ds

Forced dynamic control of electric drives prescribes
linear speed response together with the vector control
condition of mutual orthogonality between the stator
current and rotor flux vectors. The control strategy for
the linear synchronous motor exploits both principles.
First, the model of linear synchronous motor is
formulated in the d_g co-ordinate system, which is
coupled with moving parts of the linear PMSM:

maintained, as in conventional vector control [3], [4]. The L mp h
control system has an inner speed control loop utilising a dt

speed estimate and a external force estimate from an d"mp 1 . ‘ } @
observer [5], [6] and outer position control loop. Speed —at—ﬁgk(‘f’diq "'l?qld )‘F ext d v v

control loop has linear first order dynamics with an
adjustable time constant. An outer position control loop
with an adjustable proportional gain is then closed via a
suitable position measurement.
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Here, T and U ( L

respectively, column vectors whose elements are the
stator current and stator voltage components (this
notation being convenient for development of the
p and vy, are the real moving
part position and velocity, ¢=3p/2r where p is number
of pole-pairs and r is a constant parameter dependent on
the linear motor structure, having the dimensions of
length, F., is the external force, R, 1is the phase
resistance, Ly and L, are the direct and quadrature
phase inductances, Wpy is the permanent magnetic flux
and M is the mass of the motor moving part plus the
equivalent mass of the driven mechanism.

control algorithm), sy

The moving part speed is controlled with a
prescribed closed-loop time constant, T,. The moving
part speed is made to satisfy:

\ mp :711‘{" (V dem ™ Vimp ) : 4

v

The technique is to equate the right hand side of this
equation with the right hand side of the corresponding
motor equation (2). This forces the non-linear
differential equation (2) to have the same response as
the linear equation (4). Thus:

1 . . 1
};{ L (qldlq “\Fqid >— Fex{ } = ”3';— (Vcicm - Vmp) : (5)

The second part of the control law is formulated on
the basis of vector control, which reguires mutual
orthogonality between the rotor magnetic flux and stator
current  vectors. Inner current control  loops
implemented by switched power electronic circuits are
assumed to follow the computed current demands from
speed controller. Following conventional approach [3],
current demand of the magnetic flux component in
direct axis is set to:

i,=0. (©)

Setting i4=0 in (5) on the assumption that ig=14gen and
solving (5) for torque producing component, i, yields
the following equation for the g-axis current demand:

Z

i&; dem — ar MM :i:m (Vdcm - mp )+ F&xt : {7
oy L1y

where v, is replaced by its estimate from the observer
of section 3 to avoid software differentiation of the
measurement position, s, and the amplification of
high frequency measurement noise. Permanent magnet

3 - g i)
flux, Y PM

respectively, estimates of real values of Wpy and M,

and mass of moving parts, M, are

because they cannot be known with infinite precision.
Control law (7) yields a moving part speed response
with linear, first order dynamics and unity de gain:

v mp (P) - 1 ’ 8
Vﬁi{im (p) I+ pTx

It remains to close a position control loop around
already described first order speed control loop, as
shown in Figure 1.
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Figure 1. Drive position control loop

It is straightforward to show that the parameters, Kp
and T, can be adjusted to yield any desired second
order closed-loop transfer function. For example a
settling time, T, to 95% of the step position response,
can be realised by coincident closed loop poles placed at

p=-9/2T)). The closed-loop transfer function for
polynomial with demanded behaviour being:
9y 5. 9 8l 1
p+ =pt b Pt . (9a)
2T, ] T, AT

Transfer function of the drive position control loop
shown in Figure 1 is as follows:

F(p)= S ©) _ Y . (9b)

—Sdcm(p)w 2 1 R KP
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If corresponding coefficients are compared then the
control loop gains are determined with respect to the
chosen settling time T, requiring:

T
T, === and K, :w—?* . (10
9 4T

8

This way all the necessary gains for the position
control - system of the linear permanent magnet
synchronous motor, which is shown in Figure 1, are
designed. The drive is rendered robust performance
with respect to the external force by incorporating
external load force compensation in the control
algorithm (7).

An important feature of the overall position control
system is the representation of the driven mechanical
load, which is shown in Figure 2.
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Figure 2. Representation of driven mechanical load.

Thus the forward path is a rigid body of mass, M,
moving without external force and friction. External
force and friction are modelled in the feedback path, as
shown. The justification for this is that the friction
forces for high precision machine tool axes are
dominated [9].

3. EXTERNAL FORCE AND MOTOR SPEED
OBSERVER

Estimates of the external disturbing force and motor
speed, which are parts of control algorithm, are provided
here by a standard full-state observer having a similar
structure to a Kalman filter, whose real time model is
based on the motor force equation (1) and (2),
augmented by the third state equation, F=0, of the
piecewise constant external force, F., . The error
between real motor position and estimated position of

observer, € =S, —-§r is added with corresponding gain

into every differential equation:

ds
"

- (1
"""a"tm“' mp + hges ’ ’

%%&:%H%i@ "'“lpcgi@)" f:m}"?’ Ko . (12

df:;(txt

Block diagram of observer for external force and
speed of the moving part is shown in Figure 3.

The observer gains may be chosen to yield a non-
oscillatory state estimation error transient with settling
time, Ty, (to 5% of an initial error). The transfer
function of observer is given as:

v Smp K, +K./M
Fp)= ) - Re tBE, 2 . (l4a)
Smp(P) p? +pK, +pK, +K /M

-—'ﬁc(\fﬂdi - Pig)

Figure 3. Moving part speed and external force
A SF J: .
observer.

If observer poles are chosen as coincident and placed
at p=-6/T, to yield prescribed settling time, Ty, (95%
of the step position response), then the desired
polynomial is:

) N N : 216
TSO . TSO T};{E\ T;{)

Equating the denominator of the correction loop
characteristic polynomial (14a) to the desired one (14b)
then yields:
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18 . 216M
K, = ~. K, 31(18 and K :W,%_. ~ (15)
T, To T

Since the error in the value of mass, My, used, can be
represented as a dynamic load force and this together
with any external force acts at the same point as F,,

then the estimate, FCX{, from the observer will include
both these forces and so both of them will be

compensated as well as the external force.
4. SIMULATION RESULTS

The simulations were performed with the following
linear permanent magnet synchronous motor parameters:
P,=800 W, p=3, r=0.056 m, R=0.59 &, Ls=3,7 mH,
Ls=3.5 mH and Wpy=0,3 Vs. The total load mass and
external force are M=5 kg and Fe,=20 N. Settling
time of the drive position loop was set to Ti=0,1 s and
the observer settling time was chosen as to Ty=10 ms.
A sampling frequency of 10 kHz was assumed for the
power electronics switching.

The first set of the system response to a step
position demand of  $4,=0.25 m applied for time
interval t€ (0, 0,3] s with zero initial states of all state
variables followed immediately by step position demand
Seem=-0.25 m applied for time interval t€[0.3 0,6) s is
shown in Figure 4. The external force Fo=20 N is
applied at t=0,25 5. There is change of sign for external
force when step position demand changes sign at t=0.3
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Figure 4. Simulation resulis for position controlled
linear PMSM drive.

From Figure 4a can be clearly seen that prescribed
settling time of the position control system is equal to
the prescribed one (95% of the demanded position
Spem=0.25 m is achieved at 1=0,1 s5). Figure 4b shows
observed motor speed, vy, as the output of observer.
Figure 4c shows applied external force to the drive. In
this plot the prescribed settling time for observer,
T=0,01 s can be followed. Demanded i, torque
producing component of stator current is shown in
Figure 4d. The magnitudes of this current component
are high, therefore more realistic simulation results are
shown in Figure 5,where current limits were imposed.

The second set of the simulation results to a step
position demand, when current limit was imposed to the
torque component, is shown in Figure 5. The position
demands including application of the external force are
identical with the previous Figure 4. The coefficients
for position controller were computed for prescribed
settling time T=0,1 s. In this case the motor speed 1s
controlled with a prescribed closed-loop time constant,
T,=0,0111 s and observer settling time was chosen again
as T=0,01 s. For comparison the individual plots
correspond to the subplots of Figure 4. As can be seen
from Figure 4a the settling time of the system is longer
than prescribed one (T,=0,1 s), which is clear due to
impose current  limit  for torque  component.
Corresponding observed motor speed is shown in Figure
5b.
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Figure 5. Simulation results for position controlled

linear PMSM drive with imposed current limits.




Position control of linear synchronous motor drives. ..

Observer settling time, Ty=0,01 s can be checked with
positive results from Figure 5S¢ where the applied
external force and observed one are compared. Based
on sinwlations it can be also observed that all three
outputs of observer have non-oscillatory character as it
was assumed. Figure 5d shows that imposed current
limit of iy nw=15 A was justified. Simulations of the
both design control systems therefore predict the
intended drive performance.

5. CONCLUSIONS AND SUGGESTIONS FOR
FURTHER WORK

The presented simulation results indicate that the
designed control system operates properly. It can be
clearly observed from Figure 4 and also from Figure 5
with imposed current limits. The observer estimates the
external force correctly according to both figures. The
corresponding changes of magnitude of the stator
current torque component are as expected.

The aforementioned simulation results of this new
position control system for electric drives employing
linear permanent magnet synchronous motor indicates
possibility that the prescribed second order closed loop
position dynamics and first order speed dynamics with
counteraction of external forces is attainable with
realistic errors in the assumed motor parameters.

Experimental verification will therefore be sought as
a continuation of this work.
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