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ABSTRACT 

QUADRATURE FIELD-ORIENTED 

CONTROL 

OF A LINEAR STEPPER .. 10TOR 

VIOREL. I.A. - SZABO L. - KOVACS Z. 

Technical University of Cluj 
Department of EJect�ic�l Fngin�ering 

Daicoviciu nr. 15. 
3400-CLUJ, Romania 

The hybrid linear stepper motor allows precise linear 

incremental positioning at high speed. In open-loop drive mode the 

operating frequency of the coil current pulses is given by an 
external source. If the frequency is not getting to accord to the 

variations of the load, the stability and step integrity of the 

motor can be affe�ted. The dynamic performances of the motgr can be 

improved by utilizing a quadrature field-oriented control method. 

The authors propose and analyze by computer simulation a 

closed-loop drive system using the presented quadrature 

field-oriented control method. 

INTRODUCTION 

Linear precise positioning systems are required in a variety 

of applications concerning high and low propulsion technology, 

computer peripherals, machine tools, robotics, etc. The interest 

for these systems has been witnessing a steady increase in 

requirements for positioning accuracy and repeatability, while at 

the same time placing ever tighter demands on the maximum speed 

and, moreimportantly, the constancy of speed. 
The hybrid linear stepping motor is one of the best choices 

for the precision linear positioning systems. It is operated under 

the combined principles of the permanent magnet and variable 
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reluctance motors. The motor consists of an equidistant toothed 
rectangular steel bar (the platen) of any length fabricated of 
cold-rolled steel and an assembly of a permanent magnet and two 
electromagnets called the mover. The toothed structure in both 
parts (slider and platen) have the same very fine teeth pitch. The 
flux of the permanent magnet from the mover passes through the 
cores of the two electromagnets with coils and toothed poles. By 
commuting the permanent magnet flux in a way to concentrate the 
magnetic flux into a single pole is resulting in a tangential 
force, which tends to align the teeth of that pole with the teeth 
of the platen, in a manner as to minimize the air-gap magnetic 
energy. The two-phase excitation mode firstly provides high 
resolution of the step si ze, one step corresponding to a quarter 
tooth pitch. Secondly there is always one strong and one weak pole 
at each magnetic circuit part, so the normal force, which is 
impossible to be eliminated, is better distributed on both sides of 
the magnet. 

In the open-loop drive mode the phase excitation sequence is 
executed at a given constant frequency. However, if the load is 
varying the open-loop controller may demand acceleration rates 
which exceed the step capability of the motor, resulting in a loss 
of synchronism between the motor position and excitation changes, 
and in amplifying the vibrations of the mover. These vibrations 
cannot be suppressed completely because they are present anyway 
being caused by the modification of the large normal force 
attracting the mover to the platen, by the oscillations of the 
mover around the intermediate equilibrium positions and by the lack 
of harmonic purity in both the air-gap reluctance and the mover 
drive currents. 

The dynamic performances of the motor can be improved by 
utili zing a quadrature field-oriented control method which will 
allow the motor speed to vary with the load. In this case the 
operating frequency will depend only on the capability of the motor 
to reali ze a step under given conditions as load and input power. 

Ttn ;r0p0sPd mP�hod is based on the fact that the flux linkage 
through the un-energi zed coil of the motor is only function of the 
mover position and is independent of the phase currents or of any 
other circuit parameters, such resistance and inductance. 
Monitoring the back EMF (electrical motive force) generated in this 
coils, the relative position of the mover can be directly detected. 
In constant-voltage operating mode when the mover had reached its 
equilibrium position for the last excitation change the absolute 
value of back EMF in the un- energized coil is minimum. In this 
moment the other coil must be energi zed in a manner as to execute 
the necessary excitation sequence. Without requiring any direct 
sensing of the mover position the control system avoids the use of 
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expensive position sensors. 
The authors propose and analyze by computer simulation a 

closed-loop drive system using a quadrature field-oriented control 

method using the sensing of the back EMF in the un- energized coil 

of the motor. The comparison of the results of the open-loop and of 

the described closed-loop control mode confirm the validity and 

demonstrates the advantages of the proposed quadrature 
field-oriented method. The digital simulation of the closed-loop 
dynamic behavior of the hybrid linear stepper motor offers the 
possibility to establish the correct command sequence of the supply 

source. 

COIL EMF 

The hybrid linear stepper motor mover contains, besides the 

permanent magnet, two electromagnets with coils, figure 1. 

1 2 

I 

1 

Figure 1 

If the coils are not supplied and the mover changes its 

position related to the platen, the fluxes through the coils are 
not constant because of air-gap reluctance variation. Therefore, if 

the mover is moving with a certain speed, the flux variation will 

produce EMF in the coils. 

66 INTELLIGENT MOTION · JUNE 1993 PROCEEDINGS 



I n  o r d e r  t o  
calculate number one 
coil EMF the magnetic 

0np 

e q u i v a 1 e n  t c i r c u i t , I RM 1 I I HM2 I I HM3 I I AM4 
given in figure 2., is 
considered; the flux 1 �l ,t ?l2 .. �- ?1.3 ··t' �4 ,r-
through the coil being 
�1• It is easy to see 
that only air-gap Figure 2 
reluctances were taken 
into account, and really 
they are much more greater than all iron-core portion reluctances. 

As only the flux �1 is needed, an equivalent reluctance Erne can 
be calculated, - -

where 

1 - 1 + l -p 

Rm - Rm Rm 
-

me 
e 3 4 

pm =Pm +Pm e 3 4 

( 1) 

(2) 

Eru, �being the air-gap permeance under the poles number 3 and 4. 

The general formula for the air-gap pole perrneance is: 

with: 

P = 
0 

- [ 1 +A ( 2 z-1)] cosa. + 2 Z +A- 1 , 1-l.S[A 
] mi 2 Zo' 2 .l 

i=1+4 (3) 

td 2 1t  td 21t td 2 1t  a 1 = a ; a 2 = a + 2 -t- ; a 3 =a + 4 -t - ; a 4 = a - 4 -t
- < 4 > 

d d d 

� pole area and z pole number of teeth, 

o' =k o c (5) 

is the equivalent air-gap length, with � real air-gap length and_t£ 
Carter's factor. 

Therefore it comes up that: 

Pm = I-Lo��(2Z+A-l) .. Z u 
(6) 

where A is the coefficient of the air gap equivalent variable 
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permeance (2], and 

a =x 21t 
td 

is the mover displacement. It is easy to see that 

(7) 

pm +Pm =Pm (B) 
1 2 e 

because all the poles are identically, having the same area and 
number of teeth. 

Then, considering 
t h e  m a g n e tic 
equivalent circuit 
given in figure 3 . , 

a n d  a p p l y i n g  
Kirchhoff's theorems 
one can obtain the 
equations: 

l <ll =<Ill+ <1>2 
Rml <I> 1 + Rm., <I> = emp 

Rm <1>2 +Rm <I> =6mp 2 e 

(9) 

aMP 

RM1 RM2 

21 \ �2 

Figure 3 

The flux �1 through number one coil 
results: 

emp 
<l>1= 2R ml 

and the resulting EMF is: 

e 1 = -N 
d<I> 1 

= 
- NO mp d ( P ml) 

dt 

where N is coil turns number. 

(10) 

(11) 

After computing the time derivate of the magnetic permeance 
the EMF expression becomes: 
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dx 21t NO mp ll o sA [ 1 + A ( 2 Z -1 ) ] 8 in 
et d t t d el =- 8 zo' (12) 

where dx/dt is the mover's speed, and if the speed is constant like 
the permanent magnet MMF, �' the EMF varies sinusoidally, being 
function only of the mover displacement g. 

Considering the initial value of the displacement zero, i. e. 
«=0 for t=O, like in the figure 1., the EMF, e1 minimum value will 
occur when the displacement is equal to a quarter of tooth pitch. 
In fact if 

V= dx 
dt ( 13) 

is the mover speed, the EMF's g1 expression can be rewritten as: 

e1 =-KE8mp vsina (14 )  

all the constant terms from (12) being included in the EMF constant 
�E. And, without any computation, because it is obviously clear, 
the EMF g? which occurs in the number two coil is expressed by 

e 2 = -K E e mp v s in ( a - � ) ( 15) 

Two factors can affect the EMF sinusoidally variation: mover 
speed and permanent magnet MMF. Of course if the speed is not 
constant, the coil EMF will not be sinusoidal and only its zero 
value will occur when 

x=k td . 
2 I 

k=0;1;2 ... 

for any kind of speed variation, except for zero. 

(16) 

The permanent magnet MMF changes together with its operating 
point due to air-gap variable reluctances and coils amperturns. As 
it was already proved, if the iron core is not saturated, the 
global air-gap reluctance is constant, even if the pole air-gap 
reluctance depends on the mover position. Also, when the saturation 
does not affect the iron core, the permanent magnet reluctance is 
much more bigger than the equivalent reluctance calculated on 
external magnetic circuit, including air-gaps. Therefore the coils 
amperturns will produce feeble or no change at all in permanent 
magnet MMF, which can be considered constant. 
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CONTROL STRATEGY 

The total tangential force can be comput.E:d from magnetic 
energy: 

4 (dlivmi) 
Fc

= L - dx l<I>.=ct. i=l 
� 

and, after some calculations it can be arranged as: 
4 

F t = L - Kp (<I> i 0 i) 2 s lllCL i 
i=l 

(17) 

(18) 

where �i is the variable equivalent air-gap for the i pole of the 
mover, (2), and �F is a constant. 

The mover po-sition presented in figure 1. is an equilibrium 
position. It has been obtained after supplying coil number one such 
in a way to keep the flux through second pole quite zero. If the 
mover has to continue its displacement to the right, coil number 
two has to be supplied with current to bring the flux through third 
pole to zero. So the tangential force developed under the fourth 
pole is maximum, while the tangential forces, developed under the 
other poles are zero (.�1=0, g_2=rr, .J,1 .zo) • To the displacement zero 
value will correspond a-maximum vai\1e for the EMF g2, which means 
that the flux � and the EMF g2 has to be maximum at the same time. 

If one goes further with this reasoning and looks on the next 
step, when coil number one has to be supplied in order to bring and 
keep to a zero value the flux through the first pole, will figure 
out that it will occur at the value �L4. for X· And at that value 
for x, the coil number one EMF's will be minimum. It means that 
every time the current through the controlled coil, and the 
resulting flux under the poles will be in phase with EMF, if the 
mover speed is constant. Also it has to be pointed out that the 
control current changes from one coil to another has to be done 
such in a way as to be in quadrature with the EMF from the opposite 
coil, and at the un-energized coil EMF's peak value. 

Concluding, one can say that EMF detection from the un
energized coil offers enough information to assure a correct 
quadrature field-oriented control, only if the mover speed is 
constant, or almost. The control strategy comes up entirely from 
the brief presentation given ahead. 

The variable mover speed operating mode, which is quite a 
reality in the hybrid linear stepper motor case, because of its 
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tangential force variation will bring coil's EMF out of the 
sinusoidal shape, and, of course the EMF will not contain the 
information which is necessary to assure the optimum control. It 
means that control signal can come earlier or late, depending on 
the mover speed variations and this fact will diminish the 
tangential force developed. Therefore it is quite clear that the 
peak EMF detection offers a better choice than open-loop operating 
mode of the constant frequency supplied hybrid linear stepper 
motor, but important variations of the mover speed will conduct to 
a decreasing of the control accuracy. 

Even there are some possibilities to improve the processing of 
the detected EMF, not discussed in this paper, the best solution 
come from using the EMF detection coupled with a signal from an 
accelerometer which integrated will give the actual mover speed 
[ 4) • 

RESULTS AND CONCLUSIONS 

The hybrid linear stepper motor with four poles, has 5 teeth 
on each pole; tooth pitch is . 002 m and tooth length . 00 1  m. The 
permanent magnet of the mover is of VACOMAX- 145 type with residual 
flux density .9 T and coercive force 650 kAjm. 

In this paper was considered, comparatively, open-loop and 
closed-loop operating modes. For the open-loop drive system the 
control coils were supplied with constant values current pulses at 
a given frequency. In the closed-loop operating mode the control 
coils were supplied also with constant values current pulses, but 
the frequency has been imposed by the control loop signal given by 
sensing the back EMF from the un-energized coil. The motor 
mathematical model is of coupled circuit-field type, taking fully 
into account the nonlinearities, [ 1]. 

In figure 4. and 6. , respectively in figure 5. and 7. are 
shown the variations versus time of the currents in control coils, 
resulting tangential force, velocity and dispiacement in the case 
of a open-lo0�, res�ectivcly closed-lao� drive system. 

One can observe the great variations of the mover's speed 
during the movement in the open-loop operating mode, because the 
resulting tangential force has, from the mover's start, quite 
important negative values. 

In the closed-loop operating mode at the beginning of the mover 
movement the total tangential force has small negative values, but 
with the speed increasing the negative values become much more 
important, and is quite clear that the control signal based on back 
EMF peak detection comes earlier or later. 

It is 
the back 

very easy to see that, even not an ideal control method, 
EMF peak sensing closed-loop control assures better 



results, which means bigger speed and greater displacement, without 

increasing the drive control system cost. 
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