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MODELLING A LINEAR PM MOTOR INCLUDING MAGNETIC SATURATION 

H. Polinder', J.G. Slootweg', J.C. Compte?, M.J. Hoeijmakers' 

' Dele University of Technology, The Netherlands, * Eindhoven University of Technology, The Netherlands 

ABSTRACT 

The use of linear permanent-magnet (FM) actuators 
increases in a wide variety of applications because of the 
high force density, robustness and accuracy. The paper 
describes the modelling of a linear PM motor applied in, 
for example, wafer steppers, including magnetic 
saturation. This is important because to reach high 
performance, the feed-forward control must predict the 
force generated by the motor, also when the motor is 
saturated. The motor is modelled as a reluctance network. 
The saturating parts of the magnetic circuit are modelled 
as variable reluctances and magnetomotive forces 
represent the currents and the magnets. In saturation, a 
current leading the no-load voltage results in an increase 
of the generated force. The good correlation between the 
calculated and the measured force justifies the model. 

1 INTRODUCTION 

A trend to increase the use of linear electro mechanic 
actuators can be observed in a wide range of applications, 
from aeroplanes (fly by wire) to factory automation, as 
described by Gieras and Piech [ I ] .  Important advantages 
of linear electro mechanic actuators are that they are clean, 
robust, and efficient and that they can be fed from simple 
copper wires. Further, direct-drive actuators can have a 
high positioning and speed accuracy because the problems 
of a mechanic transmission are omitted. 
A very demanding application of linear electro mechanic 
actuators is in wafer steppers. An extreme positioning 
accuracy (on the nanometre level) has to be combined with 
a high throughput in an ultra clean environment. 
For these demanding applications, the linear motors are 
mostly of the permanent magnet type, because compared 
to other linear electric motors, they have a high force 
density, a high efficiency and a relatively simple control. 
This paper deals with a linear permanent-magnet (PM) 
motor applied for horizontal micrometre positioningin, for 
example, wafer steppers and componentplacing machines. 
Most of the time, such a motor is not heavily loaded, but 
during short intervals of large acceleration, it is heavily 

loaded. During these short intervals, the magnetic circuit 
of the motor may saturate. To control the system 
accurately and with a high performance, feed-forward 
control is used. This feed-forward control must predict the 
force developed by the motor. 
Therefore, the objective of this paper is to derive a model 
to calculate the force under saturated conditions and to 
validate this model experimentally. This is done in such a 
way that the method can already be used in the design 
phase of the motor to investigate the performance. 
It is possible to calculate the motor force using Finite 
Element Methods. However, before using those complex 
programs, we want to use a simple magnetic circuit model, 
like Ostovic et a1 [2]. Magnetomotive forces represent the 
currents and the magnets. The saturating parts of the 
magnetic circuit are modelled as variable reluctances. 
Figure 1 depicts a schematic section of the linear 
permanent-magnet motor. Table 1 lists some important 
dimensions. Figure 2 depicts aphoto. The magnets are on 
the bottom plate. The translator has a fractional pitch 
winding with the following advantages. 
- The winding consists of coils around a tooth with 

simple and short end windings that can be wound 
outside the motor. 
The orthocyclic method of coil winding described by 
Lenders [3] can be used, which results in a high 
copper filling factor of the slots. 
The translator yoke and the back-iron behind the 
magnets can be thin. 

- 

- 

Figure 2: Photo of the linear permanent-magnet motor 
with bottom plate with magnets and translator with coils. 

, ,  I 

-7-c T T  
Figure I :  Section of the linearpermanent-magnet motor with some dimensions. 
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In figure 1, a phase consist of four series-connected coils. 
Whenthe translatormovesover themagnets, athree-phase 
voltage is induced in the coils. This voltage is almost 
sinusoidal due to the skewing of the magnets and due to 
the end teeth. A position sensor detects the position of the 
translator. Based on this position information, a power 
amplifier generates a three-phase sinusoidal current. 

TABLE I: Some dimensions from 

descriotion 

pole pitch 
magnet thickness 
magnet width 
magnet length 

igure 1. 

8mm 
1, 60 mm 

2 MAGNETIC CIRCUIT MODELLING 

Equivalent magnetic circuit model 
In this section, a magnetic circuit model of the linear 
motor is derived. In this model, the magnetic fluxes in the 
teetharethemostimportant,becausethesefluxeslinkwith 
the stator coils which are used in the force calculation. 
In order to obtain a simple model, end effects and end 
teeth are neglected, so that it is sufficient to consider three 
translator teeth. It is further assumed that only the 
translator teeth (around which the coils are wound) 
saturate. Because the translator yoke and the back-iron of 
the bottom plate are thick, the reluctance of the translator 
yoke and the back-iron is negligible. The resulting model 
is given in figure 3. 

Figure 3: Simplifred magnetic circuit model of the linear 
PM motor. 

Reluctance values 
A general expression for the value of a reluctance is 

between a tooth and the back iron) can be expressed as 

where 
g 
firm is the recoil permeability of the magnets, 
pa is the magnetic permeability in vacuum, 
b,  is the tooth width, and 
I ,  is the stack length, the length in the direction 

perpendicular to the plane of the drawing in figure 1. 
The width of the flux path is chosen twice the tooth width 
because the flux crosses the air gap not only below the 
tooth, but in a much wider path due to flux fiinging. 
The slot leakage reluctance Rmo is calculated as 

is the air gap length, 

where 
bs is the slot width, and 
h, is the slot height. 
Half the slot height is used in the circuit surface because 
the leakage flux density in the slot increases from zero 
close to the yoke to a maximum close to the air gap. 
The starting point for the determination of the tooth 
reluctance is the BH-curve of the magnetic material 
measured by Jansen [4] and depicted in figure 4. This BH- 
curve is approximated with a function which is also 
depicted in figure 4: 

H=l50B+ I58 ' I  (4) 
If we use this expression in the general expression for a 
reluctance, we obtain the tooth reluctance Rm, as . 

Rm,=-( 2% 150 + ISB,'? 
3 4 4  

In this equation, the circuit surface is the cross-section of 
a tooth, and the length is taken as two third of the tooth 
height. Two third of the tooth height is taken because 
leakage flux enters the tooth over the whole height, so that 
the lower part does not saturate. 

H 
AcB 

R =__ 

where 
H is the magnetic field intensity in the circuit, 
B is the magnetic flux density in the circuit, 
I ,  is the length ofthe magnetic circuit, and 

0.5 I (1) 

20 40 60 80 100 
H (k") 

Ac is the cross-section of the magnetic circuit. 
With this, the air gap reluctance Rmg (the reluctance 

Figure 4: Measured BH-curve of the magnetic material 
(+) and the approximation used in the calculations. 
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Magnetomotive forces 
The magnetomotive force of a translator current equals 
the phase current multiplied by the number of tums of the 
coil around a translator tooth N,. 
The magnets also cause a flux in the translator teeth. To 
calculate the magnetomotive force ofthe magnets, we start 
with calculating the flux in the translator teeth in the 
linear, non-saturated case. When the translator is in the 
position of figure 2, the flux in tooth a due to the magnets 
is maximum. Because the flux paths close via teeth b and 
c and because of the symmehy, the flux in teeth b and c is 
minus half the flux in tooth a. 
We assume the flux to cross the air gap and the magnets 
perpendicular at the places where a tooth overlaps a 
magnet and to be zero where this is not the case. With this 
assumption, the flux density in the gap between an 
overlapping magnet and tooth is equal in all gaps because 
the overlap area below tooth a is equal to the overlap area 
of tooth b and c together. Therefore, the flux density can 
be calculated from Ampere's law: 

f? dT=JJj.dA- - H", h,+H,g = 0 (6) 
where 
H, is the magnetic field strength in the magnet, and 
H, is the magnetic field strength in the air gap. 
In this equation we substitute the relations between the 
magnetic flux density B and the magnetic field strength H 
in the air gap and in the magnet 

B,'POH, . - (7) 
Bm ' P O ~ , J " ,  +Brm (8) 
where B,, is the remanent flux density of the magnets. 
Further, we use the magnetic flux continuity: , 

B,=B, (9) 
With this, the air gap flux density can be calculated as 

The flux entering the tooth is this flux density multiplied 
by the area of the tooth. Some extra flux will enter the 
tooth, because the magnets are wider than the tooth. On 
the other hand, the magnets are skewed, which results in a 
reductionofthe"umflux.Here,the"umflux QP", 

is calculated as 

The flux varies sinusoidally, as can be concluded from the 
sinusoidal form of the no-load voltages. Hence, the fluxes 
in the translator teeth due to the magnets are given by 

n 

I D  

Qpm =$",cos( -x) 

OPd =6p",cos(--x n 2  --E) 

b 3 
$-=Q cos(-x--n) a 4  

ZP 3 
pm 

where x is the canslator position, which is zero in figure 
1. 
This rather rough estimate of the flux leads to good 
results, as appears from the measurements reported later 
in section 4, table 2. 
In principle, this flux follows a path different from the 
path followed by the flux caused by the translator currents 
and the reluctance is different from the air gap reluctance. 
However, for ow model, only the flux entering the stator 
teeth is of interest. Therefore, the magnetomotive force of 
the magnets is modelled as 
Fmpm=R.,Qp-. 
F-p-h=Rmpopmb (13) 
Fmpm=R",*'Dpw 
When the teeth saturate, the fluxes caused by the magnets 
decrease, but the magnetomotive forces remain equal. 

Voltage equations 
The voltages of the translator phases can be written as 

where 
R is the phase resistance, 
ia is the phase current ofphase a, 
km is the flux linkage of phase a, 

is the flux in a tooth of phase a, and 
N, is the total number of tums of a phase. 
Because some elements in the magnetic circuit are non- 
linear due to saturation, the equations for the fluxes have 
to be solved by means of an iteration process. 
In the rest of this subsection, the voltage equations are 
worked out for the case that the currents are so low that 
the magnetic circuit does not saturate. In this case, the flux 
linkage can be seen as a superposition of the flux linkage 
due to the magnets and the flux linkage due to the 
translator currents: 

. 

=Lis +Mib +Mic +N3Qpm 

?.,=Mia +Mih + L ~ ~ + N , $ _  

where 
L is the self-inductance of a phase, and 
M is the mutual inductance between two phases. 
From the magnetic circuit, it can be concluded that 

kh =Mio +Lih+Mi, +NScDpmb (15) 

N: 

where N, is the number of tums of a coil around a tooth. 
The term NJN, in the first expression is there to take the 
other teeth ofthe same phase into account. 
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" n  In the same way, it can be concluded that 

M=--L 

If we also take into account that there is no star-point 

voltage equations can be written as 

ia= -isin(-xtp) 

- n 2  i,=-isin(-x--ntp) 

- n 4  
.C i = -isin(-x--n +e) 

7. 3 

1 
2 ZF 

7F 3 

(1 71 

connection (so that the sum of the currents is zero), the 

the force is calculated as 3 di n A  n d x  ua=Ria+-LL-Nx-@ sin(-x)- 

5 dt F ~ ~ ~ ~ ~ N ~ ~ ~ ~ ~ ~ ~ ~ ~  3 dib ff " n 2 d x  u,=Ri,+-L--N 2 dt '$ -@ '" sin(-x--n)- 3 dt 
T 

2 dt rP Pm 

2 % (18) 

Again it is mentioned that in these equations, Saturation is 
neglected. 

3 FORCE CALCULATIONS 

Power balance 
A thorough descriphon of the derivation of the force from 
a power balance is given by Fitzgerald et al [5 ] .  
The starting point for this force calculation is the power 
balance: 

where 
Wm is the magnetic energy stored in the system, 

p ,  is the electric power going into the system: 
pe=i,un+ibub+ipc 

pd  is the electric dissipation in the system: 
PO) 

p,=Rib+Ri;+Ri: (20 
p ,  is the mechanical power generated by the system: 

where F,  is the electro mechanic force generated by the 
motor. 
In this power balance, iron losses are neglected. 

Force in the linear model 
If the currents are so low that the teeth do not saturate, 
( 1  8) can be substituted in (20). If then (ZO), (21), and (22) 
are substituted in (19), and it is noticed that 
dW 3 di , 3 di, , 3 di 

df 2 dt 2 dt '2 dt 
_- m - .  r e - L ~ + l b - L - + ,  - L L  (23) 

the resulting force is calculated as 

When the three phase currents are given by 

Force under saturated conditions 
If the currents ire higher and the magnetic circuit 
saturates, thegeneral voltage equation (14) must be used. 
If this equation is substituted in (20), and subsequently 
(ZO), (21), and (22) are substituted in (19), we obtain 

In the non-linear saturating case, it is useful to introduce 
the coenergy WL for the calculation ofthe force as in [5 ] .  
The coenergy is introduced here as 

W;=iaXa+ibXb+ichc- W, (28) 

Wm=ia~a+ib~b+;,~c- W: (29) 

When this equation is rewritten as 

and substituted in equation (27), the result can be worked 
out to 

If the coenergy is assumed to he a function of the three 
phase currents and the position, it can be written as 

dWL aW;dia a w ' d i  a w ' d i  a i ' &  
dt ai, dt ai, dt aic dt ax dt -=--+29+"2+2- (34 

From comparing (30) and (3 I), it can be concluded that 

a w,: 
em ax 

F =- 

This equation gives a well-known relation between the 
coenergy and the electromagnetic force [5 ] .  
To calculate the force from this equation, the coenergyhas 
to be determined, which can be done by integrating 
equation (30). The contribution of last term of equation 
(30) to the integration is zero when the position does not 
change or when the force is zero when the currents are 
zero. The integration then results in: 

is ' b  

W~(i~,i , , i~.x)=~h,(i~,O,O~)di~+~h,(i~,i~,O.x)dib'  
0 
'e 

(33) 
. o  

+JXc(iG,ib,i$)dic'+ WA(x) 
0 

where WA(x) is the magnetic coenergy when the currents 
are zero. 
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Calculated 

Because it is difficult to solve the equations (32) and (33) 
analytically, they are determined numerically. Therefore, 
equation (32) is rewritten to 

Measured 

(34) 

Force as a function of current amplitude 
Figure 5 depicts the calculated force as a function of 
current amplitude and position. The three phase currents 
are made a function of the position as in (25)  with v=O to 
maximize the force. 
The calculations show that the force becomes a function of 
the position when the motor saturates. This function is 
periodic every 4 nun (one third of a pole pitch). This is 
reasonable, because when thetranslatormoves, three times 
per pole pitch magnetically the same situation occurs. 
Figures 6 and 7 depict the calculated respectively the 
measured ratio of force divided by current amplitude as a 
function of the current amplitude and the position. In 
figure 8, measured and calculated values are depicted. 
The ratio of force to current amplitude stays more or less 
constant for current amplitudes up to about 7 A, but when 
the current increases further to 16 A, this ratio decreases 
substantially due to saturation. 
The correlation between measurements and calculations is 
reasonable. The decrease ofthe force is in the same order 

of magnitude as calculated. Also the measured force 
becomes a periodic function of the position. 

. .  .... 
. .. 

5 

i (A) 
x (mm) -2-0 

Figure 5: Calculaied force as a function of curreni 
amplitude and position. 

. . ,  . 

6 

i (A) x (mm) 

Figure 6: Calculated raiio of force divided by current 
ampliiude as afunciion of curreni ampliiude andposition. 

. .  
, . . .  . .  

6 

(A) x (mm) 

Figure 7: Measured ratio of force divided by current 
amplitude as a function ofcurrent amplitude mdposition. 
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* * *  * *  
i=5A 

i 

I 
0 2 4 6 

Figure 8: Measured (i) and calculated (-) ratio offorce 
divided by current amplitude as a function of the position 
for  three different current amplitudes. 

However, as appears from figure 8, the measured force 
variation as a function of the position seems to be smaller 
than the calculated. Also the position of the minimum and 
the maximum seems to be different. This might be caused 
by measuring inaccuracies, by end effects, or by inaccurate 
estimates in the model. 

x (mm) 

Force density 
The peak force that can be generated with this motor is 
over 800 N. If the force density is defined as the force 
divided by the active air-gap area (stack length multiplied 
by 12 times the slot pitch), the air gap force density is 
about 8 N/cm*. This is quite high. This peak force is 
mainly limited by the demagnetization properties of the 
magnets and by saturation. 
If the motor has an aluminium heat sink (as in figure 2) 
and is cooled by natural convection, the continuous force 
is about 340 N, which means a force density of about 3.4 
N / c d .  
There are some possibilities to increase the force further. 
- If cobalt iron is used in the magnetic circuit instead of 

silicon iron, the saturation flux density may increase 
with 30 %. 
Stronger magnets can he used. 
Halhach array magnets can be used. 

- 
- 
With a combination ofthese measures, an increase ofboth 
the peak and the continuous force with 30% should be 
possible. 

5 CONCLUSIONS 

This paper shows that it is possible to model a linear 
permanent-magnet motor including saturation using 
magnetic circuit theory. The results can be used to 
improve the feed-forward position control of the system. 
The applied linear PM motor with fractional slot winding 
can achieve high continuous and peak force densities. In 
saturation, a current leading the no-load voltage reduces 
the flux level in the motor, which results in an increase of 
the generated force. The reasonable correlation between 
the calculated and the measured parameters and forces 
justifies the model. 

Force as a function of phase angle 
Figure depicts the force as a function of the position and 
the phase angle at a current amplitude of 16 A, From 
this figure, a few interesting conclusions can he drawn: 
- The amplitude of the variation as a function of the 

position decreases phase angle 
- The force generated with this current at 

p=15' isabout3%higherthanat q=O. 
This can be explained from the fact that a leading current 
reduces the flux levels in the teeth, thus reducing the 
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