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Design Optimization and Development of Linear Brushless
Permanent Magnet Motor

Myung-Jin Chung and Dae-Gab Gweon

Abstract: A method of design optimization for minimization of force ripple and maximization
of thrust force in a linear brushless permanent magnet motor without finite element analysis is
represented. The design optimization method calculated the driving force in the function of
electric and geometric parameters of a linear brushless PM motor using the sequential quadratic
programming method. Using electric and geometric parameters obtained by this method, the
normalized force ripple is reduced 7.7% (9.7% to 2.0%) and the thrust force is increased
12.88N (111.55N to 124.43N) compared to those not using design optimization.
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1. INTRODUCTION

The applications using high performance perma-
nent magnet (PM) motors are increasing due to their
high efficiency and power density in the area of semi-
conductor and precision manufacturing automation.
In PM motors with salient poles, there is force ripple,
which is detrimental to positioning control. This force
ripple is mainly due to cogging force and mutual
force ripple. In a rotary PM motor, cogging force is
generated by the interaction of the rotor magnetic
field with stator magnetic reluctance, and mutual
force ripple is generated by the interaction of excita-
tion current magneto-motive force with the magnetic
field. In linear PM motors, there are two components
of cogging force, one is the tooth ripple component,
which also exists in rotary motors, and the other is the
end effect component, which exists only in linear mo-
tors and is caused by the finite length of the armature.

The method for minimizing the cogging force has
been studied by many researchers. Among the recipes,
there is skewing of the magnet [1], shifting of the
magnet pole pair [2], changing the ratio of the magnet
width to the pole pitch [3] and arranging the perma-
nent magnet position without skewing [4]. These
methods have been conducted using Finite Element
Analysis (FEA) [5], which is generally time consum-
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ing and difficult to apply to iterative design proce-
dures such as design optimization. Therefore, if flux
density distribution is described by the electric and
geometric parameters of the motor [6] and driving
force, which is divided to force ripple and thrust force,
is calculated by using the flux density distribution, the
design optimization can be conducted by considering
force ripple and thrust force as cost function and elec-
tric and geometric parameters as design variables
without FEA.

In this paper, we calculated the driving force,
which is used for the calculation of force ripple and
thrust force, in the function of electric and geometric
parameters of a linear brushless PM motor (BLPMM).
and used the sequential quadratic programming
(SQP) method in design optimization without FEA
data. Electric and geometric parameters of the linear
BLPMM are selected as design variables.

By design optimization, force ripple minimized and
thrust force maximized linear BLPMM is developed
and applied to the linear positioning system.

2. CALCULATION OF FORCE COMPO-
NENTS

Fig. 1 shows the geometrical structure of linear
BLPMM, where an iron core of armature is wound
with coil in three phases. The stator is attached to
permanent magnets that are faced with armature
wound around with N and S poles. Skewing of either
the teeth or magnets is the general method to reduce
the cogging force. However, skewing increases the
complexity of motor construction and decreases the
motor performance. Therefore, in this paper, the lin-
ear BLPMM without skewing is designed. Table 1
lists the nominal value of geometrical parameters of
linear BLPMM.
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Fig. 1. Geometrical structure of the linear BLPMM.
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Table 1. Nominal value of the geometrical parameters

of the linear BLPMM.
Symbol | Value | Unit
Armature length Iy 144.0 | mm
Magnet width Wiy 18.0 mm
Magnleetn%(i}lle shift 5 0.0 mm
Coil diameter d., 0.4 mm
Slot depth ds 4.0 mm
Magnet thickness hy 2.0 mm

In the linear BLPMM, driving force consisted of
cogging force and mutual force. The cogging force
acting on the armature is obtained by the Maxwell
stress tensor method, which integrates the no load
flux density along the slot faces (tooth ripple compo-
nent of cogging force) and two end sides (end effect
component of cogging force) of the armature, as
shown in Fig. 2. These forces acting on each surface
of the armature are given by:

_ Le 2 2
Fom fiB; - B1al, $))

where L, is armature width, 4, is magnetic permeabil-

ity of air, and B, and B, are normal and tangential
component of flux density, respectively.

Tooth ripple component

Fu s

Magnet

Fig. 2. Cogging force components.

The end effect component is calculated at the two
end sides of the armature and given by:

Fe(xo)=—Fe_f(x0)+Fe_r(xo), (2)

where x is a relative position of stator and the arma-
ture.

The tooth ripple component is calculated by
summation of force acting at each slot with two sides
and given by:

[N
F(x)=Y {Fy ;Go)—Fp ()}, (3
k=l

where Qs is a number of slot.
The mutual force can be obtained by summation of
static thrust of the each phase and given by:

3
F(xg)=nl, Y B,(x)i,(xp) ., 4)
p=l

where n is number of coil turn, /, is effective length,
B, is air gap flux density, and i, is winding coil cur-
rent, respectively.

The driving force can be obtained by sum of (2)-(4)
and is given by:

F;(xy) = F,(xg) + F, (xp), for 0<x,<7, (5)

where 7 is a pole pitch.

The driving force can be divided into thrust force
and force ripple, where thrust force is defined as the
average value of driving force and force ripple is de-
fined as the variation from thrust force for one pole
pitch, and (5) is rewritten as:

Fd (XO) = Fripple (xO) + F;hrust (xO) : (6)

The expressions of each force component
calculation are represented in Appendix A.

3. DESIGN OPTIMIZATION METHOD

3.1. Procedure of design optimization

The SQP is used for design optimization of linear
BLPMM. This method uses an iterative procedure,
which generates a quadratic programming sub-
problem at each iteration, and updates the estimate,
which is the Hessian of Lagrangian [7].

From (A1)-(A4), the driving force is related to the
electric and geometric parameters. The parameters
affecting force ripple and thrust force are selected as
design variables and the other parameters are selected
as fixed variables. The design variables and the range
values are listed in Table 2, where the armature length

is described as [, =2n7+Al for 0SAI<7T with

interger number 7.
~
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Table 2. Range of the design variables of the linear

BLPMM.
Sym- .
bol RangeValue Unit
Armature
length Ia 144.0 ~168.0 | mm
Magnet width W 12.0 ~24.0 mm
Magnet pole < - (24.0 —wu)/2 mm
shift length P ~ 4.0 -wy)2
Coil diameter deo 0.2~0.5 mm
Slot depth ds 2.0~4.0 mm
Magnet thick- hyy 1.0 ~3.0 mm
ness

Fig. 3 shows the effect of design variables in force
ripple and thrust force where design variables are di-
vided to seven values for full range and force compo-
nents are calculated by using (2)-(6). In Fig. 3 (a),
magnet width has the main effect on tooth ripple
component of cogging force, armature length has the
main effect on end effect component of cogging force
and magnet pole shift length has effect on both cog-
ging and mutual force ripple. In Fig. 3 (b), the thrust
force is increased according to the increase of coil
diameter, but coil diameter is limited by current con-
straint. These variables have the optimum value of
minimizing the force ripple and maximizing the thrust
force.

In this paper, cost function of design optimization
procedure contains maximum force ripple and thrust
force at the given design variables and is given by:

1

(Frst (X0))°
for 0<x)<r, 7

J(x) =W, * (max{

Fripte Gio)| )7 + Wy *

where W; and W, are weight functions, x denotes de-
sign variables: armature length, magnet width, mag-
net pole shift length, coil diameter, slot depth and
magnet thickness.

The fixed variables are armature width, slot pitch,
pole pitch, magnet remanence flux density, air gap
length and applied voltage.

The constraints are maximum flux density in teeth
B ox, minimum thrust force Fy,.,,, temperature of coil

T..i; (see Appendix B) and maximum current flow i,,,,.

The constraint conditions are given by:

g2l(x)= Bnar-G1= 0, ®
g2(x)= G2- Fiprus= 0, ®
23(x)=Teon -G3< 0, (10)

24(X)= imax —G4< 0, (11)
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Fig. 3. Effect of the design variables: (a) normalized
force ripple which is divided by thrust force,
(b) thrust force.

where  GI=2.1(T), G2=125(N), G3=100(C),
G4=3(A), and each constraint condition is normalized
by each given value.

The flux density and force components are calcu-
lated from the initial value of design variables and
fixed variables. We set the initial value of the design
variables as middle value of design range, and con-
vergence tolerance as 0.01%.

During the design optimization procedure, flux
density, force component, and performance of linear
BLPMM are calculated according to change of design
variables at each iteration step. In the condition of
satisfying the constraints, the design variables, which
minimize the cost function, are determined.

Fig. 4 shows the optimization procedure of the cost
function and active constraints. Fig. 5 shows the op-
timization procedure of the design variables at each
iteration where the slot depth is converged to maxi-
mum bound. This bound is limited by design specifi-
cation.
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Table 3. Optimized design variables and fixed vari-

. Cost function able.
0.8 .
o Symbol Value Unit
04 Armature length Ia 160.0 mm
0.2 Magnet width W 17.76 mm
UU 50 100 150 200 Magnet pOIC Shlft s _ 0 25 mm
. ) length P )
Minimum thrust force Coil temperature ———
04 0.08 Coil diameter deo 0.32 mm
" -L 0.04 Slot depth ds 4.0 mm
0.2
., 0.02 Magnet thickness hy 2.2 mm
. L 0 — Pole pitch T 24.0 mm
o1 002 Number of pole p 6 -
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Fig. 5. Optimization procedure of the design variables.

3.2. Results of design optimization

Table 3 lists the values of optimized design vari-
ables and fixed variables and Table 4 lists the charac-
teristic values of the linear BLPMM calculated using
the nominal and optimized design variables.

By design optimization, the normalized force ripple
is reduced 7.7% (9.7% to 2.0%) and the thrust force is
increased 12.88 N (111.55 N to 124.43 N) compared
to those not using design optimization.

Fig. 6 shows the calculated force components,
which are end effect and tooth ripple cogging force,
mutual force, and driving force, of optimized linear
BLPMM according to one pole pitch relative position,
respectively. In Fig. 6 (a), the ratio of force ripple to
thrust force is 9.7%, and the component of force rip-
ple with the tooth ripple is 1.0%. The end effect is
8.6% and mutual force ripple is 1.6%. In Fig. 6 (b),
the ratio of force ripple to thrust force is 2.0%, and
the component of force ripple with the tooth ripple is

Table 4. Characteristic values of the linear BLPMM.

. Opti-
Nominal mized Unit
value
value
Maximumdriving | 155 41 | 12693 | N
force
Thrust force 111.55 12443 N
Norma.hzed force 0.097 0.020 )
ripple
Air gap flux den- 0.65 0.67 T
sity
Force constant 55.77 60.46 N/A
Moving mass 1.57 1.65 kg

0.2%. The end effect is 1.1% and mutual force ripple
is 2.1%.

With this design optimization, the end effect com-
ponent, which does not exist in rotary motors, is
minimized by adjustment of the armature length as
shown in Fig. 7 [5]. This method is proposed by Zhu
[5], where Zhu used the FEA. In this paper, analytical
calculation is used. Slotless armature is used to con-
sider only the end effect cogging and the attracting
force acting on each side is shown separately accord-
ing to armature movement (where, F+ is attraction
force of right side and F- is left side). According to Al
the profile of F+ is changed forward or backward
from the nominal profile at I, =2n7 and sum of

each attracting force is represented with a thick line.
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Fig. 7 (a) shows the nominal end effect cogging force
when the armature length is twice integer multiple of
pole pitch. Fig. 7 (b) shows the minimum end effect
cogging force obtained by selection of armature

length such as [y =2nt+Al,, or

opt— 1N order to minimize the end effect
cogging force developed at each end side. Fig. 7 (c)

shows that the end effect cogging force is maximized
when armature lengthis [, =2nT+ Al .

The tooth ripple component is minimized by the
usage of a suitable magnet width, which is the
method used in rotary motor design.

By shifting the magnet pole pair, the mutual force
ripple and cogging force have out of phase in ripple
components. The total force ripple can be reduced
effectively.

In this paper, cogging force (generated in the
condition of no current flow) and mutual force
(generated in the condition of current flow) is
considered in force ripple analysis. The design
optimization of linear BLPMM is conducted more
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Fig. 6. Calculated force components of the linear
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4. EXPERIMENTAL RESULTS

The linear positioning system is constructed with
design optimized linear BLPMM, air slide bearing
and guide as shown in Fig. 8. The force components
of designed linear BLPMM are measured at the linear
positioning system.

In Fig. 8, one leg of the load cell is coupled to the
linear motor and the other leg is fixed to the lead
screw. By changing the relative position (measured by
laser interferometer of HP10706A) of armature and
stator, the leg of the load cell is compressed or ex-
tended. The amount of compression or extension de-
pends on the magnitude of applied force. The cogging
force is measured without winding coil current flow.
The end effect component is measured with slotless
armature of the same length as designed slotted arma-
ture. The driving force is measured with cosine wave-
form currents flow, which is applied in each arma-
ture’s coil with phase delay of 2%/3 and 4m/3 accord-
ing to position of armature, respectively. Fig. 9 shows
the measured and calculated force components where
tooth ripple is obtained by subtracting the end effect
component from the cogging force, and mutual force
ripple is obtained by subtracting the cogging force
from the driving force.

From Fig. 9, measured force components are very
similar to the calculated values, where force ripple is
increased 4% (by air and wire cable tension) and
thrust force is reduced 1.8% (by wire cable resis-
tance) compared with the calculated value. The
maximum difference in measured driving force is
2.8% of the calculated value.

5. CONCLUSIONS

The analytic model representing the driving force
in the function of electric and geometric parameters
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of linear BLPMM is developed. The design optimiza-
tion is conducted by means of considering force rip-
ple and thrust force as cost function and electric and
geometric parameters as design variables without
FEA. By design optimization, the normalized force
ripple is reduced 7.7% (9.7% to 2.0%) and thrust
force is increased 12.88N (111.55N to 124.43N)
compared to those not using design optimization. De-
signed linear BLPMM is developed and applied to
linear positioning system. For further reduction of
force ripple control strategies such as current shaping
or force estimator and observer are needed in control
methods.

APPENDIX A
In the force calculation equations, the flux density
distribution obtained from magnetic field analysis is
used and given by

2nzhy rnd - _nnd
Bxy=a, 3 fe 7 e +e 7 )cos™X,
n=1,3,5... Tp
(AD
where oy =—f (.0, hyy) and
ﬁszf(Br’avasTp’ﬂMa/IO9hM) ’ fOI‘

(k—Drg—w, /2<x<(k-D7g +w /2 in k=1, 2, 3
... Qs and py is magnetic permeability of PM, dis air
gap length, Ay is magnet height, B, is remanence flux
density of magnet, « is ratio of magnet length to pole
pitch, 7, is pole pitch, and ws is slot width, respectively.

Each force component is calculated using the flux
density distribution. The cogging force acting on ar-
mature of linear BLPMM as shown in Fig. 2 is ob-
tained by the Maxwell stress tensor method and mu-
tual force is obtained by the Lorentz force equation.

The tooth ripple component is calculated by sum-
mation of force acting at each slot with two sides and
given by

Qs
Fi(xg) =D {Fu_r o)~ Fy_r(x)}
k=1

xo+Hk-1)T3+wg
B%(x)dx

o, %: x0+(k—1)rs+%5~

24y k=1 x0+(k—1)rs+3—W5—

_ | ’

B2 (x)dx
xp+ (k-7 +wg

(A2)

The end-effect ripple component is calculated at the
two end sides of armature and given by:

Fe(xo) :_Fe_f (x0)+Fe_r(x0)

xg—Al
— J- B? (x)dx
1, xo—(hy+A) ,  (A3)
- 2,Uo X+ QT +A+h,
+ j B? (x)dx
X0 +QsTg+Al

where h, is armature height.
The mutual force can be obtained by summation of
static thrust of each phase and given by
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3
Fy(xg)=nl, > Bi,

p=1
, x0+f4—x+( p-Dr, +r—2S (A4)
=nl,y | B(x)J . (x)dx,
p=l1

x0+i+(p—l)rs
4
where J, is current density distribution.

APPENDIX B

The source of heat is current that flows through the
coil with resistance. The heat dissipation occurs by
convection, conduction or both. The heat dissipation
model of the linear BLPMM is presented in Fig. Al.
Four paths divide the path of heat transfer as shown
in Fig. A1 (a). In the heat dissipation model, tempera-
ture gradation in the coil area is assumed to not exist.

The heat generated from the coil is given by

g, =i’R, (AS)

and total heat dissipated through each heat transfer
path is given by

AT _T,-T, T,-T,
qq = = +
DRy Ry  Ry+Ry (A6)
L L-T, | T.-T,
Ry + Ry Ry + Ry,

where AT is a temperature difference between air and
coil, YR, is a total thermal resistances, R = 2 ,

ht L,

7(2d, +1,) 2
Ry =Ry =———= | Rpy=R;= ;
16k,d L, ht, L,

20H—-d ) .

41 =—(——s) 4 = is a thermal resis-
kyt L, ht,L,

tance of the each heat transfer path shown in Fig. A1l
(b) and H is a thickness of iron core.

The convection coefficient of air A is 4.5W/m*C
and conduction coefficient of iron core k, is 54
W/mC, respectively [8].

From Eq. (A5) and (A6), the temperature of coil is
obtained by identfying generated heat and dissipated
heat.
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