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Analysis and Design of a Novel 3-DOF Lorentz-Force-Driven
DC Planar Motor

Baoquan Kou, He Zhang, and Liyi Li
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In this paper, a novel Lorentz-force-driven DC planar motor with low force ripple is proposed. The magnetic field distribution is
calculated analytically by using magnetic surface charge model and image method. The expressions of force and torque are derived
based on the Lorentz force law. A method for electromagnetic design of the motor is also discussed. The static force characteristic is
measured experimentally. The experiment results are in good agreement with the results of the analysis and simulation.

Index Terms—Electromagnetic design, Lorentz force, planar motor, static force characteristic.

I. INTRODUCTION

T HE PLANAR motor can achieve planar motion directly
by using electromagnetic energy. It has attracted in-

creased interest in recent years due to its simple structure,
fast response characteristic, and fewer interference factors.
So far, many planar motors based on different principles have
been proposed. Most of them can be classified into variable
reluctance planar motor [1], [2], induction planar motor [3],
[4], synchronous permanent magnet planar motor (SPMPM)
[5]–[11], and dc planar motor [12]–[16]. Among them, both the
variable reluctance planar motor and the induction planar motor
have low efficiency, complicated electromechanical character-
istics, and complex control strategy, so it is difficult for them to
generate planar motion at high speed and high precision. The
SPMPM has the advantages of high power density and low loss.
However, the three-phase sinusoidal ac with high quality is hard
to obtain because of the switching problem of power devices
during inversion. So, the force will be influenced by the higher
harmonic current. Moreover, the magnetic field generated by
magnet arrays is not always in sinusoidal distribution which
will result in a nonsinusoidal back electromotive force (EMF).
That will also influence the force and increase the force ripple.
The dc planar motor is driven by Lorentz force with the features
of low force ripple and high positioning accuracy. The output
force is in direct proportion to the input current. So, it has been
attracting more and more attention in the high-precision posi-
tioning occasions, such as semiconductor lithography process,
scanning probe microscope, precision manipulation system and
precision measurement system.

At present, the combination of voice coil motors (VCM) is
usually applied in micro-motion systems to generate planar mo-
tion for precision positioning [17], [18]. However, such a struc-
ture has some disadvantages such as complicated construction,
not centroidal driven, and owning different force characteris-
tics in two orthogonal directions. In addition, the piezoelectric
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(PZT) actuators applied in ultra-precision planar motion stages
were reported in recent years [19]–[21]. But, PZT actuators are
difficult to model analytically due to their strongly nonlinear be-
havior. Moreover, PZT actuators have poor closed-loop control-
lability compared to Lorentz motors. In contrast, the dc planar
motor has many merits over its counterparts.

In this paper, a novel permanent magnet dc planar motor is
proposed. The operating principle of the motor is the same as
VCM. The translation stroke is mm either in the direc-
tion or in the direction. A uniform air-gap magnetic field is
easy to implement in such a short stroke. Moreover, dc with
high quality is easy to obtain compared to the three-phase sinu-
soidal ac. Therefore, the dc planar motor has lower force ripple
than SPMPM in terms of force generation principle. Firstly, the
basic structure and the operating principle of the motor are intro-
duced. Secondly, the magnetic field analysis is presented using
magnetic surface charge model and image method. Thirdly, the
analytical expressions of force, torque, and back-EMF are de-
rived. Besides, the design method of the novel dc planar motor
is also proposed.

II. FUNDAMENTAL STRUCTURE

The novel dc planar motor has moving magnets and stationary
coils. The double-sided structure is applied in order to increase
the air-gap magnetic field and magnetic force. As shown in
Fig. 1, the mover consists of 24 pieces of magnets and two back
irons. The two back irons are connected by several aluminum
plates in order to form the air-gap and make it uniform. The
stator consists of four square dc coils and a holding plate, and
the four coils are glued to the holding plate on the same level.

A. The Driving Unit

The novel dc planar motor is driven by four Lorentz driving
units. Fig. 2 shows the configuration of one driving unit. When
the direction of the coil current is clockwise, conductors under
the magnets No.1 and No.3 will be driven along the direction
and conductors under the magnets No.2 and No.4 will be driven
along the direction based on the Lorentz force law. Super-
posing the two forces and fixing the coil, it can be predicted that
the mover will move to the top left along the geometrical neutral
line of the magnets No.1 and No.2. The direction of force will
reverse once the direction of current is reversed.
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Fig. 1. General 3-D view of the novel dc planar motor.

Fig. 2. Lorentz driving unit: (a) 3-D view and (b) top view.

Fig. 3. Analysis of the motor 3-DOF motion: (a) translation in the � direction,
(b) translation in the � direction, and (c) rotation about the � axis.

B. Operating Principle of the 3-DOF

The dc planar motor has three degree of freedom (DOF), i.e.,
translating in the and directions and rotating about the axis.
The translation displacement of mm in the and directions
and the rotation degree of about the axis can be achieved
by controlling the four coils currents according to a certain rule.
Fig. 3 shows the analysis of the motor 3-DOF motion.

III. MAGNETIC FIELD ANALYSIS

A. The Magnetic Field of Permanent Magnets

According to equivalent magnetic charge method [22]–[25],
the effect of magnetization for parallel uniform magnetized
magnet can be represented by two magnetic charge surfaces on
the sides of the permanent magnet, which are perpendicular to

Fig. 4. Equivalent magnetic charge model of PM.

the magnetization direction. And the magnetic charge surface
density is equal to the remanent magnetization . Fig. 4
shows the equivalent magnetic charge model of the magnet
which is magnetized in the direction. The length, width, and
height of the magnet are 2a, 2 , and , respectively, in the

and direction.
Taking any tiny area on the magnetic charge surface, in

which the total magnetic charge is

(1)

Making an analogy with the relationship between electric
charge and electric intensity, the magnetic field intensity could
be expressed as

(2)

where is the distance from an arbitrary observation point to the
origin. The expression of field strength in direction generated
by the magnetic charge surface is

(3)

Through superposing the equivalent magnetic field of the two
magnetic charge surfaces, the analytical expression of the three-
dimensional magnetic field generated by a parallel magnetized
PM can be obtained as

(4)

where

(5)

(6)

B. The Magnetic Field of Ferromagnetic Boundaries

In the magnetic field generated by PM, ferromagnetic mate-
rials will be magnetized and greatly influence the original mag-
netic field of the PM. So, the final distribution of air-gap field is
determined by both PM and ferromagnetic boundaries. There-
fore, the image method [26], [27] is adopted to analyze the in-
fluence of the ferromagnetic boundaries in order to obtain an
accurate air-gap magnetic field. Fig. 5 shows the concept of
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Fig. 5. Concept of image method.

image method. The distribution rules of image charges can be
concluded in the following aspects.

1) For two parallel ferromagnetic boundaries, there are infi-
nite image charge surfaces.

2) Image charge surfaces can be divided into two teams: the
positive charge team and the negative charge team.

3) In the same team, the distance between two adjacent charge
surfaces is equal to , and is the distance between two
parallel ferromagnetic boundaries.

4) In the different teams, the distance between a positive
charge surface and a negative charge surface is equal to ,
and is the total length of the air-gap.

So, we can transform (4) through the coordinate transforma-
tion to gain the image field. The final magnetic field is equal to
the sum of the contributions of each image charge and the orig-
inal charge. The analytical expression of magnetic field gener-
ated by a couple of magnets under two parallel ferromagnetic
boundaries is derived as

(7)

Substituting into (7), the magnitude of
air-gap magnetic flux density is obtained as

(8)

Fig. 6. Force analysis: (a) translation in the � direction and (b) rotation about
the � axis.

C. Analytical Expressions of Force, Torque, and EMF

The proposed dc planar motor is a short-stroke motor. The
stroke in or direction is mm. So, the effective coil edge
will be always in the smooth part of magnetic field. When the
mover translates in the (or ) direction, each square coil has
two effective edges. The force generated by two effective edges
is parallel to (or ) axis. The force generated by two non-
effective edges is perpendicular to (or ) axis and offset by
other coils. As shown in Fig. 6(a), the analytical expression of
force (one coil) based on the Lorentz law is

(9)

where is the length of effective coil edge.
The analytical expression of back-EMF (one coil) is

(10)

where is the velocity of the mover.
Taking four coils into account, we can obtain the analytical

expression of total force:

(11)

As shown in Fig. 6(b), when the mover rotates about the
axis, each square coil has four effective edges. The superposed
force of one coil is , and the arm of force is . So,
the expression of torque can be derived as

(12)

where is the pole pitch.

IV. DESIGN METHOD

In the design process of the dc planar motor, we will deter-
mine the appropriate dimensions of PM and coil. The main de-
sign criterion is to increase the magnetic force.

A. The Main Dimensions’ Equation

When the mover is driven, each square coil has four valid
edges. Due to the symmetrical structure of the motor, only the
cross section of an effective coil edge needs to be analyzed. A
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Fig. 7. Side view of analysis model.

2-D modeling approach is utilized in order to simplify design
cycle. The longitudinal edge effect is without consideration in
this way. It should be noted that the longitudinal edge of planar
motor is determined by the direction of conductor.

As shown in Fig. 7, the ampere turns of square coil can be
expressed as

(13)

where is the current density of coil cross section, and
denote the width and height of coil cross section, respectively.
Compared with the total length of air-gap , the length of me-
chanical air-gap is negligible. So, (13) can be approximated as

(14)

For decreasing the force ripple, the coil should be set in the
middle of the magnetic field. Then, the width of coil cross sec-
tion is

(15)

where is the flat top width coefficient which is defined as

(16)

where is the width range in which the air-gap flux density
as shown in Fig. 9. The coefficient

is an appropriate value by taking force and force ripple into
consideration.

In addition, the effective edge of coil should be placed under
the position where air-gap magnetic field is strong in order to
increase the force. Here, we suppose the average length of the
conductors is approximately equal to the pole pitch,

(17)

The length of the effective coil edge is

(18)

where is the pole-arc coefficient, defined as the ratio of
to . is the average value of air-gap flux density.

By substituting (14), (15), (17), and (18) into (11), the main
dimensions’ equation can be derived as

(19)

Fig. 8. The design flow chart.

In (19), is directly proportional to the volume of stator,
and it is also related to the volume of the mover. Now, we can es-
timate the electromagnetic force just by selecting an appropriate
electromagnetic load. In other words, when the force target is
given, we can estimate the volume of motor just by selecting an
appropriate electromagnetic load. So, it can be seen that the pole
pitch and the total length of air-gap are the main dimensions of
the dc planar motor. The main dimension ratio is defined as

(20)

The design flow chart is given in Fig. 8.

B. The Dimensions of Permanent Magnet

The magnitude of air-gap magnetic flux has been derived in
part III, and the expression is

(21)

where
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Fig. 9. Variations of force versus � . (� � �� mm, � � �� mm, � � ���
A/mm , � � ��� mm).

(22)

where is the ratio between the thickness of permanent magnet
and the total length of air gap, i.e.,

(23)

Equation (22) shows that the magnitude of air-gap magnetic
flux is only determined by and . Firstly, after selecting the
suitable and , we can calculate according to (19).
Secondly, we should select suitable , and can be calculated
according to (22). The thickness of permanent magnet, the pole
pitch, and the total length of air gap will be calculated once

and are obtained. In order to maximize the force, we need
to find the optimal . Fig. 9 shows the variation of the force
versus when mm, mm, A/mm , and

mm. The optimization can be obtained by the following
equation:

(24)

Permanent magnets in the novel dc planar motor are all
square. So, the relationship between edge length of magnet and
pole pitch is

(25)

C. The Dimensions of Coil

To determine appropriate coil dimensions, the distribution of
air-gap magnetic field needs to be analyzed. As the double-sided

Fig. 10. Magnetic field distribution in the middle of air-gap and on the surface
of magnet.

Fig. 11. Flat top width coefficient � : (a) � � � mm, (b) � � � mm,
(c) � � � mm, and (d) � � � mm.

structure is applied, the total length of air-gap is relatively large.
So, the magnetic field distribution in the middle of air-gap is
different from the magnetic field distribution on the surface of
magnet. As shown in Fig. 10, the descent speed of flux density
in the middle of air-gap is fast, but flux density on the surface
of magnet starts to decrease until getting close to the fringe of
magnet. Therefore, the variation of magnetic field along the
axis should be taken into consideration when calculating the
width of coil.

In this paper, the flat top width coefficient is used to indicate
the smoothness of magnetic field distribution. The flat top width
coefficient in the middle of air-gap is , and the flat top
width coefficient on the surface of magnet is . According
to (7), the coefficient with different dimensions of magnet can
be calculated, as shown in Figs. 11 and 12.
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Fig. 12. Flat top width coefficient � : (a) � � � mm, (b) � � � mm,
(c) � � � mm, and (d) � � � mm.

It can be found that both and will increase with
the increment of pole pitch. However, the difference is that
is greatly influenced by the ratio of , and is not obviously
affected by the ratio of .

The coil width can be expressed as

(26)

The length of mechanical air-gap can be selected within 1–2
mm, and the height of coil is

(27)

When the dimensions of coil cross section have been deter-
mined, the turns per coil can be calculated by

(28)

It is assumed that all the conductors of coil form a regular
square arrangement; in other words, the centers of conductors
in each column are in a straight line. So, the diameter of enamel
insulated wire is

(29)

V. SIMULATION AND EXPERIMENT

A prototype of the dc planar motor is shown in Fig. 13. The
parameters of the prototype motor are shown in Table I.

The armature reaction can be neglected due to ironless struc-
ture and long air-gap. Fig. 14 shows the magnetic field simu-
lation result in no-load condition. Fig. 14(b) indicates that the
analytical values of air-gap flux density are in good agreement
with those of the simulation.

Fig. 13. Prototype of dc planar motor: (a) general view, (b) coils and holding
plate, and (c) main parts.

TABLE I
DIMENSIONS OF PROTOTYPE

Fig. 15 shows the static force measurement devices of dc
planar motor. Four groups of stainless steel balls between the
mover and the bottom plate are used to support the mover to
achieve planar motion. The static force is measured using pres-
sure sensor (T90194) and P-V converter (DKMO2A). Fig. 16
shows the force-current relation. The static force characteristics
in the and directions both increase linearly with the incre-
ment of current. In this paper, the analysis force is calculated by
(11). And, the simulation force is obtained by the FEM software
Ansoft3D.

Fig. 17 shows the relation between the force and displace-
ment. The analysis force is a constant during the whole travel
range because it’s assumed that is equal to . But, fringing
effect will be considered in 3-D FEM simulation. So, both sim-
ulation and experiment forces show a trend of slightly decrease
once the mover travels beyond the stroke of mm. When the
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Fig. 14. Simulation result of no-load air gap magnetic field: (a) 3-D view and
(b) correlation curve.

Fig. 15. The static force measurement devices: (a) experimental platform and
(b) schematic diagram.

mover travels within the stroke of mm, it can be calculated
by simulation that the force ripple is 0.59% in the direction and
0.33% in the direction. The measured force ripple in Fig. 17
is 0.36% in the direction and 0.72% in the direction.

The motor will generate rotation under the effect of torque.
The rotation angle is no longer zero and the relative position

Fig. 16. The force versus current: (a) in the � direction and (b) in the � direc-
tion.

Fig. 17. The force versus displacement: (a) in the � direction and (b) in the �
direction.

Fig. 18. The torque versus rotation angle.

between the mover and the stator will change. Fig. 18 shows
the curve of the torque versus rotation angle obtained from the
simulation. The torque has little change when the rotation angle
is within the range of .

The rotation angle not only affects the torque, but also influ-
ences the force. Fig. 19 shows the curve of the force versus ro-
tation angle obtained from the simulation when mover travels in
the direction. The force in the moving direction varies slightly,
but the force perpendicular to the moving direction increases
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Fig. 19. The force versus rotation angle: (a) in the moving direction and (b)
perpendicular to the moving direction.

with the increment of rotation angle. When the angle is
(y) has already reached N respectively.

VI. CONCLUSION

In this paper, a novel dc planar motor was proposed. The
motor has low force ripple. The analytical expressions of the
air-gap magnetic field and the propulsion force were provided.
Also, the design method of the motor was presented. The static
force characteristics experiment was performed to validate the
analytical and simulation results. The following conclusions can
be drawn:

1) The FEM simulation results of magnetic field distribution
are in good agreement with the analytical ones. It verifies
the validity of analytical model.

2) The dc planar motor proposed in this paper has a good
static force characteristic. The output force is in direct pro-
portion to the input current.

3) Force ripples are less than 1% when mover travels within
mm either in the direction or in the direction.

It demonstrates that the force nearly maintains constant
within the stroke of translation. So, it is easy to control.

4) Propulsion force and torque are not appreciably affected
by rotation angles. However, the disturbing force perpen-
dicular to the moving direction is proportional to rotation
angles.

This paper focuses mainly on the electromagnetic character-
istic of the 3-DOF Lorentz-force-driven motor. However, some
relevant issues including the thermal characteristic, the low-fric-
tion bearing, and the high precision multidimension measure-
ment also need to be considered for high precision positioning.
In future work, we will adopt water cooling to lower the tem-
perature rise of winding. Air bearing or magnetic suspension
will be applied to minimize the bearing friction. Furthermore,
the precision measurement system composed of laser interfer-
ometer and capacitance probe will be used for positioning per-
formance improvement.
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