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ABSTRACT This study presents a new linear motor with an E-core stator and a homopolar permanent
magnet (PM) mover. The velocity and force ripples of the motor are effectively reduced by an optimized
structure and effective force compensation. Firstly, the mechanical structure, magnetic paths and operation
principles are introduced. Force analysis is carried out via magnetic circuit method and finite element
method (FEM). The magnetic structure of the motor is optimized to reduce the cogging force. Secondly,
a force compensation approach is developed to control the velocity and reduce the force ripples of the
motor. Parameter identification is employed for the force control to observe the force of the motor so as
to compensate the force ripples. Finally, the velocity ripples and force ripples are calculated and measured
by simulation and experimentation. Both the simulation and experimental results show high feasibility of
the force compensation method. By optimizing the magnetic structure of the motor and developing the force
compensation block of the control part, the estimated force output suggests that the force ripples of the motor
can be limited within 5%.

INDEX TERMS Cogging force, force ripples, force control, fem, linear motor.

I. INTRODUCTION
Linear motor is a key component in industrial instruments,
transportation systems and household appliances, such as
position tracking for DNA analysis, rail transportation, lin-
ear motor based lifts and linear compressors, etc. [1]–[6].
Traditionally, a rotary motor combined with a linear lead
screw rod is usually employed to realize the linear movement.
This approach has drawbacks of low positioning accuracy,
mechanical backlash, frequent maintenances and calibration,
and large spatial volume with a heavy mass. Nowadays,
many applications employ direct-drive linear motors to pur-
suit high accurate control. Direct-drive linear motors can be
simply classified as alternative current (AC) linear motor and
direct current (DC) linear motor. Some DC linear motors
have a short operation stroke. Some of them oscillate with a
constant frequency driving operation [7]–[9]. Also, variable
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frequencies are necessary for some linear oscillating motors
(LOMs) [10]–[12]. Regarding the mechanical structures of
these motors, their movers could be comprised by coils,
permanent magnets (PMs) or iron blocks [13]–[15]. Linear
voice coil motors are also popular in the market and widely
employed in industrial devices such as wire bonders. They
have a fast response and can achieve a high frequencymoving
cycle due to the light weight of their moving parts. Thus,
a rapid acceleration or deceleration can be realized. However,
the moving coil must be connected by a wire for power
supplying. If the moving part is made of heavy iron, the
thrust density of the motor could be relatively low. Some
of them are designed and studied as linear compressors for
refrigerators [16]. If the moving part is made of PM, the
power density of the motor could be improved and the motor
can be easily cool down with lump windings embraced in
the stator [17]. Halbach PM array has been employed and
investigated for LOMs and the efficiency of the LOM can
achieve 92 % [18], [19]. However, the stroke length of the

156030 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0001-9440-6172
https://orcid.org/0000-0003-2615-5169
https://orcid.org/0000-0002-1398-1165


M. Tang et al.: Force and Velocity Ripple Reduction of New Linear Motor

mover could be limited to the width of one PM pole due to the
mechanical structure of the motor. In [20], the magnetization
pattern influence has been analyzed. The results demonstrate
that the segment magnets have full performance compared
with a magnetic ring. Active magnetic bearings are employed
by the LOM to modify the performance [21]. LOMs can be
not only used by linear compressors but also employed in
many special applications. For instance, artificial heart can
employ theminiature LOM to generatemechanical vibrations
because the motor occupies a small volume [22]. In [23],
the LOM has been employed by a liquid hydrogen pump.
In recent years, a lot of industrial equipment require micro
components and LOM are employed to realize force control
such as microchip surface mounted applications.

In order to realize highly accurate control for linear motors,
some advanced control methods have been developed. Force
ripple reduction control for linear motors is of high impor-
tance for their wide spread employment in the future and this
is a hot research topic in recent years [24]. The force ripple to
the iron core based linear motors mainly consists of cogging
force caused by the reluctance of the salience structure, and
the force ripples caused by the variations of motor constant.
Also, local magnetic saturation of the motor can deteriorate
the force performance. Some optimized mechanical struc-
tures are developed to compensate the cogging force of the
motor, including the selection of appropriate PM arrangement
or materials [25]. Adding additional assistant poles, windings
and springs on the mover is an effective way to reduce the
cogging force. The screwed structure both on the steel poles
and PM poles can also alleviate the cogging force [26]–[30].
Magnetic springs are also investigated for free-piston com-
pressor, energy harvesters and vibration actuator [31]–[33].
Although using magnetic springs could reduce drive losses
for linear motors, the nonlinear force output characteristic
of magnetic springs could deteriorates the performance of
highly precise force control. Apart from the optimization
of the mechanical structure, some advanced control meth-
ods are developed to mitigate the force ripples of the linear
motors [34], [35]. Building accurate force ripple models play
a key role to control the force output of the motor. Some force
ripple compensators are developed to reduce the force ripples
of the motor for the whole stroke length [36]. There are only a
few force ripple reduction methods are designed or employed
for LOMs until present [37], [38]. In this paper, A tubular PM
motor with an E-core stator excited by direct current (DC)
power source is introduced. In addition, an adaptive force
control is designed and applied for the motor.

In this study, a new magnetic structure of a linear motor
with a homopolar PM ring is introduced. Force ripples of the
motor have been effectively reduced by both the optimization
of mechanical structure especially in the pole optimization.
The force ripple identification method is also developed to
further mitigate the force ripples during the whole stroke.
With the pole optimization and the force compensation, the
force ripples can be effectively curbed by identifying and
operating on the varied parameters of the motor.

II. MECHANICAL STRUCTURE AND BASIC MODEL
A. MECHANICAL STRUCTURE
This motor mainly consists of the E-core stator, the mover
with a surface mounted PM ring and a linear guide, as shown
in Figure 1. The E-core stator is embedded into an iron crust
which is connected with the interior stator. There is an air
gap between the E-core stator and the interior stator. The
E-core and the interior stator are made of iron composite
and the winding is embraced by the exterior stator. The PM
ring is fixed onto the mover which is made of a carbon
fiber tube. This configuration has a longer moving distance
when compared with other E-core linear motors, since only
a small PM ring is employed by the motor. The E-core stator
embraces two coils and the coils can be connected in series
or parallel.

The mover is guided by a linear guide. A linear encoder is
fixed on the basement of the motor to feedback the position of
the mover. The three-dimensional (3D) magnetic path and 3D
flux distribution generated by the PM is shown in Figure 2.
Main flux lines path follow the E-core stator and the interior
stator, which suggest that they provide the main magnetic
circuit path for the motor. The half cross-sectional schematic
of the proposed structure is given in Figure 3. The major
specifications of the motor are listed in Table 1.

FIGURE 1. Section view of the mechanical structure.

B. MATHEMATIC MODEL
The electric voltage equation and the dynamic equation
reflecting the motion characteristics of the motor can be
expressed as

V = Ri+ L
di
dt
+ k

dx
dt

(1)

F = M
d2x
dt2
+ B

dx
dt
+ Cx + Fl (2)

where V is the terminal voltage of the motor and k dxdt is
the back electromotive force (EMF). i, R and L are winding

VOLUME 9, 2021 156031



M. Tang et al.: Force and Velocity Ripple Reduction of New Linear Motor

FIGURE 2. (a) The main electric and magnetic part of the motor and
(b) 3D FEM simulation to flux distribution.

FIGURE 3. The half section scheme of the main structure.

current, resistance and inductance, respectively. x is the dis-
placement of the mover. k is the constant of the motor. M
is the mass of the mover. B is the damping coefficient of
the motor. C is a coefficient relevant to the displacement
of the mover. In this study, it can be regarded as a cog-
ging force factor. Fl denotes the load force to the motor.
The electromagnetic force of the motor can be expressed
as

F = ki (3)

According to the equations of the motor, the equivalent
model of the motor is shown in Figure 4.

TABLE 1. Main specifications of the motor.

FIGURE 4. The equivalent model of the motor.

C. FORCE ANALYSIS
The mechanical force output of the motor consists of two
parts that include the reluctance force and Lorenz force. The
reluctance force is mainly produced by the reluctance change
of the magnetic circuit path of the motor and the Lorenz
force is generated by the current-carrying coils. Also, the
cogging force is the reluctance force when the coils are not
excited. In order to simplify the study scope, the following
assumptions for analyzing the cogging force of the motor are
included.

1) Nonlinear characteristics of the iron materials are
ignored.

2) The PM ring is magnetized uniformly with identical
relative permeability to that of air,

3) Local saturation of magnetic paths is negligible.

The change of the magnetic co-energy W can reflect the
reluctance force of themotor according to virtual work princi-
ples. When the coils of the motor are not excited, the cogging
force of the motor can be calculated by

Fm =
dW
dx

(4)

W =
1

2µ0

∫
�

B2gd� (5)

156032 VOLUME 9, 2021



M. Tang et al.: Force and Velocity Ripple Reduction of New Linear Motor

where Bg and � are the flux density in the air gap and its
volume. µ0 denotes the permeability of the air. Another part
of the electromagnetic force is generated by current-carrying
coils and this value can be derived by

Fa =
∫
L
idl × Bs (6)

where i is the current in the coil and L is the total length of the
coil. Bs denotes the flux density closed by the slot that is fully
filled by the coil and this value is generally 1.35 times the
value ofBg for the proposed structure. From the basic analysis
of the mechanical force output, Bg and Bs play key roles for
the force outputs of the motor. Both of them are depended on
the magnetic structure of the motor.

In order to calculate the cogging force mentioned before,
the flux density in the air gap needs to be obtained when the
coils are not excited. The equivalent magnetic circuit is shown
as Figure 5 (a) when the mover locates at the left side of the
stator. Figure 5 (b) shows the mover at control position.

FIGURE 5. The equivalent magnetic circuits of the motor when the mover
moves at (a) the left side and (b) the central position.

According to the equivalent magnetic circuits, the reluc-
tances to the Figure 5 (a) and Figure 5 (b) can be calculated.

Rµ1 = Rµg + Rµt + Rµy + Rµs

+

(
Rµt + Rµg

)
·
(
Rµg + Rµt + Rµy + Rµs

)
Rµt + Rµg + Rµg + Rµt + Rµy + Rµs

(7)

Rµ2 = Rµg + Rµt

+

(
Rµg+Rµt+Rµy+Rµs

)
·
(
Rµg+Rµt+Rµy+Rµs

)
Rµg+Rµt+Rµy+Rµs+Rµg+Rµt+Rµy+Rµs

(8)

The self-inductance of each coil can be expressed as

L =
N 2

Rµ
(9)

N is the number of turns of the coil and R is the resistance.
The flux density in the air gap can be calculated by

Bg =
φm

Rµ
(10)

φm is the magnetic flux generated by the permanent mag-
net. Provided that the scalar potential formulation caused by
the permanent magnet is defined as H = −grad 9, the force
can be calculated according to equation (5) and be rewritten
as equation (11) for finite element method.

Fk =
1

2µ0

∑
ek

∫
�ek

[
∂H
∂x

Bg + Bg
∂H
∂x
+ B2g |G|

−1 ∂ |G|
∂x

]d�

(11)

where ek concerns the elements and k is the node of the
mesh for calculation. G is the Jacobian matrix, |G| is the
determinant of G.

G =

∣∣∣∣∣∣∣∣∣∣∣∣

∂x
∂u

∂y
∂u

∂z
∂u

∂x
∂v

∂y
∂v

∂z
∂v

∂x
∂w

∂x
∂w

∂x
∂w

∣∣∣∣∣∣∣∣∣∣∣∣
(12)

where (x, y, z) is the global coordinate and (u, v,w) is the local
ones. The flux densities of the motor at different positions are
shown in Figure 6.

FIGURE 6. The flux density distribution of the motor at different positions.

Apart from the cogging force that can generate force rip-
ples of the motor, local flux saturation can also put negative
influence on the force outputs, increasing the total force
ripples. It is because that flux saturation would lead to nonlin-
earity of the reluctance of the equations (7) and (8).This effect
is different from that of the cogging force. It can deform the
force outputs of the motor during the whole stroke. It can be
seen from Figure 6 that the local saturation is severe when
the mover locates at the left side or the right side of the
stator. The force outputs of the motor could be deformed at
these two positions. When the coils are not excited, the force
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FIGURE 7. Force output deformation of the motor.

outputs of the motor are obtained from FEM results as shown
in Figure 7. The deformation of force is mainly caused by two
parts. The deformation of force in the stroke is generated by
local saturation. The deformed force caused by the ripples
during the controlled part of the travel is produced by the
cogging force. Both of them are influenced by the excitations
of the coils. The maximum of the force is less than 5 N when
the motor is not excited.

The cogging force is optimized for the motor, especially
for the E-core stator. The optimized parameter include the
open slot position, the width of the slot, the PM length and
thickness, the tooth shape of the E-core stator. The initial
structure of the magnetic path is shown in Figure 8.

FIGURE 8. The primitive structure of the E-core stator and the moving
directions of the open slots when optimizing their positions.

TABLE 2. Main optimized parameters comparison.

After the optimizations of the magnetic structure, and
the resultant magnetic structure is shown in Figure 3. The
parameters of the motor before and after the optimization are
compared in Table 2. The force outputs of the motor with
different excitations are shown in Figure 9 (a). If two coils

FIGURE 9. (a) Force outputs of the motor under different excitations and
(b) the force ripple estimation method for the motor.

are connected in series, it can be seen that the force outputs
can reach to70 N when the phase current of the motor is
2.5 A. The force outputs are approximately proportional to
the currents. It also shows that the cogging force of the motor
increases along with the increase of the phase current. The
force ripples caused by the cogging force and local magnetic
flux saturation are significantly reduced.

The force ripples of the motor can be defined as the fol-
lowing equation (13) and this equation can be explained by
Figure 9 (b). The force ripples can be calculated by the rate
of the maximum deviation between the actual force and the
reference force provided for the motor.

Fripple =
max(Fmax − Fref ,Fmin − Fref )

Fref
× 100% (13)

III. FORCE CONTROL
Generally, three-closed-loop control is employed by many
servo motors in industry and this control approach is also

FIGURE 10. The control scheme of the motor.
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used for this motor. The whole control scheme is shown in
Figure 10. The position controller and the speed controller
are proportional-integral (PI) control. The current command
is provided by the output of the speed controller. Cascading
a current control loop with the motor for the motor current
regulation. The position feedback of the motor will be pro-
vided for the position controller and the speed controller. The
electromechanical part is the main part of the control plant.

According to the mathematic model of the motor from
equations (1) and (2), the transfer function from the terminal
voltage to the current in coils can be expressed by

i(s)
V (s)

=

1
R

L
R s+ 1

(14)

If the current loop gain is kc for a current converter to
the motor coils and a PI controller is employed for the inner
current loop, the closed-loop transfer function of the current
loop can be

i(s)
i∗(s)
=

kc(kps+ ki)

Ls2 +
(
R+ kckp

)
s+ kcki

(15)

As kckp � R, the resistance can be negligible. The transfer
function can be rewritten as

i(s)
i∗(s)
=

kckps
L +

kck i
L

s2 +
(
kckp
L

)
s+ kcki

L

(16)

The parameters of the PI controller can be determined by
the damping factor ξ and the natural frequency ωn.

kp =
2ξωnL
kc

(17)

ki =
ω2
nL
kc

(18)

Equation (3) shows the relationship between the electro-
magnetic force and the current by the motor constant k .
Therefore, the transfer function from current to the position
of the mover is

x(s)
i(s)
=

k
Ms2 + Bs+ C

(19)

The force control for the electromechanical part of the
motor is shown in Figure 11. This control part mainly con-
sists of three closed loops including the current loop, the
back-EMF loop, and the force loop. All the loops are under
feedback control to regulate the current of motor coils. From
the force analysismentioned before, force output deformation
of the motor is mainly caused by the local magnetic saturation
and the cogging force. Force output with respect to phase cur-
rent becomes nonlinear if local magnetic saturation occurs.
Also, the back-EMF could be nonlinear to the speed of the
motor as the motor constant cannot remain unchanged during
the whole stroke and operation conditions. The force observer
and the cogging force are used to compensate for the current
control loop of the motor, as shown in Figure 12. The force
compensation block addresses the nonlinear characteristics

FIGURE 11. The force control of the electromechanical part.

FIGURE 12. The force compensation block for the motor.

of the motor constant k , which is a function of position and
the current. This block is fed back to regulate the current by
combining with the nonlinear motor constant k , the cogging
force and the force load to the motor.

The force load is equivalent to a constant and is pro-
portional to the coil current. The cogging force and large
force output deformation can be estimated by FEM, and are
compensated by the force control part. The nonlinear factors
to the motor including the nonlinear motor constant and tiny
noises to current sampling signals and other disturbances can
be taken as a factor that is proportional to the rate of change
of the current when the motor is operated in a steady state.
Therefore, equation (19) can be rewritten as

x(s)
i∗(s)
=

k1s+ k2
Ms2 + Bs+ C

(20)

k1 is relatively small as it represents the influence of the
tiny disturbances to the current and k2 is a constant reflect-
ing the total force output of the mover which is directly
influenced by the current. To obtain k1 and k2, physically
measuring the force output by using a force sensor and
a manual position adjustment. In addition, a carriage to
fix the mover of the motor and a frictionless air bearing
support for precise measurement is necessary. Therefore,
it is difficult to precisely measure the force output and the
force-deformation of the motor. The reference force output
of the motor can be obtained according to the theoretical
analysis in the mathematical model part. The force ripples
and force deformations can be determined in this way. If the
structure of the motor and necessary parameters of the motor
are given, the magnetic field distribution can be obtained by
FEM, and electromagnetic forces can be calculated precisely
at each position when the motor is excited. Although FEM
can estimate the forces, the errors between the analytical
design and actual application always exist. In order to solve
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this problem, combining the FEM results with parameters
identification approach is an effective solution for accurate
control of themotor. The basic force features can be estimated
by FEM such as cogging force and deformation caused by
local saturation. Then, the estimated error will be regarded
as a disturbance to the parameters identification of the motor.
According to equation (20), the motor constant can be identi-
fied by the following equations. Taking the current input i and
the mover displacement x as the inputs of the identification
system, equation (20) can be rewritten as a discrete-time form

A
(
z−1

)
x (t) = B

(
z−1

)
i (t)+ ε (t) (21)

ε(t) is regarded as a disturbance caused by the estimated error
and external disturbances to the control system.

A
(
z−1

)
= 1+ a1z−1 + a2z−2 (22)

B
(
z−1

)
= b0 + b1z−1 (23)

If a1, a2, b0 and b1 can be identified and the mass of the
mover, damping coefficientB and coefficientC are estimated,
the motor constant can be obtained even though the motor
owns some nonlinear characteristics. These parameters can
be identified according to the least-square matrix form as
shown in equation (24).

x (t) = ϕT (t − 1) θ (t − 1)+ ε (t) (24){
θ = [a1, a2, b0, b1]
ϕT (t−1) = [−x (t − 1) ,−x (t − 2) , i (t − 1) , i(t − 2)]

(25)

ε(t) is the residual. θ can be identified by recursive least
square algorithm with the forgetting factor ρ according to the
following steps.

θ̂ (t) = θ̂ (t − 1)+ G(t) ·
(
x (t)− ϕT (t) θ̂ (t − 1)

)
(26)

G (t) =
P (t − 1)ϕT (t)

(ρ + ϕT (t)P(t − 1)ϕ(t))−1
(27)

P (t) =
(
I − G (t)ϕT (t)

)
·
P (t − 1)

ρ
(28)

P (t) and G (t) are the covariance matrix and the adjusting
gain. ρ is usually chosen between 0.95∼1 for this motor.
P (t) should be a matrix with limited scope of values for each
element at the initial time. I is a unit matrix. The convergence
of the iterative algorithm had been proved in [39]. If the
following conditions are satisfied, the system is stable.

1) The measurement vector sequence ϕ (t) is persistently
exciting, and lim

t→∞
1
t

∑t
j=1 ϕ (j)ϕ

T (j) exists;
2) The vector ε (t) is an independent random variable with

zero mean;
3) The parameter change rate α (t) = θ (t) − θ (t − 1) is

bounded, α (t) and ε (t) are independent,

E ‖α (t)‖2 <∞ (29)

E [α (t) ε (t)] = 0 (30)

as t → ∞, the parameters θ (t) will be bounded
and they are identifiable by recursive least square

FIGURE 13. The force compensation flow chart for the motor.

method with forgetting factor. Under the designed con-
trol method, the system is stable if the system inputs
and outputs are bounded.

The machine halt rule should obey equation (31).

θ̂ (t)− θ̂ (t − 1)

θ̂ (t)
< e (31)

where e is a small positive number. The whole force compen-
sation algorithm can be plotted as Figure 13.

When the motor is operated in the position and speed
control, the positions and current are sampled digitally. Then,
parameter identification is carried out to get the parameters
of the control subject. The force compensation works if iden-
tified parameters are converged. The force control finished
if the force ripples are fulfill the requirements to practical
application.

IV. SIMULATION RESULTS
A multi-physical domain simulation block is built according
to the theoretical analysis, as shown in Figure 14. This block
consists of the control part, the FEM part, the electric part and
the mechanical part. The control part includes the controller
and the force compensation, and the FEM part is the designed
magnetic structure with coils via an FEM software package.
The electric components involve a resistor reprinting the
resistance of the winding and an inductor denoting the arma-
ture inductance of the motor. The current can be controlled
after obtaining the signal from the controller. The mechan-
ical part mainly has a damper and a mass cube box, and
their parameters are given according to the practical values
of the motor. By transient simulation of an FEM software
(e.g. ANSYS), the position and velocity of the mover can be
obtained at each simulation step if the mass of the mover and
damping factor of the motor are assigned. The control part
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FIGURE 14. The simulation block of the motor control.

and the electric part can be built in software ANSYS Sim-
plorer. Two software packages can realize the data interaction
timely through each other. Position and velocity signals are
calculated by the FEM part and then these signals are used
for the force compensation. The force compensation obtains
the phase current through an ampere meter and outputs the
signal to the controller. The controller will supply the control
signal to govern a current source for the motor.

FIGURE 15. Velocity of the mover in the comparison of the controller with
and without force compensation.

The velocity of the motor is obtained by the simulation
model, as shown in Figure 15. A step velocity reference
is supplied to the controller for the motor. The reference
increases from zero to 25 mm/s at 0.2 s. A force load 10 N is
added on themotor at the time of 0.4 s. The velocity responses
under different controllers are obtained and the velocity rip-
ples are plotted in the Figure 15. The velocity increases
to 25 mm/s quickly and decreases to 24 mm/s when the load
force is applied to the mover. Then, the velocity gradually
approaches to the reference velocity. Force ripples vibrate
obviously if the motor is controlled without force compen-
sation. The velocity response governed by the controller with
the force compensation is smooth and the performance of the
linear motor becomes obviously better than that without the
force compensation.

FIGURE 16. The force outputs of the motor with different controllers.

With the same reference, the force response of the motor is
obtained as shown in Figure 16. The force response is slightly
larger than the force load. From the figure, the force output
vibrates dramatically when the mover approaches the middle
tooth of the E-core stator. This vibration and force ripples
are eliminated if the force compensation is provided for the
controller and the force output almost remains constant from
the simulation result.

V. EXPERIMENTAL VERIFICATION
A. EXPERIMENTAL SETUP
The prototype is manufactured and an experimental setup
is built to test the designed motor, as shown in Figure 17.
The whole experimental components include the liner motor,
a force gauge to test the force of the motor, a power sup-
plier, a voltage controlled current driver and a dSPACE card
DS1104 embedded in a personal computer. The power sup-
plier provides the voltage to the current driver whose current
output is controlled by the DS1104 via the with a digital
to analogue (DAC) port. The position of the linear motor is
sampled by a linear encoder (RENISHAW, revolution 1µm)
and this signal is fed back to the DS1104 card according
to an encoder interface. The force gauge can output the
measured value to the computer also. The force gauge and

FIGURE 17. Experimental setup.
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the motor are fixed on a mechanical support. After obtaining
the signals from the linear encoder and the force gauge, the
DS1104 can be regarded as controller for the current driver
and the program debugged to the card has been built by the
software package of MATLAB/Simulink. The entire control
scheme is developed by Simulink blocks that are similar to
the simulation blocks so that the control algorithm is identical
to the theoretical analysis. The sampling time for the whole
control system is selected as 0.001s.

FIGURE 18. Force measurement when the winding is excited with
different current excitations.

TABLE 3. Force output in comparison with other linear motors.

B. FORCE MEASUREMENT
Measured force outputs are shown in Figure 18 when the
mover is located at different positions from zero to 25 mm.
Two coils are connected in series with an identical current
direction. It can be seen that the force output profiles are
nearly symmetrical to the current direction of the winding.
When the current increases from zero to 2.5 A with the
interval of 0.5 A, the force outputs are nearly proportional
to current values, increasing from zero to average of 70 N.
Interestingly, the force outputs become negative if the current
direction reverses. The force values are symmetrical to the
force curve with zero winding currents. The cogging force
ripples are mainly concentrated at the central tooth of the
stator. The mover weight of the proposed motor is 1 kg
and the PM weight of the motor is 150 g. The force output
ratio to the mover weight and PM weight is compared with
other types of linear motors given in the paper [40] and the

FIGURE 19. Core-loss of the motor when mover moves at different
moving frequencies.

proposed motor performances better than other type linear
motors, as shown in Table 3. In addition, if the stator is
replaced by an U core with one coil, the force density will
be reduced and a long-stroke movement is hard to achieve in
the practical situation. Figure 19 shows the core loss of the
motor operating at different frequencies.

C. FORCE AND VELOCITY CONTROL
The cogging force ripples are mainly concentrated at the
central part of the toothed stator. A step velocity reference
is provided for the motor and the responses of velocity are
shown in Figure 20 (a). The reference is 25 mm/s and the
motor is operated within 0.6 s. The motor operates with no
mechanical load and the velocity can reach the reference

FIGURE 20. (a) Velocity responses with no force load (b) velocity errors of
the motor.
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value within 0.05 s. The velocity response is compared with
the result governed by the controller combing force com-
pensation. There are some velocity vibrations at the middle
part if the force compensation is not applied in the control,
though both velocities can reach the reference value pro-
vided. The vibration amplitude exceeds 1 mm/s, as shown in
Figure 20 (b). These vibrations are mainly caused by the force
vibration and they can be effectively alleviated by adding the
force compensation for the control part of the motor.

FIGURE 21. (a) The controller output when the motor is operated with no
force load and (b) Velocity responses of the motor with a load.

The outputs of the controller for the motor are given in
Figure 21 (a). It can be seen the output of the controller is also
influenced by the velocity ripples as the velocity is a feedback
to the controller. The output should be regulated according
to the velocity error. The vibration of the output from the
controller combing force compensation is extensively smaller
than that without force compensation. It suggests that the
force compensation can curb the velocity vibration effec-
tively. According to the simulations, the velocity vibration
could be a result of force vibration generated by cogging force
and other force disturbances to the motor.

When the motor is operated with a periodical square wave
reference and a varied load is added on the motor by connect-
ing the mover to a spring fixed on the experimental platform,
the velocity responses are obtained as shown in Figure 21 (b).
The amplitude of the reference is 25 mm/s and the frequency
is 1 Hz. if a controller without force compensation regulates
the velocity of the motor, the velocity profile will produce
obvious vibrate and a steady state error exists during the entire
stroke. The velocity cannot achieve the reference value after

FIGURE 22. Velocity errors of the motor with force load.

FIGURE 23. Identified parameters of the motor with varied force loads.

the velocity profile is stable and the steady state error is up
to 3 mm/s, as shown in Figure 22. The maximum vibration
exceeds 7 mm/s. Obviously, the large vibration of the speed
can be eliminated if the force compensation is applied in
the control system. Also, the velocity response can reach the
reference value of 25 mm/s and the steady error is 1 mm/s.
Apart from the vibration alleviation, the steady state error of
the motor velocity can be also reduced by adding force com-
pensation. The force compensation block can compensate the
force ripples according to the identified parameter shown in
Figure 23. These parameters not only reflect the parameters
of the motor but also the dynamic parameter variation of the
whole motion system. The parameter a1 changes dramati-
cally compared with other parameters because this parameter
is a coefficient of the acceleration of the mover.

The force output can be estimated as shown in Figure 24
when the motor is controlled with a load of 10 N. By compar-
ing the estimated force outputs with different controllers, the
performance of themotor with force compensation shows that
fewer force ripples can be realized by the proposed control
approach. If the force output is 10 N, the force ripple is
±1.5 N while using the controller without the force compen-
sation. After employing the force compensation block, the
controller of the motor can limit the force ripple to ±0.5 N.
Therefore, the force ripple of the motor can be controlled
within 5%. If the force reference is 10 N and the terminal
of the mover reaches the testing tip of the force gauge that
is fixed on the mechanical support without any movement,
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FIGURE 24. Estimated force outputs of the motor with different
controllers under a constant force load.

FIGURE 25. The static force control of the motor.

TABLE 4. PI controller parameters.

the force response is obtained as shown in Figure 25. The
static force control error is within ±0.01 N, which is an
excellent performance when compared with other existing
linear motor products employed in industry.

For the experiment, a spring is fixed at the end of the exper-
imental platform. The spring, as an inconstant load, is also
connected with the mover of the motor. If the force output
command is 10 mN at the position of 10 mm, Figure 26 (a)
shows the curves measured at the speed of 100 mm/s and
250mm/s, respectively. The data sampling interval is 2ms for
these curves and corresponding PI controllers’ parameters are
listed in Table 4. Under the identical force output command at
the position of 25 mm, the curves are shown in Figure 26 (b).
It can be seen that the force output can be controlled

accurately with the proposed force compensation method if

FIGURE 26. Force output measurements with different speed at position
(a) 10 mm and (b) 25 mm.

FIGURE 27. Position step response of the motor and position errors
obtained by experiments.

a spring load on the mover of the motor. Compared with
Figure 26 (a) and (b), the longer the loading spring is, the
larger the force compensation imposing on the mover. The
position step response is plotted in Figure 27 when the mover
moves from original position to the position of 25 mm. Posi-
tion tracking errors are obtained from the experiment. The
position error can be reduced to 0.01 mm at 0.08 s. It takes
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FIGURE 28. Position step response of the motor under an oscillating
reference of 5 Hz.

the motor 0.2 s to reach the position of 25 mm with the
position error less than 0.002 mm. Finally, the position error
is less than 0.001 mm according to the data of Figure 27.
When the position error is limited in 0.01 mm, the mover can
achieve 5 Hz under the an oscillating position reference, as
shown in Figure 28.

VI. CONCLUSION
In this paper, a linear motor equipped with an E-core stator
is proposed and the force ripple reduction is realized by opti-
mizing themagnetic path structure of themotor and designing
a force compensation method. The structure and operation
principles of the motor are firstly introduced. This motor has
only one PM ringmounted on the surface of themover and the
moving stroke can be improved by this structure. The force
output of the motor has been analyzed by combing magnetic
circuit path estimation and FEM. The cogging force and
force ripple caused by local flux saturation is also analyzed,
followed by the magnetic structure optimization to reduce
the cogging force. Finally, a force compensation approach is
designed with parameter identification, constructing a force
compensation block. Both the simulation and experiments
show that the velocity ripples of the motor can be effectively
reduced. By estimating the force output, the force ripples of
the motor can be limited to 5%. The static force control error
can be controlled within the range of ±0.01 N. These results
prove the effectiveness of the designed force ripple reduction.
The main contribution of the study can be concluded as
follows.

1) A new linear motor structure for short-stroke motion
has been proposed and its structure has been optimized
to reduce the cogging force.

2) An effective force ripple reduction methodology has
been developed through an innovative force compen-
sation method.

3) Parameter identification is employed for the force com-
pensation block and the controller of the motor. The
performance of the motor has been improved substan-
tially by reducing the velocity ripples and force output
ripples.
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