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Abstract: This paper presents some novel force ripple reducing techniques for tubular permanent-
magnet linear machines (TPMLMs) with the square-shaped cross section. These methods are very
straightforward, so their implementation in TPMLMs with the square cross section is easy. An
analytical form of machine parameters such as the thrust force is obtained by solving the analyt-
ical field. A modular configuration for permanent-magnet pole is used to reduce teeth cogging
force. Furthermore, the manufacturing cost of TPMLMs can be reduced by using modular pole
permanent-magnet. In this method, the width of permanent-magnets (PMs) is calculated by using
Fourier analysis and a sensitivity analysis has been conducted to identify the robustness of this
technique. Additional stator side methods are used to decrease the end face cogging force. More-
over, the stator teeth shifting method is proposed to reduce the electromagnetic force ripples. Also,
the produced electromagnetic force of the machine is increased by using a delay in the power sup-
ply. 3 — D non-linear finite-element analyses and experimental tests are performed to investigate

the effectiveness and performance of proposed techniques.

Keywords: Permanent-magnet linear machine, Cogging force, End faces cogging force, Fourier
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1. Introduction

Nowadays, interests in linear permanent magnet (LPM) machines and their applications have been
increased. The LPM machines are being used in many applications such as vehicle suspension
systems, wave energy conversion, active industrial pumps, and robots. The LPM machines thrust
force is applied directly to the load without the need to use mechanical gears and transmission sys-
tem to transform rotary motion into linear motion, which results in a higher dynamic performance,
improved reliability, and higher efficiency [1,2]. Among different LPM types, tubular permanent-
magnet linear machines (TPMLMs) have interesting characteristics. TPMLMs with the simple
structure and convenient control, has been paid extensive attention in the field of compressors and
industry applications. The thrust force density and efficiency of these machines make them an
attractive candidate for applications in which dynamic performance and reliability are important.
These machines are more favorable than many conventional LPM machines [3,4]. Also, they have
no end windings in the stator and they have no attraction force between their stators and mov-
ing parts that means there is zero radial force on the mover. Therefore, the TPMLMs are proper
choices for direct-drive applications. Due to high trust density and excellent servo characteristics,
TPLMLs are better choices than conventional linear machines for many applications such as ve-
hicle suspension systems, refrigerator compressors, and the elevator door. Besides, TPMLMs are
widely used for generators installed inside buoys for wave energy conversion and generators in
renewable marine application [5-7].

The TPMLMs depending on the stator structure can be classified into slot-less and slotted ma-
chines. The best advantage of the slotted TPMLMs is their higher force density with respect to the
slotless ones, but due to the interaction between the permanent magnets (PMs) and the stator teeth
of slotted TPMLMSs, they have a cogging force component. Moreover, in the TPMLMs which
stator is shorter than their rotor, due to the interaction between the PMs and the stator end faces,
there will be another cogging force component which known as the end faces cogging force. These
undesirable forces cause vibration, noise, and higher force ripple, as well as the deterioration of

speed and position controls characteristics [8]. Therefore, the force ripple increases as well as



force density improves. To overcome these difficulties, various methods are proposed to increase
the force density and decrease the produced electromagnetic force ripples [9-29].

A high force density tubular linear permanent-magnet motor is designed and constructed in
[9,10]. In [11] a magnetic gear is integrated with a tubular linear machine to improve the thrust
force density and enhance the machine efficiency. Various techniques are proposed to reduce
teeth cogging force in PM motors. calculation of the optimum PM width is proposed in [12,13].
Also, PM dividing and PM skewing are presented in [14,15]. Moreover, slots shaping and skew-
ing [16,17], PM segmentation [30], selecting the optimum machine parameters [|8-21], auxil-
iary poles utilizing [22], and pole shifting [23] are proposed to decrease the teeth cogging force.
For the sake of minimizing the end faces cogging force in the LPM machines, various methods
are proposed, such as selecting optimum length for the stator [24,25], end face skewing or step-
ping [26,27], and end face shifting [29]. Besides, in [29], the slot cogging force is eliminated by
the displacement between the upper and left side PM arrays which result in produced electromag-
netic force reduction. Some of these methods will result in a reduction of the average force and
some other may increase the manufacturing cost and are difficult to perform.

In this paper, TPMLMs with square-shaped cross section are studied and various methods are
presented to reduce cogging forces and produced force ripples and improve the produced electro-
magnetic force. In this paper, the modular pole technique and stator teeth shifting method are used
to decrease the undesirable slot cogging force. These methods not only reduce the undesirable
force also reduce the manufacturing cost due to reducing the usage of high-quality PMs. Besides,
in this paper, the supply phase shifting technique is utilized to improve the produced electromag-

netic force. The main contributions of this paper are as follows:

e The modular pole technique: To reduce the force ripples and decrease the harmonic content
of PMs magnetic fields, modular pole technique is utilized. Comparing this method with
other methods like PM skewing [ | 5] illustrates that this method reduces not only undesirable
force, but also the manufacturing cost due to reducing the usage of high quality PMs. In this

technique, the 2nd, 3rd and 6th harmonic components are reduced significantly.



e The stator teeth shifting method: This method is utilized to reduce the high frequency force
ripples which are created by stator teeth attraction forces. In this technique, the 3rd harmonic
components is reduced. The implementation of this method unlike other similar methods

such as teeth skewing and PM shifting [29,3 1] is straightforward and inexpensive.

o The supply phase shifting technique: Although using the previously mentioned proposed
techniques reduces force ripples, it leads to decrease the magnitude of produced electro-
magnetic force. So, the supply phase shifting technique is utilized to improve the produced

electromagnetic force.

e 3D finite element analysis : In order to investigate the effect of proposed methods, 3D fi-
nite element analyses of the proposed methods are performed and results are compared with

conventional techniques.

Moreover, this paper utilized additional stator side method to reduce the undesirable end faces
force. This method is also proposed in [29]. These techniques are straightforward and inexpensive,
so they can be implemented in the TPMLMs easily.

With the advancement in computer systems, the Finite Element Method (FEM) could be utilized
for modeling of electromagnetic devices [32,33]. The effectiveness of these methods and their
performance in the reduction of produced force ripples are evaluated by 3 — D non-linear finite
element analysis and experimental tests. It should be noted that these methods are implemented on
the structure of TPMLMs and they dont need to any hardware measurement.

The proceeding sections of this paper are organized as follows: in Section 1I, TPMLMs with
square-shaped cross section are introduced and their analytical models are presented. The modular
pole technique for teeth cogging force reduction is explained in Section III. The additional stator
side method is described in Section IV. In Section V, the stator teeth shifting method is explained.
Section VI provides the supply phase shifting technique which is used to increase the produced

electromagnetic force. Eventually, the paper is concluded in Section VII.



2. Tubular Permanent Magnet Linear Machine

Due to high force density and low manufacturing cost, TPMLMs are more popular and they are
proposed to be used in many applications such as compressing and suspension. Fig. 1(a) shows a
typical TPMLM which is studied in this paper. The stator of the TPMLM is multi-sectional and
constructed with solid iron slices. As shown, each TPMLM consists of four sections which their
construction is simple. After construction, four sections stick together and create the square-shaped
stator. The TPMLM mover includes solid iron and PM arrays. Fig. 1(b) shows the upper side view
of the TPMLM where h, g., 7, and 7, are PM thickness, modified air gap length, pole pitch, and
slot pitch respectively. As shown in Figs. 1(a) and (b), the interaction between magnetic field of
mover permanent magnet arrays and stator coils generate the electromagnetic force. The produced
electromagnetic force depends on the amplitude of the stator coil current. Due to their square
shaped, the analytical analysis of these machines is straightforward. In this structure, PM arrays
create similar magnetic field distribution in all air gaps. Therefore, by calculating flux density in
one air gap of TPMLM, the other air gap flux density can be obtained easily. The magnetization
function of upper side PM arrays is shown in Fig. 1(c) in which, 7, and @ 7, are pole pitch
and PM width respectively. In this figure, the magnetic field sign shows the direction of PMs
magnetic field. In this machine, each magnetic field affects only its corresponding air gap, since the
produced magnetic potential (A) and magnetic field (B) in other air gaps are negligible. Therefore,
calculation of A and B in one side of TPMLMs is similar to their calculation in conventional LPMs.

The magnetic flux density of one TPMLM side is obtained as [34]:
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The electromagnetic force density of this machine can be calculated as [29]:



7o /2+bo/2

F =WN. JXxBdz =
—1./2-bo /2 3)
AWN, iKgnm mec | nm . nmT,
Z ————— ¢ 7 sin(—z;) sin( )
n=123,... Tp Tp 27,

where g, and J are the modified air gap length and current density vector, o and u,, are the mag-
netic permeability of free space and permeability of permanent magnet respectively. The relation
between fictitious g, and g is remarked with the aid of Carter coefficient k. > 1 [35]. Designed
parameters of this machine are the optimum values to achieve maximum magnetic force density.
These parameters are presented in [29] and are given in Table 1.

Fig. 1(d) shows air gap flux density magnitude due to PMs for this machine. Comparison
between FEM result and analytical result demonstrates appropriate agreement between analytical
and FEM result.

Fig. 2 shows the real implementation of the TPMLM which is presented in [29]. As shown in
Fig. 2(b), [29] used additional stator side method to reduce the end faces cogging force. D, is the
displacement between upper and lateral stator sides. As expressed, the TPMLM stator consists of
four similar separated slides.

The worst disadvantages of the TPMLMs are high teeth cogging and end faces cogging forces.
These undesirable forces cause TPMLMs to create a non-sinusoidal electromagnetic force. As
shown in Fig. 3(a), due to cogging and ending forces, produced electromagnetic force is non-
harmonic. Fig. 3(b) illustrates the undesirable forces. As shown, the undesirable forces are
comparable in magnitude to the produced electromagnetic force. It should be mentioned that the
produced electromagnetic force depends on the amplitude of the stator coil currents, amplitude of
the flux linkage and the angle between these two vectors (y). In the normal operation conditions,
the amplitude of stator coil current is 12 A (8.5 A rms) and is produced by three phases balanced
currents. Hence, the produced electromagnetic force depends only on the angle y. In all simulation
and experimental tests, the current phase and amplitude are fixed on the nominal values and pro-

duced force is measured in different mover position (i, = 12 A, i, = i, = —6 A dc and to change the



v mover position is displaced). Therefore, the electromagnetic force will have a sinusoidal trend.
Moreover, to verify the effectiveness of the proposed force ripple reduction techniques, more finite-
element analyses at various load conditions (half and two-thirds load conditions) will be provided.
Hence, the stator currents for half and two-thirds load conditions are i, = 6 A, i, =i, = —3 A and
i, =8A, i, =i. = —4 A respectively

In this paper, three methods are used to reduce produced force ripples. These methods consider

the manufacturing constraint and manufacturing cost.

3. Modular Pole Technique

The magnetic field distribution of the PM poles has a significant effect on PM machine thrust and
its shaping is important in any machine design. Many studies proposed different methods to make
a sinusoidal magnetic field distribution. In this method, two types of PMs are used to reduce the
produced force ripples of the TPMLMs by reducing the total harmonic distortion (THD). This
method reduces not only undesirable force but also the manufacturing cost. As shown in Fig. 1(d),
there is a flat region at the top of the magnetic field distribution which results in more harmonics
in the magnetic field distribution and unwanted performance of the TPMLM. It illustrates that
producing a stronger magnetic field in the middle of the pole by using a stronger or higher quality
permanent magnet may shape a more sinusoidal magnetic field distribution. Fig. 4(a) shows this
approach which uses two different PM materials with the same height instead of one. In this
figure, 57, is the width of higher quality PM and % is the width of two lower quality PMs.
The outside PM modules are made of a lower quality PM material with a weaker magnetization
(0.6 tesla), while the middle PM module is made of a higher quality PM material with a stronger
magnetization. The magnitude of produced electromagnetic force and THD depend on the width
of higher and lower quality PM. Now, the magnetic flux density of one TPMLM side is obtained
as (4).
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Parameter S is the width of higher quality PM with stronger magnetization and « is total width
of lower and higher quality PMs. For the force ripple reduction, total harmonic distortion (THD)
of PM magnetic field must be minimized. Therefore, a global search is performed to find optimal
values for @ and . the global search algorithm finds optimum design by trying all possible values
of @ and 8. The global search algorithm is particularly robust and rarely gets trapped in local
minima. Fig. 4(b) shows THD curves of the PMs magnetic field. As shown, region A is the best
region for @ and 3. Center of this region is @ = 0.86 and S = 0.48.

In this method, @ is more than . If @ and S values are in region B, THD of the PMs magnetic
field would be low, but in this region, the first harmonic magnitude of the PMs magnetic field
would be low too. Lower first harmonic magnitude causes lower produced electromagnetic force,
so the region A presents the best values of @ and . In a region with higher a or g, although
produced electromagnetic force increases but THD increases too. In this method, about 40 percent
of high quality permanent-magnet is slaked and lower quality permanent-magnet is used instead
of high quality one which causes to reduce the manufacturing cost. Besides, Table 2 demonstrates
the detailed data about the volume of the utilized PMs. It can be concluded that total PM cost of
TPMLM with modular pole is less than original TPMLM.

Figs. 5(a) and 5(b) show the TPMLM with modular pole rotor structure and its PMs magnetic
field respectively. Comparison between FEM result and analytical result demonstrates appropri-
ate agreement between analytical and FEM result. The produced force ripples of TPMLM with
modular pole rotor structure is shown in Fig. 5(c). The comparison of the produced force ripples

(Fig. 5(c) and Fig. 3(b)) illustrates that although teeth cogging force is reduced properly, end faces



cogging force is not declined enough. Fig. 5(d) illustrates the harmonic contents of the produced
force ripples and it expresses that 1% and 3¢ harmonic components (odd harmonics) have the high-
est amplitude. In this figure, F fundamentar 18 the power supply frequency. It should be noted that the
fundamental frequency of the force ripple harmonics is twice as high as produced electromagnetic

force fundamental frequency (F tunaimentat = 2 F funaimentaty,..)- Therefore, the odd harmonic con-

ripple
tents of force ripples are not presented in the harmonic analyses. Since to produce a sinusoidal
force, all harmonic components of force ripple should be eliminated.

In this paper, additional stator side method is used to slake the end faces cogging force.

4. Additional Stator Side Method

The end faces cogging force is a dc unidirectional attractive force between stator body and rotor
PMs or rotor body and stator PMs. in this definition, left end faces of the stator pull rotor in the
right direction and right end faces of the stator pull rotor in the left direction. The dc component of
the right stator end faces may eliminate the left ones, because they are equal. Since assuming the
cogging force of the two sidelong stator end faces as (6) and the cogging force of the upper and

lower stator end faces as (7), equation (8) gives the total TPMLM end faces cogging force [29].
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As shown in Fig. 6(a), d is displacement between the lower and sidelong sides of stator end

faces. Based on Equation (8), if F; and F, include only odd harmonics and d equal to 7,/2,



Fr can be zero, so the end faces cogging force would be eliminated. Harmonic analysis of the
TPMLM produced force ripples shows that the dominant harmonic components of produced force
ripples are odd harmonics (1* and 3"). Thus using d = 7,/2 causes the elimination of all odd
harmonic components of the end faces cogging force. Additional stator side method eliminates
only odd harmonic components of the TPMLM produced force ripples which are created by end
faces forces. This is one of the best methods for decreasing the end face cogging force and was
proposed in [29]. Due to its efficiency, the additional stator side method is used to eliminate this
component of the total force ripple.

Fig. 6(b) illustrates the produced force ripples of TPMLM with this method; The produced force
ripples are reduced significantly and end faces cogging force is decreased by around 70 percent.
Fig. 6(c) shows the harmonic analysis of the TPMLM produced force ripples and it illustrates
that although the first harmonic component is reduced by 90 percent, the 3" harmonic component
is only decreased by 10 percent. The harmonic analyses show that only a small amount of 3™
harmonic component of TPMLM produced force ripples belongs to end faces cogging force and
most of it is not created by end faces force. The wavelength of the 3™ harmonic of the produced
force ripples is equal to 7. hence it can be inferred that this harmonic component depends on stator
teeth mostly.

In the next part, stator teeth shifting method is used to decrease the 3" harmonic component of

the produced force ripples.

5. Stator Teeth Shifting Method

Similar to end faces cogging force, teeth cogging force is a dc unidirectional attractive force.
The variable reluctance of the path along the TPMLMs air gap creates this undesirable force. In
TPMLMs, it is possible to compensate this variable reluctance by displacement of the upper and
lower teeth of the stator. As expressed in section 2, the stator of TPMLMs consists of four separate
parts (sides). The stator Teeth shifting method could be implemented by displacement of the upper
and lower parts (or two lateral parts). The implementation of the stator teeth shifting method is

shown in Fig. 7(a). As shown, d, is displacement between lower and lateral stator teeth. Assuming

10



the cogging force of two lateral stator teeth as (9) and the cogging force of the lower and upper

stator teeth as (10), the total teeth cogging force of the TPMLM is calculated by (11).
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Equation (11) expresses that if ', and F, include only odd harmonics and d, equal to 7,/2, Fr
can be zero, so the stator teeth cogging force would be eliminated. Also, harmonic analysis of
the TPMLM produced force ripples shows the most harmonic components of the force ripples are
odd harmonics (1% and 3"¢). Hence using d, = 7,/2 causes the elimination of all odd harmonic
components of the produced force ripples which are created by stator teeth cogging force.

Figs. 7(b) and 7(c) illustrate the produced force ripples and produced electromagnetic force of
the TPMLM using stator teeth shifting method, respectively. Also, these figures show the results of
an experimental test [29]. The experimental test was performed on a TPMLM without considering
modular pole technique and the stator teeth shifting method. As shown, the produced force ripples
have reduced significantly and the produced electromagnetic force has been more similar to the
sinusoidal wave. Moreover, to compare the efficiency of these methods, sensitivity analysis of
the produced force ripples are illustrated in Fig. 8. As it is shown in this figure, the modular
pole technique reduces all harmonic components acceptably except first harmonic. The additional
stator technique eliminates only the first harmonic component. The stator teeth shifting technique
eliminates 3" harmonic component completely.

Although teeth shifting method reduces the produced force ripples, it causes reduction of the

11



produced electromagnetic force peak. In this method, the produced electromagnetic forces of the
lateral sides have delay compared to the other sides. Therefore, if the produced electromagnetic
force of lateral side is considered as (12), the lower and upper produced electromagnetic force
is obtained as (13). The produced electromagnetic force is the summation of these forces that is

defined by (14).
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where d, is the displacement between lower and lateral stator teeth. Equation (14) expresses
that maximum produced electromagnetic force depends on the displacement between lower and
lateral stator teeth. In this structure, the maximum produced force is 96 percent out of original

force. Since a new supplying method is proposed to overcome this problem.

6. Supplay Phase Shifting

Using stator teeth shifting method for the teeth cogging force reduction causes a decrease of the
maximum electromagnetic force. To overcome this problem and synchronize the produced elec-
tromagnetic force of lateral sides with lower and upper sides of the stator, supply phase shifting
method is used. In this method, conductors of lateral sides are feed with a delay. To synchronize

the forces, the phase difference between two supply currents is:

12



Ag = 2n (15)

where AL is the displacement between lower and lateral stator teeth. In this machine, A¢ is
equal to 0.5236 rad. Power supply time delay is obtained by (16).
A¢

Power Supply Time Delay = ﬂ (16)
Vs

Fig. 9 shows harmonic analysis of the TPMLM produced electromagnetic force with and with-
out this method. As shown, this method increased only the fundamental frequency of the produced
electromagnetic force and does not change the other harmonic components. Besides, this figure
illustrates the harmonic analysis of the TPMLM produced electromagnetic force with all proposed
methods for two another load conditions (half and two thirds load points). As shown, these pro-
posed methods have reduced undesirable forces in these two load points properly. It can be seen
that 2"¢ harmonics are in the same range, therefore, all these proposed methods reduce force ripples
independent of load condition.

To investigate the effectiveness of the proposed method in electromagnetic force increase, the
produced electromagnetic force obtained analytically is compared with the FEM results and ex-
perimental results in Fig. 10. Besides, the produced electromagnetic forces for half load level and
two-thirds load level are calculated by FEM to verify the performance of force ripple reduction
techniques. The modular pole technique and the stator teeth shifting method have not been con-
sidered in the experimental test. As shown, the produced electromagnetic force is increased about
5 percent, and it follows the analytical and measurement values.

Proper agreement between the analytical result and the obtained results with FEM simulations

verifies the performance of the methods.

7. Conclusion

In this paper, some new methods were presented to reduce the force ripples of the TPMLMs. The

modular pole method was used to reduce not only the produced force ripples but also manufactur-
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ing cost. Global search was used to find optimum PM widths with minimum THD. This method
reduced 2%, 3", 4™ 5" and 6" harmonic components properly. The additional stator side method
was used to reduce the end faces cogging force. this method decreased 1*" harmonic component
significantly. To decrease the teeth cogging force and the 3¢ harmonic component of produced
force ripples, the stator teeth shifting method was introduced. All these methods are simple to
implement and they don’t need additional measurement equipment.

The teeth shifting method reduces the produced electromagnetic force, in order to compensate
this reduction, supply phase shifting method was proposed. This method increased the produced
electromagnetic force around 5 percent. The 3-D finite-element analysis and as well as experi-
mental measurements have proven the validity of the proposed methods. Some harmonic analyses

were performed on these results to illustrate the efficiency of the methods.
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(a) Typical structure of the TPMLMs

Stator
[ ]

-

Mover

MY ITAIIVI[AL®

IR 2

AV A

h+g

g
¢ m ®m % X

rmanent

Pel

(b) Upper side view of the TPMLMs

T T
—FEM
- Analytic

0.4

0.2

02F 3

04p @

Magnetic Flux Density (T)
<

(c) Magnetization function of one side PM arrays

Fig. 1. Fisrt TPMLMs structure.
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(d) PMs magnetic field

Table 1 TPMLM parameters [29].

L L L
20 25 30

Symbol  Dimension  Description
P 4 Pole pairs
g 1 (mm) Physical air gap length
h 4 (mm) PM thickness
h, 17 (mm) slot depth
hyg 4 (mm) Back iron thickness
i 12 (A) Current amplitude
v 1 (m/sec) Mover mechanical speed
B, 1.1 (T) Remnant magnet
PM NdFeB Material
by 3.75 (mm) Opening slot
N, 24 Turn of one coil
a 0.8 PM length to pole pitch ratio
B 0.48 High quality PM length to pole pitch ratio
w 40 (mm) Rotor or PM width
T. 22.5 (mm) Coil pitch
T, 22.5 (mm) Pole pitch
Ty 7.5 (mm) Slot pitch
q 1 Slot/pole/phase
M 3 Number of phases
o 471077 (H/m) Magnetic permeability of free space

1.0510 (H/m)

Permeability of the PM
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(a) One stator side of the TPMLM
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Fig. 2. Experimental prototype of the TPMLM [29].
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Fig. 4. Modular pole optimization.
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Table 2 Permanent magnet parameters.

TPMLM type PM type B.T) H.kA/m) Length (mm) volume (mm)?
Without MP  High Quality PM 1.1 1200 720 115200
With MP  High Quality PM 1.1 1200 432 69120
Low Quality PM 0.6 700 342 54720

(a) TPMLM with modular pole rotor structure

Total force ripple(N)

5 0 5 10 15 20
Position(mm)

-20 -15 -10

(c) Total force ripples of TPMLM with modular pole rotor structure

Fig. 5. Modular pole method.
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(b) PMs magnetic field of TPMLM with modular pole rotor structure
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(a) TPMLM Stracture with added stator side
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Fig. 6. Additional stator side method.
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(a) TPMLM stator with shifted teeth
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Fig. 7. Stator teeth shifting method.
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Fig. 9. Harmonic analysis of produced electromagnetic force with and without power supply
shifting.
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