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Influence of Skewing Design for Reduction of
Force Ripples in DSL-SynRM using 3D FEA

Anusha Vadde, Sudha B

Abstract—Double Sided Linear Synchronous Reluctance
Motors (DSL-SynRM) are being increasingly used in high force
density applications. The force ripples are one of the major issue
in machine which is due to nonlinear nature of current in the
machines. This paper focuses on the reduction of force ripples for
increasing the force density of the motor. In order to reduce the
force ripples, DSL-SynRM with a skewed translator is proposed.
The proposed structure is designed and developed by using
computational magnetic tools. This concept is effective for
reduction of the force ripples and improves the force density of
the machine. The proposed design has been reduced the
percentage of force ripples by 21.62 %, improved the force density
by 10.32 N/mm?® and efficiency by 0.89%.

Index Terms— DSL-SynRM, force density, force, force ripple,
skewing, FEA

I. INTRODUCTION

MASSIVE demand for linear motion technology offers

wide applications in modern life. Commonly used linear
electric motors for linear applications are Linear Switched
Reluctance Motor (LRM) and Linear Synchronous Reluctance
Motor (LSynRM). LSynRMs are used in applications like
vertical train transportation and industrial sectors due to its high
speed operation with multi flux barrier structure [1].

The linear synchronous reluctance motor works on the
magnetic reluctance torque principle, in this maximum torque
is produced due to difference between the aligned and
unaligned position of a translator. LSynRM have stator and
translator. The structure of LSynRM consists of axially slotted
translator [2].Translator does not have any field winding. The
stator has three phase symmetrical winding which creates
sinusoidal rotating magnetic field in the air gap and the
reluctance torque is developed. The stator of the motor is
supplied with a supply. When the motor starts running 75% of
synchronous speed, then the starting switch is disconnected
from the motor. Motor gets accelerated and running close to
synchronous speed at sufficient reluctance torque. The rotor of
the motor aligns itself for low reluctance path. The induced
magnetic field in the stator has a tendency to cause the
translator to align with the stator field at a minimum reluctance
position. At low reluctance, the rotor attains the synchronism
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and it remains at synchronism position due to synchronous
reluctance torque. Torque angle is adjusted with respect to
variation of load on the motor. The linear synchronous
reluctance machines used in many applications like contactless
train, vertical transportation, rope less elevator, servo drive,
transportation sector, machine tool drives etc.

It has good starting torque and accurate speed control can be
achieved. This motor is cost effective and easy maintenance.
This motor has some disadvantages like noisy in operation, flux
linkages, force ripples due to nonlinear function of stator
currents and the position control of the rotor is challenge. These
problems cause less efficiency and poor performance of the
motor [3].

This problem can be reduced by various methods like
modification of geometry, advance control strategy, Current
profile, Force Distribution Force (FDF), and multi-phase
excitation methods [4]. The single sided LSynRM is modified
into Double Sided LSynRM (DSL-SynRM) to achieve position
control of translator with respect to stator and also to reduce
force ripples. The DSL-SynRM has either two stator and one
translator (mover) or one stator and two translator vice versa [4].
Proposed DSL-SynRM in the present paper have two stator and
one skewed translator. The windings are wound around the
translator and excitation is given to translator for analysis
purpose. In this paper, the skewed translator structure is
proposed for DSL-SynRM to reduction of force ripples in the
machine. The method of skewing and calculation of forces are
analysed with analytically and numerically using Finite
Element Analysis (FEA).

II. DESIGN OF DOUBLE SIDED LINER SYNCHRONOUS
RELUCTANCE MOTORS (DSL-SYNRMS)

A. Design of Double Sided Linear Synchronous Reluctance
Motor (DSL-SynRM)

A DSL-SynRM is designed based on the working principle
of magnetic reluctance knowledge of single sided Linear
SynRM [3]. The designing of a DSL-SynRM includes selecting
the appropriate materials for stator and translator. Air gap flux
density (Bavg) and specific electric loading (Ap) are important
factors for obtaining diameter of a DSL-SynRM. Winding
factor (Ky), stacking factor (ki), and end effect factor (k) are
the determination of bore diameter for a DSL-SynRM [5-7].
DSL-SynRM stator has no winding and it has flux barriers. The
better performance of the motor is obtained when the flux
barriers are introduced. There are two different rotor flux paths.
One is high permeability path that is the flux lines are flowing
in the rotor iron paths, it is parallel to the flux barriers, and it is
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generally called as d-axis path. Second is low permeability path,
in this - flux lines have to cross the rotor flux barriers. It is
generally called as g-axis path.

The flux barriers can be introduced by using non
ferromagnetic materials. Low reluctance in d-axis and high
reluctance in g-axis is obtained by using flux barriers. In the
paper rectangular shaped steel flux barriers are chosen to
increase the flux path and it is shown in Fig. 1.

Fig. 1. Linear SynRM with Flux Barriers.

The design of flux barriers is important in LSynRM, proper
design of flux barriers reduces the force ripples [5]-[8]. The
design of stator should satisfy the conditions are as follows

e The main flux in d-axis has to flow across the
whole pole surface in order to obtain maximum
inductance (Lq).

e  The flowing of flux should be minimum in g-axis,
because to get low value of magnetising
inductance (Lq).

The voltage balances in d and q axes are described as

\4 ig] 4 mwde [~
Rt 1 A I
Where
Pq= Flux linkages in‘d’ axis
Y4 = Flux linkages in ‘q’ axis
ig = Current in‘d’ axis winding
iy = Current in ‘q’ axis winding
V4 = Voltage across ‘d’ axis winding
V, = Voltage across ‘q’ axis winding

B. Design of Flux Barriers

The designing of flux barriers and placement of flux barrier
or air barrier is depends on the g-axis and d-axis. The flux
barrier does not affect the d-axis flux distribution and it blocks
the g-axis flux distribution [5]-[9].

C. Design of Translator

The translator of a DSL-SynRM includes winding and it is
active part of the DSL-SynRM. According to the value of pole
pitch (tp), the number translator slots (Ni) are decided as 16
slots and number of pole (P) is 4.

D. Selection of Pitch (tp)

The selection of pole pitch for a DSL-SynRM is mainly
depends on the magnetic reluctance principle. Here, the pole
pitch is defined as a peripheral distance between center of two
adjacent segments of stator. This distance is measured in terms
of translator slots between two adjacent segments of stator

centers. The selection of pole pitch values varies 40 mm < 1, <
70 mm and it depends on the conductors in the translator
winding [10]-[12].

Finally, arrived schematic view of a DSL-SynRM is shown
in Fig. 2, it consists of 4 poles with 3 flux barriers on stator and
18 slots with concentric winding on translator. The total lengths,
width and height of the DSL-SynRM are included in
dimensional specifications and they are tabulated in Table .I. In
this paper, skewed translator structure is introduced for
reduction of fringing flux and force ripples. The efficiency and
power factor of DSL-SynRM is improved and force ripples are
reduced by adopting the skewing structure design in motor.

TABLE [
SPECIFICATIONS OF THE DSL-SYNRM

Variable Values
Velocity (Vi) 2.5m/s
Acceleration (a,) 3.35 m/s’
Power capacity (P) 162.5 watts
Input current (I,) 10 A
Number of slots (Nis) 18
Translator Pole(secondary) (Ny) 4
Stator Pole(primary) 4
Pole Pitch (T,) 60mm
Number of Flux Barriers (k) 3
Winding Factor (k) 0.9
Air gap Imm
Steel Type M19 24G
Barriers Width (Ry) Imm
Total width of the designed 240mm
DSL-SynRM
Total height of the designed 154mm
DSL-SynRM

Stator 1 T
\ ‘ | d axis 1|

Transiator
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Fig. 2. Schematic View of Designed DSL-SynRM.
The motor thrust force or average force is,
T . .
Fcfg (\leq"vqld) (2)
The force on both the axes is obtained with flux distribution

and current in particular axis. The inductance for x axis is
calculated by [13-14],

L(ip, %)= Zic L (ipx)= 2. 201 (1p) (3)

1
where
L(i, x) = Inductance value at x axis with its peak current,
Ly (ipx) = Inductance value at k'™ path in x axis
9,(i,x) = Magnetic flux at k™ path in x axis

III. MODEL OF DSL-SYNRM WITHOUT SKEWING STRUCTURE
The design of a DSL-SynRM without skewing structure has
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been implemented using ANSOFT Maxwell computational tool.
In this motor, pole pitch plays an important role for winding the
stator with respect to translator.

The basic 3D structure of DSL-SynRM is shown in Fig. 3, it
has 18 slots of translator and four pole pitches on one side of the
stator, so that each pole pitch consists of three flux barriers. The
three air gap flux barriers are placed for reduction of magnetic
saturation, slotting effect. The translator part consists of 3 phase
winding which is placed over on slots. The M19 24G steel
material is assigned to both stator and translators of a
DSL-SynRM for strong magnetic flux distribution. The inside
length based meshing is assigned to the stator, translator and
coils of the DSL-SynRM. The Dirichlet boundary condition is
assigned for periphery of the geometry, for analyzing of force,
inductances and flux linkages. The model of DSL-SynRM
without skewing structure is shown in Fig. 3. It has two stators
(passive) and one translator (active) structure.

Fig. 3. 3D Model of DSL-SynRM without Skewing Structure.

The magnetic flux distribution in DSL-SynRM without
skewing structure for unaligned and aligned positions are
analyzed for sinusoidal excitation current of 10 A. The
propulsion force, inductance and flux linkages are analyzed for
unaligned position to the aligned position over a two pole pitch.
The magnetic flux distribution in DSL-SynRM without
skewing structure for unaligned position is as in Fig. 4. A rated
current of 10 A has been given to switching phase A, B and C
respectively as shown in Fig. 3. Therefore, north and south
poles are formed based on Fleming’s right hand thumb rule and
the mutual flux is observed at another switching phases. From
Fig. 4, each pole pitch is moved from 30 mm distance to
complete cycle of magnetic flux path with respect to the
translator position.

The magnetic flux lines are distributed radial through the
flux barriers of stator to translator poles. The force developed
by the translator is zero due to unaligned position of translator.
The magnetic flux distribution in DSL-SynRM without
skewing structure for aligned position is as shown in Fig. 5. A
rated current of 10 A is given to switching phase A, B and C
respectively so that magnetic flux is distributed through the all
poles of translator. Here, pole pitch is considered from origin to
complete cycle of flux path with respect to the translator
position. The magnetic flux lines are distributed radial through
the flux barriers of stator to translator poles are shown in Fig. 5.
In this case, leakage flux is high in air-gap between flux barriers
to the translator poles, increases the fringing flux. The force
developed by the translator is zero due to unaligned position of
translator.
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Fig. 4. Magnetic Flux Distribution in Unaligned Position.
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Fig. 5. Magnetic Flux Distribution in Aligned Position.

IV. ANALYSIS OF FORCE RIPPLES IN DSL-SYNRM

Switching the two consecutive phases of the DSL-SynRM
leads to the force ripples in the machine. The propulsion force
has developed by the translator position of DSL-SynRM is
shown in Fig. 6. The maximum and minimum forces are Fmax
and Fpin. These two forces occurs at the intersection point of
two consecutive phases [14-16]. The percentage of force
ripples are calculated by,

— (Fmax—Fmin) % 100 (4)
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Fig. 6. Propulsion Force with respect to Translator Position.
V. ANALYSIS OF SKEWING CONCEPT IN DSL-SYNRM

The skewed structure of a DSL-SynRM as in Fig. 7, the
skewing of the pole width (bs) helps to reduce fringing flux
between stator and translator pole of a DSL-SynRM. The pole
area ABCD and after skewing of a DSL-SynRM pole area
becomes ADEB as shown in Fig. 7. Generally normal force and
propulsion forces are acting on the pole area along ‘y’ and ‘x’
axes. Distribution of normal force along the line ‘AC’ and ‘AD’
and propulsion force acting on ‘AB’ and ‘DE’ are different for
vertical and skewed structures respectively. From the Fig. 7, the
skewing angle can be derived as
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tan 0 = (slot width(bs)) (5)
Ly
_1 (slot width(bg)
Oskew = tan ! (Ts) (6)

Where, L,, is the stack length of a DSL-SynRM and by is the
slot width. As refer to “(6)” skewing angle (Ogxe,, ) Varies from
0° < Bgrew< 90Y, it cannot go above these values.

Slot width (bs)

Fig. 7. Skewing Concept in DSL-SynRM.

Let, L,, =50 mm and b,= 8 mm then the skewing angle is
calculated as

Bspew = tan™? (—SIOtW:j:h(bS)): tan™? (%) =90 7

Therefore, finally skewing angle Og.\ Vvaries for design is
from 0° < Ogeyy < 9°.

VI. MODEL OF DSL-SYNRM WITH SKEWING STRUCTURE

3D Model of a DSL-SynRM with skewing structure is shown
in Fig. 8. The basic principle involved in it is similar to the
DSL-SynRM without skewing structure. The translator of the
DSL-SynRM has skewed using “(7)”. The DSL-SynRM with
skewing structure consists of four Pole Pitches on each side of
the stator and translator with 18 slots.
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Fig.8. Designed 3D Model of a DSL-SynRM with Skewing Translator
Structure.

Magnetic flux distribution has been analyzed for the
proposed model at different positions of the translator.
Translator is moving from unaligned position to aligned
position for the given constant excitation current of 10 A. The
propulsion force, inductance and flux linkages are observed at
each translator positions. In this case, magnetic flux
distribution for unaligned position is similar to the magnetic
flux distribution in DSL-SynRM without skewed structure.
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Fig. 9. Mangetic Flux Distribution in Aligned Position.
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The magnetic flux distribution in DSL-SynRM with skewing
structure for aligned position is as shown in Fig. 9. A rated
current of 10 A has been given to switching phase A, B and C
respectively so that magnetic flux is distributed through the all
poles of translator. In this case, leakage flux is less in air-gap
between flux barriers to the translator poles, reduces the
percentage of fringing flux.

VII. RESULTS
A. DSL-SynRM without Skewing
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Fig. 10. Flux Linkage with Respect to Translator Position.

The obtained flux linkage from FEA results is 0.1 wb is
observed in Fig. 10. The obtained plot is in sinusoidal in nature
because of sinusoidal excitation is applied to the coils. The flux
linkages are theoretically calculated using “(8)” and verified
with FEA results.

B = 20 ®)
k
Where, A; = Cross- section area in path k
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Fig. 11. Inductance with Respect to Translator Position

Fig. 11 represents the inductance with respect to translator
for given sinusoidal excitation of phase ‘A’. From Fig. 11, at 0
mm indicates aligned and at 30 mm unaligned inductances are
captured. The variations of inductance are gradually decreasing
from maximum to minimum. From the plot, aligned inductance
(Lg) 1s 23.56 mH and unaligned inductance (L) is 12.3 mH.
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The inductances are verified theoretically using “(3)”. The
inductance is maximum for aligned position and minimum for
unaligned position due to reluctance principle.

B. DSL-SynRM with Skewing

The plots of propulsion force, inductance and flux linkages
with respect to translator position are similar for all excitations.
The switching phases are excited with a rated current of 10 A at
optimized skewing angle of 9°. The plot of flux linkages with
respect to translator for given sinusoidal excitation of phase ‘A’
is shown in Fig. 12. From Fig. 12, at 0 and 60 mm indicates the
unaligned and aligned positions. The flux linkages is sinusoidal
in nature due to given excitation is in sinusoidal. The plot of the
value of flux linkages is 0.09 wb and is verified theoretically
using “(8)”.
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Fig. 12. Flux Linkage with Respect to Translator Position.
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Fig. 13. Inductance with Respect to Translator Position.

Fig. 13 represents the plot of inductance with respect to
translator for given sinusoidal excitation of phase ‘A’. From
Fig. 13, at 0 mm indicates aligned and 30 mm indicates
unaligned positions. By observing the plot, the aligned

inductance is 23.8 mH and the unaligned inductance is 10.2 mH.

The inductance values are improved in skewing structure using

“3)”.

VIII. VALIDATION OF RESULTS FOR DSL-SYNRM WITH AND
WITHOUT SKEWED STRUCTURE

The inductance of a DSL-SynRM with and without skewing
structure for different translator positions are calculated using
“(3)” and the obtained values of aligned inductance (L4) and
unaligned inductance (L) are tabulated in Table II.

TABLE II
COMPARISION OF INDUCTANCE VALUES
Inductance(L) Analytical ~ FEA(With FEA(With
out Skewing)
Skewing)
Aligned (L) 23.6 mH 23.56 mH 23.8 mH
Unaligned (L,) 11.7 mH 12.3 mH 10.2 mH

The force ripples for without and with skewed design are
computed using “(4)” and are tabulated in TABLE III. It clears
that 9° skewing of translator gives force of 63.5 N and force
ripple reduced to 20% than without skewing design.

The total loss is,

Ploss = Piron + Pcu (9)
TABLE III
COMPARISION OF AVERAGE FORCE VALUES
Skewing angle  Frnax (N) Fnin (N) Fag(N) % Force
Ripple
Existing(0°) 135.82 104.67 60.05 51.8
30 112.65 88.7 62.15 38.15
40 115.26 89.6 61.9 41.45
50 116.7 88.96 60.02 46.07
6° 117.01 90.7 61.5 44.4
7° 119.5 92.5 62.01 43.47
80 120.7 98.64 62.5 35.6
90 122.6 103.4 63.5 30.18
TABLE IV

COMPARISION OF EFFICIENCY FOR DSL-SYNRM

Parameter Without Skewed With Skewed Structure
Structure DSL-SynRM DSL-SynRM
Efficiency 75.15% 76.04%
Ripple 51.80% 30.18%
Power 0.39 0.42
factor(PF)
Peu 394 W 38.4W
Pern 10.5 W 9.7 W

Efficiency is computed using equation

efficiency ()= —2— x100

Pout+Ploss (10)

The efficiency of the existing DSL-SynRM is calculated by

efficiency(n) = X 100 = 75.15%

15
150 + 40.9
Similarly efficiency for DSL-SynRM with skewed structure is
calculated as
158.75

- - 0
158.75+40.9 76.04%

efficiency(n)=

The power factor for DSL-SynRM is obtained by

_ |La—Lq
PF = [Ld+Lq] (11)

Efficiency and force ripple for without and with skewed
design are tabulated in TABLE IV. It clears that the proposed
design efficiency is increased to 0.89% and force ripples are
reduced to 20% in DSL-SynRM.

A. Force Density

The force density of the DSL-SynRM without and with
skewing structure can be calculated with the ratio of average
propulsion force to the volume of the stator (Vsuawr) of the
DSL-SRM is calculated using equation

(12)

Force Density = VRﬂ %x9.81

stator

The volume of the stator (Vuaior) 18 calculated by
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Vstator = 4-m. Ap Bstz Ly

(13)

here ay, and B}, is given by

_bs

ap = T =0.2
h
Bp = = 0.925

S
From “(13)”, Vstor=2.95 x 103 m? and force density is 211.49
N/mm? is obtained.

TABLE V

COMPARISION OF FORCE DENSITY BETWEEN WITHOUT SKEWED AND WITH

SKEWED PROPOSED DESIGN OF A DSL-SYNRM

Force density Without skewed With skewed design

design (N/mm?) (N/mm®)

DSL-SynRM 201.18 211.49

B.

Selection of the Skew Angle and Advantages
The selection of skew angle is considered for the following

reasons

e The structure of the rotor for the given specifications
has been intersected to the stator design of flux
barriers for beyond the angle of 9°

e The normal force on the motor along ‘y’ axis
decreases as above the considered skew angle. It leads
to stress on the pole area and causes deformation of
the translator.

Advantages are as follows

e Total motor mass and volume of the rotor is reduced
compared to the skewed structure

e The temperature of the motor is decreases since iron
and copper losses are reduced in skewed translator of
motor as compared to the conventional structure

e Force density of the motor is improved with the
reduced mass and same specifications of the motor

IX. CONCLUSION
The proposed 4 pole, 18 slots, 12 V DSL-SynRM with

without skewed structure has been implemented in ANSOFT
Maxwell tool. The optimized skewing of translator has been

de

signed as 9°. The proposed DSL-SynRM with skewed

structure reduces the force ripples by 21.62%, force density and
efficiency improved by 10.32 N/mm? and 0.89%. Force ripples
for DSL-SynRM can be reduced by adding control strategies to
the optimized geometry. Power factor for DSL-SynRM can be
improved by increasing the saliency ratio. Multi-phase
excitation using appropriate control strategies can be suggested
for DSL-SynRM for reduction of ripples.
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