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ABSTRACT

Performance analysis of the twin-armature rotamgdr induction motor, a type of motor
with two degrees of mechanical freedom, is theextlgf this dissertation. The stator consists of
a rotary armature and linear armature placed asi@eanother. Both armatures have a common
rotor which can be either solid or cage rotor. Tot®r can move rotary, linearly or with helical
motion. The linear motion generates dynamic endcefbn both armatures. Modeling such an
effect in rotary armature is a significant challeras it requires a solution considering motion
with two degrees of mechanical freedom. Neitheth& available FEM software package is
currently capable to solve such a problem. Theagbr used to address linear motion on rotary
armature is based on the combination of transiené-stepping finite element model and
frequency domain slip frequency technique. The ltesobtained from FEM modeling are
partially verified by test carried out on experir@nmodel of the motor to validate the

theoretical modeling of the motor.

FEM performance analysis of the linear armatureatber straightforward as it only
involves motion in one direction similar to a contienal linear induction motor. However, due
to the finite core length and open magnetic cirauithe direction of motion, the air gap flux
density distribution can still be distorted, evarzaro axial speed. This distortion is known as
static end effect. A novel equivalent circuit stgathte model for linear induction motors is
presented to include this phenomenon. The noveliiges in classification and inclusion of end
effects in the equivalent circuit. Duncan modelused to address dynamic end effect and
appropriately modified to account for the satumatad back iron. The static end effect, which

manifests itself by the alternating field componeastrepresented by additional circuit branch

Xii



similar to the ones of motor with alternating magméeld. The results regarding determination
of basic performance characteristics are comparid those obtained from finite element
simulation. The proposed equivalent circuit consdal major phenomena in linear motors and

is more accurate than the conventional equivalieotic available in the literature.

Finally, the performance of the motor with soligdais compared with the one with cage
rotor. It is concluded that, in general, motor witte cage rotor has the better performance

compared to the solid double layer rotor.
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CHAPTER 1: OVERVIEW OF THE PROJECT

A demand for sophisticated motion is steadily iasieg in several advanced application
fields, such as robotics, tooling machines, picl-ptace systems, etc. These kinds of
applications require implementation of at least twanore conventional motors/actuators, often
operating with different type of mechanical gedediic motors/actuators that are able directly
perform complex motion (with multiple degrees of ananical freedom — multi-DoMF) may

provide appreciable benefits in terms of perfornesneolume, weight and cost.
1.1 Topologies of Induction Motors with Two Degrees oMechanical Freedom

Several topologies of electric motors featuring @trDoMF structure were reviewed in
the technical literatures [1, 2]. Considering theometry, three classes of motors can be

distinguished:

= X-Y motors — flat structure
= Rotary-linear motor — cylindrical geometry

= Spherical motors — spherical geometry

X-Y motors: X-Y motors, also called planar motaase the machines which are able to
translate on a plane, moving in the direction dafilbby two space co-ordinates. They may be
usefully employed for precision positioning in \vars manufacturing systems such as drawing
devices or drive at switch point of guided road/eagway. The representative of X-Y motors is
shown schematically in Fig. 1-1. A primary windiognsist of two sets of three phase windings
placed perpendicularly to one another. Thereforagmatic traveling fields produced by each

winding are moving perpendicularly to one anothewall. Secondary part can be made of non-



magnetic conducting sheet (aluminum, copper) batkedn iron plate. The motor with a rotor

rectangular grid-cage winding is another versiat tan be considered.

secondary

primary primary
winding

Fig 1-1. Construction scheme of X-Y induction mdtbj

The forces produced by each of traveling fields d¢sn independently controlled
contributing to the control of both magnitude ancection of the resultant force. This in turn

controls the motion direction of the X-Y motor.

Rotary-linear motorsMechanical devices with multiple degrees of freedamra widely

utilized in industrial machinery such as boring maes, grinders, threading, screwing,
mounting, etc. Among these machines those whichlvevdinear and rotary motion,
independently or simultaneously, are of great egerThese motors, which are able effectively
generate torque and axial force in a suitably cilatbble way, are capable of producing pure
rotary motion, pure linear motion or helical motiand constitute one of the most interesting
topologies of multi-degree-of freedom machines Bpme examples of such actuators have
already been the subject of studies or patentd.[ASypical rotary-linear motor with twin-

armature is shown in Fig. 1-2. A stator consiststved armatures; one generates a rotating



magnetic field, another traveling magnetic fields@lid rotor, common for the two armatures is
applied. The rotor consists of an iron cylinder @@d with a thin copper layer. The rotor cage
winding that looks like grid placed on cylindricalirface is another version to be studied. The
direction of the rotor motion depends on two fordewear (axially oriented) and rotary, which
are the products of two magnetic fields and cusrentiuced in the rotor. By controlling the
supply voltages of two armatures independently,nim¢or can either rotate or move axially or

can perform a helical motion.

rotary armature linear armature

TRl 777 7777 L 2 Bl Tl T I/

!UM [T [T HM' _m m N N

I

\

|\\\\\\\\\\\\

2
v,

Cu
Fe

/L _
o & v [EELLL

77777777777 7777777 7777777777777 /R 77777 7 77 77777 777 77777 7777777777777

\\\\\\\\\\\\I

rotor stator

Fig 1-2. Scheme of twin armature rotary-linear ictthn motor [1].

Spherical motors: The last class of multi-DoMF mistbas spherical structure. The rotor

is able to turn around axis, which can change dsitipn during the operation. Presently, such
actuators are mainly proposed for pointing of micameras and laser beams, in robotic,
artificial vision, alignment and sensing applicasd3]. In larger sizes, they may be also used as
active wrist joints for robotic arms. Fig. 1-3 st®wane of the designs in which the rotor driven
by two magnetic fields generated by two armaturesing into two directions perpendicular to

one another. This design is a counterpart of twinadure rotary-linear motor.



upper armature

spherical
rotor

lower armature

Fig 1-3. Construction scheme of twin-armature inaucmotor with spherical rotor [1].

The object of the study is a rotary-linear inductimotor. The literature review on this

type of the motor and the related phenomena atlesettin chapter 2 and 3.
1.2 Objectives of the Dissertation
The following are the objectives of this project:

» To determine the performance of rotary-linear metith inclusion of end effects.

= To develop the equivalent circuit of rotary-lineaduction motor with inclusion of
parameter, which characterize motor end effects.

= To compare the performance of twin-armature roti#gar induction motors of two

different rotors: solid, and cage type rotor.
1.3 Structure of Dissertation
The dissertation consists of the following chapters

Chapter 2 reviews the literature on rotary-lineaduction motors, their topology and
principle of operation on the basis of the magnkéicd moving helically. A literature review is

done on the mathematical model of helical-motiafuztion motor.

4



Chapter 3 describes the phenomena known as encdseffaused by finite length of the

armature and its negative influences on the matdiopmance.

Chapter 4 discusses briefly the information abauherical methods used in the project.
Basic Maxwell's equations and approach to solventteee described. Finite element method

(FEM) tools used in the project such as FEMM and\Bixwell are presented.

Chapter 5 presents a construction of a twin-arneatatary-linear induction motor with
solid double layer rotor and its design data. Aaniegjent circuit of the motor is developed with
inclusion of parameters responsible for end effe€tse circuit parameters were determined
using the 3-D (FEM). The performance of the motorsieady-state condition is studied and
compared to the motor with the cage rotor. Comparisef results obtained from computer

simulation and experimental test has been done.

Chapter 6 presents the conclusions along withuhed work on this project.



CHAPTER 2 : LITERATURE REVIEW ON ROTARY-LINEAR INDUCTION
MOTORS

2.1 Topology of Rotary-Linear Induction Motors

Rotary-linear motors, able to provide both axiatéand torque, represent an interesting
solution for managing combined linear and rotarytiors, as an alternative to complex motion
drives, which usually apply two separated converaionotors. Regardless of the type of rotor,

cage or solid, rotary linear induction motors carclassified according to the type of stator.

2.1.1 Twin-Armature Rotary-Linear Induction Motor

The scheme of the motor construction was showrieean Fig. 1-2. Two armatures
produce the rotating and traveling magnetic figldg act on a common rotor. The result of that
is the torque and thrust, which drive the rotorhwvéthelical motion. If the two armatures are not
too close to one another, the electromagneticantem between them is negligible. Thus the
motor can be considered as a pair of two indepdndetors, rotary and linear, whose rotors are
coupled stiffly by a mechanical clutch. Howevemca each armature has a finite length, a
phenomena called end effects takes place and aeterithe performance of the motor. The
influence of these effects on the magnetic fieldooth armature and further — on torque and

thrust is brought in Chapter 3 in details.

2.1.2 Double-Winding Rotary-Linear Induction Motor

The double-winding rotary-linear motor is a modition of the twin-armature motor. It
has similar rotary and linear windings put togetimethe same armature core in such a way that

one winding overlaps another (Fig 2-1). Since thedmgs are placed perpendicularly to one
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another no electromagnetic interaction between tiemexpected under the assumption of an
unsaturated magnetic circuit. The operation of rti@or can be regarded as the work of two
independent motors, both rotary and tubular-linedugse rotors are coupled rigidly together. In
the real motor, where the iron core can be paytigditurated by the cumulative interaction of

magnetic fields of both windings the mutual magnatteraction should be taken into account.

Rotary winding Linear winding

——— — T HHN

Fig 2-1. Scheme of double-winding rotary-linearuntion motor [1].

The mathematical model of the motor was derivedljnwith the assumption that all
motor elements are being linear. In this case tbetremagnetic properties do not differ from
that of the twin-armature motor. The only posstiféerence relates to the magnetic flux density

distribution on the rotor surface
2.2 Mathematical Model of Induction Motor with Helical Magnetic Field

The basic and most comprehensive research on induahotors with 2DoMF is
contained in the book [1]. The analysis of thesdomois based on theory of the induction
motors whose magnetic field is moving in the dittdetermined by two space coordinates.

According to this theory the magnetic field of atype of motor with 2 DoMF can be



represented by the sum of two or more rotatingdling field what allows to consider the
complex motion of the rotor as well as end effazgsed by the finite length of stator. In the
next subsections a sketch of theory of the motth Wie rotating-traveling magnetic field whose

rotor is moving with helical motion is presented.

2.2.1 Definition of Magnetic Field and Rotor Slip

Magnetic field description: The magnetic field muoyi helically in the air-gap is

represented by the magnetic flux density B waveingin the direction placed between two co-

ordinates z and (Fig. 2-2).

It can be expressed by the following formula [1]:

B:Bmexp{j[m—ﬂe—”zﬂ (2-1)
TH TZ

wheretg andt,are pole pitches ifi and z directions (see Fig. 2-2)

The electromagnetic force that exerts on the nst@erpendicular to the wave front and
can be divided into two components: + linear force, |- rotary component (Fig. 2-2). The

relationships between force components are:

I;—j =ctga, Fy=Fcosa (2-2)
where
T
cota =—= (2-3)
Ty
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Fig 2-2. Magnetic field wave moving into directibetween two spaces coordinates [1].

The physical model of the motor which could geregaich a field is shown in Fig. 2-3.

Fig 2-3. Rotary-linear induction motor with rotagitraveling magnetic field [1].



Rotor slip: To derive a formula for the rotor slige motor is first considered to operate at
asynchronous speed. Meaning, an observer standinfeorotor surface feels a time variant
magnetic field. Therefore, magnetic field for a agivpointP(6,,z,) (Fig. 2-4) on the rotor

surface is varying in time and expressed by theviohg equation:
A A
B(t,04,2,) = B exp [j (a)t - —0; — —zl)] = var (2-4)
Eqn (2-4) is true if:
A A
wt— —0,(t) — —z.(t) = P(@) (2-5)
To T,

wherey (t) is the angle between poiRtand the wave front of the magnetic field wave.

Fig 2-4. Rotary-linear slip derivation [1].

Differentiating Eqgn. (2-5) with respect to timeields:



wherew, (slip speed) is the angular speed of point P vafipect to the stator field, ang, and

u, are the angular and linear speeds of the rotspeively.
The field velocities alon§ and z axes are expressed by the equations:
w9 = 27pf Uy, = 21,f (2-7)
Inserting (2-7) to (2-6), it takes the form:

W——wyg — —U, = W, (2-8)

Similarly, as in the theory of conventional indoctimotors, it can be written:
wy; = WS (2-9)
where s is the slip and is the speed of rotating field.

From (2-8) and (2-9) the following equation foraoslip is finally obtained:

Sop=1— — — —= (2-10)

The two dimensional rotor slipy, obtained in Egn (2-10) is a function of rotary and
linear rotor speed components as well as the speettee magnetic field moving along two
space coordinates. If the motion of rotor is blatkéong one of the coordinates, this slip takes
the form known for motors with one degree of meatarfreedom. For example: if the rotor is

blocked in the axial direction, thg component drops to zero and the slip takes tha:for
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we

Sgz = Sg = 1-— (2-11)

w19

which has the form of rotor slip in the theory oheentional induction motor.
2.2.2 Equivalent Circuit

For the induction motor with rotating-travellingelil the equivalent circuit is shown in
Fig. 2-5, which corresponds to the well-known citrcof rotary induction motor. The only
difference is in the rotor slip which for rotarywiar motor depends on both rotary and linear

rotor speeds.

Fig 2-5. Equivalent circuit of induction motor witbtating-travelling magnetic field.

Similarly to the conventional rotary motors, the@adary resistance can be split into two

resistances as shown in Fig. 2B, represents the power loss in the rotor windings e

second partR}, %) contributes to mechanical powiy.

Fig 2-6. Equivalent circuit of rotor of rotary-liaeinduction motor [1].
12



The mechanical power of the resultant motion betvgeand z axis is proportional to the
resistanc®k), —

%2 and is equal to:
Sez

1—s
P, = mR), %2 112

2-12
o 12)

where m is the number of phases.

Inserting Eqn. (2-10) into Eqn. (2-12), yields:

R, /w u
Py = mIz2 —2( ° 4+ uz)
1z

Spz \W1g

(2-13)

The resultant mechanical powRy, can be expressed in the form of its componertt in
and z direction:

Pn = Ppet Puz

(2-14)
From (2-11), (2-13) and (2-14),

1-s 1-s
Poo+ Py, = mR) °12 + mR, Z 12 (2-15)

Soz Soz

X'sz R’2
° A0S L = P,
ﬁ 1-%
R’2 S
0z
EO

Fig 2-7. Equivalent circuit of rotor of rotary-liae induction motor with mechanical resistance
split into two components [1].
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Therefore, Fig. 2-6 can be redrawn in terms ofrésestance split into two components as

shown in Fig. 2-7.

2.2.3 Electromechanical Characteristics

Unlike conventional rotary motors with the curvyachcteristics of electromechanical
quantities versus slip, electromechanical quastitierotary-linear motor cannot be interpreted in
one dimensional shape and should be plotted imfacguprofile as a function of either skp, or

speed componentg and u,. The circumferential speag is expressed as follows:

Ug = Rr . Wg (2-16)

whereR, is the rotor radius.

As an example, the force-slip characteristic of@dal rotary-linear motor is plotted in

Fig. 2-8.

Fig 2-8. Electromechanical characteristic of thauiction motor with rotating-travelling field [1].
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In order to determine the operating point of thechirge set, let the rotor be loaded by
two machines acting independently on linear (axaal) rotational directions with the load force

characteristics shown in Fig. 2-9.

The equilibrium of the machine set takes place wihenresultant load force is equal in
its absolute value and opposite to the force deesloby the motor. The direction of the
electromagnetic force F of the motor is constaut @mes not depend on the load. Thus, at steady
state operation both load forceg &d k, acts against motor force componengsaafd F in the

same direction if the following relation betweeerhtakes place

F, _F T

_0 —-_10 — Ctga' =_Z (2_17)
I:z I:Iz TH

I:Lz
F -t
I:in: 0 Fz :I
Ir.o
Uz
Fio

Ug

Fig 2-9. Load characteristics for IM-2DoMF;:Hoad force in axial direction, k: load force in
rotary direction. [1].

To draw both load characteristics on a common gréudh real load forcesgFkand F;
acting separately on rotational and linear diretishould be transformed infjy and Fy,,

forces acting on the direction of the motor forcd Rese equivalent forces are:

15



Fp=—2, F,=—= (2-18)

The transformed load characteristics drawn as etifamof y and y, as shown in Fig. 2-
10, are the surfaces intersecting one another dlmmdgine segmerKA. This line segment that

forms the {u) characteristic is a set of points where thioWing equation is fulfilled

Fie =F.

z

(2-19)

F
\ a
F (u) \\

\ F
\ z
F \
\
\
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Fig 2-10. Determination of the operating point Attoeé machine set with IM-2DoMF [1].

The load characteristic(f) intersects with the motor characteristic at poiAtand B,

where the equilibrium of the whole machine set $gidace. To check if the two points are stable
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the steady state stability criterion can be usddchvis applied to rotary motors in the following

form:

dF < dF, (u,,u,)

- 2-20
du du ( )
dr,, dF
—12>0, —2>0 2-21
du, du, (2-21)

Applying this criterion, point A in Fig. 2-10 isadtle and point B is unstable.
2.2.4 Conversion of Mathematical Model of IM-2DoMF to 1DoMF

The mathematical model of IM-2DoMF presented invpmes subsections is more
general than the one for linear or rotating machifiéne rotating magnetic field wave of rotating
machines and the traveling field of linear motore & the mathematical description special
cases of the rotating — traveling field. If the wdength remains steady, pole pitches along both
axis frg, T,) Will vary by changing the motion direction of lilewaves. For example: if the wave

front (see Fig. 2-2) turns tbaxis then, = «. This makes the formula (2-1) changes to:

6

B(t.6)=8B, ex;{ j(ax —TE ﬂ (2-22)

which is the flux density function for rotary motdrhea = 0 and according to Eqn (2-2) the
force F = |y what is the case for rotary motors. On the otlerdh turning the wave completely
toward z axis leads to infinity pole pitch valuerad6 axis (tg = ). By inserting this into Eqn
(2-1) and (2-10) the description of both field afig expressed by two space coordinates turns to
the description of such quantities in linear mators

17



In other word, the mathematical model of the nplarear motor has a general form of
two mechanical degree of freedom motor and caretieced at any time to the model either of

rotary or linear motors, motors with single degoéenechanical freedom.
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CHAPTER 3: EDGE EFFECTS IN ROTARY-LINEAR INDUCTION MOTORS -
QUALITATIVE EXAMINATION

The twin-armature rotary-linear induction motor, igfh is the object of this chapter
consists of two armatures what makes this machigenabination of two motors: rotary and
tubular linear, whose rotor are coupled togethars Tmplies that the phenomena that take place
in each set of one-degree of mechanical freedonon@so occur in the twin-armature rotary-
linear motor in perhaps more sophisticated form tugne complex motion of the rotor. One of
these phenomena is called end effects and occersodiinite length of the stator at rotor axial
motion. This phenomenon is not present in conveatiootating induction machines, but play

significant role in linear motors.

The end effects are the object of study of manyem6, 7, 8, 9, 10, 11, 12]. In the
literature, end effects are taken into accountanous ways. In the circuit theory a particular
parameter can be separated from the rest of thiwadgot circuit elements. This approach has
been done in [13, 14, 15, 16, 17]. Kwon et al. edla LIM with the help of the FEM, and they
suggested a thrust correction coefficient to madelend effects [18]. Fujii and Harada in [19]
modeled a rotating magnet at the entering endeof.th as a compensator and reported that this
reduced end effect and thrust was the same as ahbiMhg no end effects. They used FEM in
their calculations. Another application of FEM inadyzing LIMs is reported in [20]. A d-q axis
equivalent model for dynamic simulation purposeshitained by using nonlinear transient finite

element analysis.

The end effect has been also included in the aisatysotary linear motors in [1, 21, 22].

This inclusion was done by applying Fourier's hanmgomethod when solving the Maxwell’s
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equations that describe motor mathematically [HisTapproach was also applied to study the

linear motor end effects [11, 12].

The edge effects phenomena caused by finite lepigbioth armatures can be classified

into two categories as follows:

= End effects: which occurs in the tubular lineart pd the motor and partially in the
rotary part.

= Transverse edge effects: which exists in the rgtary.

3.1 End Effects

One obvious difference between LIM and conventiootdry machines is the fact that in
LIM the magnetic traveling field occurs at one emdl disappears at another. This generates the
phenomena called end effects. End effects can tegadzed into two smaller groups called:

static end effects and dynamic end effects.

3.1.1 Static End Effects

This is the phenomenon which refers to the germrati alternating magnetic field in
addition to the magnetic traveling field componehtie process of generation of alternating

magnetic field at different instances is shownig B-1.

Instant { = 0 secThe 3-phase currents are of the values shown bgopltiagram in Fig.

3-1 (b-c) with maximum in phase A. The current rilsttion in the primary winding relevant to
these values is shown in Fig. 3-1 (a) and its fipgice harmonic is represented by curve J in Fig.

3-1 (b). The distribution of magneto-motive for€g in the air-gap corresponding to this linear
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current density has the cosine form with the maxmualue at both edges of the primary part
shown in Fig. 3-1 (b). This mmf generates the magrkeix which consists of two components:
alternating flux®, shown in Fig. 3-1 (a) and traveling flux componéitie distribution of these

two components BandB; as well as the resultant flux dendBy+ B; are shown in Fig. 3-1 (c).

Instant $ = ¥4 T seqwhere T is sine wave period): The 3-phase currents are of value

shown by phasor diagram in Fig. 3-1 (d) with zemophase A. These currents make the
distribution of the first harmonic of mn#,, as shown in Fig. 3-1 (d). Since there is no mmf at
primary edges, the alternating flux componégtdoes not occur and the traveling flBxis the

only available component.

Instant ¢ = %2 T sec: After a half period, the currents afevalues shown by phasor

diagram in Fig. 3-1 (e) with the maximum negativ@lue in phase A. The relevant mmf
distribution reveals its maximum negative valu@itary edges which generates the magnetic
flux @, represented by its flux densiBy (see Fig. 3-1 (e)), which adds to the traveling fl

componens.

Analyzing the above phenomenon in time, one mag fimt magnetic flux density has two
componentsB, which does not move in space but changes peridglicatime called alternating
component an®; which changes in time and space and is calleeliray component. The first
componentB, does not exist in motors with infinity long prinyapart which is the case in

conventional rotary machines.
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Fig 3-1. The process of generation of alternatiragnetic field at different instances in 4-pole
tubular motor: ¢,) — alternating component of magnetic flux,B- alternating component of
magnetic flux density in the air-gap{B travelling component of magnetic flux densitythe
air-gap (J) — linear current density of the primpayt (F,) — magneto-motive force of primary
part in the air-gap.

Summarizing, the resultant magnetic flux densitgtrddution is a combination of the

traveling wave compone, (t) and alternating magnetic fieR},(t) denoted by:
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TC TC
B(t,z) = B;cos ((ot -——z+ 8m> + B, sin ((ot -—+ 83> (3-1)
Tp Tp

wherert, is pole pitch

When only the travelling wave exists, the enveldplux density distribution in the air
gap is uniform over the entire length of the priyneore but the second term deforms the air gap
field distribution to the shape shown in Fig. 3f2e alternating flux contributes to the rising of
additional power losses in the secondary and tdywiog of braking force when one part of LIM
motor is moving with respect to the other one [112], [22]. This component occurs no matter

what is the value of the speed of secondary p&it [2

_ .

\ To 3Tp z

Fig 3-2. The envelope of the resultant magnetig flensity in the air-gap of four pole linear
motor due to presence of the alternating magnidid ¢p - pole pitch).

3.1.2 Dynamic End Effects

The dynamic end effects are the entry and exitcefféghat occur when the secondary

moves with respect to the primary part. This phesoom will be explained in two stages:
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Stage I: secondary part moves with synchronous speed:

There are no currents induced (within the primaaxt pange) due to traveling magnetic
field component (since the secondary moves syndusiy with travelling field). However, the
observer standing on the secondary (see Fig. 8643} telatively high change of magnetic flux
when enters the primary part region and when ledhissregion at exit edge. This change
contributes to rising of the eddy currents at kibin entry and exit edges. These currents damp
the magnetic field in the air-gap at entry in ortlerkeep zero flux linkage for the secondary
circuit. At the exit edge the secondary eddy cusénes to sustain the magnetic flux linkage
outside the primary zone the same as it was béerexit. This leads to damping magnetic flux
at the entry edge and to appearance of magnexiddilbeyond the exit edge (Fig. 3-4 (a)). The
distribution of the primary current densityd uniform over the entire region. The envelop of
the eddy currents induced in the secondagyqldown in Fig. 3-4 (a) is relevant to the magnetic

flux density distribution in the air-gap.

The eddy currents at the entry and exit edgeswdterdue to the fact that the magnetic
energy linked with these currents dissipate ingbeondary resistance. Thus, the lower is the
secondary resistance the more intensive is dangiiegtry and the longer is the tail beyond the

exit.

Stage II: secondary part moves with a speed less than tlehsymous speed:

The currents are induced in the secondary oveerttiee primary length due to slip of the
secondary with respect to the travelling comporanprimary magnetic flux. These currents

superimpose the currents that are due to the emdyexit edges. The resultant eddy current
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envelop is shown schematically in Fig. 3-4 (b). Tl density distribution in the air-gap and
current density in the primary windings are alsoveh in Fig. 3-4 (b). As it is illustrated the
primary current density is uniformly distributesday the primary length only if the coils of each
phase are connected in series and the symmetrypbtS8e currents is not affected by the end
effects. The magnetic flux density distribution hias same shape and changes in a same pattern
in both stages, but due to the rotor current reactstage Il has a lower B. However, primary
current density is higher at the stage Il if themary winding is supplied in both cases with the

same voltage.

uq By Primary
o .
A:} 2
7 AY

Fig 3-3. End effect explanation: {B travelling component of magnetic flux densitythe air-
gap (u) speed of traveling magnetic field (u) speed efrbtor.

In general, end effect phenomena leads to non-umithstribution of:

=  magnetic field in the air-gap,
=  current in the secondary,
= driving force density,

=  power loss density in the secondary.

Thus, this contributes to:

=  |ower driving force,
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=  higher power losses,
= |lower motor efficiency,

=  |ower power factor.

(a) u=us

HERERRERRERRERRERNNRONR
" H | = - \%\ P 2
(b) u<us
ST [ o,

Fig 3-4. Distribution of primary current,}J secondary currentZJand magnetic flux density in
the air-gap (B): (&) u =us (b) u s u

Due to dynamic end effects, the resultant magrikiic density in the air-gap can be

expressed as a summation of three flux density coets as follows [7]:
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TC TC
B(t,z) = B;cos <mt ——z+ 8m> + By e #/%cos ((ot -——z+ 81>
Tp Tpe
(3-2)

T
+ B, e*?/%2cos| wt+—2z + §,
Tpe

All the three terms of this equation have the sdrmequency. The first term is the
traveling wave moving forward at synchronous speBge second term is an attenuating
traveling wave generated at the entry end, whiabels in the positive direction of z and whose
attenuation constant is/a; and its half-wave length is,.. The third term of Eqn (3-2) is an
attenuating traveling wave generated at the exit iich travels in the negative direction and

whose attenuation constantliga, and half-wave length is,.. The B; wave is caused by the

core discontinuity at the entry end and Bhewave is caused by the core discontinuity at the ex
end, hence, both are called end effect waves. ®attes have an angular frequencywhich is

the same as that of power supply. They have the $aif wave-length, which is different from
half-wave length (equal to pole pitch) of the prignavinding. The traveling speed of the end
waves is given by, = 2 ft,. and is the same as the secondary part if highdspesors is
studied. However, in low speed motors, the speddeoend waves can be much higher than that
of secondary [6]. The length of penetration of grind wavex; depends on motor parameters
such as gap length and secondary surface registiviie impact of these parameterscgnare
quite different at high speed motors and low spaetbrs. As a resulty; is much longer at high
speed motors with respect to low speed motors.,Afstihe high-speed motors, half wave length
Tpe IS @lmost linearly proportional to the speed ofosetary and is independent from gap length
and secondary surface resistivity while it is dejsgr to such parameters at low speed motors.

Therefore, the speed of the end waves is equdhdosécondary speed at high speed motors
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regardless the value of parameters such as supgguedncy, gap length and surface resistivity,
while in low speed motors, end waves speed depemdsich parameters and may reach to even
higher than synchronous speed at low slip operatioggion. The super-synchronous speed of
the end-effect wave at motor speed lower and dosg/nchronous speed occurs only in low

speed motors [6].

The entry-end-effect wave decays relatively slowvem the exit-end-effect wave and
unlike exit-end-effect wave, is present along thére longitudinal length of the air-gap and
degrades the performance of the high speed motw.€kit-end-effect wave attenuates much
faster due to the lack of primary core beyond thie &dge. Therefore, the influence of the exit
field componenB, on motor performance is less than that of theyesdmponenB,, and it may

be disregarded for many applications [7,14, 15].

For the motors with the number of magnetic polerspajreater than two if the
synchronous speed is below 10 m/s the end effecstde ignored. For the motors with higher
synchronous speeds the influence of end effectsbeaseen even for the motors with higher

number of pole-pairs [24].

3.2 Transverse Edge Effects

The transverse edge effect is generally descrilsetthe effect of finite width of the flat
linear motor and is the result of z component afyecurrent flowing in the solid plate secondary

(Fig. 3-5 (b)).

Since, there are no designated paths for the dsfres it is in cage rotors of rotary

motors, the currents within the primary area apwviihg in a circular mode (Fig. 3-5 (b)). These
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currents generate their own magnetic field,vihose distribution is shown schematically in Fig.

3-6.

1
2] [[[[ W8
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Fig 3-5. Transverse edge effect explanation: (2@ Tdsultant magnetic flux distribution, (b)
eddy current induced in the secondary.

This magnetic field subtracts from the magnetitdfiBs generated by the primary part
winding. The resultant field has non-uniform distiion in transverse direction (x axis) (Fig. 3-
7). This non-uniform distribution of the magnetiell and circular pattern of the secondary

currents contribute to the increase of power lgsdesrease of motor efficiency and reduction of

maximum electromagnetic force [25].
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Fig 3-6. The distribution of magnetic flux densBy produced by the primary current andly
the secondary currents [24].

Fig 3-7. The resultant magnetic flux density disition in the air-gap at different secondary
slips [24].

As the rotary-linear motor is concerned, the trense edge effect occurs for rotary
armature. This effect has here more complex formtdithe additional axial motion of the rotor.
The above transverse edge effects superimpose ton @amd exit effects whose nature is the
same as discussed earlier for linear part of tharydinear motor. This motion makes the flux
density distribution distorted as shown in Fig 3A8.the entry edge the flux density in the air-

gap is damped, but at the exit edge it increases.
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Fig 3-8. Resultant magnetic flux density in thegap of rotary part of the IM-2DoMF motor
with linear speed greater than zero (u > 0) [24].
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CHAPTER 4 : DESCRIPTION OF SOFTWARE USED IN MOTOR MODELING

Finite Element Method (FEM) is a numerical techmigior solving problems with
complicated geometries, loadings, and material gnas where analytical solutions cannot be
obtained. The basic concept is to model a bodyractsire by dividing it into smaller elements
called "Finite Elements”, interconnected at poitdsnmon to two or more elements (nodes). The
properties of the elements are formulated as dujwitn equations. The equations for the entire
body are then obtained by combining the equilibriequation of each element such that
continuity is ensured at each node. The necessamydary conditions are then imposed and the

equations of equilibrium are then solved to obtharequired 3 variables.

The term finite element was first devised and use#l960 by R.W.Clough [26]. After
being developed and experimented with various egfdins for half a century, the finite element
method has become a powerful tool for solving aewidnge of engineering problems. Finite
element methods for the analysis of electric maehimere formulated in a series of papers in the
early 1970’s by Peter P. Silvester et al.[27, Z8, Rluch of the initial work in electromagnetic
finite elements began with the analysis of synchusnmachines. Nowadays finite-element-
based CAD systems to solve two-dimensional fieltbf@ms are in common use. However, they
are far from perfect, and there are still many lrexb problems and limitations on application,
making finite element analysis of electric machsi# a very active research topic. Further
developments of the finite element method leadawous directions according to applications.
Examples include analysis of different types of hiaes [30, 31], incorporating external circuits
to problem formulations with imposed voltage soar¢g?2, 33, 34], coupling electromagnetic

analysis with other physics [35], incorporatingusation effects [36], hysteresis effects [37] and
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material anisotropy [38], etc. Among the variouse@ch directions, improvement of the

computational efficiency of the FEM solver is ongortant branch.

The behavior of a phenomenon in a system depenus e geometry or domain of the

system, the property of the material or medium, thiedooundary, initial and loading conditions.

The procedure of computational modeling using FEbably consists of four steps:

= Modeling of the geometry
= Meshing (discretization)
= Specification of material property

= Specification of boundary, initial and loading cdrahs

Modeling of the geometryReal structures, components or domains are in gerery

complex, and have to be reduced to a manageabteaygo Curved parts of the geometry and
its boundary can be modeled using curves and clwswddces. However, it should be noted that
the geometry is eventually represented by piecewisgght lines of flat surfaces, if linear
elements are used. The accuracy of representdtitve curved parts is controlled by the number
of elements used. It is obvious that with more @ets, the representation of the curved parts by
straight edges would be smoother and more accutatiartunately, the more elements, the
longer is the computational time that is requidddnce, due to the constraints on computational

hardware and software, it is always necessaryriid the number of elements.

Meshing: Meshing is performed to descretize the geometratetk into small pieces
called elements or cells. The solution for an eegiimg problem can be very complex and if the

problem domain is divided (meshed) into small elets®r cells using a set of grids or nodes,
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the solution within an element can be approximatey easily using simple functions such as
polynomials. Thus, the solutions for all of thereénts form the solution of the whole problem
domain. Mesh generation is a very important taskhe pre-process. It can be a very time
consuming task to the analyst, and usually an expezd analyst will produce a more credible
mesh for a complex problem. The domains have tméghed properly into elements of specific

shapes such as triangles and quadrilaterals.

Property of material or mediunMany engineering systems consist of more than one
material. Property of materials can be definedegifor a group of elements or each individual
element, if needed. For different phenomena tarnelated, different sets of material properties
are required. For, example, Youg’s modulus and rsieadulus are required for the stress
analysis of solids and structures whereas the thleronductivity coefficient will be required for
a thermal analysis. Input of material’'s properiig® a pre-processor is usually straightforward.
All the analyst needs to do is select material prigs and specify either to which region of the

geometry or which elements the data applies.

Boundary, initial and loading conditionBoundary, initial and loading conditions play a

decisive role on solving the simulation. To inpliedse conditions is usually done using
commercial pre-processor, and it is often intedagath graphics. Users can specify these
conditions either to the geometrical identitiesij® lines or curves, surfaces, and volumes) or

to the elements or grid.

There are many commercially used FEM programshim dissertation the FEM is used
to solve both time harmonic magnetic problems (eddyent, transient) and time-invariant field

problems (magneto-static). The 2-dimensional modetscreated and optimized using FEMM
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4.2 [39]. The 3-dimensional models are then createdlaxwell v13 from Ansoft [40] to

perform magneto-static and parametric analysistiamel harmonic magnetic field problems.
4.1 2-D Fem Modeling: FEMM 4.2 Program

FEMM 4.2 is a suite of programs for solving lowduency electromagnetic problems of
two-dimensional planar and axisymmetric domains.e Throgram currently addresses
linear/nonlinear magneto-static problems, lineanfme@ar time harmonic magnetic problems,

linear electrostatic problems, and steady-state flea problems.
FEMM is divided into three parts [39]:

Interactive shell (femm.exe)This program is a Multiple Document Interface pre-

processor and a post-processor for the varioustgpproblems solved by FEMM. It contains a
CAD like interface for laying out the geometry difet problem to be solved and for defining
material properties and boundary conditions. AuliddXF files can be imported to facilitate the
analysis of existing geometries. Field solutions t& displayed in the form of contour and
density plots. The program also allows the usengpect the field at arbitrary points, as well as
evaluate a number of different integrals and plrious quantities of interest along user-defined

contours.

triangle.exeTriangle breaks down the solution region into géanumber of triangles, a

vital part of the finite element process.
There are following Solvers:

= fkern.exe - for magnetics;
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= belasolv - for electrostatics;
= hsolv - for heat flow problems;

= csolv - for current flow problems.

Each solver takes a set of data files that desgnibblem and solves the relevant partial

differential equations to obtain values for theiggkfield throughout the solution domain.

The Lua scripting language is integrated into titeractive shell [39] and is used to link

Matlab with FEMM.

4.2 3-D FemModeling MAXWELL Program

Maxwell 12v is an interactive software package tnsgs finite element method to solve
three-dimensional (3D) electrostatic, magneto-stagddy current and transient problems. It is

used to compute:

= Static electric fields, forces, torques, and capaces caused by voltage distributions
and charges.

= Static magnetic fields, forces, torques, and ingliogs caused by DC currents, static
external magnetic fields, and permanent magnets.

= Time-varying magnetic fields, forces, torques, antpedances caused by AC
currents and oscillating external magnetic fields.

= Transient magnetic fields caused by electrical ssaiand permanent magnets [40].
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4.3 Dynamic Simulation (Mechanical Movement)

The electrical machine is one of the many eledtdeaices which include parts that can
move relative to others. To enable the dynamic Wiehd@o be modeled, or to take into account
the losses and forces (e.qg. ripple torque) ariBimg mmf and permeance harmonics, movement
must be incorporated in the Finite Element modehfachine analysis. Dealing with movement
in the FEM is problematic because of the air-galpe ®hir-gap of electric machines presents
several difficulties for the FEM. First, since thie-gap is usually very thin, it is difficult totfan
adequate number of finite elements into it to madelimportant field interactions taking place
there. Moreover, movement of the rotor will evelifudestroy the integrity of the mesh in the
air-gap, which can lead to inaccuracy in the fistdution. The simplest way of dealing with
movement is to move the rotor and remesh the pmabldie obvious drawback of this method is

the time and memory required for remeshing.

Several different approaches are described in iieeature. They have their own
advantages and disadvantages. The existing movemedels can be divided into two
categories: those, which construct a special "bamdfie air-gap, and those which model the air-

gap region with technigues that more conveniergiyl avith relative motion.

Meshes are divided into two parts: the fixed pasosiated with the stator and the
moving part associated with the rotor. The moving atationary meshes are solved in their own
inertial frames and are coupled through the elesent their interface. These methods are

described and evaluated as follows.
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4.3.1 Air-Gap Re-Meshing

To take into account the physical motion of theorotvhen performing dynamic
analysis,Yasuharu et al [41] combines the rotor enoent equation with the fundamental
equation of the 2-D finite element analysis. Wtk thovement of the rotor provided, when large
motion occurs, the nodal connection between ratdrstator are changed. i.e., the air-gap region
is re-meshed. This method is sometimes also catteding band technique’ [42, 43, 44] and is
used very often. Fig. 4-1 shows the re-meshingerents in the air-gap. The disadvantage of
this method is the potential of mesh quality proideas elements with large aspect ratios can be
produced. If the structure of the machine is comiés method becomes cumbersome and very
expensive. Also, as connections are broken anddenthere can be a sudden transition in the
sizes of the matrix coefficients and discontinudfy stiffness matrix as a function of rotor
position. To avoid the later shortcoming Demenk®][$roposes a modification by the
trigonometric interpolation of the band matrix, shguaranteeing the continuity of stiffness

matrix and its derivation as a function of rotosjion.
1 2 3
4 5 6
1 g 3
. " :

Fig 4-1. lllustration of air-gap re-meshing techreq
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4.3.2 Time-Stepping Technique

The time-stepping method [46] creates a movingaserin the air-gap between stator and
rotor (the slip surface). The surface is subdivided a number of equal intervals whose length
corresponds to the length of the time step so disathe rotor moves, nodes on the moving
surface always coincide peripherally. It's easynplement if the speed is constant. It is also
suitable for the computation of forces [47]. Thevatage of this method is that the moving
problem need only be meshed once; the programheantake care of any rotations or shifts of
mesh. The disadvantage is that the time step &l fby the time taken to move from one mesh

alignment to the next.

4.3.3 Sliding Interface Technique

Similar to the time-stepping technique, the slidimigrface technique also uses a moving
interface in the air-gap. Instead of requiring thesh size to correspond to the time step, the
nodes on the interface need not be coincident &R). [48]. In Fig. 4-2, the rotor variabke

can be coupled to the variables in an adjacerirstéé¢ment s by applying a constraint:

4
Ay = Z Agi Nsi(k)
= (4-1)

where Ng; (k) is the shape function evaluated at point k. Afhilar constraints on the sliding

interface can be written as:

A —f(A) =0
(4-2)
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stator

air—gap

Fig 4-2. lllustration of sliding interface technig|{48].

The constraint (4-2) is then enforced in the fimtement equations by introducing a new
set of variables, the Lagrange multipliers, whigiseonly on the sliding interface. Continuity of
the normal flux density from rotor to stator is wesl by the continuity of the constrained

variables on the interface.

The advantage of this method, as stated befotieaisrregular meshes and even different
numbers of nodes and elements on both sides ofL#iggange surface are possible. The
disadvantage being that the method is not simpdetla® matrix arising from this formulation is

not well conditioned.

There are other methods in the literature such Asal{tical solution for air-gap

combined with FEM [49]” and “Hybrid finite elemebbundary element method [50]".
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CHAPTER 5: TWIN-ARMATURE ROTARY-LINEAR INDUCTION MOTORWIT H
DOUBLE SOLID LAYER ROTOR

5.1 Design Parameter of the Motor

One of a few design versions of rotary-linear metsra Twin-Armature Rotary-Linear
Induction Motor (TARLIM) shown schematically in Fi§-1. The stator consists of a rotary and
linear armature placed aside one another. One gsera rotating magnetic field, another
traveling magnetic field. A common rotor for théa® armatures is applied. It consists of a solid

iron cylinder covered with a thin copper layer.

Iron cylinder

Copper layer

Fig 5-1. Schematic 3D-view of twin-armature rotéinear induction motor.

The TARLIM in its operation can be regarded as ate® independent motors: a
conventional rotary and tubular linear motor witle trotors joined stiffly. This approach can be
applied only if there is no magnetic link betwedr two armatures [1], what is practically
fulfilled due to the relatively long distance beemethe armatures and the low axial speed of the

rotors. In case of the motor analyzed here bottditions are satisfied and the analysis of each
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part of the TARLIM can be carried out separatelyteesanalysis of IM 3-phase rotary and linear
motors. The only influence of one motor on the ptiseduring the linear motion of the rotor
which will be considered at the end of this chap®oth rotary and linear armatures are

schematized separately in Fig. 5-2.

Rotary winding

—

(@)

Linear winding

(b)

Fig 5-2. 3-D expanded view of: (a) rotary inductiootor, (b) linear induction motor.

To study the performance of TARLIM the exemplarytarchas been chosen with the
dimensions shown in Fig. 5-3. The dimensions admparmature are presented in details in Fig.

5-4.
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180 mm

rotary winding

linear winding

rotary armature .
linear armature

Fig 5-3. Dimensions of TARLIM chosen for analyses.

=150 mm
86
85

Ds

0.7

20°

Fig 5-4. Rotary armature dimensions.

The core of both armatures is made of laminatedl.st&he common rotor is made of

solid steel cylinder covered by copper layer. Batmatures possess a 3-phase winding. The
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rotary and linear winding diagrams are shown in 5§ (a) and (b), respectively. The winding

parameters and the data of stator and rotor coterialeare enclosed in Table 5-1.

lm:—:lm:j
sl B
| ]

| |

Al CZ B1 A2 C1 B2
@) (b)

Fig 5-5. Winding diagram of the TARLIM, (a) rotawinding, (b) linear winding.

B (Tesla)
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H (Amp/Meter)

Fig 5-6. Magnetization characteristic of rotor c@iren) [39].
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Table5-1.Winding and materials data for TARLIM

Linear winding data:
Number of phases
Number of poles
Number of slots per pole per phase
Number of wires per slot, N
Copper wire diameter
Rotary winding data:
Number of phases
Number of poles
Number of slots per pole per phase
Number of wires per slot, Nw
Copper wire diameter
Armature Core
Air gap length,
Rotor
Copper layer
Thickness mm
Conductivity ¢Cu, @ 20C)
Solid iron cylinder
Thickness mm
Conductivity ¢Fe, @ 20C)

Magnetization characteristic

215
1.29 mm

2
96
0.7 mm

Laminated steel

0.5 mm

1.1 mm
57.00x10° S/m

10.7 mm
5.91x10° S/m
Fig 5-6

5.2 Linear Motor Performance

In rotating machines, end effects linked with théary motion do not occur, because

there are no ends in the direction of motion. ihedir induction motors (LIMs), due to the open

magnetic circuit in the motion direction the eleatiotive forces induced in three phase windings
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are no longer symmetric. This contributes to asytmynaf input impedance and phase primary
currents in case of 3-phase windings balanced g@lthiven source. This asymmetry affects the

performance of the motor under motoring and gemgyatbonditions [51].

The LIMs similar as conventional 3-phase motors aopplied, practically, from
balanced voltage source. Thus, to have the endteffeoperly considered, the analysis of the
motor performance should be done by having asynitaéimpedance taken into account. This

ought to be done, in particular, in motors with faales, where end effects are more visible.

Equivalent circuit parameters of LIM has been dasivin many papers, without
considering such an effect [52, 53, 54]. Asymmetture of LIMs has been described
analytically among others in [55]. However, to thest of author's knowledge there is no

comprehensive work yet to propose a straightforvmaethodology for such a purpose.

Therefore, the author of this dissertation focugednarily on development of LIM

equivalent circuit including asymmetry as well dses phenomena caused by end effects.

5.2.1 End Effect Modeling Using FEM

When a LIM is supplied with a constant voltage seuits performance is different from
that under constant current drive. Performance uodestant voltage drive is more difficult to
analyze in FEM, because the primary current is gieén at the beginning of performance
calculations. Under constant voltage drive, thenpriy current changes as slip changes, while it

remains the same under constant current drive.

The approach used in this section is based ondh#ination of the field theory and

circuit theory. In the field theory the motor is deded applying FEM and in circuit theory the
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motor is represented by equivalent circuit. Fitts& induction motor is modeled in FEM in order
to determine the parameters of the equivalent itirtdtimately, the characteristic of input
current versus slip can then be obtained by perfgreome simple circuit analysis. The electric
and magnetic asymmetries due to open magneticitoflLIM at series connection of coils

windings are taken into account by the proposedhatkt

To study the influence of the end effects on thidgpeance of linear induction motors,

three different scenarios are considered:

No end effects are considered: To eliminate altevganagnetic field (static end effect) linked

with the finite length of the primary the infinitelong motor should be considered. Practically,
the infinitely long motor is modeled by increasiihng number of pole pairs from 2 to 8 (Fig 5-7).
The analysis of such a motor is performed using REMugh all the extended pole pairs that is
8 and then results are divided by 4 to comply wiité real motor with 2 pole pairs. The field

analysis is carried out in frequency domain withrent driven source and the motion is modeled

by slip frequency technique.

It can be assumed that, if the reference systemtteched to the secondary, the
fundamental magnetic field generated by the statbbrmove with the slip speed, what means
that supplying the primary windings with the sliedquency current can simulate the secondary
motion. The mover under study is an iron tube ceddry a non-magnetic material (copper)
layer and the magnetic flux penetration depth does change significantly with supply
frequency. Since the motion is modeled with slipgfrency technique and in fact no actual
transient phenomena takes place, the traveling etagfield is not deformed by entry and exit

waves and speed dependent (dynamic) end effectalsenbe ignored. Therefore, traveling
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magnetic field generated by 3-phase winding isdhly magnetic wave in the air-gap and is
given by:

s
B(t,z) = By, cos <wst — T—z + 8m> (5-1)
p

where Bmt - amplitude of travelling wave of magodtux density,w, - slip pulsation;t, —
pole-pitch lengthd,, - phase angle. The slip pulsation is calculatedas= s w; wherew, is a

supply pulsation.

(HE/AAAARABE S TRA

DR RN RN VR VAR VRN VRN

Fig 5-7. Scheme of LIM which represents the motitheut end effects.

The linear armature winding is being supplied fribra constant voltage source with slip

frequency.

The algorithm, in which the input impedance anditexion current vs. slip are derived

for a machine with two poles, is given as follows:

Step 1: Assume a rotor to be locked (slip = 1) evliile stator winding is supplied with

the nominal current.

Step 2: Solve the eddy current field problem foo tadjacent poles of each phase (using

3-D FEM) with respect to the flux linkage
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Step 3: Calculate the induced voltageaBross each phase belt by multiplying total flux

linkage obtained from field model by :
Ei=joi A (5-2)

wherew; is the source line angular frequency and i = phasés c. Per phase magnetic flux

linkage seen from the coil’s terminal, is given by:
A =N 3§‘B’.E§ (5-3)

where: N is the total number of phase belt turrg &ms the shaded area in the coil center shown

for phase A in Fig 5-8.

In reality, the coil turns are evenly distributéddughout the whole circular area (not just
shaded area) so the number of magnetic flux li@ssipg through (flux linked with) each turn is
not necessarily the same with other turns but ifapkcity all turns are assumed to be placed in
the center so each turn is linked with the same d#lnd Egn (5-3) can be easily solved. (Green

arrows represent the flux linked with all coil tajn

Ay

Fig 5-8. Magnetic flux (green arrows) linked wittetcoils of phase A (through the shaded area).
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Step 4: Calculate the phase terminal voltagéyadding the voltage drop over primary

resistance.
Vi=IR1+ Ei (5-4‘)

The primary resistance R1 can be obtained eitleen fFEM analysis or directly from

motor data (Appendix A)

Step 5: Calculate per phase equivalent impedaree fsem the coil terminal using the

following formula (Fig 5-9):

(5-5)

Vi
7 = L
! I

where | is rms value of the primary phase currkat wvas assumed in FEM model.

Z; = Vi E; Ei = jw

Fig 5-9. Thevenin equivalent circuit of phase wingdi

Step 6: Having obtained the input impedance andnaisg the rated phase voltage

calculate the complex excitation current given by:

I—V 5-6
=7 (5-6)

50



where V is the new rms balanced phase voltagestipgilies the linear armature winding

Step 7: Step 2 through 6 is then repeated fortladrcslips from s=0 to s=1.

With the above mentioned algorithm the calculatibase been done. The results are
shown in Figs. 5-10 through 5-12. Magnetic flux signdistribution along the longitudinal axis
in the middle of the air gap at the maximum ratbdse current equal to 4.24 A at synchronous
speed and locked rotor position are shown in Fig) 5PBue to the reaction of eddy currents in the
rotor layer, higher flux density is expected at@wonous speed. The envelope of flux density is
still slightly deformed (apart from deformation sad by slotting), in particular at both ends, but
in general this deformation may be ignored. Th&geshent can be verified by calculating the

impedance for each of all three phases.

0.8

—— — Synchronous Speed

Locked Rotor
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Fig 5-10. Magnetic flux density distribution in tineiddle of the air-gap along the longitudinal
axis calculated at current of 4.24 A (maximum).

Fig 5-11 presents the impedance as an averagepenagnetic poles versus slip. In case

of uniform distribution of the magnetic flux in tteér-gap, as it is for infinitely long motor, the
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identical impedance characteristics for all thréages are expected. Since there is still some
deformation caused by the finite primary lengthnsee Fig 5-10 the impedances of all three
phases slightly differ. To minimize this differendeis to eliminate the influence of end effects,
the primary winding impedances were calculated simapthe coils A5, C4, B5, A6, C3 and B6
(see Fig 5-7). The results are shown in Fig 5-1fe differences between the impedances of all

three phase are almost invisible.
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Fig 5-11. Phase impedances vs. slip characteristitailated as an average per two magnetic
poles.
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Fig 5-12. Phase impedances vs. slip calculatedhercoils A, C4, Bs, As, C3 and B (two
magnetic poles) placed in the middle of armatuee (Sig 5-7).
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The impedance calculated in this way can be furtised to calculate the currents in the
case of constant voltage driven source. The cugrest slip, calculated assuming balanced ac
voltage supply are shown in Fig 5-13. From Figs25ahd 5-13, one can observe that input

impedances and input currents are symmetrical aadyithe same for all three phases, meaning

end effects are eliminated.

--+ - Phase A
3.5 —e— Phase B

— — Phase G e
<
=
[}
:
&
£
&

0.5¢+
0 L L L L
0 0.2 0.4 0.6 0.8 1

slip

Fig 5-13. Primary (RMS) current vs. slip charadtcs calculated under constant balanced
supply voltage of 86.6 V rms phase voltage and 5@réfjuency.

Static end effect: To have static end effect tak#n account, finite length motor with the
number of pole pairs equal to 2 is considered B-igt). The finite length of motor insures the

presence of alternating magnetic field in additiormagnetic traveling field and the resultant

magnetic flux density distribution is denoted by:

TC
B(t,z) = B, cos (mst -z + 8m>
p

(5-7)

i
+ B, sin (mst - —+ 8a>
Tp
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whereB,,; and B,,, is the amplitude of traveling and alternating waeenponents respectively
andg, is the phase angle. The alternating component sgaumatter what is the value of rotor

linear speed [23].

To eliminate the dynamic end effects from the dalitons the motor winding is supplied
from the current source at different slip frequescfor the relevant slip, and the motion is

modelled by slip frequency technique similar asas for infinitely long LIM.

Fig 5-14. LIM with finite primary length.

The flux density distribution in the middle of agap at both synchronous speed and
locked rotor position are plotted in Fig 5-15. Timfluence of alternating flux component
(second term of Egn. (5-7)) on the resultant flsixcliearly visible by bold dot-dashed curve. It
differs with the change of the slip frequency. Adthslip frequency (s=1) it is almost negligible
while for zero slip frequency is way more signifitaThe coils of phases A and B are linked
nearly with the same flux at slip s = 0, while #w@ls of phase C are linked with higher flux.
This results in appropriate differences of impe@asnicetween three phases shown in Fig. 5-16.

Impedance of phase C at slip O is higher than irapeel of other two phases. At slip equal to 1
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the differences between the impedances of all 3g#hare lower because their coils are linked
with nearly the same flux (see Fig. 5-15). Theat#hces between the impedance angles are

much greater, in particular in the region at loaigrs.

0.9

——— ~ Synchronous Speed ’ |
Locked Rotor ‘
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Magnetic flux density (T)
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Fig 5-15. Envelop of magnetic flux in the middle tbk air-gap along the longitudinal axis at
constant current of 4.24 A.

100 100

90<>\R + - Phase 4 T RERG Pl
——+— Phase B 90({ _. —— Plau B
E B + —@& — Phase C
: < 50 :
0
B o
2. 70
) g
3 3 60
. £
50
0 02 04 06 08 1 9 i ' ; l
. : : ‘ 0 02 04 06 08 1
slip slip

Fig 5-16. Input impedance versus slip charactesdstistatic end effect is taken into account.

Due to the open magnetic circuit and presence @falternating magnetic field in the

resultant flux the electromotive forces inducedhree phase windings are no longer symmetric.
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This makes the primary currents unbalanced when3thbbase windings are supplied from

balanced voltage source. It is illustrated in FHfy/Awhere the currents vs. slip characteristics are

displayed.

-~ -+ -~ Phase A
—eo—— Phase B
—© — Phase

w

Primary current (A)
N

s
\

0 0.2 0.4 0.6 0.8 1
slip

Fig 5-17. Primary (RMS) current versus slip chaggstics under balanced 3-phase supply
voltage of Vphase = 86.6 V rms.

Static and dynamic end effects: The dynamic enecesfare the entry and exit effects that occur

when the secondary moves with respect to the pyipart. The resultant magnetic flux density
in the air-gap can be then expressed as a sumnadtfoar flux density components as follows:
T T
B(t,z) = B;cos ((»t ——z+ 6m> + B,sin <oot -——+ 6a>
Tp Tp
(5-8)

T T
+ By e #%cos| wt ——z+ 8, | + B, et %cos| wt + —z + 5,
Tpe Tpe

The first and second terms are the traveling atetralting magnetic field components,
respectively. The third one is an attenuating tingewave generated at the entry end, which
travels along the positive direction of z, whoderatation constant ik/«a;and half-wave length
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is Tpe. The last term of Eqgn (5-8) is an attenuating dliang wave generated at the exit end,

which travels in the negative direction with théeatiation constarit/a,. Entry and exit waves

are the speed-dependent components and have muaetiat high velocities.

To have the dynamic end effects taken into acctlumtLIM operation is modelled in
FEM by using time-domain transient motion under stant supply voltage. To ensure the
presence of both static and dynamic end effecttefilength of primary with infinitely long
secondary is considered. Primary winding is supplig the phase voltage of 86.6 V (rms) and
50 Hz frequency at different secondary speeds.rébelts of the simulation are shown in Figs.

5-18 through 5-21.

The characteristics of the primary excitation catrand input impedance vs slip are
plotted in Fig 5-18. FEM software that was appliesks capacitance matrix to calculate the

transient winding currents in case of time varywnogfage source (Appendix B)
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Fig 5-18. (a) Excitation currents (RMS), (b) Inpeipedance at 86.6 V phase voltage and 50 Hz
frequency.
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As mentioned earlier, the end effect leads to nmifeum distribution of magnetic field in
the air-gap. Also the distribution of the curremtghe secondary is not uniform. This makes the
driving force density distribution being affected well due to interaction of non-uniformly
distributed current in the secondary and magnégicl.f To examine how the performance of
motor is affected by the end effects, results ofudation are shown in Figs. 5-19 and 5-21 (a)
and (b) in form of the electromechanical force ([remechanical power (Pm) and efficiency,
respectively, versus linear slip of the rotor. Teheharacteristics are drawn as continues line
curves for the infinitely long motor when no endeefs are considered, dotted lines for motor
with static end effects and circles for the actuator of finite armature length, when both static

and dynamic end effects are taken into account. 320 shows the transient analysis for slip

equal to 1.
80
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60 t &)
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= 301
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Fig 5-19. Force vs. slip characteristic under camisbalanced supply voltage

58



140

120 H 8

100 H B

80 H B

N

601

Force (N)

40 5

20 ]

-20 ! ! ! ! I I
0 100 200 300 400 500 600 700

Time (ms)

Fig 5-20. Force waveform obtained at slip =1 ahdrent analysis in the presence of static and
dynamic end effects (initial conditions: 3-phas#iahcurrents are equal to zero, rotor slip s = 1,
initial resistance = 1.8, initial inductance = 0.1 mH , balanced supplygghaoltage Y = 86.6

V (RMS).
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Fig 5-21. Characteristic of: (a)- Output power gij-Efficiency vs linear slip at V1=86.6
(RMS) and frequency equal to 50 Hz.

The motor under study has a linear synchronousdsgegial to 6.15 m/s and is
considered as low-speed motor. In low-speed mothesspeed of the end effect wave can be

higher than the motor speed and even much higlaer ttie synchronous speed, while in high-
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speed motors the speed of the end effect waveoigtdbe same as the motor speed and cannot
be higher the synchronous speed. In low-speed s\otloe attenuation of the entry end-effect
wave is quick, while in high-speed motors the at&gion is very slow and the entry-end-effect
wave presents over the entire longitudinal lengththe air-gap. As a consequence of the
difference, the influence of the end-effect wavenootor performance is also quite different at
high-speed motors and low-speed motors. In lowdpaetors, the end effect wave may
improve motor performance in low-slip region, thgortant motor-run region, increasing thrust,
power factor and efficiency, and allowing net thrtes be generated even at synchronous and
higher speeds [6]. On the contrary, in high speetbrs, thrust, power factor and efficiency are

reduced to a large extent in the low-slip region.

To study the performance of the motor at higheredpe let us change the supply
frequency to 3 times higher (synchronous speed,3 * 6.15 m/s) and then recalculate the
forces acted on rotor when all end effects arertak® account. Table 5-2 compares the output

forces of the low-speed and high-speed motor atively low operational slip region.

Table 5-2. Electromechanical force of low speedlzigt speed LIM.

Operational slip region
Synchronous speed =025 <=0.95
vs= 6.15 m/s 19 N 6 N
vs= 3*6.15 m/s 6N ON

5.2.2 End Effect Modeling Using Equivalent Circuit

Dynamic end effect: One of the simplest approatbemalyze a LIM performance is to

use an equivalent circuit. The steady-state arsbfsa rotary induction motor is usually done by

60



a classical equivalent circuit shown in Fig. 5-ZBe conventional equivalent circuit of rotary

induction motors cannot be applied to the LIMs, e of their specific phenomena.

Z,
Vp P _\'"% —
Y

Fig 5-22. Equivalent circuit of linear induction oo by neglecting end effects.

One of the well-known models to analyze LIMs is tme suggested by Duncan [16]. In
his model, first, the equivalent circuit parametars obtained by the standard open and short
circuit tests. Next, the end effect is taken intoaunt by a proper coefficient and modification of
the magnetizing branch. This model ignores the gbsrof parameters at different operating
conditions. Because of the specific phenomena dudtion motors such as skin effect and
saturation of back iron, the equivalent circuitgraeters change with slip and cannot be obtained

by standard tests.

Duncan Model: If the secondary enters magnetia fisbne (active zone), the eddy
currents are induced to mirror the magnetizingenirrnullifying the air gap flux at the entry to
maintain its zero flux linkage (see Fig. 5-23 amif&ar phenomenon occurs at the exit edge when
the secondary leaves the active zone. Induced eddnt try to maintain the flux linkage
constant, making the magnetic field at the exiteetiigtake the form of magnetic tail (see Fig. 5-

23 b).
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The rise and decay of secondary eddy currents depam the time constafit= L/R,
which in the primary (active) zoné€T, = L./R,) differs from that outside this zol&, =
Li:/R,). The secondary leakage time constgntis about 5% of the magnetizing or mutual
inductance time constafit, what makes the secondary currents outside theeanbne decay
more rapidly than within this zone. The magnetiexfigenerated by the secondary currents
superimposes the flux of primary part and the tastiflux density distribution looks like Fig. 5-

23 b [56].

As stated above, at the entry edge the seconddgycedrent grow very rapidly in such a
way that the magneto-motive force of the secondaryents is almost equal and opposite to the
primary magneto-motive force. Thus, the equivaleetondary current at time= 0%is

practically equal to primary magnetizing current.

Envelop of eddy
current caused by Envelop of air gap
dynamic end effect flux density
1—e*
Normalized time K
0 ’ 0 :
. Q Normalized time Q
—e

(@) (b)

Fig 5-23. (a) Eddy-current density profile along tlength of LIM generated by dynamic end
effect, (b) Air gap flux profile [56].

The averageralue of entry eddy current over the motor length is given by:
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I Tv
i§ = — j e~t/Tr dt (5-9)
T, J,

where T, = 1/v is the time that the motor needs to transverse a point on the active
secondary with length equal to 1. The distance travelled by the secondary in time constant
is vT,.Thus, the motor length can be normalized by such that [16]:

T, IR,

R A R (10

Therefore, Q is dimensionless but represents thesmiength on this normalized time
scale. On this basis, the motor equivalent lengtblearly dependent on the motor velocity, so
that, at zero velocity, the motor length is infatyt long. As the velocity rises, the motor length

will effectively shrink.

From Eqgns. (5-9) and (5-10):

Iy fQ 1—-eQ
i5=— | eXdx=1 (5-11)
2 Q 0 m Q
Thus, the magnetizing current is reduced as follows
_ 1-—eQ
I —iS=I,(1- 2 (5-12)

The reduction in the magnetizing current is accedriby modifying the magnetizing

inductance as follows:
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L, =1L (1— l_e_Q> (5-13)
m — m Q

The induced eddy current circulates in secondady Gauses ohmic loss. The effective

value of eddy current over the motor length caevsduated as:

12, (@ 2 1 -2\
tams = (@ f e Px) = (5o (5-14)
0

Therefore, the value of ohmic loss due to entryyezdrent can be obtained by:

1—e2Q
Pentry = i%rmsRZ = IIZnRZT (5-15)

The total eddy current in the secondary placediwithe primary (active) zone can be
obtained from (5-12), ds,(1 — e~?). To satisfy the steady-state condition in thegaip, the
eddy current must be vanished at exit rail durtmgtime T, . Therefore, the ohmic loss caused
by exit eddy current may be evaluated by:

b Llh(1—e 9% 2 (1-e"9)?
exit — 2 TV - m ZQ

(5-16)

From (5-15), (5-16) the total ohmic loss due toyeddrrent caused by entry and exit end
effect in the secondary takes the form:

1 —exp(—Q)
Q

Peaay = ThR> (5-17)

This ohmic power loss can be represented by atoesuhich is connected in series to the

magnetizing inductance. As it can be seen in FB45the difference between Duncan model
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and conventional equivalent circuit of RIM is theaage in the magnetizing branch due to the

dynamic end effects.

ph

Fig 5-24. Duncan model.

Proposed Model: In LIMs, back iron material is maafesteel or iron. So, at some

operating conditions, saturation appears and shHmildken into account.

In the suggested model, the equivalent circuitpeaters are obtained from the field
equations solved by FEM. First, by a simple anchitee method, permeability of back irgp)
at each slip frequencies is obtained. Then, basetthese values, the magnetic flux penetration
depths are calculated at each slip frequenciesefthetive thickness of the back iron is reduced
accordingly in such a way that the thickness oflibek iron becomes equal to the penetration
depth of the magnetic flux at each particular #igguency. Next, the field equations are solved
by the FEM with the slip frequency set to zerodtrof the cases. This prevents eddy currents to
be induced in the secondary and makes the secomu@egdance infinity which models the
motor as if it were operating at synchronous spémdeach operational slip. Now, the
characteristic of the magnetizing inductance Jp. ghn be obtained by subtracting the leakage
inductance from the total inductance. (calculatodrprimary leakage inductance is brought in

Appendix C). Having obtained the magnetizing indace and total input impedance, one may
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calculate secondary parameters by a simple ci@oglysis. Finally, by using the Duncan
method, the dynamic end effect is included in trezleh. Note, the transverse edge effect is not
included in the model as it does not exist in thetan with cylindrical type of rotor. The

procedure to determine the model parameters issiflowchart presented in Fig. 5-25.

Slip frequency(sf); = 0 to 5(

v

Find magnetic field penetration deif})

v

Effective thickness of back
iron (liron)i = (61)

v

FEM analysis aff;) = 0

v

Perform circuit analysis to find magnetizing indarate(L,,); secondary
inductance(L,); and secondary resistan(R,);

v

Apply Duncan model

Fig 5-25. Proposed model procedure.

The saturation coefficient for the secondary badhn iKs is the ratio of back iron
reluctance to the sum of the conductor and thgarreluctances. Considering the depth of field
penetration in iron as; and the average length of back iron flux pathl A8, the saturation

factor takes the following form [13]:

(28]

K= —m8 ——— 5-18
® Mo 8; 8o K¢ B2 ( )
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2
g /21‘[Sf0|,J.i (>-19)

where K. is Carter's coefficientg, is the Magnetic air gap (mechanical air gap + eopp
thickness)g is the back iron’s conductivity in Siemens/meggiis slip frequency ang; is the
average permeability of back iron at each slip detgy and is computed during an iterative

procedure as follows [13]:

First, a reasonable value for is guessed. The saturation coefficient, Ks causees

increase in air gap length:
gei = 8oK¢ (1+Ks) (5-20)
Approximate value of the air gap flux density candetermined as follows: [57]:

— j]mlvlo
8ei B(l + jSGe)

Bag (5-21)

where G, is the goodness factor afg is the amplitude of an equivalent stator currdrdes

calculated as:

V2mN,, K,
Jo = % (5-22)

where m is the number phasdig;, is the number of turns per phagg, is the winding factor, |

is the primary current, p is the number of potex]jt is the pole pitch.

Assuming an exponential form for the field disttiba in back iron, the flux density at

the surface of iron is given by:
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B, = —= (5-23)

With this flux density and using back iron satuwatcurve, a new value for the back iron
permeability,u’ is calculated. Using the following expressiongavnteration is commenced, and

the computation is carried out until sufficient gergence is attained:

Hnew = Mold + 0.1(“’ - UOld) (5-24)
0.3
2% 6 4 1
G

0.2 Q\&&& ]

E 15l 064
g
3

0.1+ i

0.05¢ i

00 0‘.2 0‘.4 0‘.6 0‘.8 1

slip

Fig 5-26. Characteristic of magnetizing inductanselinear slip varying due to saturation of
back iron (I = 4.24 A (max), f = 50 Hz).

Fig 5-26 shows how the magnetizing inductance cbang slip due to saturation of back
iron. Due to the skin effect, eddy currents inducethe secondary mostly flow on the surface
and secondary resistance goes up at high freqe(tugher slip) (Fig 5-27). The calculations
were done for phase current | = 4.24 A (max) amapiufrequency f = 50 Hz. The equivalent

circuit of the proposed method is shown in Fig 5-28
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Fig 5-27. Characteristic of secondary resistancknesr slip varying due to skin effect (I = 4.24
A (max), f = 50 Hz).

11 R1 X1 XZ(S)
——A\N\N, Y .
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(=)
Xm(s)|1—
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ph

1—e@
R2(5)< Q >

Fig 5-28. Equivalent circuit of the proposed metl{8#in effect and dynamic end effects are
included).

As mentioned earlier, because of the specific phmama in LIMs, the equivalent circuit
parameters change with slip and cannot be obtdigesiandard short and open circuit tests. One

may obtain the force based on equivalent circyraegch as follows:
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R, 1
F=3|L|*—=— 5-25
1?2 (5-25)

S

wherev, = 21f is the synchronous speed.

The motor thrust plotted against slip without timel effect along with the results of the
Duncan and proposed model is shown in Fig 5-29itAs seen, the end effect decreases the
motor thrust. Also, by comparing the result obtdifrem Duncan model with the ones obtained
from the proposed model, one can observe that kime effect influences the trust mostly at
locked rotor position and slip close tol. As expddrom the theory of induction motors, skin

effect does not affect the performance of the matanr close to synchronous speed.

100

— % — Duncon
sol| — - Proposed model

—*+— Standard tests

60

Force [N]

40 + /o/zab’é)

20} 4@%66

0 0.2 04 06 08 1
slip

Fig 5-29. Characteristic of force vs linear slipngsequivalent circuit approach.

Static end effect: A novel approach for modelirggistend effect in the equivalent circuit

is proposed. It is based on the theory that treeredting mmf (caused by static end effect) can be

generated by a virtual coil that surrounds the prymThis coil is similar to the compensating
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winding with the reversed current. Compensatind can eliminate alternating magnetic field
component responsible for static end effect. Tlheegf by adding the counterpart of the
compensating coil into the equivalent circuit modginfinitely long LIM, one may derive an

equivalent circuit which includes static end effect

Methods to compensate the ac mmf that is due tostiwet primary were proposed
previously in [6], [19],[24], [58].One of these rmeds uses the compensating coil wound around
the primary with the appropriate number of turnd aarrent. This method creates the magnetic
field directed opposite to the ac mmf. A diagranthed LIM with a compensating coil is shown

in Fig. 5-30.
Jo
(Compensating Coil) D Jc

k& —————

Fig 5-30. Schematic picture of LIM with compensgtooil.

Another method is illustrated in Fig. 5-31 whered@uble-layer 3-phase winding is
applied. Fig. 5-31(c) shows the distribution ofremt flowing in the winding at instant &nd its
first space harmonic,J The traveling component of the mmf;, Broduced by Jand the
alternating component of the mmt,, [Eaused by the finite length of the stator areashalong

with the compensating mmfgRn Fig. 5-31(c).
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Fig 5-31. (a) - LIM with flat structure and doulberer 3-phase winding, (b) — circuit diagram of
double layer winding that compensates ac compasfemiagnetic field (c) — current density and
magneto-motive force F distribution; 3 first harmonic of J, & first harmonic of F (travelling
component), k — alternating component of F (caused by finitetganof primary) E —
compensating component of F generated by the ickais placed out of the primary.

It is worth noting that the winding diagram shownHRig. 5-31(b) is for a linear motor

with a flat structure. The winding diagram for &wlar motor does not include end windings and

is drawn in Fig 5-32.
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T

Al C2 BI A2 Cl B2
Fig 5-32. Double layer winding diagram for the tlaéyunotor.

A cutaway 3-D view of a tubular LIM with a doublayer winding is shown in Fig. 5-33.
The magnetic flux density distribution in the miedif the air gap along the longitudinal axis is
computed at both synchronous speed and locked position and compared to the motor with
single-layer winding (Fig. 5-34). It can be obsehtieat the flux density distribution in the model
with a double-layer winding is more uniform whichdicates that this type of winding

significantly eliminates the alternating mmf crehby the static end effect.

" "

Fig 5-33. Cutaway 3-D view of a tubular LIM withdauble-layer winding.
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Furthermore, since current distribution in the \axtzone (currents in winding placed in
slots) are the same in both types of windings threeat flowing through the winding placed

outside of the primary is in charge with compemgatf ac component of the magnetic flux.

—_
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Longitudinal Axis (mm)

Fig 5-34. Magnetic flux density distribution in tlmeiddle of the air gap calculated for data
enclosed in Table 5-1: a) Synchronous speed, bikeadcotor position. No dynamic end effects
are considered at synchronous speed.

To derive the function that describes the ac metfuk consider a balanced three-phase
current flowing through the three-phase windinglaswn in Fig. 5-31 (a). The currents are:
i, = I, cos wt
i, = I, cos(wt — 120°) (5-26)
i. = I, cos(wt + 120°)
Let us consider the mmf produced by the part ofvihreling placed outside the primary
core as shown in Fig. 5-35 (a). The distributiomuhf at timet, for each of the phases has a
rectangular form as shown in Fig. 5-35 (b). FotHar consideration only first harmonic of mmf

space distributioir, (6, t) (Fig. 5-35 (b)) is considered.
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Fig 5-35. mmf produced by the part of the windirlgcpd outside the primary core at time
instant t = 1.

The resultant magneto-motive force is the sum of:
F1(6,t) = F1a(6,t) + F1(6,t) + F1(6,1) (5-27)
where

F1,(0,t) = Ni,ycos©
F11,(6,t) = Nip cos© (5-28)
F,.(0,t) = Ni.cos (6 — 180°) = — Ni. cos 0

where: N is the number of turns in each phaseptaded outside the LIM primary.

0= —z (See Fig. 5-35 (b)) (5-29)

Tac

The phase currentg, i,, andi. are time functions. By replacing the phase cusremt
Eqgn. (5-28) with the functions (5-26) and then rtisg it into Egn. (5-27), the resultant mmf

takes the form:
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F,(0,t) = NI, cos8 {coswt + cos(wt — 120°) — cos(wt + 120°)} (5-30)
After trigonometric transformation:
F,(6,t) = —2NI,cos8 cos(wt + 120°) (5-31)
or
F,(6,t) = —2Ni.cos(0) (5-32)

Referring to Eq. (5-32), the resultant mmf of pairthe 3-phase winding placed outside
the LIM primary can be regarded as a single coihwiliouble the number of turns (2N) and the
current equal to that of phase C. Since Eq. (5¢B5cribes the mmf of the compensating
component, the ac mmf generated by the virtual sloduld have an opposite sign meaning a
single coil placed outside the primary with douttie number of turns (2N) with current equal
and negative to that of phase C could simulatethsence of the static end effect in the model.

(Fig. 5-36)

STTTITL
-2C +A =C +B| - A +C| -B

Fig 5-36. LIM with a single virtual coil and doubilee number of turns (2N) with current equal
and negative to that of phase C.

Thus, the ac mmf generated by the virtual coilkisressed by the function:

F1ac(8,t) = 2Ni.cos(0) = 2NI,,cos8 cos(wt+ 120°) (5-33)
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The ac mmf derived above can be expressed as mhefsiwo cosine functions revolving

in opposite directions:
F1ac(0,t) = NI, cos(wt + 120 — 8) + NI, cos(wt + 120 + 0) (5-34)

The ac component of static end effects magneticdantributes to the induction of emf
Eac in the primary winding and to the eddy currantgshe secondary part. To include this
phenomenon in circuit theory of LIM, an equival@micuit relevant to single-phase induction
motor is proposed. According to this theory theregnetic fluxd,. can be represented by two
magnetic fluxes ¢¢, ) rotating (travelling) with the same speed in ogf® directions as
shown in 5-37 (a). In the circuit theory these wamponents are represented by the equivalent

circuit shown in 5-37 (b) [59]. In this equivalesitcuit:

X,ac = secondary leakage reactance of ac component
R,.. = secondary resistance of ac component
Xmac = Magnetizing reactance of ac component

Sty = secondary slip with respect to forward and backivedrac magnetic flux.

I Xaac/2
> ; ,YYY\}IZacf
Qbac Xmac mae
A Er|— §0-5R2ac
¢
E
br ¢ -
¢ - Laach
¥ N Fy | oo
@Wr Wp 2 Sp
(@) (b)

Fig 5-37. a) Forward and backward ac magnetic flukquivalent circuit of ac component.
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In 3-phase LIM, the EC model of ac component of nedig field can be added to the
per-phase equivalent circuit relevant to the tiawglmagnetic field component determined for

LIM with infinite long primary (no static end effe). This is shown in Fig. 5-38.

I ' R, X, X,5(s) :Traveling mmf
el VAVAVE S -component

X2ac/2 :AC mmf component

ph

Fig 5-38. EC model of LIM with static end effect.

The primary currenti; contributes to the voltage drop across the primaiyding
resistanceR; and leakage reactanke. The voltageE; is induced by the traveling field
component and two voltagds,and E,, which are induced in the primary winding by the
forward and backward field components. Note thatehs no real physical coil added to the
motor, but, rather, the static end effect is modiddg the virtual 3-phase (or single phase with
doubled turns) coils to model the interaction betweéhe ac magnetic field of the static end

effect and the currents induced in the secondaglitareffect on the motor performance.
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The parameters of this circuit can be determinedhfthe field theory. The approach used
for such a purpose is based on the standard tésth were extensively presented in previous
section. Parameters related to the main travefigld component (infinitely long motor) and the
ac field components (static end effect) are catedl@eparately by using superposition principle.
For the sake of simplicity, in determining paramgteslated to the ac mmf (the part related to
the static end effect), saturation of the magnegiznductance is ignored amg,,. is calculated
as a single value for all operational slip regibgsghe standard no load test via FEM. To obtain
the proper value for the magnetizing inductance, lédakage inductance is first calculated and
then subtracted from the total inductance. Secgn@arameters are then determined by the

blocked rotor test. The procedures of the testempeessed by the Eqgns. (5-35) through (5-38).

The ratio of the no-load voltage to current repnés¢he no-load impedance which, from

the no-load equivalent circuit, is:

VNL
.- = ‘/R%\IL + X{L (5-35)
NL

Magnetizing inductance is calculated by subtracl&adage inductance from the total no-

load inductance:
Xmac = XnL — Xiac (5'36)

Once, the primary and magnetizing branch parametersdetermined, the secondary
circuit parameters referred to the primary side lvarcalculated from the equivalent circuit. The
per phase equivalent impedance of the motor seen the primary winding side at standstill

(slip s =1) is equal to:
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. ijacZIZac
Zegac = Riac + jXiac + =
eaae = Faac T ac Ty F e (5-37)

The secondary equivalent circuit parameters ame the

ijac (Zeqac - R1ac - leac)

Zyae = Rhae + jXbae = —
2ac 2ac W 2ac Zeqac - Rlac - jxlac - ijac

(5-38)

These types of calculations were carried out aedcttmputed values of the all circuit

parameters are enclosed in Table 5-3.

Table 5-3. EC parameters of the proposed model.

R, Ly Ly (s) R, (s) Ly(s)
Travelling field 2.220 | 0.036 H 0.24t00.15H 16to 20 0.014 t0 0.019 H
component
Lmac RZac LZac
ac field component 0.01H 2.7Q 0.003 H

As shown in Table 5-3, the leakage and the magngtinductances corresponding to the
ac mmf is significantly lower than the main trauayl field component which means the
saturation caused by the ac mmf is far less thandéused by the main travelling field and can
be ignored. Therefore, the assumption that is n@deonsidering the linear magnetization
characteristics of the rotor core in determining @#ic mmf parameters does not affect the

accuracy of the proposed model.

In general, the slip of the secondary with respedhe ac mmf is different than that of
the traveling field. As it is known, this depends the speed of the forward and backward

travelling (rotating) components expressed as Vgsto

80



Vi = 2T1ff, Vip = _2T1bf (5‘39)

The pole pitches;; andt;;,, have the same length equal to the length of psircare.

This length is a multiple of the main travelling moomponent’s pole pitch,.. Thus:

Tigb) = P Tt (5-40)

where p is the number of poles.

The slips of secondary with respect to travellifaywards and backwards components

are:
Vit —V Vig—V Vib — V
s = ) St = ) Sp = 5-41
Vit f Vif b Vib ( )
Inserting Eqns. 5-39, 5-40 into 5-41.:
Vit —V Vit —V —PVit—V
sz TV g SPeTl e TP (5-42)
Vit PVit —PVit
Rewriting Eqn. 5-42 in terms of p and s, yields:
—1+s +1-s
Sf = p—, Sp = Pr-—» (5-43)
p p
In the motor under analysis with two poles (p=2Ward and backward slips take the
form:

(5-44)
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The resultant electromechanical force of EC at@srational slip region is given by the

superposition principle:

F(s) = Fi(s) + Fe(s) + Fy(s) (5-45)

At standstill, the forces produced by the forwand dackward travelling fields of the ac
mmf are equal in magnitude, but oppodifg(s = 1)| = |Fp(s = 1)|, which accounts for the
fact that at standstill the resultant force produd®y the ac mmf is zeroF{.(s=1) =
Fi(s = 1)+ F,(s = 1) = 0). However, the EC series connection of the pgtesenting the ac
mmf to the main travelling component contributeshie higher EC input impedance and the
lower primary current accordingly. Thus, the elestagnetic force produced by the stator
winding and, accordingly, the total force decreaséch is expected due to the presence of the
static end effect. The motor primary current, thrusechanical power and efficiency plotted
against linear slip in FEM along with the resultsle proposed circuit model are shown in Figs.
5-39, 5-40 and 5-41 respectively. The calculatmese carried out at supplied voltage of 86.6 V
and 50 Hz frequency. As it is seen, the static effett decreases the motor thrust. Also, results

are in a quite good agreement with FEM, substangjdahe validity of the proposed model.

It must be pointed out that the proposed part efEl related to the ac mmf is valid only
for a sinusoidaly distributed mmf, while, howevaer, reality the ac mmf distribution has a
rectangular form which is not purely sinusoidal.efiéfore, to make the ac mmf distribution
compatible with the proposed solution, only thstfspace harmonic of the mmf distribution is
considered. However, the EC parameters of theetat §fomponent were determined in FEM for
the actual distribution of the ac mmf. By doingsthihe performance of the motor determined

from the EC becomes closer to the actual perforemanc
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Fig 5-41. Characteristic of: (a) output power abpdfficiency vs linear slip

Static & dynamic end effecfTo include the dynamic end effect into proposed EC,

magnetizing branch of traveling component is medifaccording to Duncan model (Fig. 5-42).

To simplify the model, the influence of the dynarmeied effect on the ac mmf component and

vice versa is ignored.

For this type of EC with the circuit parameterswhan Table 5-3, calculations were

carried out for the motor supplied with 86.6 V &@Hz frequency.

The characteristic of force versus linear slip &irpossible three scenarios 1) no end
effect, 2) static end effect, and 3) static andasyit end effect are depicted in Fig. 5-41 and
compared to the results obtained from FEM. It stidad noted that the major phenomena such
as saturation, skin effect, static end effect ayrthdhic end effect are all covered by the proposed

EC model.
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Fig 5-42. EC of LIM with static and dynamic endesf.

Dynamic end effect is present only at speeds greaten zero [60]. Therefore, at
standstill (s=1), such an effect has no influenoettee motor performance and the thrust with
“static end effect” is equal to the thrust withast & dynamic end effect”. As shown in Fig. 5-
43, the characteristics of the motor with “static d&namic” end effect calculated by the
proposed EC and FE models follow the same pattéinchademonstrates the credibility of the
proposed model. However, as stated before, theopeappart of EC that refers to the ac field
component is valid for sinusoidaly distributed mmhile in reality ac field component is not
purely sinusoidal. Moreover, EC parameters of anmmnent were determined assuming linear
permeability for secondary. Therefore, some diszmejes between proposed EC with FE model

are expected.
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Fig 5-43. Motor of thrust vs slip.

The motor under study has a linear synchronousdsgegial to 6.15 m/s and is
considered as low-speed motor. In low-speed mothesspeed of the end effect wave can be
higher than the motor speed and even much higlaer e synchronous speed, while in high-
speed motors the speed of the end effect waveoigtdbe same as the motor speed and cannot
be higher the synchronous speed. In low-speed s\otloe attenuation of the entry end-effect
wave is quick, while in high-speed motors the at&gion is very slow and the entry-end-effect
wave presents over the entire longitudinal lengththe air-gap. As a consequence of the
difference, the influence of the end-effect wavenootor performance is also quite different at
high-speed motors and low-speed motors. In lowdpaetors, the end effect wave may
improve motor performance in low-slip region, thgortant motor-run region, increasing thrust,
power factor and efficiency, and allowing net thrtes be generated even at synchronous and
higher speeds. On the contrary, in high speed motbrust, power factor and efficiency are

reduced to a large extent in the low-slip regioh [6
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5.3 Rotary Motor Performance

Due to closed magnetic circuit in rotary armatureits direction of motion), static and
dynamic end effects do not exist in rotational cli@. However, the performance of rotary
armature might be affected by the transverse eddedgnamic end effects in axial direction
during rotor axial motion. This is the only influmnof linear part of TARLIM on rotary motion
and, as stated earlier, both armatures have no imitwence on one another due to the relatively

long distance and the lack of magnetic interacdtmopetween.

5.3.1 End Effect Modeling Using FEM

Unlike linear armature, modeling dynamic end e8ent rotary armature requires a
solution considering motion with two degrees of heeucal freedom (2DOF) and is more
complicated than the one in linear motors. In otherds, the rotor in the model would have to
move between two space coordinates (rotary dine@®a regular operation of rotary armature
and axial direction). Neither of the available Ftware package is currently capable to solve

such a problem.

The approach used here to consider dynamic endteffdbased on the application of
time-domain transient analysis under voltage supjdy linear motion) and time-domain
solution and slip transformation (for rotary mofiorlowever, in case of motors with voltage-
driven coils (the case considered) the equivalapedance of the rotor and the primary winding
currents are changed with slip frequency technigumt is a real challenge in modeling of two

degree of mechanical freedom motions.
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The following algorithm is proposed to circumventhk a problem:

Step 1 linear speed equals zero and rotary motion is heddey time-domain transient
analysis. Primary winding current is calculated aathed as;! (Linear speed, u = 0 m/s, rotary

slip, s, = 0.9, supply parameters: f =50 Hz and \{=¥50 (rms)).

Step 2: linear speed still equals zero but rotagtion is modeled by slip frequency
technique at current supply. The supply voltage dvrasponding with the primary winding

current | (determined in step 1) at is calculated and naased (u = 0 m/ss,, = 0.9, f =45 Hz).

Step 3: linear and rotary motions are modeled tjindime-domain transient analysis and

slip frequency technique respectively (u = 3 mys= 0.9, f =45 Hz and V=Y.

Step 4: step 1 through 3 is repeated for all atbry slips.

It is worth noting that the selection of the linegreed (u = 3 m/s) is arbitrary and the
procedure remains the same for all other lineaedpeNith the use of above algorithm, one may
model both rotary and linear motion without havprgnary winding current changed due to slip
frequency. Note that the difference between thegry winding currents in step 2 and step 3 is
due to the presence of dynamic end effect. To ater the influence of rotor axial motion on
the performance of rotary armature, the charatiesisof electromagnetic torque (Tem),
mechanical power (Pm), primary winding current afticiency versus rotary slip at three
different linear speeds (u = 0 m/s, u =3 m/s aadéum/s) were computed and plotted in Figs 5-
44 (a), (b), (c), (d). It can be seen that the @ased end effects contribute to diminishing the
motor performance in terms of produced torque, rmecal power and efficiency. One can

observe the higher axial speed is, the lower rdtaigue, mechanical power and efficiency are.
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(Fig 5-44. continued).

Primary winding current (A)
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Fig 5-45. Transient characteristic of the threesgharimary winding current at rotary slip = 0.4,
linear speed = 3 m/s after switching on, V1 =15M@&} and frequency equal to f =50 Hz.

Even though the dynamic end effect reduces the goyimvinding currents, the three
phase windings are all positioned at the sameristavith respect to the edges. Therefore, the
dynamic end effect caused by linear motion doedeaat to currents’ asymmetry and the steady-

state three-phase currents are balanced. Thigvensim Fig. 5-45 where the transient currents of
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the rotary armature subjected to 3 m/s linear nmotice depicted. It is clear that after some

transient time 3-phase primary winding currentseggtal at steady state condition.
5.3.2 End Effect Modeling Using Equivalent Circuit

Induction motor's conventional equivalent circug properly modified to address
phenomena such as dynamic end effects, skin efteatell as saturation of back iron caused by
rotary motion. As stated earlier, static end effdmés not exist in rotary armature. The solution
of the problem was extensively presented and dsstlis section 5-2-2. Here, we briefly outline
the solution procedure. Dynamic end effects calbyeebtor axial motion is modeled by Duncon
model, this is done by modifying the magnetizingrwh (Fig 5-46). The saturation of back iron
(due to rotary motion) is taken into account by pineposed model, similar as it was in linear
armature. Note that, in case of zero axial spdetiehvelope of rotary magnetic field (along the
rotor circumference) is a straight line (ignoringfarmation caused by slotting) so the Ducnon

model is still applicable in such motors. (satwattaused by axial motion is ignored here)

Fig 5-46. Equivalent circuit of the proposed met(i®kin effect and dynamic end effects are
included).
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Fig 5-47. Characteristic of magnetizing inductamseotary slip due to saturation of back iron.

The effect of the saturation of back iron (due twary motion) on making the
magnetizing inductance as a variable quantity ffeint operational conditions is shown in Fig

5-47.The values of equivalent circuit parameteesegclosed in Table 5-4.

Table 5-4. EC parameters of the proposed RIM.

EC Parameters R, Ly L, (s) R, (s) L,(S)
6.28Q | 0.01H 0.21t0 0.1 H| 10to 11.50 0.01t0 0.04H

The characteristics of electromagnetic torque (Tang mechanical power (Pm) versus
rotary slip obtained from proposed circuit modettincludes dynamic end effects at three
different linear speeds (u = 0 m/s, u =3 m/s ard @& m/s) are plotted in Figs 5-48 and 5-49.
Results obtained from EC model are in good agreemeéth FEM results demonstrating

credibility of the proposed circuit model.
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f =50 Hz.

As shown in Fig 5-49, results obtained from proposedel are in a good agreement
with the experimental results especially at higleragional slip region where saturation is more

likely takes place. This validates the proposed ehod
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Fig 5-49. Characteristic of mechanical power vampslip at different linear speeds (u) (u=0) at
V1=150 (rms) and f =50 Hz.
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5.4 Experimental Model

To verify the modeling results, they were companegth the results obtained from the
test carried out on TARLIM shown in Fig 5-50. Theasurement results for linear and rotary
armatures are shown in Figs. 5-51 and 5-52 resgdgtiThe considered quantities are extremely
dependent on the properties of the materials uBael.conductivity of the materials in the finite
element analysis was kept constant, but in reglisyinfluenced by the temperature. Therefore, a
mismatch between the experimental results (wherentemperature changes during the test)
and those obtained from the idealized finite elen@sralysis exists. On the other hand, FEM
needs as dense mesh as possible to compute qegmatiturately, but the execution time of such
a complicated model is enormous. Therefore, soaetoff between accuracy and execution
time is required to obtain a good solution at reasbte cost. However, the discrepancies between

test and simulation results are relatively smalictvalidates the simulation models.

» linear 2 (3 "
S armature
. ¥ # rotary

b armature §

Fig 5-50. Laboratory model of twin-armature rotéinear induction motor [1].

The laboratory model of TARLIM has a relatively sheecondary length; therefore,

measuring motor performances at linear speed grésa zero was technically difficult so the
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test was carried out only at zero linear speed. TABLIM operates practically at low rotary
slip and at linear slip close to one. Thus the dyicaend effects does not influence much the

motor performance but the static end effect cabrgefthite length of each of the armatures has a

significant impact on the linear motor performance.
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Fig 5-51. Experimental and simulated characterigtiinear armature (a) Primary current, (b)

Electromagnetic force versus linear slip at V1=8@nés) and f =50 Hz.
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Fig 5-52. Experimental and simulated characteristicotary armature (a) Primary current, (b)
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Electromagnetic torque versus rotary slip at V1=[rats) and f =50 Hz.
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5.5 Twin-Armature Rotary-Linear Induction Motor with Ca ge Rotor

The TARLIM with a cage rotor is shown schematicailyFig. 5-53. Each of the rotary
and linear armatures is supplied with the sameta&xmn as the one with solid rotor. The
dimensions of the aluminum rings are optimized tovjgle the maximum thrust at zero speed

(Fig 5-54).

Schematic 3-D view of the linear armature with cageor is shown in Fig 5-55.
Aluminum rings used in the cage rotor provides thdar eddy currents to be induced in a
perpendicular direction with respect to the trawgliwvave. This makes the interaction between
eddy current and magnetic flux stronger. As a tesigher electromagnetic force is expected in
motors with cage rotor at the same excitation euréig 5-56 shows FEM simulation results for
cage rotor in terms of electromagnetic force wité inclusion of static end effects compared to

motor with solid rotor.

100 mm 6C 100 mn

5, .10, 6

24

85 mm

Fig 5-53. TARLIM with cage rotor.
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Fig 5-54. Optimized dimension of the rings.

Fig 5-55. LIM with cage rotor (with aluminum ringsd bars).

——+—— Cage rotor
—5— Solid rotor B

150

0 0.2 0.4 0.6 0.8 1
slip

Fig 5-56. Characteristic of force vs slip when thetors with cage and solid rotor are supplied
with the same excitation current.
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Note that the impedance of cage rotor is greatam the solid rotor. As a result, motor
with cage rotor would have lower excitation currentler constant voltage source (see Fig. 5-
57). Therefore, to maintain the same excitatiomenir motor with cage rotor was fed by higher

supply voltage.

--+-- Phase A
3.5/ —e— Phase B pt
—6©- - Phase Q i
E Solid rotor B
. 3 @/E 4
< Tt
3] $/®i+
= +
f] _
£ 2 o7
g / C t
age rotor
g 1.5} & 1
1€ o 1
a
0.5+
o L L L L
0 0.2 0.4 0.6 0.8 1

slip

Fig 5-57. Primary current vs. slip characteristezdculated under constant balanced supply

voltage equal to 86.6 V and frequency equal to Z0with static end effect taken into account
for both motors.

Unlike aluminum rings that provide a path for eddyrrents to be induced in a
perpendicular direction with respect to the trawghvave, aluminum bars are in parallel with the
magnetic travelling field, thus, are not expecteadntribute in improving the linear part motor
performance. To study the contribution of the alum bars in improving the linear part motor
performance the same analysis is done for therlimedor part with cage rotor with aluminum
rings (Fig 5-58). Simulation results corresponduith this type of rotor are shown in Figs 5-59,

5-60 and 5-61. It is shown that the FEM resultsamtgd for the cage rotor with aluminum rings

98



are almost equal the results previously obtainedh® cage rotor with aluminum rings and bars

meaning aluminum rings are the key part to impritneelinear part motor performance.

Fig 5-58. LIM with cage rotor (only with aluminurmgs).
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Fig 5-59. Characteristic of force vs slip when thetors with cage and solid rotor are supplied
with the same excitation current.
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Fig 5-60. Primary current vs. slip characteristaadculated under constant balanced supply

voltage equal to 86.6 V and frequency equal to Z0with static end effect taken into account
for both motors.

P, x 10 (Watt)

-5 L L L L

Fig 5-61. Characteristic of mechanical power vip when the motors with cage and solid rotor
are supplied with the same excitation current.

The 3-D schematic view of the rotary motor partwigge rotor is shown in Fig 5-60. In
rotary armature, aluminum bars provide a path flalyecurrents to be induced in a perpendicular
direction with respect to the rotating wave, thasntribute to rising up the electromagnetic
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torque. However, the rotor resistivity and, thirg électromagnetic torque may vary accordingly
based upon the dimensions of the aluminum bars5H@ shows the electromagnetic torque

calculated for the cage rotor with two differentdaimensions compared to the solid rotor.

Fig 5-62. RIM with cage rotor (only with aluminunas).
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Fig 5-63. Characteristic of torque vs rotary slgicalated for the cage rotor with two different
bars’ dimensions compared to the solid rotor (n®tare supplied with the same excitation

current).
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CHAPTER 6 : CONCLUSIONS AND PROPOSAL FOR FUTURE RESAERCH

6.1 Conclusions

The TARLIM, with two solid layer rotor was analyzemhd its performance was
determined using 3-D FEM and equivalent circuit glod’he operation of the motor does not
differ from the operation of machine set consistfigotary and tubular linear motor of which
rotors are firmly coupled. Thus, the analysis & TARLIM was done separately for the motor

with rotary and linear armature.

The performance of the motor is affected by the aifibcts and variation of
electromagnetic field in the rotor. These two phraana were taken into account in the motor
performance analysis. The analysis was carriedisiag FEM modeling (applying field theory)

and equivalent circuit.

By applying circuit modeling three equivalent citsuwere developed.

» Circuit that does not include any end effect.
» Circuit that includes dynamic end effect.

» Circuit with static and dynamic end effect.

The development of different equivalent circuitsaleled to independently study the

impact of each phenomenon on the motor performance.

The equivalent circuits that were developed allowalgzing TARLIM performance in
steady state under different supply and load canditand are the major contribution of this

dissertation to the induction motor theory.
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The results obtained from circuit modeling, whidtaxacterizes the TARLIM operation
were partially verified by the experimental resudtstained from the measurements carried out

on the physical motor model.

Motor with the rotor cage made in form of grid mdoon the cylindrical core is another
version of TARLIM that was analyzed. Its electrommagcical characteristics were compared with
the ones obtained for motor with two solid layetioroln motor with the cage rotor, copper layer
is replaced with aluminum rings resulting in a lovedfective air gap with respect to the motor
with solid rotor. The major conclusion deductedrirthis comparative analysis is that the motor

with cage rotor could develop higher force if theension of aluminum rings is optimized.

6.2 Future Works

For further researches in this area, the followasks could be added:

* Analysis of double winding rotary-linear inductianotor in which one winding
overlaps another. In this model all windings (rgtand linear part) are placed in one
armature and the benefits of the modified modekemms of performances, volume,

weight and cost are studied.
* Dynamic analysis of the motor.
» Study the influence of static and dynamic end ¢ffen one another.

* Find the optimized thickness for the rotor layer.
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APPENDIX A: PRIMARY RESISTANCE (R 1) CALCULATIONS

The primary resistance can be obtained directi;mfrootor data as follows:

03 1073

Ry = Lu X Ny X Ng X Ry X = 0378 x 215 X 6 x 13.17 X = 2220

whereL_ ,, is the average length of the coil and is denoted by

Lo =mr2 = mx 12052 = 378.4mm

» ris the radius of the colil at the center
* Nywis the number of turns per coil
* N is the number of coils

* R, is the resistance per kilometer of the AWG wire

m is the number of phases

The stator phase resistance obtained from FEM misd2l165Q which is close to the

value obtained straight from motor data.
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APPENDIX B: TRANSIENT WINDING CURRENT CALCULATION| N FEM

A capacitance matrix represents the relationshipvéen currents and time varying
voltages in a system of conductors. Given the thraesmission lines shown in Fig 1, the
currents caused by the time varying voltage sowrtesach line are given by the following

equation:

dVl Line 1 i] —_— —_
" L
. Line 2 [) —— —
m _ _—
T Line 3 3 -
a’3

dv,
€10t C2tC3 €12 €13 ar
il = €12 Crot Cr21Co3 —Ca3 ;Vz
Bl | Ci3 3 G307 C13 1 Oy d;g

i |

110



APPENDIX C: PRIMARY LEAKAGE INDUCTANCE (L 1) CALCULATIONS

To determine the primary phase leakage inductandbd FEM model is used with the
boundary conditions on the secondary surface asrsi Fig. 2. Only the phase A is supplied
with DC current. The phase inductance in this ¢agbe leakage inductance (the magnetic flux

does not link the primary part), & 0.0366 H

F =
FEMM Output s 6.299e-001 : >6.631e-001

5.968e-001 : 6.299e-001
5.636e-001 : 5.968e-001

'rnie:t;r:fm"w'_lor\sl_ﬂﬂomf.'-1-arls 5.305e-001 : 5.636e-001
Length Units: Milmeters 4.973e-001 : 5.305e-001
Msvmemc Solution 4.642e-001 : 4.973e-001
Frequency: 0 Hz 4.310e-001 : 4.642e-001

3.978e-001 : 4.310e-001
30038 Nodes

3.647e-001 : 3.978e-001
59900 Elements 3.315e-001 : 3.647e-001
2.984e-001 : 3.315e-001
2.652e-001 : 2.984e-001
2.321e-001 : 2.652e-001
1.989e-001 : 2.321e-001

1 £€0~.NN1 « 1 Q00~_ N1
1.0508-UUl ! 1.5058Uul

1.326e-001 : 1.658e-001
9.946e-002 : 1.326e-001
6.631e-002 : 9.946e-002
3.315e-002 : 6.631e-002
<0.000e+000 : 3.315e-002

Density Plot: |B|, Tesla

Leakage flux generated by phase A.
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