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Abstract

This paper presents a method for designing single-sided linear synchronous motor (SSLSM). In the proposed
method, electrical circuit equations of the linear synchronous motor (LSM) at steady-state are used. In addition, a
new method is proposed to model the “end effect” phenomenon by deriving an effective field current. To do this,
induced currents in rail-way windings due to DC-excitation and the effect of these currents on induced voltage in
rail-way windings are considered. So, in addition to the proposed design method, the main contribution of the
manuscript is the modeling of the end effect in LSMs. Due to its simplicity, the proposed design method can be
easily used in optimization of LSM that requires iterative algorithms. Therefore, by choosing appropriate design
variables, an optimization is done to maximize efficiency and power factor of the motor as well as to minimize
mover and rail weights. To validate the optimized design, 3-D Finite Element Method (FEM) is used. The
comparison of the results of the FEM and the proposed method confirms the accuracy and effectiveness of the
latter.
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1. Introduction

Recently, many industry apparatuses have been driven by linear motors. By eliminating gears and mechanical
intermediates, linear motors can be used to drive a linear motion load. Among linear motors, linear synchronous
motors (LSMSs) have been used for transportation applications due to their manifest advantages [1]-[3]. LSMs
usually have higher values of power factor and efficiency in comparison with the linear induction motors (LIMs).
By proper control, the input power factor can experience higher values than the power factor of a comparable LIM,
at the same speed and output power. In addition, substantial cost saving is a result of inverter rating reduction due
to higher values for power factor and efficiency [4], [5].

In works in the literature, many features of LSMs, including analysis, modeling, design and control have been
discussed [6]-[14]. In [6], the operating principle of the LSM has been discussed and the effect of the entry and
exit end effect on the thrust and power loss has been investigated. A 2-D analytical model for flat linear permanent-
magnet has been proposed in [7]. Some researchers have concentrated on thrust ripple mitigation [8]-[10]. Most
of them have focused on rearrangement of permanent magnets. To investigate the performance and calculate the
forces of the LSMs, many researchers have employed FEM [11]-[15]. This method is usually time-consuming and
is not suitable for optimization. The techniques used for modeling and design of LSMs in most researches are
mathematically complicated [16]-[21]. In [16], Neural Network and FEM have been employed to improve the
efficiency of the permanent magnet LSM (PMLSM). The design and analysis have been done on the basis of 2-D
analytical field analysis in [17]. In [18], the guidance force has been calculated by conformal mapping method.
Also, cogging force has been minimized by using FEM in [19]. In [20], the design of PMLSM with trapezoidal
permanent magnets has been optimized. Electromagnetic analysis has been used to model the motor. In other
researches, magnetic equivalent circuit has been employed for design, modelling and fault diagnosis [22]-[24].
There are many analytical works in literature on optimization of linear induction motors which have used circuit
model methods for designing [25]-[27]. These methods simplify the sensitivity analysis and optimization.
However, the modelling and design of the LSMs have been done by using numerical and electromagnetic methods.
Therefore, these methods add computational burden to the design process. In addition, the end effect phenomenon
has not been quantitatively presented in literature for LSMs.

In [28], a simple method for the design of DC excited linear synchronous motor (DCELSM) has been proposed.
In this paper, the method presented in [28] is modified and completed. Modeling the end effect phenomenon and

including it in design is one of the contributions of the current paper. In addition, the other contribution of the



paper is to present a design method which is more suitable for optimization purposes due to reducing the design
complexity. In the following, the motor structure is discussed in section 2; the modeling and performance
calculations are done in section 3; following, the end-effect calculations are presented and discussed. The
procedure of the design is introduced in section 4. In sections 5 and 6, the optimization method as well as its results
are given and discussed. Finally, the results obtained by the proposed optimization method are validated by 3-D

FEM, following by the conclusion remarks.

2. Motor Structure

A schematic of a single-sided wound mover linear synchronous motor (WMLSM) with a long stator is
illustrated in Fig. 1. As it is seen in the figure, the stator of the motor which is extended along the rail-way includes
3-phase iron-cored windings. The copper windings laid into the open slots which are developed through the stator
iron core. The stator (rail-way) is divided into two parts, energized and non-energized sections. The length of the
rail (stator) which is chosen to be energized is about five times of the mover length (see Fig. 1). The moving part

is located above the stator consists of the iron core and the DC-excited field.

Fig. 1 Approximately here

3. Performance Calculations

For designing the DCELSMs, the steady-state equations of the motor have been employed. Thus, in the

following, the machine steady-state equations are derived.

A. Steady-state equations

Fig. 2 shows the phasor diagram of a linear salient pole synchronous motor in under-excited condition. By using

this phasor diagram, the stator input voltage is written as:
Vi =Ryla+ (Xsg lag + Xsqlag +Ef (1)

The d and g-axis components can be separated; so, they are derived as follows:
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Fig. 2. Approximately here



In equations (1) and (2), I, is the armature current, 1,4 and l,q are the d and g-axis components of armature
current, respectively, E; is the stator’s phase induced voltage due to DC excitation and § is the load angle. The
parameters, Ry, Xgq and qu are resistance of the armature, reactances of d and g-axis, respectively which are

given as follows [1], [5]:

|
R = pw ﬁ 3

{Xsd :X1+Xa+Xad (4)

qu =X+ X, + Xaq
where p,, is the stator windings’ electrical resistivity, |, is the length of the stator windings and A, is the
conductor’s cross-section. Also, Xy, X5, Xaq and X,q respectively are leakage reactance of the armature under

the mover, armature reactance due to the magnetic flux paths in the air with no exciter underneath, d and g-axis
reaction reactances of the armature which are calculated as follows [1], [5]:
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In the above equations, p, is the vacuum (or air) permeability, @ is input angular frequency, As, A4 and A,
are specific permeances of slot, differential and end-connection, respectively, N; and N, are the series turns per

phase number under mover and at the empty stator energized section, respectively, | the armature stack width,

lc length of the end-connection, p the pole pairs, g the slots per pole per phase, 7 the pole pitch, k. the
Carter’s coefficient, gqthe length of the air-gap, X,q and Xaq are the form factors of the d and g-axis of the

armature reaction, respectively which are derived by the following equations:



kag =[map +sin(zap)l/ =
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Where ap is the ratio of the pole arc. Also, in (1), E¢ can be written as:
E; =/2Bf INjuq (10)

in which, ug is the synchronous speed and By is the air-gap flux density due to DC excitation. These parameters

are calculated by (11) and (12).

ug =2f7 (11)
ws |
B =0 f (12)
gOkc(l+ ksat)

where f; is the stator supply frequency, ws is the number of series turns per pole and kg is the saturation

factor. In the mover circuit, the DC excitation current is calculated as follows:

Vi
|, =—4¢ 13
"Ry (13)

in which, V. is the mover input DC voltage and Ry is its winding resistance which is calculated as follows:

Pt lut

R¢
Anf

(14)

where p,s is the DC-excitation windings’ resistivity, 1+ is the length of the mover windings and A, is the

conductor’s cross-section. Now, the primary tooth flux density can be calculated as:

B == (15)

Wi
where w; is the tooth width and z is slot pitch of the stator. Also, B, is the fundamental component of the flux

density of the air-gap which can be calculated as follows:

Ei
B = 2Ny, (16)

where E; is the total induced voltage RMS value on each stator’s phase which can be defined as shown in Fig. 2.



B. End-effect calculations

In the linear induction motors (LIMSs), as primary moves, the air-gap flux in the secondary increases and
decreases at entry and exit ends of the motor, respectively. Accordingly, it induces currents on the secondary sheet
of the motor. So, the secondary sheet can be assumed as different short circuited electrical circuits. The reaction
of these short circuits causes the “end effect phenomenon”. Total air-gap flux due to the entry and exit end effects
exponentially increases along the normalized time (normalized length of the motor) [29]. Also, the induced eddy
current in the secondary sheet is in its maximum value at the entry of the motor and then exponentially decreases

to zero along with the length of the motor. The normalized length of the motor, Q is calculated as follows [29]:

_ LsRyay
Q= (X + X5)U 19

In the above equation, L is the primary length, R, is the secondary resistance, X, and X, are the

magnetizing reactance and the secondary leakage reactance, respectively and u is the primary speed in LIMs.
As mentioned above, the induced eddy current in the secondary sheet has exponential form as [29]:
lyea = —Ime™> (18)
So, the average value of the eddy current per unit length is calculated as follows:
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In the above equation, I, is the magnetizing current which produces the flux.

In the linear synchronous motors (LSMs), the stator windings take the role of the secondary sheet in LIMs. The
only difference is that in LSMs, the stator windings are not short circuited but connected to a definite resistance;
so, with moving the mover, the changes of the air-gap flux at the entry and exit ends of the machine induces

currents in stator windings, causing similar process occurs in LIM.

By using Duncan’s model discussed above which has been presented for linear induction motor (LIM) and
knowing that there are three phase on rail, the average value of the induced current per unit length of the machine

in each phase can be separately calculated as:



) (20)

where Q can be calculated as the same manner discussed in [29]. By modifying the Duncan’s equation for Q (eg.

17) and considering the stator winding resistance in which the eddy currents flow, the following is derived for

LSMs:

_ LSRla).I. (21)
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It is clear that the induced currents can cause an extra power loss as it passes through the rail-way windings.

Similar to Duncan’s method, the power loss due to induced currents is calculated as follows:

1-—
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where Ry¢ is the rail-way resistance transferred to the mover part. Now, by replacing Ry¢ in terms of R, the
whole power loss due to induced currents for all 3-phase coils is calculated as:

1—e_Q It 2 N¢ 2
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In the above equation, N is the turn number of field winding and N; is the primary winding per-phase turn

number. Now, the effect of power loss due to eddy currents is defined by a virtual resistance in the field circuit

(see Fig. 3). In this figure, Ry, is the virtual resistance representing the power loss due to the end effect (R ) and
I, is the modified DC-excitation current. It should be remembered that the field current before considering the
end effectis | . In Fig. 3, the input power is equal to the power losses in resistances Ry and Ry, . So, by writing

the equation of the power and solving it, the modified DC-excitation current can be derived as:

2
Ve ﬂ};dc —4R¢ R (24)
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Then, the effective DC-excitation current which passes through the magnetizing branch can be calculated as:
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In Fig. 4, the variation of the air-gap flux density versus the motor speed is illustrated. As it is seen in this
figure, the air-gap flux density decreases as the motor speed increases. This is because of the reaction of the rail-

way windings which increases at high speeds.

Fig. 3 Approximately here

Fig. 4 Approximately here

C. Calculation of the Efficiency and electromagnetic thrust

By ignoring the core loss of the armature, the electromagnetic power is derived as [1]:

Py = 3V4l, cosg—3Ry 1,2 (26)
where cos¢ is the stator input power factor (refer to Fig. 2) and 1, is the armature current. Thus, the thrust

produced by the machine is calculated as [1]:

P
Fy = -—am (27)
uS

The load-angle (o) is the other important parameter in LSM. By employing (2) and (26) in (27), the thrust as
a function of & is derived as follows:

F mMV1(Ry €086+ Xgq Sino) —E¢ Ry ]
=
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. 2
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(28)
The thrust versus load angle is illustrated in Fig. 5 for a machine with zero and non-zero armature winding
resistance. The efficiency can be calculated as follows:

— Pout — I:XOUS
P, mVil,cos¢

(29)

In the above equation, m is the number of the phases and F,, is the output thrust.

D. Weight

The LSM can be divided into the two parts: the rail-way and the mover. The two parts’ weights should be

calculated, separately. For calculation of the rail-way weight in energized section, the weight of the windings as



well as the core should be calculated. The whole weight of the rail-way in energized section is calculated as follows

[28]:

N
Witot = (mN_ZIW) Anpey +ILsIhy + Nelwehs ] ppe (30)
1

In the above equation, p., the copper specific weight, hyl the yoke height, N; the teeth number through the

rail-way and pg, is the iron specific weight.

The mover weight is calculated in a similar way accomplished for the stator. The total weight of the machine

can be obtained by summing the rail-way and the mover weight.

Fig. 5 Approximately here

4. Design

In this section, a new method is presented in order to design an LSM with desired characteristics such as speed
and thrust. The method employs the equations of the motor which have been presented in section 3. The end effect
phenomenon has been modeled and taken into account in the design.

A. Stator design

By having the speed and the input frequency, the pole pitch of the LSM is calculated from (11). Then, the length

of the mover is calculated by the following equation:
Ly =2pr (31)
In order to design an effective rail-way, the energized section length should be appropriately chosen. The length

of the energized section on the rail-way is calculated as follows:

Len =Kenls (32)
where coefficient kg, isan proper integer. Choosing low values for kg, makes rail-way unfavorable; on the other
hand, high values of kg, leads to increased resistance of the stator. By calculating the pole pitch and choosing an

appropriate value for g (slots/pole/phase), the slot pitch is calculated as:

TS :m—q (33)

It is necessary to note that the higher values of g reduce the spatial harmonics and the slot width. The slot

width reduction is limited by construction considerations. To calculate slot’s dimensions, the tooth width is

considered as a factor of slot pitch as follows:



W =Gt 75 (34)
where ¢; is a coefficient which is chosen in [0,1] range. By determining w; , the slot width is calculated by:

W = 7g — W (35)

To calculate N; and N, , the number of turns per coil (n; ) and pole pairs are needed. After choosing coil type,
at first n. =1 is chosen and the design is proceeded with this n. . If the thrust requirements in the design is met,
the design is stopped, else n. is replaced by n. +1 and the design procedure is repeated. Thus, by having n. and

the coil type, N; is calculated as:

n , onelayer windin
Ny = c P4 y ina g (36)
2n.pq , twolayer winding
N, is calculated as:
N, = kgn Ny @37)

where coefficient kg, is defined before.
To calculate the other parameters, the stator input current should be estimated. By using equation (29), the
estimated stator current is calculated as follows:

de Ug

ly=—"—"—
mV;7 cos ¢

(38)

where F,q4 is the desired thrust. To calculate the current, one should choose 7 cos¢ . At the beginning, 77cos¢

is chosen in [0,1] range and during the design process, its real value can be calculated. After calculating the
electrical parameters and obtaining the actual motor current, these values will be corrected. Now, by estimating
the initial current and choosing the current density ( j. ) for the primary coil, the slot cross-section area can be

calculated as:

_ Nela

_ Ncla 39
Ksinn Je (39)

in which kg, is slot fill factor. The slot height can be calculated by specifying the slot width and cross-section

area as:

hs = (40)

10



Considering the appropriate coefficient for the electrical equations presented in the preceding section, the
electrical parameters of the motor can be calculated. By calculating these parameters and employing equations (1),
(2) and the phasor diagram illustrated in Fig. 2, the actual input current can be calculated. It should be noted that
the appropriate load-angle can be calculated from the load-angle characteristic of equation (28). To calculate E¢ in
the above equations, first, a value for the stator tooth flux density is chosen using B-H curve of the iron which is
used in the stator structure. Initially, by neglecting the armature reaction effect on the air-gap flux density, an upper
bound for the air-gap flux density due to mover DC excitation can be obtained. By choosing an appropriate value

for this flux density, induced voltage E; can be calculated. It should be noted that this choice is appropriate

because the motor main flux density is the same as that produced by DC excitation and the changes in the stator
electrical parameters will not change it significantly. However, at the end, the real value of the air-gap flux density
is calculated by taking into account the armature reaction effect and consequently the actual flux density of the
stator tooth can be obtained. When the actual input current of the motor is determined, the power factor and the
efficiency can be calculated by using equations (1), (2) and (29) and the phasor diagram shown in Fig. 2. The
calculated value for the multiplication of these two can be obtained. If this calculated value is acceptable, the
calculation is stopped, if not, a new value is determined by the following equation and the calculation is repeated

until the estimated value is converged to the calculated value:

Now, the thrust can be calculated; if it is close enough to the desired value, we stop the calculations and if not, n;
is replaced by n. +1 and the calculation is repeated until the thrust error to be acceptable. After all, by determining

the number of turns in each coil, the number of series turns in each phase, the corresponding input current and the
cross-section area obtained for the conductors, a conductor from standard wire table is selected. Given the selected
conductor diameter, the width of the tooth and slot should be recalculated. Now, the flux density in the teeth is
calculated from equation (15) and compared with the maximum allowed value. If the flux density is higher than a
maximum value, the tooth width should be increased. Finally, the output parameters and the weight of the machine

recalculated. Flowchart of the LSM’s stator design procedure is illustrated in Fig. 6.
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B. Rotor design
By having the air-gap flux density due to DC excitation and using equation (12), the required MMF (w; )

can be calculated. By having the MMF, the other parameters can be obtained from equations (13) and (14). To
consider the end effect, the effective DC-excitation current is calculated using equations (20) — (25). Then, the flux

density as well as the other stator design parameters should be updated by replacing | by the calculated effective

DC-excitation current in (12).

Fig. 6 Approximately here

5. Optimization

The evolutionary algorithms such as genetic [26], [27], particle swarm optimization [20], [30] etc. have been
widely employed in optimization of linear machines. In this paper, the PSO algorithm is used for optimization. In
this algorithm, vectors of position and velocity are assigned to each particle. Moreover, each particle has a memory
that records its previous best position. Also, all particles record the global best position that a swarm has achieved
in their memory. The position and velocity of each particle is updated in each repetition by using the following
equation [31]:

Xi () = X;(t—-1)+V; ()

Vi () = @V (€~1) + Cy1y (s, () X (t 1) + Coy (Gpest () — X; L ~1) “2)

where X;(t) and V;(t) define the updated position and velocity of it" particle in the search space, respectively,

X;(t—1) and V;(t—1) are the previous position and velocity of the i"" particle, respectively. Also, Phest, (t) and

Opest () are the best personal position of each particle and the best position of all particles, respectively, r and
r, are two random numbers in the range of [0 1], C;and C, are learning coefficients and @ is the inertia

coefficient. This coefficient can be decreased in order to confine the search space. Proper results can be obtained

by using linearly decreasing inertia coefficient [31]. Inertia should be changed from @5 10 @iy - 1t can be

expressed as:

@, — Wi .
O = Oy ——2X TN jter (43)
iteMmax

In (43), iter and iter,,, respectively are the iteration number and the final iteration number. The procedure of

the PSO is illustrated in Fig. 7. The procedure implementing the PSO algorithm can be found in [31].

12



Fig. 7 Approximately here

6. Optimization Results

In this section, at first, the method presented in section 4 is used to design a motor and then the PSO algorithm
presented in section 5 is employed to optimize the design. MATLAB software is used for design and optimization.

The motor is designed to have (1000 + 50)N output thrust in synchronous speed of ug=5m/s. Other

specifications that are used for optimization are given in Table 1. The cost functions are defined as power factor,
efficiency, mover weight and rail-way weight per meter. In first scenario, the cost functions have been optimized,
separately; the results are shown in Table Il. As it is seen in the table, the power factor and the efficiency have
been obtained 1 and 76%, respectively. Also, the weight of the rail per meter and the mover weight have been
obtained 61.1 kg and 71.2 kg, respectively.

In the second scenario, all of outputs have been optimized simultaneously as a multi-objective function. The
results are shown in Table Il and 1V. To optimize all objective functions together, they have been defined as a
single function as below:

where fu; and fu, are the objective functions referred to the power factor and efficiency, respectively and fu

is the objective function referred to the machine weight which is expressed as:

1 1

(
W, W,
fU3 _ metr 5 tp2 (45)

where Wi and Wiy, are the rail-way weight per meter and the mover weight, respectively. As it is seen in Table

1V, the power factor is 0.904 and the efficiency is 63.36 which both are lower than those of obtained in single-
optimization scenario.
For optimization in this paper, » has linearly changed from 1.5t0 0.5, C;and C, are 2 and 1.5, respectively.

Also, the population number is 900. The maximum number of iteration is 500.

Table I Approximately here
Table Il Approximately here
Table 111 Approximately here

Table IV Approximately here
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7. Validation

2-D and 3-D FEM have been employed to validate the optimized motor results with parameters illustrated in
Table I11. The Ansoft/Maxwell has been used to simulate the optimized motor. In simulations, 3-phase voltage
source has been applied to the rail-way. To shorten the simulations transient time, the initial speed of the motor
has been set to 5 m/s. The mover circuit has been supplied with constant DC current. The flux density distribution
and the flux lines in different parts of the motor are shown in Figs. 8 and 9, respectively. It is seen in Fig. 8 that
the maximum flux density is about 2T which occurs in the mover yoke. The 3-D configuration of the motor in
Asoft/Maxwell environment is illustrated in Fig. 10. Fig. 11 illustrates the thrust of the motor at full-load. There
are some ripples in the output thrust, however, its average value is equal to 953.4N. Fig. 12 also shows the input
3-phase currents at full-load. The currents peak values are 18.4 A.

To make fair comparison, the proposed method results at 2 loads (full-load and about half-load) have been
compared with the results of the 2-D and 3-D FEM in Table V. Comparing the results show that there is an
acceptable accordance between the results of the FEM analysis and those of obtained by the proposed method. For
example, at full-load, the highest error between proposed method and the 3-D FEM is related to the efficiency
which is 3.3%. As it is seen in the table, the efficiencies obtained by 3-D FEM at both loads are lower than those
of obtained by the proposed method. This is because of the inclusion of the core loss in the FEM calculations,
while it is not considered in the proposed method.

Fig. 8 Approximately here
Fig. 9 Approximately here
Fig. 10 Approximately here
Fig. 11 Approximately here
Fig. 12 Approximately here

Table V Approximately here

8. Conclusion

An effective design method has been presented to design DC-excited LSM. In addition to its simplicity, the
proposed method has ability in optimization and sensitivity analysis. In contrary, in the numerical methods due to
their high calculation burden, these tasks are very difficult. The end effect phenomenon has been modeled as field

current drop and considered in the design equations. The sensitivity analysis has been done by using the proposed

14



method. The single and multi-objective optimization methods based on PSO algorithm have been performed to
optimize the power factor, efficiency and the weight of the primary/meter and the mover. The results of the
optimized motor have been compared with the results of 2-D and 3-D finite element analysis. The comparison
shows a good agreement between two methods’ results, confirming the accuracy of the proposed design method

and optimization.
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Figure captions:

Fig. 1. Schematic of the WMLSM

Fig. 2. Phasor diagram of a linear salient pole synchronous motor (under-excited)
Fig. 3: Modified equivalent circuit of the field winding

Fig. 4. The variations of the air-gap flux density versus speed of the motor
Fig. 5. The thrust versus load angle (R, = 0 and R, > 0)

Fig. 6. Flowchart of the LSM’s stator design

Fig. 7. The algorithm of the PSO

Fig. 8. The flux distribution at the motor region (2-D)

Fig. 9. The flux lines in the different part of the motor(2-D)

Fig. 10. The 3-D configuration of the motor

Fig. 11. FEM analysis result for Thrust

Fig. 12. FEM analysis results for input current
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Table captions:

TABLE I: SPECIFICATION OF THE INVESTIGATED MOTOR

TABLE Il: OPTIMIZATION RESULTS (SINGLE-OBJECTIVE)

TABLE Il1: OPTIMIZED VARIABLES IN MULTI-OBJECTIVE OPTIMIZATION
TABLE IV: OUTPUT RESULTS OF THE MULTIOBJECTIVE OPTIMIZATION

TABLE V: COMPARISON OF THE OUTPUTS AT DIFFERENT LOADS AT THE SAME LOAD-ANGLE
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Fig. 7
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Fig. 9

Fig. 10

Fig. 11
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Tables:
TABLE |
Parameter Value
Phase input voltage [V] 220
Stator input frequency [Hz] 10.8
Pole pairs, (p) 3
Slots/pole/phase, (q) 2
Tooth width [mm] 19.29
Machine width [mm] 90
Air-gap length [mm] 10.6
Load-angle [Deg.] 12.75
Stator current density [A/mm?] 3
Secondary magnetomotive force [A-T] 8788.4
TABLE Il
Range Optimized values
Parameter Mi M Power factor  Efficiency  Rail weight/Length  Mover weight
in ax
optimization optimization optimization optimization
Input frequency, Hz 10 100 154 10.7 100 17
Machine width, mm 20 200 200 200 87 20
Air-gap length, mm 10 30 30 10 10.3 10
Tooth width/Slot pitch 0.3 0.5 0.5 0.5 0.5 0.35
Number of
1 2 1 2 2 2
slots/pole/phase
Load-angle, Deg. 0 90 59.7 10.14 90 22.8
Objective function - 1 76 % 61.135 kg/m 71.219 kg
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TABLE I

Range o
Parameter ) Optimized Values
Min  Max
Input frequency [Hz] 10 100 10.8
Machine width [mm] 20 200 90
Air-gap length [mm] 10 30 10.6
Tooth width/slot pitch 0.3 0.5 0.5
Number of slots/pole/phase 1 2 2
Load-angle [Deg.] 0 90 12.75
TABLE IV
Outputs Optimized values
Thrust [N] 953.42
Input Current [A] 12.61
Induced Voltage [V] 153.02
Power Factor 0.9038
Efficiency [%] 63.36
Rail weight/Length [kg/m] 86.96
Mover weight [kg] 480.64
TABLEV
Proposed
Quantity 2-DFEM 3-DFEM
Method
Input Current [A] 12.61 13.14 13.02
Load 1 (Full-load) | Induced Voltage [V] 153.02 148.98 151.52
(953.42 N) Power Factor 0.904 0.878 0.905
Efficiency [%] 63.36 62.61 61.30
Input Current [A] 9.63 10.04 9.93
Load 2 Induced Voltage [V] 165.32 161.21 162.84
(475N) Power Factor 0.649 0.631 0.658
Efficiency [%] 57.58 56.80 55.07
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