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1 Abstract—With advantages of strong drive capability, 
nested-loop secondary linear machine (NLS-LM) has great 
potentiality in linear metro. For its secondary structure with 
multiple loops, it is difficult to calculate the electromagnetic thrust 
of NLS-LM reasonably. Hence, in this paper, one thrust 
calculation method is proposed considering variable loop 
inductance and transient loop current. Firstly, to establish the 
secondary winding function, the modeling domain is confined to a 
limited range, and the equivalent loop span is employed by 
analyzing the coupling relationship between primary and 
secondary. Then, in order to obtain the secondary flux density, the 
transient secondary current is solved based on the loop impedance 
and induced voltage. Finally, the electromagnetic thrust can be 
calculated reasonably by the given primary current sheet and the 
calculated secondary flux density. Comprehensive simulations 
and experiments have demonstrated the effectiveness of the 
proposed method. 
 

Index Terms—Nested-loop secondary, Linear metro, 
Electro-magnetic thrust, Finite element algorithm (FEA), 
Transient nested-loop current, Winding function. 
 

NOMENCLATURE 

Physics variables 
A Magnetic vector potential 
B Magnetic flux density 
E Induced voltage 
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f Frequency 
FP Primary magnetomotive force 
I/i Amplitude/instant value of phase current 
j Current sheet 
kmutual Variation rate of the mutual inductance 
kself Variation rate of the self-inductance 
kwv Primary winding factor 
kΛ End permeance factor 
L Longitudinal length of the primary iron core 
Lself Self-inductance of the nested-loop 
M Mutual inductance 
Moim Peak value of the mutual inductance between 

the entry and exit loops 
Nph Series turns per phase 
p Pole-pairs of primary windings 
sw Slip 
ts Time within one variation period of 

nested-loops distribution 
Te Electromagnetic thrust 
Te,pul Thrust generated by pulsating magnetic field 
Ts Variation period of nested-loop distribution 
v Pole-pair number of spatial harmonics 
vs Secondary operating speed 
ws Secondary slot pitch 
xc0 Initial position of the center-line of Nest 1 
xs Entry-conductor position of secondary loop 
yc Coil pitch in terms of slot number 

ly / '

ly   Mechanical/Equivalent secondary loop span 

Z Total number of slots 
δe Electromagnetic air gap length 
∆t Sampling time interval 
φ Spatial phase 
λend Specific end-permeance 
µ0 Vacuum permeability 
 

Subscripts 
ab The bth loop of the ath nest (excitation loop) 
end End-loop 
jk The kth loop of the jth nest (induction loop) 
l Nested-loop 
m/n Nest/loop number 
M Phase A, B or C 
out Nested-loop completely outside the air gap 
p/c Power/Control winding 
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P/s Primary/ Secondary 
w Subscript p or c 

I. INTRODUCTION 

INEAR metro, as developed very quickly during the past 
twenty years, has played an important role in alleviating 
urban traffic congestion and promoting economic and 

social development [1], [2]. As the key indicators of traction 
system, the carrying capacity and energy consumption of the 
vehicle are largely dependent on the linear machine. Among all 
types of linear machines, the linear machine with nested-loop 
secondary (NLS-LM) can theoretically make up for many 
defects of widely used linear induction machines (LIMs), for 
example, the electromagnetic thrust and efficiency of LIMs are 
significantly reduced at high speed with large slip [3]-[5], etc. 
The NLS-LM combines the operating characteristics of 
induction and synchronous machines, where the output power 
can be controlled by adjusting voltage and current of power 
winding (PW) and control winding (CW). And the secondary 
loop is a short-circuit structure without the requirement of 
external inverter. Those characteristics make NLS-LM drive 
system has the advantages of more adjustable power factor, 
stronger drive capability [6], etc. Thus, NLS-LM has great 
potentiality in linear metro. 

Till now, just a few literatures have discussed the topics 
related to the thrust calculation of NLS-LM [4]-[8]. The 
NLS-LM is evolved from rotary machines (RM), by referring to 
the parameter analysis of RM, the basic principles for both 
design and stable operation of NLS-LM can be obtained [5]. To 
further explain the general rules of electromotive force and 
magnetomotive force (MMF) affected by the open primary core, 
the short primary winding theory is presented in [7], which 
provides a theoretical basis to calculate NLS-LM primary 
parameter. Then, in [8], the asymmetry of three-phase winding 
and the shifted slot vector affected by the end is analyzed to 
clarify the physical process of thrust ripple. However, the 
aforementioned researches ignore variable inductances and 
transient induced currents of nested-loops as entering and 
leaving the air gap. The analysis results of NLS-LM thrust are 
obtained by finite element algorithm (FEA) simulation or 
experiment. The variation of nested-loop secondary 
electromagnetic parameters affected by the end is lack of 
research, for this reason, it is difficult to estimate NLS-LM thrust 
reasonably. 

To predict NLS-LM thrust, the estimation on electromagnetic 
parameters of nested-loop secondary is important but 
incomplete. The electromagnetic parameters under end effect 
have been studied on other types of linear motors, but the related 
methods have limitations for NLS-LM [9]-[17]. For instance, the 
magnetic flux generated by LIM secondary is analyzed by 
constructing an equivalent and unified current sheet based on 
wavelet and Fourier transform technique [9]-[12]. And the 
electromagnetic parameters of linear synchronous machine 
(LSM) are generally analyzed by subdomain model. However, 
the analysis method on LIM relies on its secondary property, the 
electroconductivity is constant and continuous along the motion 
direction [13], [14]. On the contrary, the operation principle and 
structure of the nested-loop secondary are quite different. Due to 

the independent loop structure, along the direction of movement, 
the resistivity of the nested-loop secondary sheet is not a 
constant. Considering magnetic regarded as a stable MMF 
source as the LSMs due to dynamic secondary currents generated 
by the electromagnetic induction [16]. Hence, the secondary 
electromagnetic analysis methods of LIMs are not applicable for 
the NLS-LM, the subdomain model approach is also 
incompatible with NLS-LM [17]. 

The aforementioned methods cannot describe the complex 
variation of nested-loop secondary parameters, such as 
secondary inductance and induced voltage. And the transient 
secondary current in the process of nested-loop passing through 
the air gap is not considered by the existing researches. 
Moreover, the effective calculation on variable secondary 
parameters is very important for the NLS-LM thrust 
computation. Motivated by this, a thrust calculation method for 
NLS-LM combined with transient secondary current analysis is 
proposed in this paper, and main innovations are summarized as 
follows: 

1) It is proved that for NLS-LM, the primary windings are 
mainly coupled with the air gap magnetic field, which can reduce 
the number of objective nests and nested-loop secondary 
inductance matrix orders, and simplify the complexity of the 
thrust calculation method as much as possible. 

2) Based on the proof of the primary-secondary coupling 
relationship, the equivalent end-loop span is defined for the 
improved secondary winding function. Then an improved 
winding function of nested-loop secondary is derived for 
NLS-LM to further analyze the variation of secondary 
electromagnetic parameters effectively. 

3) In order to realize the magnetic flux density calculation on 
nested-loop secondary, the nested-loop current calculation 
method is presented by recursive method. Subsequently, 
NLS-LM thrust is established with the given primary current 
sheet and the estimated secondary current. The proposed 
comprehensive calculation method on secondary parameters is 
very important for the design and optimization of NLS-LM. 

The remainder of this paper is organized as follows: Section II 
analyzes the magnetic coupling relationship between primary 
windings and nested-loops, and constructs the nested-loop 
secondary winding functions with some proper assumptions. 
Based on the winding theory, the calculation methods of 
nested-loop secondary parameters and NLS-LM thrust are fully 
investigated in Section III. In order to verify the reliability of the 
proposed thrust calculation method, FEA simulation and 
experiments are carried out in Section IV. Finally, brief 
conclusions are drawn in Section V. 

II. MODELING OF SECONDARY WINDING FUNCTION 

A. Operation Principle of the NLS-LM 

In the NLS-LM, the nested loops can modulate the air gap 
magnetic field to generate electromagnetic thrust and convert 
energy. Similar to the stable operation condition of RM, the 
secondary moving speed of NLS-LM satisfies 

 p c
s

p c

f f
v L

p p





 (1) 

L
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When the machine operates at steady state. Therein, fp and fc 

can be positive or negative, which represents different phase 
sequences of primary windings. Typically, some nested loops of 
secondary are completely located outside of the air gap due to the 
finite length of the primary iron core, which is different with the 
corresponding RM. Therefore, it is necessary to analyze whether 
such nested loops have a large impact on the electromagnetic 
thrust at first.  

B. Discussion on Outside Nested-loops 

In order to simplify the calculation process and highlight the 
main problems, some assumptions are made as follows: 

1) The influence of slot-opening is corrected by the 
Carter’s coefficient. 

2) The permeability of iron core µFe is infinite, and the 
core loss ignored. 

3) The value of nested-loop resistance is constant. 
4) The carrying current is located at a certain point on the 

midline of air gap with the section area of conductor 
neglected. 

5) The flux density is distributed evenly within the trans- 
verse width D. 

6) The secondary moving speed is constant. 
The MMFs FP generated by the primary winding of NLS- 

LM comprise traveling and pulsating components [7], as 
expressed by 
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According to the direction of movement, the entry end is set 
as the origin of the coordinate system in this paper. For the 
region out of air gap, the specific end-permeance λend can be 
approximately obtained as [18] 
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Combined with eqs. (2) and (3), the mutual inductance 
between primary winding and outside nested loop can be 
derived as  
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As shown in Fig. 1, the specific end-permeance λend reduces 
sharply when the position is away from the primary iron core, 
making the mutual inductance between primary winding and 
outside nested loop approach zero. It can be inferred 
reasonably that the outside nested loop, hardly coupled with 
the primary windings, contributes little electromagnetic thrust, 
which can be thereby neglected during the calculation. 
Consequently, only nested loops as fully or partially located in 
the air gap are considered into this study, as illustrated as 
follows. 

 

Fig. 1.  Coulpling relationship between primary winding and secondary loop. 

C. Winding Function of Nested-loop Secondary 

Based on the aforementioned analysis, the boundaries of the 
nested-loop secondary are set at the entry nest and exit nest, 
respectively. In this way, the domain of the secondary winding 
function is confined to a limited range, which effectively reduces 
the dimensionality of the secondary inductance matrix. In this 
paper, the pole-pair numbers pp and pc are designed as 2 and 4, 
respectively. And each nest consists of three loops, as shown in 
Fig. 2. The nests are numbered sequentially along the direction of 
movement, and the loops are numbered in order of spans, from 
smallest to largest. 

The distribution of nested-loop secondary in the air gap is 
dynamically changing due to the finite primary length. And the 
variation period Ts of nested-loops distribution depends on the 
nest pitch τs and motion velocity vs, as defined by 

 s
s

s

τ
T

v
  (5) 

For any operating time t, the nested-loop distribution can be 
judged by ts, as given by 
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where Mod represents modulo operation. By the derivation 
method of (2), the MMF generated by a current-carrying 
conductor of nested-loop secondary can be derived as 
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Besides, the entry conductor position of the nth loop of the 
mth nest can be calculated by 
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According to the relative position of the nested loop and the 

primary, the equivalent loop span '
,l ny , is defined as 
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Combined with (7)-(9), the winding function of secondary  
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Fig. 2.  Diagram of the nested-loop secondary. 

loop can be obtained by 
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It is mentioned that the nested-loop secondary winding 
function consists of two components, i.e., the first term is the 
spatial harmonic component and the second term the pulsating 
component. When the primary length L is fixed, pulsating 
component and the amplitude of spatial harmonic component 
are determined by the loop span yl,n, while the phase of the 
spatial harmonic component is related to m, as determined by 
the nest position.  

III. THRUST CALCULATION BASED ON SECONDARY WINDING 

FUNCTION 

The NLS-LM thrust can be obtained through the calculation 
process as illustrated in Fig. 3. Firstly, both the flux density and 
equivalent current sheet of primary are calculated according to 
the primary MMFs. Meanwhile, the secondary inductance is 
derived based on the secondary winding function as given in 
Section II. Secondly, the induced voltage of nested loops is 
obtained by integration of the primary flux density and the 
current is solved with the impedance matrix. Then, the 
secondary flux density is calculated by multiplication of 
secondary current and secondary winding function. Thirdly, the 
electromagnetic thrust is obtained by integration of primary 
current sheet and secondary flux density. In the above process, 
the key point is the calculation of the secondary inductance. 

 
Fig. 3.  The simple flow chart of the proposed method for the NLS-LM. 

A. Secondary Self-inductance 

When the nested-loops pass through the air gap, their 
inductances are not constant. For the nested-loop completely 
located in the air gap, its self-inductance can be derived by 
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For the nested-loops completely out of the air gap, the 
generated magnetic vector potential can be obtained by the 
method of images [19], as expressed by 
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Consequently, its self-inductance can be derived by 
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It can be approximated that the self-inductance of the 
nested-loop changes linearly in the process of entering and 
leaving the air gap, which is related to yl,n and vs. And the 
variation rate ksel- f,mn of the self-inductance in different loops is 
calculated by 
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B. Secondary Mutual Inductance 

Based on the secondary winding function, the mutual 
inductance between the two loops completely located in the air 
gap can be given by 
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In the subsequent analysis, the excitation loop and induction 
loop are denoted as jk and ab, respectively. 

Due to the motion of secondary, Loop ab and Loop jk will 
not always locate in the air gap at the same time. Based on the 
equivalent loop span function (9), the mutual inductance can be 
approximated to 0 when the Loop ab or Loop jk is completely 
outside the air gap. When one of loops passing through the end, 
the mutual inductance can be considered varying linearly with 
the loop position. The variation rate can be calculated by 
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However, the mutual inductance cannot be derived from (15) 
and (16) when both loops are partially located in the air gap. 
The mutual inductance could reach the peak value Moim when 
both loops have half span inside the air gap, as calculated by 
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Similarly, the mutual inductance between the entry and exit 
loops can be derived by 
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C. Secondary Current 

According to the above discussion, the induced voltage Es of 
the nth loop in the mth nest can be derived by 
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Due to the segmental feature of the equivalent loop span '
,l ny , 

the derivation results for the loops located at end side or entirely 
in the air gap are different, as shown in (A.1), (A.2), and (A.3), 
respectively. Besides, the nested-loop induced voltage 
functions have the following characteristics: 

1) For the entry and exit end loops, the pulsating components 
are calculated in the same way. 

2) For all loops, the amplitudes of spatial harmonic 
component are calculated in the same way. 

3) For all the loops, the main difference is reflected in the 
phases of the spatial harmonics. 

Furthermore, the nested-loop induced current is always 
working in a dynamic state. When the motion velocity vs is 
small, the induced current of entry loop increases from zero to 
the steady state. When the loop leaves the air gap, the current 
will decay to zero. However, when the value of motion velocity 
vs is large, the induced current may not reach the steady state, 
and the transient current is always related to its value at the 
previous moment. For this issue, the nested-loop induced 
current calculation method is given by recursive conception, as 
shown in Fig. 4. When the operating speed is constant, the 
distribution of the nested-loops in the air gap is periodic. At the 
beginning of distribution period, the loop position needs to be 
reset to its initial value, and the loop current is updated. As seen 
from this figure, it mainly contains three steps as follows: 

1) The initial values of the nested-loop induced voltage and 
current are set to zero, and time discretization is performed 

using sampling time interval ∆t.  
2) The initial current value for new distribution period needs 

to be reset, when the analyzed nested-loop distribution is in a 
new period judged by (A.4). The initial current of the loop in 
the mth nest is updated as that of the loop with the same span in 
(m-1)th nest. Then, the initial currents of enter loops are reset as 
zero. In this way, every loop current value for every 
nested-loop distribution period updates dynamically.  

3) The induced current is derived by the recurrence equation 
(A.5). If the desired time tanalysis is not calculated, it will return 
to step 2 at the next sampling time. 

 
Fig. 4.  Flowchart of secondary current calculation for NLS-LM. 

D. Electromagnetic Thrust Calculation 

According to the previous analysis, the NLS-LM thrust can 
be calculated by integrating the primary current sheet with the 
secondary flux density. Combined with (2), the primary current 
sheet can be calculated by 
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According to the superposition principle, the secondary air 
gap flux density can be obtained by summing the flux density 
generated by all loops, as defined by 
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Further, the electromagnetic thrust Te can be derived as 
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where TswM,mn is the thrust generated by the nth loop in the mth 
nest. Moreover, the thrust generated by pulsating magnetic field 
can be derived by 
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As shown in (23), the pulsating magnetic field does not 
generate average thrust. 

IV. SIMULATION AND EXPERIMENTS 

In this section, the validity of the thrust calculation results is 
fully demonstrated by comparing with related FEA simulation 
and experimental results under different typical working states. 
The structural parameters of FEA simulation are the same with 
NLS-LM prototype, as given in Table I. In order to reduce the 
space and construction cost, the primary is designed as arc- 
shape structure with 1.154 meter diameter, as shown in Figs. 5 
and 6, respectively, where the circular movement of nested- 
loop secondary can be approximated as linear movement. 
Combined with (1), the span of one nest containing three loops 
is designed to be one-sixth of the primary longitudinal length, 
since the nest number is the sum of primary winding pole-pairs 
without cut-open primary. For the platform, Primary1 is powered 
via back-to-back converter, and the windings of Primary2 are 
open-circuited. Besides, the permanent magnet synchronous 
machine (PMSM) is selected as the load machine for the 
NLS-LM, which can operate as a generator with braking torque 
to NLS-LM without extra power supply. The shafts of NLS-LM 
and PMSM are connected through the velocity and thrust sensor. 
Meanwhile, the PMSM is connected to load resistance through 
voltage regulator. And the load resistance of PMSM is changed 
by the voltage regulator which can adjust the working load 
equivalently. 

TABLE I 
MAIN SPECIFICATIONS OF THE NLS-LDFM  

Name Value 

Number of slots 48 
Number of PW poles 2 
Number of CW poles 4 
Single coil turns of PW 16 
Single coil turns of PW 31 
Height of primary core (mm) 57 
Longitudinal length of primary core (mm) 900 
Height of primary core (mm) 57 
Transversal length of LDFM (mm) 125 
Air gap length (mm) 8 
Conductivity of the secondary loop (S/m) 1.7 × 10−8 

 

 
Fig. 5.  FEA simulation for the NLS-LM. 

By changing the power supply, the NLS-LM can operate in 
asynchronous or synchronous mode. For the asynchronous mode, 
the PW or CW is set open-circuited or symmetric short-circuited, 
and the slip can be calculated by 
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Fig. 6.  Arc NLS-LM platform. 

For the synchronous mode, the PW is powered by ac source, 
and the CW is powered by ac or dc source. The excitation 
parameters for experiment are listed in Table II. Besides, all the 
proposed thrust calculation and FEA simulation are based on 
experimental winding current data. For the short-circuited or 
voltage powered windings, the fast Fourier transformation 
(FFT) is performed on their current waves to obtain the phase 
angle and amplitude. 

The thrust under asynchronous mode is shown in Figs. 7 and 
8, respectively. It can be seen that the thrust based on the 
winding function theory (WF) is consistent with that from FEA. 
Comparing with the experimental results, the maximum 
relative  errors  of thrust  calculations for the two asynchronous 

 
Fig. 7.  Thrust for asynchronous mode with open-circuited CW. (a) 25Hz 
excited PW. (b) 15Hz excited PW. 
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Fig. 8. Thrust for asynchronous mode with short-circuited PW. (a) 50Hz 
excited CW. (b) 40Hz excited CW. 

TABLE II 
EXCITATION PARAMETERS OF EXPERIMENT 

Operation mode 
PW CW 

amplitude / frequency amplitude / frequency 
Asynchronous 21.21A / 25Hz & 15Hz Open-circuit 
Asynchronous Short-circuit 23.5A / 50Hz & 40Hz 
Synchronous 22A; 50Hz 11.31A / 0Hz 

Synchronous 
28 ∼ 71V/ − 20 ∼ 15Hz 

(V/ f ≈ 3) 
169.71V / 50Hz 

modes are 14.11% and 25.08%, respectively. For the 
asynchronous mode with short-circuited PW, the measured 
short-circuit current needs FFT to obtain the amplitudes and 
phases of the main harmonics. It indicates that the selected 
number of FFT components can also lead to a little deviation 
between the calculation and experiment thrust, since the 
calculated winding current is smaller than its actual value. And 
assembly problems could bring some difference between 
calculation and experimental thrust. For example, the air gap 
length of prototype is about 6.1~ 8.5mm, and the actual average 
length is less than the design value, which could generate larger 
electromagnetic thrust in practice. Meanwhile, the transversal 
length is about 115 120mm due to axial assembly deviation. It 
could decrease the electromagnetic thrust to some extent. 
Furthermore, the deformation of the secondary shaft can also 
result in significant errors between the calculated and 
experimental thrust. This deformation leads to air gap 
variations, which generate additional harmonics of magnetic 
flux density and ultimately impact the induced currents of 
primary windings and nested-loops. To reduce such errors, 
precise primary current and machine topology parameters are 
required. However, it is challenging to measure the uneven air 
gap caused by shaft deformation, and also difficult to correct 
the nested-loop current harmonics resulting from it. Therefore, 
large relative errors still persist between the experimental 
results and theoretical calculations and simulations. Despite the 
relative errors between the calculated and experimental thrust, 

the simulation results presented in this paper are in high 
agreement with the calculated results, demonstrating the 
effectiveness of the proposed method and suggesting a more 
accurate means of calculating the electromagnetic thrust of 
NLS-LMs. 

In addition, the calculation of the secondary inductance is very 
important for thrust calculation of the NLS-LM. Since the 
secondary inductance cannot be measured by the experimental 
platform, the results from calculation procedure are compared 
with that from FEA simulation. The self-inductance results for 
the loops with different span are given in Fig. 9. And the results 
of mutual inductances are given in Fig. 10. The left dashed line 
stands for the entry boundary, and the right dashed line 
represents the exit boundary.  As seen from Fig. 10(a), Curve 1 
represents the mutual inductances between Loop 1 in Nest 1 and 
Loop 1 in Nest 7. Meanwhile, Curve 2 stands for mutual 
inductances between Loop 1 in Nest 2 and Loop 1 in Nest 4. And 
xrc0 is the initial position of the right conductor of the Loop 1 in 
Nest 2. It can be seen that the trends of the self-inductance curves 
obtained by FEA simulation and the proposed calculation 
method are approximately the same. Since the iron core 
permeability is assumed as infinite, the calculated inductances 
for the loops as fully located in the air gap are larger than those 
from simulation. And the inductance variation rate is 
approximately regarded as a constant, which is the main cause of 
the deviation for the calculated inductance at the air gap  

 

Fig. 9.  The self-inductance for one nest. 

 

Fig. 10.  Mutual inductance for nested-loops. (a) The loops in different nests. 
(b) The loops in the same nest. 
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boundary. Furthermore, the deviation process of the calculated 
inductance could reduce the secondary currents, and bring some 
error to current phase, which would finally reduce the thrust in 
theory.  

Fig. 11 and Table III show the thrust under two synchronous 
modes. For the first synchronous mode, the primary current 
parameters can be directly applied to the calculation program 
without FFT processing, since the PW and CW are powered by 
the current sources. And the maximum relative errors for the two 
synchronous modes are 10.51% and 15.82%, respectively. 
Meanwhile, it is difficult to obtain the secondary initial position 
at the time of velocity stabilization during the experiment, which 
would bring some deviations to the calculated thrust. 
Additionally, proposed method for thrust calculation of NLS-LM 
in the paper exhibits a high level of agreement with the finite 
element simulation results. Both the proposed method and finite 
element simulation are transient calculations in discrete time, 
which require setting a stop time and time step. However, the 
proposed method provides explicit analytical formulas for the 
electromagnetic parameters of NLS-LM, while the finite element 
simulation requires meshing and numerical computation for each 
grid, and the accuracy of the meshing greatly affects the 
simulation results. In this case, the proposed method can greatly 
save computer storage and computational resources, and the 
computation time for each discrete time step is shorter, resulting 
in higher computational efficiency compared with the finite 
element method. 

 
Fig. 11. Thrust for synchronous mode with dc excited CW. 

TABLE III 
THRUST FOR SYNCHRONOUS MODE WITH TWO AC EXCITED WINDINGS 

Up (V) fp (Hz) vs (m/s) 
Thrust (N) 

Calculation Experiment Simulation 
42.43 10 8.94 100.42 114.94 108.79 

56.57 15 9.68 53.15 63.14 54.27 

28.28 -5 6.70 187.63 196.00 178.46 

42.43 -10 5.96 235.11 242.98 238.84 

56.57 -15 5.21 257.57 265.72 258.39 

70.71 -20 4.47 271.84 278.57 269.02 

V. CONCLUSIONS 

In this paper, one electromagnetic thrust calculation method 
for NLS-LM is presented in terms of nested-loop secondary 
winding function. By introducing the equivalent loop span, the 
secondary winding function is established by the winding 
function theory, and then the corresponding calculation 
procedure of secondary flux density is put forward. 
Furthermore, the electromagnetic thrust can be obtained, 
comprehensively taking the variation of loop inductance and 

the transient loop current into consideration. Also, the 
theoretical calculation results are mostly consistent with 
simulation and experiment results, which indicates that the 
proposed electromagnetic thrust calculation method is 
generally reasonable, and can effectively obtain the 
electromagnetic thrust under different operation modes. 
Comprehensive simulation and experiments have fully 
demonstrated that the proposed method for electro- magnetic 
thrust estimation can get much higher accuracy under current 
excitation than that under voltage excitation, which can be used 
as an alternative to FEA for NLS-LM. 

APPENDIX 

The induced voltage Es,in of the nth loop in the mth nest 
located entirely in the air gap is expressed by 
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(A.1) 
where fw is the frequency of primary current, IP and φi are the 
root mean-square (RMS) values and phase angles of winding 
current, respectively. The induced voltage of the entry loop is 
deduced as 
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The induced voltage of the exit loop can be described by 
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(A.3) 
As for the analysis of secondary current, whether the 

nested-loop distribution at the ith sampling time is in the new 
period is judged by 
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where Fix stands for floor function towards zero. 
The recurrence function for the induced current of 

nested-loop secondary is described by 
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(A.5) 
where t0 represents the initial moment, Rs, Es and Ls are the 
resistance, induced voltage and inductance matrices of the 
nested-loops, respectively. Rs can be derived from the material 
resistivity and physical structure. Es and Ls can be solved by the 
secondary voltage and inductance models. 
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