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Abstract: In order to enhance the initial velocity and energy conversion efficiency of multi-stage 

synchronous induction coil launchers, the direction of coil energization for the drive coils is studied. 

There are typically two energization methods for multi-stage launching devices: (1) PP (Positive-

Positive), where positive current is applied to all drive coils, and (2) PN (Positive-Negative), where 

currents in opposite directions are alternately applied to the drive coils. A finite element model of a 

four-stage coil launcher is established in ANSYS2022R2, and the acceleration effects of the armature 

under different inter-stage distances are analyzed for two energization methods. The study reveals 

that the PN configuration does not always result in higher armature velocities compared to the PP 

configuration under different inter-stage distances. The theoretical explanation is provided for the 

variations in the forces exerted by the previous and next drive coils on the armature during the 

acceleration process. It is found that the magnitude of the induced current in the previous and next 

drive coils during the launch process is influenced by the inter-stage distance, which in turn affects 

the electromagnetic thrust coupled with the armature. Thus, the method of determining the direc-

tion of current in the launching device coil is obtained. 

Keywords: electromagnetic launcher (EML); energization method; finite elements model;  

inter-stage distance; synchronous induction coil launcher (SICL) 

 

1. Introduction 

Electromagnetic launching technology can solve many bottleneck problems encoun-

tered in the development of traditional artillery. It is a critical area of focus for the ad-

vancement of future military technology and is increasingly becoming a leading research 

field in various countries [1]. The synchronous induction coil launcher, when operating 

in multiple stages, functions similarly to a linear synchronous motor. The current on its 

armature is induced by the synchronous pulse discharge of the multi-stage drive coils [2]. 

Researchers have primarily enhanced the launching performance of the device by adjust-

ing the parameters of the launching device, driving power supply, and trigger parameters 

[3–5]. In recent years, it has been discovered that the magnetic field distribution produced 

by introducing reverse current into one or multiple drive coils improves the final exit ve-

locity and energy conversion efficiency. As a result, researchers have initiated studies on 

introducing different current directions into the drive coils, both domestically and inter-

nationally. 

Earlier, the Sandia National Laboratories in the United States discovered that chang-

ing the arrangement of the adjacent drive coils’ polarity in the multi-stage SICL could 

enhance the launching performance. Ingram et al. initially proposed two different ener-

gization methods to address this phenomenon [6]. These methods involve passing current 

in the same direction or alternating reverse direction in the drive coils, referred to as the 

PP launcher and PN launcher, respectively. They concluded that the PN launcher, by 
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adjusting the armature trigger position, would provide a higher armature velocity. Simi-

larly, Zhang Tao et al. suggested that it is feasible to change the magnetic field direction 

to improve the system’s launching performance, which was verified by a 15-stage coil gun 

[7]. From the perspective of the armature acceleration mechanism, they analyzed the ar-

mature movement law and current distribution under two magnetic field directions and 

proposed that the armature acceleration mainly occurs during the falling edge of the drive 

coil current [8–10]. Niu Xiaobo et al. improved the energy conversion efficiency by delay-

ing the polarity reversal of the coil to reduce the larger braking force caused by the polarity 

reversal process [11]. Ram Ranashree’s team analyzed and explained the reasons why the 

optimal armature position in each stage coil of the PP and PN configurations is different 

and why the PN launcher achieves a higher launching velocity [12]. 

Some researchers have observed that using the PN configuration energization 

method can enhance the launch performance of the coil device. However, there is cur-

rently no explanation within the known scope regarding when to choose the PN configu-

ration and whether it is suitable for all devices [13]. Building upon previous research, this 

article conducts an in-depth study on the PN configuration of the SICL, which alternately 

introduces currents of different directions into each stage drive coil. Through finite ele-

ment simulation analysis, the launch performance differences between the PP and PN en-

ergization methods are compared. It is worth noting that during the simulation optimiza-

tion process of different parameter devices, it is discovered that introducing reverse cur-

rent into the drive coils alternately can have varying effects on the acceleration perfor-

mance of the adjusted device. This means that after optimization adjustments, the phe-

nomenon of the PP configuration being superior to the PN configuration arises, and not 

all devices will achieve better performance under the optimized PN configuration. 

Researchers have previously focused on the study of PN configuration launch de-

vices based solely on the results obtained from their own device parameters. While re-

searchers like Ram Ranashree and Zhang Tao et al. have found that the PN configuration 

is more favorable for the launcher performance of the device, their results are only appli-

cable to their own device parameters, lacking generalizability. This study delves into the 

launch effects of the PN configuration, revealing that the distance between drive coils af-

fects the acceleration effects of the two configurations. By fundamentally analyzing the 

acceleration characteristics of the two configurations, more universal conclusions are 

drawn, providing a certain basis for the selection of the coil energization direction. 

By adjusting the distance between each stage drive coil (inter-stage distance), two 

completely opposite simulation results can be obtained. That is, after optimizing and ad-

justing the launching device, two simulation outcomes emerge: the armature velocity is 

better in the PP configuration compared to the PN configuration, and the PN configura-

tion armature velocity is better than the PP configuration. Therefore, this article focuses 

on a four-stage SICL as an example to investigate how the inter-stage distance affects the 

armature velocity in these two configurations. The inherent relationship between the in-

ter-stage distance and the choice of energization method for the launching device is ana-

lyzed and confirmed through simulation. This connection can be used as the basis for de-

termining the energization direction of the device. 

2. Simulation Model Establishment 

2.1. Finite Element Analysis 

This article utilizes the transient analysis module of Maxwell v.2022R2 software to 

conduct simulation calculations on the SICL device. By coupling the circuit-field method 

and finite element analysis method, the electromagnetic field equations of the coil in the 

vertical launching device are coupled with external control circuit equations for solving, 

reflecting the transient motion process of the launching system. 

In the transient solver module, the T −  method is employed for solving [5,7], de-

scribing electromagnetic transients through the following three Maxwell equations. 
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where E is the induced electric field intensity; B is the magnetic flux density; H is the mag-
netic field intensity;   is the material’s electrical conductivity; and t is time. 
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In Equation (5),   represents scalar electric potential; A signifies vector magnetic 

potential; sJ represents current density; and μ is the magnetic permeability. If we neglect 

the eddy current in the driving coil conductor region, the relationship between total con-

ductor current and current density sJ  is as follows: 

( )c

s

c

N
J i t

S
=  (6) 

In Equation (6), Sc represents the cross-sectional area of the winding and Nc stands 

for the number of turns in the coil. 

The electromagnetic field control equation obtained from the finite element analysis 

serves as the foundation for software solutions. By utilizing Maxwell software, it is possi-

ble to obtain curves depicting the variation of various parameters over time during the 

launching process, as well as the distribution patterns of the electromagnetic field. 

2.2. Finite Element Model of SICL 

In this article, a finite element model of a four-stage SICL is established. In the exter-

nal circuit simulation model, a pulse power supply system model is established, and AN-

SYS Maxwell is used for coupled field-circuit simulation analysis [14]. Taking advantage 

of the strengths of both the field model and the circuit model, the transient launching 

process of the induction coil device is simulated [15,16]. 

During the process of electromagnetic coil launch, the armature is suspended and 

accelerated without contact with the launch pipeline. Therefore, it is assumed that the 

central axis of the armature coincides with the central axis of the launching tube during 

the whole launching process, that is, the axis of the armature does not deviate from the 

axis of the drive coil. Under this condition, the three-dimensional launching system model 

is simplified into a two-dimensional axisymmetric simulation model, which is modeled 

in cylindrical coordinates. The two-dimensional finite element simulation model of the 
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four-stage SICL established in Maxwell is shown in Figure 1. This diagram displays the 

key components of the drive coils and armature used in our ANSYS simulations, essential 

for understanding the impact of different energization methods analyzed in the study. 

The parameters of the simulation model for the launching device are shown in Table 1. 

This table lists essential specifications such as dimensions and materials for the drive coils 

and armature. 

 

Figure 1. The simulation model of four-stage SICL. 

Table 1. The simulation model parameters of the launching device. 

Component Parameter Value 

Drive coil 

(1–4 stages) 

Inner radius (mm) 43 

Thickness (mm) 5 

Length (mm) 20 

Turns 40 

Material Copper 

Armature 

Inner radius (mm) 36 

Thickness (mm) 5 

Length (mm) 20 

Mass (g) 50 

Material Aluminum 

Studying the parameter characteristics of the induction coil launch device is the basis 

for conducting research on coil launch devices. For a multi-stage induction coil launch 

device, as the driving coil accelerates the armature stage by stage, the speed at which the 

armature enters the driving coil increases. To improve the launch efficiency of the device, 

selecting appropriate device parameters involves analyzing the characteristics of each pa-

rameter as the armature entry speed increases. The two-dimensional schematic diagram 

of the coil launching device in this study is shown in Figure 2. The armature is launched 

in the direction of the arrow in the diagram, with a distance D = 5 mm between each stage 

of driving coils. The armature is progressively accelerated by four stages of coils. P1 rep-

resents the triggering position of the armature in the first-stage driving coil, while Ti 

(where i = 2, 3, and 4) represents the triggering time of the armature in the second- to 

fourth-stage driving coils. The driving coils are powered at the appropriate triggering 

times to accelerate the armature forward. Not all structural and electrical parameters of 

multi-stage induction coil devices need to be optimized. In this study, the armature to be 

launched is predetermined, and the armature parameters cannot be adjusted as the arma-

ture entry speed changes because the same armature is accelerated by different stages. As 

for the parameters of the driving coil, its inner diameter can usually be directly deter-

mined based on the known outer diameter of the armature, and the aspect ratio of the 

driving coil should gradually transition from short and thick coils to long and thin coils 

as the number of device stages increases, with the number of turns gradually decreasing. 
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Figure 2. 2D axisymmetric models of the four-stage SICL. 

The coil launching devices of the PP and PN configurations studied in this article are 

shown in Figure 3, and the drive coils are arranged coaxially with the armature. Figure 3a 

shows the PP configuration launching device with same-direction current applied to the 

drive coils of the four stages, while Figure 3b shows the PN configuration launching de-

vice with alternating reverse-direction current applied to the drive coils of the four stages. 

In the process of Maxwell simulation, the properties of the drive coils in the PP configu-

ration are set as positive for stages 1 to 4, while in the PN configuration, the properties of 

the drive coils in stages 1 and 3 are set as positive, and the properties of the drive coils in 

stages 2 and 4 are set as negative. This is carried out to achieve the simulation analysis of 

the two configurations of the launching device. 

  
(a) (b) 

Figure 3. Two configurations of coil launching device: (a) PP configuration; and (b) PN configura-

tion. 

In addition, fully charged capacitors are used to discharge the four-stage drive coils, 

and there is a freewheeling branch in the driving circuit. The external power supply circuit 

and control circuit of the single-stage drive coil are shown in Figure 4. In this figure, C 

represents the energy storage capacitor, S represents the pressure-controlled switch, 

which is controlled by the control circuit to determine its closure status, D represents the 

diode in the freewheeling branch, and U represents the pulse voltage source. In this arti-

cle, drive coils of the same specifications are used. In order to match the armature velocity, 

with the given input energy of 300 J for each stage coil, different power supply parameters 

are set for the drive coils of stages 1–2 and stages 3–4, as shown in Table 2. 



Appl. Sci. 2024, 14, 5663 6 of 20 
 

 

Figure 4. Single-stage drive coil external power supply circuit and control circuit. 

Table 2. Power supply parameters of the external circuit. 

Pulsed 

power 

supply 

Stage 1–2 
Source capacitance (mF) 0.6 

Charge voltage (kV) 1 

Stage 3–4 
Source capacitance (mF) 0.266 

Charge voltage (kV) 1.5 

This article adopts a time-triggered circuit triggering method, where the drive coils 

of each stage are triggered at appropriate times to achieve incremental acceleration of the 

armature in the launching device. By controlling the external circuit, the required pulse 

excitation current is provided to the drive coils at the required time. The optimal trigger 

time for each stage is obtained through simulation experiments to ensure that the device 

is in the optimal launching state. 

2.3. Mathematical Model of SICL 

The SICL mainly consists of an accelerating armature, various stages of drive coils, 

and an external power supply system. During the launching process, there is mutual in-

ductance between each stage of drive coils and between the armature and drive coils. Un-

der the influence of the coil pulse current, the current induced by the armature has non-

uniform axial and radial distributions. A common analysis method is to discretize the ar-

mature by dividing its cross-section evenly along the axis and unevenly along the radial 

direction, turning a continuous armature into multiple independent ring armature slices. 

When the ring cross-section is small enough, it can be approximated that the distribution 

of induced current on each slice is uniform [12]. 

Assuming a synchronous induction coil launching device with n drive coils and m 

armature segments, when the k-th drive coil begins to conduct, the equivalent circuit 

model is as shown in Figure 5. The current through the drive coils is Idi (i = 1, 2, …, k); the 

resistance of the drive coil loop is Ri (i = 1, 2, …, k); the inductance of the drive coil loop 

is Li (i = 1, 2, …, k); the resistance of the loop coil is Rdi (i = 1, 2, …, k); the inductance of 

the loop coil is Ldi (i = 1, 2, …, k); the mutual inductance between the drive coils is Mij (i,j 

= 1, 2, …, k); the mutual inductance between the drive coils and armature segments is Mdij 

(i = 1, 2, …, k, j = 1, 2, …, m); the mutual inductance between armature segments is Mpij 

(i,j = 1, 2, …, m); the resistance of the armature segment loop is Rpi (i = 1, 2, …, m); the 

self-inductance of the armature loop is Lpi (i = 1, 2, …, m); and the current through the 

armature segment loop is Ipi (i = 1, 2, …, m). 
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Figure 5. Equivalent circuit model of multi-stage coil launching device. 

When considering only the movement direction of the armature as the z-direction 

and neglecting other energy losses, the force acting on the armature at time t is: 

1 1

d ( )
( ) ( ) ( )

d

k m
dij

di pj

i j

M t
F t I t I t

z= =

=  (7) 

From Equation (7), it can be seen that the force on the armature is related to the segments 

of the armature and the current of the driving coil as well as the mutual inductance gradient. 

The mutual inductance gradient depends on the relative position between the driving coil and 

the armature segments. When the armature segments pass through the centerline of the driv-

ing coil, the mutual inductance gradient between the driving coil and the armature segments 

is positive; otherwise, it is negative. Therefore, the magnitude and direction of the current in 

the armature segments directly determine the force on the armature. 

Due to the change in flux, induced currents are generated in the armature segments, and 

the current induced in the armature segment coil is: 

1 d d
d

d d
pj

H
I A

Z t Z t

 
= =   (8) 

In the formula, φ represents the magnetic flux passing through the armature segment; Z 

is the impedance of the armature segment; and A is the effective area surrounded by the ar-

mature segment. 

The change in the axial component of the magnetic field results in the current in the ar-

mature segment, thus the rate of change of the axial component of the magnetic field is calcu-

lated as: 

dd d

d d d

diz z z

di

IH H H z

t I t z t

 
=  + 
 

 (9) 

Therefore, the armature winding current can be represented as: 

d dz
d

d d

diz z

pj

di

IH H
I A

Z I t z t

   
=  +  

  
  (10) 

From Equation (10), it can be seen that the armature segment current consists of two 

parts: one is caused by the change in drive coil current, defined as induced current; and the 

other is caused by the movement of the armature segment, defined as motion-induced current. 

The current in the armature segment is the sum of induced current and motion-induced cur-

rent. 
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During the motion of the armature, the magnetic field changes unevenly along the axial 

direction, leading to inconsistent current distribution among the armature segments. At the 

same moment, different current densities with opposite directions may exist on the cross-sec-

tion of the armature. This results in significant force differences among the armature segments, 

adding complexity to the analysis of the armature’s motion mechanism and patterns. 

3. Simulation Results and Analysis 

In the four-stage induction coil launching device, the armature is initially accelerated 

from rest by the first-stage drive coil. By changing the triggering position of the armature in 

the first-stage coil (with the aligned position between the armature and the left side of the drive 

coil as the zero triggering position), the optimal exit velocity of the first stage is obtained, thus 

determining the optimal triggering position P1 of the armature in the first stage. The timing 

of the acceleration of the armature by the subsequent three stages is determined by changing 

the excitation triggering time of each stage coil Ti (where i = 2, 3, and 4), and then comparing 

and analyzing the armature velocity curves obtained by optimizing the triggering timing for 

both the PP and PN configurations of the launching device. 

Meanwhile, in order to explore the influence of the inter-stage distance D on the armature 

velocity of the two configuration launching devices, simulation experiments are carried out 

for the launching devices with D = 5 mm and D = 15 mm. 

3.1. Obtaining the Optimal Exit Velocity 

Figure 6 displays the variation curves of the armature velocity with P and T for the PP 

and PN configuration launching devices with an inter-stage distance of D = 5 mm. Figure 7 

displays the variation curves of the armature velocity with P and T for the PP and PN config-

uration launching devices with an inter-stage distance of D = 15 mm. 
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Figure 6. The variation curves of the armature velocity with an inter-stage distance of D = 5 mm: (a) in 

the first-stage coil; (b) in the second-stage coil; (c) in the third-stage coil; and (d) in the fourth-stage 

coil. 
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Figure 7. The variation curves of the armature velocity with an inter-stage distance of D = 15 mm: 

(a) in the first-stage coil; (b) in the second-stage coil; (c) in the third-stage coil; and (d) in the fourth-

stage coil. 

Firstly, in the simulation of PP and PN configurations, the stationary armature is trig-

gered from different initial positions, giving a certain increment to the first-stage trigger-

ing position 1P  of the armature. The optimal 1P  is obtained through successive experi-

ments. In this process, although no pulse excitation current is applied to the subsequent 

three driving coils, the acceleration of the armature is still influenced by the induced cur-

rents in the subsequent three driving coils, which are induced by the excitation current in 

the first-stage coil. Figures 6a and 7a display the variation of armature velocity with the 

first-stage coil 1P  for the PP and PN configurations of the launching device, respectively. 

It can be observed that these two configurations have the same optimal 1P , and the arma-

ture velocity through the first-stage coil is slightly higher for the PP configuration com-

pared to the PN configuration, which is due to the influence of the induced currents in the 

subsequent coils. 

Based on the analysis above, the optimal triggering position 1P  for the armature to 

reach the highest velocity in the first-stage drive coil of both configurations is determined. 

Then, the armature is accelerated with a certain initial velocity into the second-stage drive 

coil. In this article, the optimal triggering time 2T  for the second-stage coil is obtained 

through successive experiments by incrementally varying the triggering time. Figures 6b 

and 7b display the variation of armature velocity with the triggering time 2T  of the sec-

ond-stage coil for the PP and PN configurations of the launching device, respectively. 

After obtaining the optimal triggering position 1P  for the first-stage coil and the op-

timal triggering time 2T  for the second-stage coil, the optimal triggering time 3T  for the 

third-stage coil is obtained by incrementally changing the triggering time and conducting 

successive experiments. Figures 6c and 7c display the variation of armature velocity with 

the triggering time 3T   of the third-stage coil for the PP and PN configurations of the 

launching device, respectively. 
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Finally, the armature is accelerated using the optimal triggering positions and times 

for the first three stages. The optimal triggering time 4T  for the fourth-stage coil is ob-

tained by incrementally changing the triggering time and conducting successive experi-

ments. Figures 6d and 7d display the variation of armature velocity with the triggering 

time 4T  of the fourth-stage coil for the PP and PN configurations of the launching device, 

respectively. 

This article uses the optimal trigger timing obtained from simulations as the trigger 

sequence for the device. The trigger sequence is listed in Table 3. As can be seen from 

Figure 6, the optimal armature velocities after the second, third, and fourth stages of the 

PP configuration are higher than those of the PN configuration, and the triggering times 

of the PN configuration are delayed at each stage. However, in Figure 7, it is the PN con-

figuration that achieves higher optimal armature velocities after the second, third, and 

fourth stages, while the triggering times of the PN configuration are also delayed at each 

stage. Therefore, different coil launching devices with different inter-stage distances of D 

= 5 mm and D = 15 mm have different acceleration effects on the armature. The reasons 

for this phenomenon will be further investigated in this article. 

Table 3. The trigger sequence of the device. 

Configuration D (mm) 1P  (mm) 2T  (ms) 3T  (ms) 4T  (ms) 

PP 
5 11 0.85 1.40 1.80 

15 11 1.35 2.20 2.80 

PN 
5 11 1.15 1.90 2.40 

15 11 1.45 2.35 2.95 

3.2. Analysis of the Differences in Acceleration Effects between the Two Configurations 

In Figures 8 and 9, the velocity variation curves of the armature from the first to the 

fourth stage in the PP and PN configurations of the launching device are shown in Figures 

8a and 9a, respectively. The axial force variation curves are shown in Figures 8b and 9b. 

The current curves of each drive coil in the PP configuration are shown in Figures 8c and 

9c, and the current curves in the PN configuration are shown in Figures 8d and 9d. The 

armature triggering is performed according to the optimal 1P , 2T , 3T , and 4T  obtained 

from the previous simulation experiments for both the PP and PN configurations. It is 

observed that in the coil launching device with an inter-stage distance of D = 15 mm, the 

optimized PN configuration achieves higher velocity than the PP configuration, which is 

consistent with the conclusions obtained by scholars in recent years (i.e., reverse current 

in the coil helps to improve the exit velocity of the armature). However, in the coil launch-

ing device with an inter-stage distance of D = 5 mm, the velocity of the PN configuration 

does not surpass that of the PP configuration. The following analysis is conducted to ex-

plain these phenomena. 
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Figure 8. The launching situation of the device with an inter-stage distance of D = 5 mm: (a) velocity 

variation curve; (b) force variation curve; (c) current curve of PP configuration; and (d) current curve 

of PN configuration. 
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Figure 9. The launching situation of the device with an inter-stage distance of D = 15 mm: (a) velocity 

variation curve; (b) force variation curve; (c) current curve of PP configuration; and (d) current curve 

of PN configuration. 

From Figures 8a and 9a, it can be observed that the armature in the PP configuration 

of the launching device does not exhibit the armature capture effect after being accelerated 

by the first three drive coils, but experiences significant deceleration due to a large braking 

force after leaving the fourth-stage coil. Conversely, the armature in the PN configuration 

experiences a certain armature capture effect after being accelerated by the first three drive 

coils, resulting in a decrease in velocity after each stage. However, when it leaves the final-

stage coil, there is almost no decrease in velocity. This leads to the PP configuration having 

a higher exit velocity than the PN configuration for D = 5 mm. 
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The electromagnetic forces acting on the armature in Figures 8b and 9b during the 

launch process can be correlated with the results in Figures 8a and 9a. For example, the 

armature in the PN configuration experiences a period of smaller braking forces after be-

ing driven by the first three coils, while the armature in the PP configuration only experi-

ences significant deceleration after leaving the final-stage coil. Additionally, the electro-

magnetic forces acting on each drive coil in the PP configuration occur earlier than in the 

PN configuration, matching the armature velocity curves. 

Comparing (c) and (d) in Figures 8 and 9, it can be found that in the PN configuration 

of the coil launching device, there is a relatively small induced current generated in the 

subsequent drive coil after the triggering of the drive coil, and when the subsequent drive 

coil is energized, the current in that coil is enhanced. In the PP configuration, however, a 

different phenomenon occurs. The energization of the drive coils does not affect the gen-

eration of induced currents in the subsequent drive coils but instead rapidly decreases the 

induced current in the previous drive coil. This is because there are diodes in the drive 

coils that restrict the flow of current. In the PN configuration of the coil launching device, 

the current directions in adjacent drive coils are opposite, resulting in the diodes conduct-

ing due to the induced electromotive force. In the PP configuration, the current directions 

in adjacent drive coils are the same, resulting in the induced electromotive force hindering 

the conduction of the diodes, thus no induced current is generated. 

The maximum axial force density exerted on the armature by the second- to fourth-

stage coils in both the PP and PN configurations, for inter-stage distances of D = 5 mm and 

D = 15 mm, are shown in Figures 10 and 11 respectively, with units of 
3kN/m . 

   
(a) (b) (c) 
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(d) (e) (f) 

Figure 10. Axial force density (with units of 
3

kN/m ) of the armature with an inter-stage distance of D = 

5 mm: (a) PP at 1.11 ms; (b) PP at 1.60 ms; (c) PP at 1.98 ms; (d) PN at 1.44 ms; (e) PN at 2.09 ms; and (f) 

PN at 2.58 ms. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 11. Axial force density (with units of 
3

kN/m ) of the armature with an inter-stage distance of 

D = 15 mm: (a) PP at 1.62 ms; (b) PP at 2.38 ms; (c) PP at 2.97 ms; (d) PN at 1.74 ms; (e) PN at 2.54 

ms; and (f) PN at 3.13 ms. 
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Figures 10 and 11 show the axial force density cloud maps on the armature at differ-

ent time points. Despite the different methods of energizing the driving coils, the armature 

experiences electromagnetic force accelerating it forward, primarily concentrated at the 

bottom of the armature. It can be observed that the armature has a greater axial force den-

sity in the PP configuration at D = 15 mm compared to the device at D = 5 mm, whereas 

the axial force density on the armature in the PN configuration shows little difference 

across different time points, consistent with the simulation results of the force curves ob-

tained. 

3.3. Mechanism Analysis of the Interaction between the Previous and Next Drive Coils and the 

Armature 

The presence of induced currents in the drive coils can have an impact on the accel-

eration effect of the armature. Therefore, an analysis and study on this effect is conducted. 

The electromagnetic force exerted on the armature in the drive coils can be expressed as: 

d

d
d p

M
F i i

x
=  (11) 

In the equations, “ di ” represents the current in the drive coil, “ pi ” represents the 

induced current in the armature, and “ dM dx ” represents the gradient of mutual induct-

ance with respect to the position of the armature. 

The electromagnetic force exerted on the armature by the preceding-stage drive coil 

can be expressed as: 

1 ( 1)
d

d
n d n p

M
F i i

x
− −=  (12) 

The electromagnetic force exerted on the armature by the subsequent-stage drive coil 

can be expressed as: 

1 ( 1)
d

d
n d n p

M
F i i

x
+ +=  (13) 

As can be seen from Equations (11), (12), and (13), the electromagnetic force exerted 

on the armature is proportional to the gradient of mutual inductance between the arma-

ture and drive coil, as well as the currents in both the armature and drive coil. When the 

armature is in front of the center of the drive coil, the mutual inductance gradient is posi-

tive. If the currents in the armature and drive coil flow in the same direction, the electro-

magnetic force is a driving force; if they flow in opposite directions, the electromagnetic 

force is a braking force. When the armature passes through the center of the drive coil, the 

mutual inductance gradient becomes negative. If the currents in the armature and drive 

coil flow in the same direction, the electromagnetic force is a braking force; if they flow in 

opposite directions, the electromagnetic force is a driving force. Figure 12 displays the 

current density distribution at different times. In Figure 12a, at 0.4 ms, the induced current 

in the armature is in the opposite direction to the current in the first-stage coil, resulting 

in a driving force on the armature. In Figure 12b, at 0.8 ms, the induced current in the 

armature is in the same direction as the current in the first-stage coil, resulting in a braking 

force on the armature. 
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(a) (b) 

Figure 12. Current density contour maps of the launching device at different time points: (a) at 0.4 

ms; and (b) at 0.8 ms. 

This article analyzes the entire process of the armature being accelerated by the cor-

responding drive coil, dividing it into an acceleration section and a deceleration section 

influenced by the armature capture effect, as shown in Figure 13. In the PN configuration 

coil launcher, the induced current in the previous and next drive coils is opposite to the 

current flowing in the nth-stage coil. As can be seen from Equations (1), (2), and (3), during 

the acceleration stage of the nth-stage coil, the (n − 1)th-stage coil provides acceleration 

force to the armature, while the (n + 1)th-stage coil provides braking force to the armature. 

During the deceleration stage of the nth-stage coil, the (n − 1)th-stage coil provides braking 

force to the armature, while the (n + 1)th-stage coil provides acceleration force to the ar-

mature. In the PP configuration coil launcher, the induced current in the (n − 1)th-stage 

coil is in the same direction as the current flowing in the nth-stage coil, and there is no 

induced current in the subsequent stages when the nth-stage coil is energized. During the 

acceleration stage of the nth-stage coil, the (n − 1)th-stage coil provides braking force to 

the armature, while during the deceleration stage of the nth-stage coil, the (n − 1)th-stage 

coil provides acceleration force to the armature. In both configurations of the drive coil, 

the forces acting on the armature by the previous and next drive coils during the two 

stages of launching are shown in Table 4. 

 

Figure 13. Mechanism analysis schematic diagram. 
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Table 4. In both configurations, the armature experiences the forces exerted by the previous and 

next drive coils during the two stages of the launch process. 

Configuration The nth-Stage Coil The (n − 1)th-Stage Coil The (n + 1)th-Stage Coil 

PN 

Acceleration section Braking force 
Acceleration force 

(ignored) 

Deceleration section 
Acceleration force 

(ignored) 
Braking force 

PP 

Acceleration section Acceleration force — 

Deceleration section 
Braking force 

(ignored) 
— 

The magnitude of the electromagnetic force on the armature by the drive coil is de-

pendent on the distance to this coil [17]. In both configurations of the launching device, 

the influence of the (n + 1)th-stage coil on the armature during the acceleration stage and 

the influence of the (n − 1)th-stage coil on the armature during the deceleration stage are 

not considered in order to simplify the analysis and focus on the more significant factors. 

As a result, in the PN configuration coil launcher, the previous and next drive coils mainly 

provide a deceleration effect on the armature, while in the PP configuration coil launcher, 

the previous and next drive coils mainly provide an acceleration effect on the armature. 

Therefore, in the launching device with a distance D = 5 mm between each drive coil, 

as shown in Figure 8a, the PP configuration armature exit velocity is ultimately better than 

the PN configuration. However, in the launching device with a distance D = 15 mm, the 

increased distance between the previous and next drive coils and the armature weakens 

the influence of the drive coils on the armature. This weakens the deceleration effect of the 

PN configuration and the acceleration effect of the PP configuration, resulting in an en-

hanced velocity for the PN configuration armature and a relatively reduced velocity for 

the PP configuration armature. As shown in Figure 9a, the simulation results are con-

sistent with the theoretical analysis mentioned above. 

3.4. The Influence of Inter-Stage Distance on the Selection of Current Direction 

Based on the previous analysis, it can be preliminarily concluded that different inter-

stage distances will affect the coupling relationship between the drive coils and the arma-

ture, thereby affecting the electromagnetic force exerted on the armature during the 

launching process. Inter-stage coupling causes the electromotive force on the drive coil to 

alternate from positive to negative. When the induced electromotive force and the capac-

itor voltage are connected in reverse series, the total voltage of the drive coil discharge 

circuit decreases, which is not conducive to the acceleration of the armature. When con-

nected in the forward series, due to the presence of the freewheel diode, a circuit current 

will be formed, and some energy will be dissipated as heat on the discharge circuit re-

sistance of the drive coil, leading to a decrease in system transmission efficiency. 

Therefore, the smaller the inter-stage distance of the drive coils, the tighter the cou-

pling with the armature, and the more significant the influence of the induced current on 

the armature. In this case, the armature velocity of the PP configuration is better than that 

of the PN configuration. As the inter-stage distance of the drive coils increases, the arma-

ture velocity of the PP configuration gradually decreases, while the armature velocity of 

the PN configuration gradually increases, eventually surpassing the armature velocity of 

the PP configuration. 

The simulation results are consistent with the theoretical analysis. By giving a certain 

linear increment to the inter-stage distance of the drive coils, simulations are conducted 

on the launching devices with different inter-stage distances. The selection of specific in-

ter-stage distances in our study is based on a combination of practical considerations and 

the need to explore a range of distances that are commonly encountered in 
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electromagnetic launch systems. The chosen distances were intended to provide a com-

prehensive understanding of how variations in inter-stage distance impact system perfor-

mance. 

The triggering time of the excitation current for each drive coil is optimized using the 

method mentioned earlier, and the optimal exit velocity of each device is obtained. Table 

5 lists the simulation data of the optimal armature exit velocity obtained after acceleration 

by the drive coils of PP and PN configurations at different inter-stage distances, where N 

represents the number of acceleration stages. 

Table 5. Simulation results of the optimal exit velocity for two different configurations at varying 

stage distances and acceleration stages. 

Inter-Stage 

Distance 

2.5 mm 

(m/s) 

5 mm 

(m/s) 

7.5 mm 

(m/s) 

10 mm 

(m/s) 

12.5 mm 

(m/s) 

15 mm 

(m/s) 

17.5 mm 

(m/s) 

20 mm 

(m/s) 

22.5 mm 

(m/s) 

PP: N = 2 41.76 40.66 39.78 39.57 39.05 39.20 39.22 39.27 39.48 

PN: N = 2 38.53 40.53 42.23 43.71 44.61 45.52 46.13 46.57 46.99 

PP: N = 3 57.68 54.90 53.66 52.95 52.06 52.02 51.68 51.98 52.08 

PN: N = 3 47.48 50.86 53.34 55.84 57.94 59.66 60.82 61.64 63.05 

PP: N = 4 70.78 67.39 66.43 64.66 63.65 62.88 62.62 62.89 62.79 

PN: N = 4 59.28 62.92 66.21 68.67 70.66 73.14 74.19 74.45 76.94 

Analyzing the data in Table 5 reveals that in the coil launch device with a PP config-

uration, the optimal exit velocity gradually decreases as the distance between driving coil 

stages increases. In contrast, in the coil launch device with a PN configuration, the optimal 

exit velocity increases as the distance between driving coil stages increases. Furthermore, 

among the existing data on driving coil stage distances, the optimal exit velocity of the 

armature for PP configuration is superior to PN configuration within the 2.5 mm–7.5 mm 

stage distances, while for PN configuration, the 10 mm–22.5 mm range is superior to PP 

configuration. Figure 14 is obtained through curve fitting of the existing data. Figure 14 

displays the optimal exit velocity curves for the two configurations with different adjusted 

inter-stage distances. 
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Figure 14. The optimal exit velocity of the armature at different inter-stage distances. 

It can be observed from Figure 14 that as the inter-stage distance of the drive coils in 

the SICL increases, the optimal exit velocity of the PP configuration device gradually de-

creases and tends to stabilize, while the optimal exit velocity of the PN configuration de-

vice gradually increases and tends to stabilize. The intersection point of the two curves 

represents the threshold value of the inter-stage distance, which is 7.5 mm in this case, 

accounting for 37.5% of the length of the drive coils. When the inter-stage distance is 
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smaller than this threshold value, the coil launching device using the PP configuration 

will achieve a better armature exit velocity. Conversely, when the inter-stage distance is 

larger than this threshold value, the coil launching device using the PN configuration will 

achieve a better armature exit velocity. 

3.5. Results and Verification 

The research conclusion can be summarized by the following equations. 

Where dL  represents the length of the driving coil, D represents the distance be-

tween driving coil stages, and T represents the threshold of the distance between driving 

coil stages, which is obtained by the intersection of the two curves in Figure 14. 

As shown in Equation (14), in this study, K is defined as the ratio of the threshold T 
to the length dL  of the driving coil. 

100%
d

D
K

L
=   (14) 

When D T= , there is a theoretical threshold T for the distance between the driving 

coil stages. At this point, when the launch device emits the armature by applying power 

in either the PP or PN methods, although there are differences in the acceleration princi-

ples, the same acceleration effect will be achieved. Let K at this time be denoted as TK and 

TK  can be calculated as follows: 

7.5 mm
100% 100% 37.5%

20 mm
T

d

T
K

L
=  =  =  (15) 

When ( )TK K D T  , the driving coils of the launch device are powered by the PP 

method. The acceleration effect on the armature will gradually decrease with an increase 

in inter-stage distance. If powered by the PN method, the acceleration effect on the arma-

ture will also gradually decrease with an increase in inter-stage distance. However, the PP 

method is always superior to the PN method. Therefore, in this case, it is recommended 

to use the PP method for the launch device. 

When ( )TK K D T  , the driving coils of the launch device are powered by the PP 

method. The acceleration effect on the armature will still gradually decrease with an in-

crease in inter-stage distance. If powered by the PN method, the acceleration effect on the 

armature will still gradually decrease with an increase in inter-stage distance. However, 

the PN method is always superior to the PP method. Therefore, in this case, it is recom-

mended to use the PN method for the launch device. 

From Equations (14) and (15), it is evident that the optimal power-on method of the 

launch device is determined by the distance D between different stages based on the pa-

rameters T and TK  of the device. The T values in each launch device vary due to the 

device’s different size specifications, while the ratio K is not influenced by the device size. 

In this study, it is approximated that 37.5%TK = . 

In order to validate and confirm the research findings, ensuring the accuracy and 

reliability of the study, the analysis results of this research will be applied to the research 

device model in the existing literature, verifying the consistency with the results of this 

study under different models of coil launch devices. 
In reference [12], where 16.3 mmdL =  and 10 mmD = , the value of K can be calcu-

lated using the following equation: 

10 mm
100% 100% 61.3%

16.3 mm
T

d

D
K K

L
=  =  =   (16) 

The research findings that “The launch velocity in the PN launcher is more than in 

the PP launcher” are consistent with the optimal power-on method selection in this study. 

In reference [13], the launch device adopts the PN power-on method. Simulation is 

conducted with D ranging from 5 mm to 40 mm. The research shows that as the value of 
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D increases, the efficiency of the device’s energy conversion gradually improves, which is 

consistent with the conclusion of this study. 
In reference [18], where 100 mmdL =  and 20 mmD = , the value of K can be calcu-

lated using the following equation: 

20 mm
100% 100% 20%

100 mm
T

d

D
K K

L
=  =  =   (17) 

The research finding that “In the design process of a multi-stage synchronous induc-

tion coil launcher, adjacent driving coils should be arranged with the same polarity” is 

consistent with the optimal power-on method selection in this study. 

The results obtained in this study are applied to the literature related to the determi-

nation of the driving coil energization method. The comparison of the experimental re-

sults obtained from different device models with the results of this study all confirm the 

relationship between the driving coil inter-stage distance and the selection of the energiz-

ation method. This validates the accuracy and effectiveness of the results of this study. 

4. Conclusions 

This article discusses the differences in armature acceleration effects based on differ-

ent inter-stage distances and energization methods. It is pointed out that the distance be-

tween stages is the key factor affecting the selection of coil energization direction. To ver-

ify this, the article performs field-circuit coupling simulations on a four-stage synchronous 

induction coil launching device model by ANSYS Maxwell software. The results are as 

follows: 

1. The armature exit velocity of the PP energization method is superior to that of the 

PN energization method in the device with an inter-stage distance of 5 mm. How-

ever, in the device with an inter-stage distance of 15 mm, the armature exit velocity 

of the PN energization method is superior to that of the PP energization method. 

2. In the coil launch device with the PN energization method, the previous and next 

drive coils mainly provide a deceleration effect on the armature. Conversely, in the 

coil launch device with the PP energization method, the previous and next drive coils 

mainly provide an acceleration effect on the armature. 

3. Different inter-stage distances affect the coupling relationship between each drive 

coil and the armature. Increasing the inter-stage distance weakens the effect of the 

induced current in the coil on the armature launch process. 

4. There is a threshold value of 7.5 mm for the inter-stage distance of the drive coils, 

which accounts for 37.5% of the length of the drive coils. If the inter-stage distance 

does not exceed this threshold value, selecting the PP energization method for the 

launch device will result in a better armature exit velocity. However, if the inter-stage 

distance exceeds this threshold value, selecting the PN energization method for the 

launch device will result in a better armature exit velocity. 

The simulation results of this model are consistent with the theoretical analysis and 

align with the validation of consistency with other existing studies. That is, the different 

acceleration modes generated by the two coil energization methods result in a threshold 

distance between each driving coil, which is a key factor in determining the energization 

direction of the launcher coil. This conclusion provides a basis for the selection of coil 

energization methods and valuable references for determining the energization direction 

of multi-stage SICL coils. 
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