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Abstract

:

Featured Application


It is useful and easy to predict performance of an electromagnetic launcher.




Abstract


An electromagnetic launcher (EML) is used to generate high launching velocities. The basic governing equation of the propulsion force of an EML is that the propulsion force is directly proportional to current and inductance gradient.   L ′   is the inductance gradient that refers to the increase or decrease in the inductance with the length of rails. The inductance gradient is easily calculated because it is a function of the rail shape and frequency. However, current ( I ) flowing in an EML is calculated by the series resistor, inductor, and capacitor (RLC) equation of the equivalent circuit. Here,  L  is not constant and increases as the projectile muzzles. Owing to the increase in inductance, the current ( I ) and voltage ( V ) vary depending on the projectile position. Therefore, inductance, current, and voltage should be exactly obtained to calculate the exact current at a specific time. This study deals with analytical performance prediction using the relation EML propulsion force with real-time current, which is based on an increase in resistance and inductance at a specific time. To validate this approach, the results of the current waves are compared via numerical analyses and experiments. Using this prediction method, it is possible to determine and optimize the rail shape and length from the capacitor bank and vice versa.
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1. Introduction


In recent times, electromagnetic launching systems have been adopted to substitute existing launch systems. For example, electromagnetic launchers (EMLs) or railguns have been developed to install battleships by the US Navy and the Chinese Navy since 1995 and 2011, respectively [1,2,3]. Moreover, the French-German Research Institute has developed the PEGASUS Launcher, having a 10- Mega Joule (MJ) pulse power system, to increase efficiency and high muzzle velocity [4,5,6]. The most attractive advantage of an EML is the ability to obtain higher projectile velocities than conventional gunpowder-type guns.



Another application of an electromagnetic launching system is the electromagnetic aircraft launch system (EMALS). This is currently being developed by General Atomics and the US Navy. The main advantage of this is that it can accelerate an aircraft more smoothly, thereby incurring less stress on the aircraft and carrier. Further, EMALS has less weight, cost, and maintenance requirements than a steam catapult [7]. Similar to EMALS, the magnetic system for UAV carriers has been developed. The advantages of this system include a short runway, reduced risk of pilot casualty, and reduced cost of having an airborne device [8].



Another application is that of a heavy projectile launcher. The direct launch of payloads into orbit is impossible. However, it would be possible to launch rugged payloads, such as fuel, water, and others. There are two main advantage of this technology: it is possible to achieve high muzzle velocities and it is easy to force control with a pulse power system [9,10,11,12].



Furthermore, the propulsion force of an electromagnetic launcher is the Lorentz force; this force is applied electric propulsion (EP). EP is termed ion or plasma thrusters. It has a low thrust level compared to that of electromagnetic launchers. EP has significant advantages for in space propulsion for smaller objects and longer durations. EP is independent of a propellant, posing a risk of explosion with a large energy density [13,14,15,16].



Since the 1950s, studies and research on EMLs have been conducted and a few useful equations to predict their performance have been established. A useful equation is given below, which is schematically illustrated in Figure 1.


  F =    L ′   I 2   2   



(1)







This equation draws from the conservation of energy requirement


   W  d e l i v e r e d   =  W  m e c h   +  W  i n d    



(2)




where    W  m e c h     is calculated by    F  P r o p     generated on a projectile of mass  m  and displacement (  d x  ) from state 1 to state 2.


   W  m e c h   =  (   F  P r o p    )  d x  



(3)







Further, the increase in inductive energy    W  i n d     is calculated using inductance gradient (  L ′  ) determined from “Kerrisk   L ′  ,” which is a function of the shape of the rail and current ( I ) [17,18].


   W  i n d   =   d L  I 2   2  =    L ′  d x  I 2   2   



(4)







The energy delivered to the EML circuit    W  d e l i v e r e d     is


   W  d e l i v e r e d   = V I d t =  L ′   I 2  v d t =  L ′   I 2  d x  



(5)







The voltage form of Faraday’s law is given as   V =   d Φ   d t    . The voltage is then given by


  V =   d  (  L I  )    d t   =    L ′  d x I   d t   =  L ′  I v  



(6)







Equations (2)–(6) indicate that the propulsion force of an EML (Equation (1)) generated on the projectile can be calculated from the inductance gradient and current at a specific time [19].



Using this equation, considerable analytical research was conducted to predict the performance of an electromagnetic launcher or other [20,21,22,23,24]. However, these analytical analyses did not consider variations in specific time current with an increase in resistance and inductance. Moreover, this equation applies to active electromagnetic launcher armor that utilizes the Lorentz force in a manner similar to an electromagnetic launcher [25].



To identify the propulsion Lorentz force at a time instant, current ( I ) should then be determined. To acquire current ( I ) at a time instant, the series resistor, inductor, and capacitor (RLC) equivalent circuit of an EML was developed, as shown in Figure 2, following the initial conditions of the capacitor bank and EML. The original step response of the series RLC circuit is given by the following equation.


     d 2    d  t 2    I  ( t )  +  R L   d  d t   I  ( t )  +  1  L C   I  ( t )  = 0  



(7)







As the projectile is accelerated and approaches the muzzle, resistance and inductance of the rail are increased, owing to the resistance and inductance gradient. Further, the current value is varied. To conduct a more accurate analysis, the initial condition of the capacitor bank and EML circuit, resistance, and inductance should be considered and updated in Equation (7). The updated equation is given in Equation (8).


     d 2    d  t 2    I  ( t )  +    (   R  c a p a c i t o r s   +  R  r a i l  ′  x  )     (   L  c a p a c i t o r s   + L  ′  r a i l   x  )     d  d t   I  ( t )  +  1   (   L  c a p a c i t o r s   + L  ′  r a i l   x  )  C   I  ( t )  = 0 .  



(8)







According to this equation, the performance of the EML can be predicted using the flow chart shown in Figure 3. By incorporating resistance and inductance gradients, system resistance and inductance were updated in this study to precisely predict the performance of a projectile.




2. Analytical Performance Prediction of EML


To analytically predict the performance of the EML, the capacitor and bank specifications are determined. Further, the length and size of rails are determined, as listed in Table 1. Each capacitor specification is 480 V and 6800 µF. One hundred capacitors are connected in parallel, and the equivalent specification of the capacitor bank is 480 V and 0.68 F; the rail size is 750 mm (l) × 30 mm (h) × 5 mm (w), as shown in Figure 4. These electrical properties of the capacitor bank and rails are listed in Table 2.



By using these properties and Equation 8, the performance is analytically predicted. The prediction sequence is as follows:




	
Set the initial conditions—charged capacitor voltage, projectile loaded position, and initial velocity.



	
Find Lorentz force from initial condition.



	
Find velocity (  v  (  t + Δ t  )  =   ∫  0  Δ t     F    ( t )    P r o p   − F    ( t )    F r i c    m  d t + v  ( t )   ) and displacement (  s  (  t + Δ t  )  =   ∫  0  Δ t   v  ( t )  d t + s  ( t )   ) from    F  p r o p    ( t )  =    L ′  I    ( t )   2   2    [26]. Here, ‘m’ is projectile mass.



	
Update resistance (   R  c o p p e r b a r  ′  x  ( t )   ) and inductance (   L ′  x  ( t )   ) according to projectile displacement   s  (  t + Δ t  )   .



	
Find current (   I  t + 1   )   and voltage (   V  t + 1    ) through a series equivalent RLC circuit analysis after   Δ t   from a previous time. The determined current and voltage will be the initial conditions for the next step.



	
Go to 2nd step until the objective velocity or rail length are attained.








According to this sequence, the muzzle velocity and current with the 750 mm length of rail mentioned earlier of this chapter is determined using MATLAB R2019a and Simulink Simscape Electrical. In the 3rd step, the friction force is approximately 0.56 times the propulsion force of an EML (0.56   F  P r o p    ) [19].



The muzzle velocity calculated using this approach is 252.485 m/s. Velocity as time and current as time are shown Figure 5. The reflection of inductance and resistance gradient is an extremely important point to predict EML performance.




3. EML Numerical Analysis with 750 mm Length Rail


By using LS-DYNA EM, a performance prediction may be conducted under the same conditions as those of the previous analytical prediction. The analysis model and boundary conditions are shown in Figure 6. The rails selected in this study are made of copper, and the projectile is Al 6061-T6. The outer surfaces of copper rails are fully fixed, and the Al 6061-T6 projectile traces solely the launching direction, i.e., from the breech to the muzzle. Further, to generate Lorentz force, an impose current wave is required, which is obtained along the path of the current flow established through the analysis model.



The biggest advantage of LS-DYNA EM is the reflection of varying shape, such as a moving projectile in the EML. Generally, other software cannot support real-time deformation or variation in shape [27].



From LS-DYNA EM, the current and velocity profile are obtained, as shown in Figure 7. The projectile velocity is 250.786 m/s. These results are similar to those of the analytical performance prediction.




4. EML Experiment with 750 mm Length Rail


An EML system was developed, as shown in Figure 8. The specifications and dimensions are listed in Table 1 and Table 2, as mentioned in Section 2 and Section 3. The 6 g Al 6061-T6 projectile is loaded between the rails, 25 mm from the breech. Then, the capacitor bank is charged to 300 V and discharged instantaneously.



The measured muzzle velocity is 250 m/s using a Photron FASTCAM SA-X2 high-speed camera, as shown in Figure 8.



Further, the current flow is measured using a Rogowski coil, as shown in Figure 9, and the flow is shown in Figure 10. The measured muzzle velocity and current flow from a high-speed camera and Rogowski coil will be compared with the analytical velocity and current flow to validate the analytical method.




5. Results


The results of the muzzle velocity and current flow obtained using analytical, numerical, and experimental predictions are shown in Figure 11.



Although this analytical approach can provide simple results, which are projectile displacement, velocity, current, and voltage, it does not require a long time and advanced computational resources such as finite element methods. From Figure 11, the following conclusions can be drawn.




	
The current values from the analytical method and experiment results are similar.



	
The velocity values from the analytical method and numerical analysis results are also similar.



	
Every case of muzzle velocity is similar.









6. Conclusions


This study suggests that reflection of the projectile position in terms of resistance and inductance gradients is important for a precise analytical approach in rails. Moreover, it will be useful to determine muzzle velocity for a fixed rail length. According to this process, an EML performance can be easily predicted via an analytical method. The advantages of this analytical method are that it is more time and cost effective than finite element methods such as LS-DYNA EM. Similar to this approach, the maximum muzzle velocity can be obtained using an optimized rail length, or can determine the optimized rail and projectile shape using the capacitor bank specifications.
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Nomenclature




	  L  
	Inductance
	H



	   L ′   
	Inductance gradient
	H/m



	  I  
	Current
	A



	  R  
	Resistance
	Ω



	  V  
	Voltage
	V
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Figure 1. Electromagnetic launcher (EML) schematic view. 
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Figure 2. EML equivalent circuit. 
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Figure 3. EML performance prediction flow chart. 
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Figure 4. EML rail dimensions. 
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Figure 5. Current and projectile velocity profiles obtained using MATLAB R2019a analysis. 
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Figure 6. EML numerical analysis model using LS-DYNA EM. 
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Figure 7. Current and projectile velocity profiles obtained using LS DYNA EM. 
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Figure 8. (a) High-speed camera (Photron FASTCAM SA-X2). (b) Post processor. (c) Measuring projectile muzzle velocity. 
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Figure 9. Rogowski coil to measure the current of the EML. 
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Figure 10. Measured current of the EML using Rogowski coil. 
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Figure 11. Current and projectile velocity profiles by analytical, numerical, and experimental methods. 
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Table 1. Electromagnetic launcher (EML) specification.






Table 1. Electromagnetic launcher (EML) specification.





	Copper rail size
	750 mm (l) × 30 mm (h) × 5 mm (w)



	One capacitor
	450 V and 6800 μF



	Equivalent capacitor
	450 V and 0.68 F



	Copper wire length
	10 m



	Copper wire diameter
	10 cm



	Projectile mass
	6 g
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Table 2. Electrical properties of EML.






Table 2. Electrical properties of EML.





	Resistance of capacitor bank
	2.405 mΩ



	Inductance of capacitor bank
	14.25 μH



	Resistance gradient of rail
	11.47 μΩ/m



	Inductance gradient of rail
	35.933 μH/m



	Initial capacitor voltage
	300 V



	Initial current on EML system
	0 A











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(s/w) AyoojaA [eoUBWNN

8

8 8 g

!
|
_

— -~ Numeical velooty

2

8 & e

(W) 1o [eauawNN

Time (ms)





media/file4.png
Capacitor bank EML rail

Capacitor bank Resistance Capacitor bank Inductance

f(x)=0 AVAYAYAY; Raduiis

- + -

N

I
I
I
I
I
I
I
I
: Capacitor bank == S
I
I
I
I
I
I
I






media/file18.png





media/file21.jpg
Current (kA)

40

20

10+

alyic current
—— Numericalcurrent
— Experimentalcurtent
— Anaiytc velocity
—— Numerical velocty
—+— Experimental velocity

k250

200

k150

k100

F50

Time (ms)

Velocity (m/s)





media/file3.jpg
Capacitor bank

M
H
i
i
|
|






media/file22.png
kA)

Current (

50

40

30 A

20

Analytic current
Numerical current
Experimental current
Analytic velocity
Numerical velocity
—k— Experimental velocity

- 250

- 200

- 150

- 100

- 50

Time (ms)

6 7

Velocity (m/s)





media/file19.jpg
Current (kA)

50 |

a0

20

ol

[——Current

Time (ms)

10

15





media/file7.jpg





media/file10.png
(s/w) Ay00l9A 2nAjleuy

| | | | 1 | ©
I
x|
£ 9
— f. ww | -
\ 0 O
' >>
@ @©
c cC
T
— ' o
' |
N R
/’
— /. A
/'
/‘
/'
— /. L <«
/.
/t -
— i L o
\
\
\
— X .
\
\
— ] |
\
— -
|
| I 1 | T o
o o o o o o
w0 < ™ N -

(W) Juaund onhjeuy

Time (ms)





media/file14.png
(s/w) Ayo0jaA |BOIBWINN

o o o o
w0 o n o o
1 1 | 1 | | ©
WAlv.
3 Iy
- 3Shl
88
c c
o opl
EE
. 22
= \ = | PN
\ .
\ |
\
» ./ I5
/l
/.
\
i AN - <
./.
/.
/.
- N Lo
/‘
\
- \ pe
\
\
\
- ) .
\
|
|
L 1 v T T T o
© < 3¢] N -

(W) JuaLno |eouswnN

Time (ms)





media/file11.jpg





media/file6.png
Determine
capacitor bank specification (R, L, C)
& rails size (L") & charged voltage (V)

Initial velocity v(t) and position x(t) of

projectile
. 4
Series RLC circuit analysis to obtain | Update n+1 step
current
. 4
Determine n-th step projectile Update n-th step voltage, current,
Lorentz force & velocity & position inductance and resistance.

Objective velocity
or rail length

Obtain muzzle velocity or rail length






media/file15.jpg





nav.xhtml


  applsci-09-04063


  
    		
      applsci-09-04063
    


  




  





media/file16.png
(b) High speed camera post process

* Deplacement  Wlocy  Acceleration

image
ERE = ‘






media/file2.png
N\

State 1 State 2

Mass : m

/N

X —><—ij

|
I
|
l
|
;
|
|





media/file20.png
Current (kA)

50 |-

—— Current

Time (ms)





media/file5.jpg
Determine
capacitor bank specification (R, L, )
& il size (L") & charged voltage (Vo)

nitial velocity v(0) and position x(0) of
projectile

Series RLC circuit analysis 0 oblain
current

Determine n-h siep projectile

Lorentz force & velocity & position inductance an

Update n-th step voltage,

ureen,
resistance.

Objective veloci
or al length

Yes

I R R—

Obain muzzle velocity or rail length






media/file1.jpg
State 1

State 2

y—=






media/file12.png





media/file9.jpg
(s/w) Ayoojen onkjeuy
s g 8
§ &8 & g

250

8

(vi) JuaLino onhleuy

10+

Time (ms)





media/file0.png





media/file8.png





media/file17.jpg





