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Abstract. The nonlinear electromagnetic force can change the critical velocity of the projectile
for a railgun. It corresponds to the resonance state in railgun. Here, the nonlinear
electromechanical coupled dynamics equations for the railgun are proposed. Based on it, the
equation of the nonlinear critical velocity of the projectile is given and the effects of the
electromagnetic nonlinearity on the critical velocity of the projectile are investigated. Besides it,
the effects of the fire velocity on the nonlinear critical velocity are studied as well. Results show
that the critical velocity of the railgun system increases when the electromagnetic nonlinearity is
considered, and the nonlinear critical velocity is influenced by the system parameters such as rail
current, rail thickness, rail distance, etc. A FEM analysis package, ANSYS, is used to simulate
dynamics performance of the railgun system and illustrate the analytical results about critical
velocities of the railgun system. The results can be used to design dynamics performance of the
railgun system.
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1. Introduction

The railgun was proposed about one hundred years ago. It is an attractive electromagnetic gun
due to its apparent simple design and the muzzle velocities up to 2.5 km/s for masses of several
hundred grams have been demonstrated experimentally [1-3].

In the railgun, the vibration of the rail under the transient magnetic load may cause
disturbances of the projectile trajectory. Therefore, the dynamic performance of the rail is of great
importance for the railgun system. The first dynamic model of the electromagnetic railgun is
one-dimensional beam model on an elastic foundation [4]. Then, the mechanical response of the
railgun to the moving magnetic load was studied [5, 6]. For improving calculating accuracy, the
axis-symmetric shell and two-dimensional solid models were used to study the resonance at
critical velocities of the projectile [7]. The transient elastic waves in the railgun and their influence
on armature contact pressure were analyzed [8, 9]. A 2D finite element model resting upon
discrete elastic supports was used to analyze the transient performance of the railgun for a set of
constant loading velocities [10]. The forced responses of the rail to constant velocity load and the
acceleration load were studied [11]. A double layer elastic foundation beam model was proposed
to investigate the dynamic responses of the rails to the moving magnetic load [12]. Besides it, the
vibration experiment of the railgun with discrete supports was performed [13]. For the railgun, the
linear electromechanical coupled effects were considered [14]. In operation, the rail current is
quite large. It causes strong electromagnetic nonlinearity in the railgun system. So, the
electromechanical coupled nonlinear free vibration of the railgun system was studied [15].
However, the nonlinear electromagnetic force can change the critical velocity of the projectile
which corresponds to the resonance state in railgun. The effects of the electromagnetic
nonlinearity on the critical velocity of the projectile have not been investigated yet.

In this paper, the nonlinear electromechanical coupled dynamics equations for the railgun are
proposed. Based on it, the equation of the nonlinear critical velocity of the projectile is given and
the effects of the electromagnetic nonlinearity on the critical velocity of the projectile are
investigated. Besides it, the effects of the projectile exit velocity on the nonlinear critical velocity
are studied as well. Results show that the critical velocity of the railgun system increases when
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the electromagnetic nonlinearity is considered, and the nonlinear critical velocity is influenced by
the system parameters such as rail current, rail thickness, rail distance, exit velocity of the last
projectile, etc. The results can be used to design dynamics performance of the railgun system.

2. The average static displacement of the rail under electromagnetic force

The railgun includes two parallel copper rails across which an armature makes electrical
contact (see Fig. 1). The rails are copper strips hxb and length L. The distance between the two
rails is d. A large current I pass through the rails and the armature (projectile), and the projectile
current interacts with the strong magnetic fields generated by the rails. It produces a strong force
to accelerate the armature together with the projectile along the rails. Meanwhile, a mutually
repulsive force occurs between the two rails.

Fig. 1. Schematic of railgun

The magnetic force per unit length on the rail is:

{qr =K.1% (0<x<l), (1)
qr =0, (l<x <L)
The coefficient K, can be calculated as:
MR
T 47Th2b2 d —h/2 b —h/2 [(y - y’)z + (Z - Z,)z] (2)
x x—1

dy'dz'dydz,

| [J(y —V+ G-V +x -y + =20+ - D?

where 1, is the permeability, I is the current intensity in the rail, b is the thickness of the rail, h is
the width of the rail, d is the distance between the two rails, P'(z',y") is one point on the left rail,
P(z,y) is one point on the right rail, [ is the running position of the armature.

Using the regressive interpolation, the nonlinear electromagnetic force can be given as below:

k,

K = T 0013y ®)

where:

121 x1073(0.012h% — 0.001h? — 4.3 X 10™°h + 6.81 X 107°)
T b+ 0.026 '
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The magnetic force can be expressed in Fourier series form and substituted into the force
balance equation of the rail, yields:
4 > 2 nml  nnx
+Z—sm—cos—, “)
—

a*w 5
Elym-l'kw = Krl

l
L

L L

where E is the modulus of elasticity of the rail material, I, is the sectional modular of the rail, k
is the stiffness of the elastic foundation, x is the position coordinate in the direction of the rail
length, L is the length of the rail.

From Eq. (4), the static displacement w of the rail can be obtained and the average
displacement wyof the rail can be calculated as:

_IJ’“ dr = K12 l+i 2L° ., nml 5
MO LT T T LB e e L) )

3. Electromechanical coupled nonlinear dynamics equations of the rail

The dynamic equation of the rail can be given as:

9% Aw 0*Aw 6
P52 +EIL, pp + kAw = Aq,, (0 <x <), (6a)
9% Aw 0*Aw
+ EI +kAw =0, (I<x<L), (6b)

P52 Y oxt

where Aw is the dynamic displacement of the rail, p; is the mass coefficient per unit length of the
rail, Ag, is the dynamic electromagnetic force on the rail, t is the time.
The dynamic electromagnetic force is:

{Aqr(x) =Aq,, (0<x<D), 7
Aqr(x) = 0’ (l < X < L)’ ( )
where:
dq, 1.d?q, 1d"q,
Ag, = — Aw? + oo 4+ — Aw™,
ar dw lwy w 2! dw? Wo we + n! dwm lwy w
Substituting Eq. (7) into (6), and letting the nonlinear parameter € = b/d, yields:
MW o, T 4 e
|Piaez T Bl Tga AW
2k, I? 4k, 1%d
- _ A Aw? 8
@1 2w 100032t bi@ v 2wy v ooz Wt O<x<h )
0%Aw 0*Aw
P55 +EIL, Epn + kAw = 0, (I<x<L).
Let Aw = ¢(x)q(t), substituting it into Eq. (8), yields:
g(t) EL¢™ (x) + Pp(x)
2 —eQq(t) — eQ.q(t)? = — , (0<x <D, 9
ORI PXIE) ( )
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where:

N 2k, 12 B 4k, 1%d
(d + 2w, + 0.013)2’ Q= pib(d + 2wy + 0.013)3
4k, 1%d —_— IJL 0d
pb(d ¥ 2wy 1 0.013)F ¢+ P =) Pldx

P=k

¢,

Q, =

Let Eq. (9) equal constant —w?, thus:

G(t) + w?q(®) — Qq*(t) — €Q,¢°(t) = 0, (10)
d®(x) — Rep(x) =0, (11)

where R = (w?p; — P)/EL,.
From Eq. (11), it is known:

¢(x) = Ae™ + A,e™™* + Azcosmx + Ausinmx, (12)

where m = V/R.
From Eq. (12), and the boundary conditions and the continuity conditions of the rail, the
natural frequencies and the mode functions of the rail can be obtained.

4. Forced response of the rail to running electromagnetic force

As the clectromagnetic force runs along the rail with a constant velocity v, it can be
expressed as:

K.I?, (x <wt),
0, (x = vt).

£, ) = KI2[1 — H(x — vt)] = { (13)

Substituting Eq. (12) and (13) into Eq. (6), the generalized force can be given:

1 l L
i = rP1i d rP2i d
0 qu¢(x)x+flq¢ (x)x]

M,,;
kT‘Iz m;vt —m;vt . (14)
= (d + 2w, + 0.013)Mym, [A;e™Vt — A,e ™™V + Assinm, vt — Agcosmvt — Aq

+A2 +A4], (i = 1, 2, ...,Tl).

The generalized coordinate is:

k.I?
q:(t) =
(d + 2W0 + 0.013)Mpiwimi
—A cosmvt — Ay + A, + Aylsinw; (t — T)dt

t
.f [A{e™T — A,e ™™V + Agsinm; vt
0

B k.12 [(A A4 )l—coswit
T (d + 2w + 0.013)Mp;0m; 12 T T w; (15)
w;e™Vt — w;cosw;t — m;vsinw;t w;e” ™Y — w;cosw;t + m;vsinw;t

+A4; 2

m;2v? + w;? m;2v? + w;?
m;vsinw;t — w;sinm,;vt +A w;Cosw;t — w;cosm;vt
4

3

m;%v? — w;? m;%v? — w;?

From Eq. (15), the resonance condition can be obtained:
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(mv)? — w;2 = 0. (16)

5. Nonlinear critical velocities

Let:
q(t,€) =qo + £q1 + %q2 + -, (17
and:
w2 = w?(1+ &0y + €20, +), (18)

where w,, is the nonlinear vibration frequency of the rail considering electromechanical coupled
effects.
Letting T = w,t, and Eq. (10) can be changed into following form:

Wi (T) + 0?q(7) — £Qq*(7) — £Q,°(1) = 0. 19)

Substituting Egs. (17) and (18) into (19), and then let sum of the coefficients with the same
order power equal zero, following equations can be given:

Go+qo=0, (20a)
Qq0* + Q1q .

by +q, = % oy qo. (20b)
2Qq0q1 + 301919 . .

G2+ q; = n 2 10140° — 01G1 — 0. (20c)

Here, initial conditions are:

q0(0) = Qo, G4o(0) =0,
q:(0) =0, ¢,(0) =0,
q2(0) =0, g,(0)=0.

Then, solution of zero order equation under above initial conditions is:

qo = QopcCOsT. (21)

Substituting Eq. (21) into (20b), yields:

QQo Q5Q . Q1Q0° 301Q0°
G1 +q, = 5 cos2t 2w? 102 cos3t + 102 ———+ 0,Q, ] cost. (22)
In order to remove secular item, let 6, = —3Q; QO2 /4w?, then:
Q:1Q0°  QQ§ QQ§ Q:1Q0° QQo
1= (—32w2 20z ) 05T "oz © S2T — 6 > oS3t + 02 (23)

Substituting Egs. (21) and (23) into (20c), yields:
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4, + =——3Q12Q05 cosST——SQQ1Q04cos4T
19 12807 320" \
Q%Q3  30:°Q0° QQ1Q Q?Q5 . QQ1Qo
+(— ot TP cos37 + | — 3wt + P COS2T (24)
Q%Q3  21Q01Q0" [50°Q3  32:°Q0° QQ:Qo*
30t T 320t 1|60t T 1280t | 2wt T 2Q0|cOST
In order to remove secular item, let:
_ Q010" 50708 30.°Q0"
27 2wt 6w*  128w*’
then the equation of the magnitude-frequency relationship is:
30:Q0° Q0:Q0° 5Q2QF 30:°Q"
2 — 21— — — 2], 25
@ =@ [1 4?2 et 2w* 6w* 1280* ) ¢ 25)

Combining Eq. (25) with Eq. (16), the critical velocity of the rail running can be obtained:

— Jl_sQlooZE +<Qoloo3_50205_301200“>52_ 26)

m; 4w? 2w* 6w* 128w*

Assuming that the second projectile is fired when the first projectile leaves just now from the
exit, the equivalent initial displacement @ can be obtained as below.

When the projectile runs to the exit, the real displacements of the rail are given from Egs. (12)
and (15):

L L o 2 qL 1 )
win=) =Y a(s) g =) — 4| —— cosin
v ‘ Vo Lm im 2 (ImVg
i=1 =1 Wi ‘( L ) (27)
+ 1 1 L 4 1| . inx
2 (mvg\? o cos vy w;? T
Wi ‘( L )

From Eq. (27), the equivalent initial displacement @, for the second projectile to fire can be
given:

L

= ,UzW ¢ (x)dx

1 1 L (28)

1
—— |cosw; — +—|.
T[UO 2 _ (m)z wlz lvo 12

l L

Eq. (28) gives relationship between the the equivalent initial displacement @, for the second
projectile to fire and the exit velocity v, for the first projectile. For mode one, Eq. (28) is changed
into following form:
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2q 1, 1 1 L, 1
Qo =p e TR cosa)lv—0 o7 (29)
of = (72 \et- ()

Using Eq. (29), the relationship between the the equivalent initial displacement Q, for the
second projectile to fire and the exit velocity v, for the first projectile is obtained (see Fig. 2). It
shows that the equivalent initial displacement Q, decreases with increasing the exit velocity v,
for the first projectile. When the exit velocity v, is smaller than 2000 km/s, the equivalent initial
displacement Q, decreases rapidly with the exit velocity v.

-7

0 i ﬁi tl') 8 10
Vo(mfs) X 106
Fig. 2. Q, as function of v,

6. Results and discussions

Using above equations, the critical velocity of the railgun system and their changes along with
the system parameters are investigated (see Fig. 3). It shows:

1) When the current in the rail grows, the critical velocity of the railgun system grows because
of the effects of the electromagnetic force. When the current I grows from 0 to 120 KA, the critical
velocity increases from 2271 m/s to 2524 m/s.

As the electromagnetic nonlinearity is considered, the critical velocity of the railgun system is
increased further. Increasing the current in the rail, the difference between the linear critical
velocities and the nonlinear critical velocities becomes large.

When the current I grows from 0 to 20 KA, the difference between the linear critical velocities
and the nonlinear critical velocities increases significantly. When the current I grows from 20 to
50 KA, the difference increases slightly. When the current I is above 50 KA, the difference
increases significantly with the current / again. At I = 120 KA, the difference between the critical
velocities and the nonlinear critical velocities gets to 14.57 %. Therefore, the electromagnetic
nonlinearity of the railgun system should be considered when the rail current is relatively large.

2) When the armature runs along the rails (I grows), the critical velocity of the railgun system
increases. Considering the nonlinearity of the railgun system, the critical velocity of the railgun
system is almost identical with the linear critical velocity when the armature position is from 0 to
2 m. After 2 m, the nonlinear critical velocity is larger than the linear one, and the difference
between the nonlinear and linear critical velocities increases significantly with increasing the
position L. It shows that the railgun system is a critical velocity changing system caused by the
electromagnetic force and the force moving on the rail. For the armature position larger than 2 m,
the nonlinearity of the railgun system should be considered.

3) When the distance d between the two rails increases, the linear critical velocity of the
railgun system does not change. As the nonlinearity of the railgun system is considered, the critical
velocity of the railgun system increases significantly. When the distance d between the two rails
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is small, the difference between the linear and nonlinear critical velocities is large. At d = 17 mm,
the difference between the linear and nonlinear critical velocities gets to 12.5 %. As the distance
d between the two rails increases, the difference between the linear and nonlinear critical
velocities decreases significantly. The results show that the nonlinearity of the railgun system
should be considered for a smaller distance between the two rails.

4) When the rail thickness b increases, the critical velocity of the railgun system decreases
significantly. As the nonlinearity of the railgun system is considered, the critical velocity of the
railgun system increases. When the rail thickness b is small, the difference between the linear and
nonlinear critical velocities is large. When the rail thickness b is 0.005 m, the difference between
the critical velocities gets to 12.4 %. As the thickness b increases, the difference between the
linear and nonlinear critical velocities decreases significantly. At b = 0.012 m, the difference
deduces to zero. It shows that the nonlinearity of the railgun system should be considered for a
smaller rail thickness b.

5) When the rail width h increases, the linear critical velocity of the railgun system decreases.
As the nonlinearity of the railgun system is considered, the critical velocity of the railgun system
increases. When the rail width h increases, the difference between the linear and nonlinear critical
velocities decreases significantly. For the width of h = 0.015 m, the difference between the
critical velocities gets to 20.8 %. For the width of h = 0.025 m, the difference between the critical
velocities deduces to zero. So, the effects of the nonlinearity of the railgun system on the critical
velocity should be considered for a small rail width h.

6) When the stiffness k of the elastic foundation increases, the linear critical velocity of the
railgun system increases gradually. As the nonlinearity of the railgun system is considered, the
critical velocity of the railgun system becomes large. As the stiffness k increases, the difference
between the linear and nonlinear critical velocities decreases gradually. It shows that the
nonlinearity of the railgun system should be considered for a smaller stiffness k of the elastic
foundation.

3200 T 20
=t AT
3000¢ —nonlinear
2800} 15
= 2600( 9
g 7 ~510
=" 2400¢ e
2200¢ 5
2000+
B 20 40 60 80 100 120 % 20 40 60 80 100 120
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8
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Fig. 3. Nonlinear critical velocities of the railgun system and their changes

Using Egs. (26) and (28), the relationship between the nonlinear critical velocity of the

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2015, VOLUME 17, ISSUE 7. ISSN 1392-8716

4019



1815. ELECTROMECHANICAL COUPLED NONLINEARITY AND CRITICAL VELOCITY FOR ELECTROMAGNETIC RAILGUN.
LizHONG XU, LINGCHAO PENG

projectile and the exit velocity of the last projectile is analyzed (see Fig. 4). These figures show:

1) The nonlinear critical velocity decreases gradually with the exit velocity v, of the last
projectile. It shows that the exit velocity v, of the last projectile has significant effects on the
critical velocity of the next projectile. The effects are related to some system parameters.

2) For a larger current in the rail, the critical velocities of the rail decreases more significantly
with the exit velocity v, of the last projectile. When the rail current is small, the critical velocities
of the rail are not nearly influenced by the exit velocity v, of the last projectile. It is because the
electromagnetic nonlinearity is relatively small when the rail current is small.

3) When the clearance d between two rails is small, the critical velocities of the rail are not
nearly influenced by the exit velocity v, of the last projectile. As the clearance d between two
rails increases, the critical velocities of the rail decreases significantly with the exit velocity v, of

the last projectile. It is also because the electromagnetic nonlinearity is relatively small when the
rail clearance d is large.

: 4 :
[=50KA d=10mm
—I[=90KA || —d=15mm
-—-I=120KA 350 -=-d=30mm
@ @
E E 3
= =
S 4
Y 250
&%
e %
\\
*
2000 4000 6000 8000 w0 3000 4000 5000 6000
V_(m/s) V_(m/s)
cr cr
a) Several [ b) Several d
4x106 |
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1
= )
£ E 3
(=] o
- >
25
L h L L L L 2 L L " PR L
3%)00 4000 5000 6000 7000 8000 9000 2600 2800 3000 3200 3400 3600 3800 4000
V_(m/s) V_(ms)
or cr
¢) Several b d) Several k

Fig. 4. Relationship between v, and v,

4) As the rail thickness b decreases, the critical velocities of the rail decrease more
significantly with the exit velocity v, of the last projectile. It shows that the effects of the
electromagnetic nonlinearity are more obvious for a small rail thickness b. When the
electromagnetic nonlinearity is considered, the difference between the critical velocities for the
different rail thickness b is smaller than that when the electromagnetic nonlinearity is not
considered. It shows that the effects of the rail thickness b on the critical velocities of the rail
become small when the electromagnetic nonlinearity is considered.

5) As the stiffness k of the clastic foundation decreases, the critical velocities of the rail
decrease more significantly with the exit velocity v, of the last projectile. It shows that the effects
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of the electromagnetic nonlinearity are more obvious for a small stiffness k. When the
electromagnetic nonlinearity is considered, the difference between the critical velocities for the
different stiffness k is larger than that when the electromagnetic nonlinearity is not considered. It
shows that the effects of the stiffness k on the critical velocities of the rail become large when the
electromagnetic nonlinearity is considered.

In order to illustrate our analytical results, a FEM analysis package, ANSYS, is used to
simulate dynamics performance of the railgun system. The FEM model and the mesh-dividing
pattern of the railgun system are shown in Fig. 5. The element number of the FEM is 909, and the
node number is 5338. The boundary conditions for dynamic simulation of the railgun system are:
one end of the rail is fixed, and another end is free, and the rail is supported on the elastic base
with the stiffness coefficient k = 5x108 N/m?.

Using the FEM model, the forced responses of the rail to the running electromagnetic load are
simulated. The comparison between the calculative results and the simulated ones are done. The
used parameters in simulation are taken to be the same as ones used in analytical calculations
above-mentioned.

- 7,1 e I — N
a) FEM model b) Mesh dividing pattern
Fig. 5. FEM model of the railgun system
f — 3500 S
4000 e rlmea_r " — —linear
nonlinear nonlinear
+ FEM data + FEM data
3000
@ 3500 =
E E Py
= w7
2000+ 2500
-
2500 ‘ j ‘ ‘ i ‘ ool
5 6 7 8 9 10 11 12 15 16 17 18 19 20 21 22 23 24 25
b{mmm) A(mn)
a) Critical velocities as function of b b) Critical velocities as function of h

Fig. 6. Comparison between the calculative results and the simulated ones

Fig. 6(a) shows the comparison between the calculative critical velocities and the simulated
ones for the different rail thickness. Fig. 6(b) shows the comparison between the calculative
critical velocities and the simulated ones for the different rail width. Fig. 7(a) gives the dynamic
displacements of the rail as a function of the load running velocity for the railgun system with rail
thickness of 5 mm. Fig. 7(b) gives the dynamic displacements of the rail as a function of the load
running velocity for the railgun system with rail width of 18 mm. Fig. 8(a) gives the dynamic
displacement responses of the rail to a given load running velocity at some time for the railgun
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system with rail thickness of 5 mm. Fig. 8(b) gives the dynamic displacement responses of the rail
to a given load running velocity at some time for the railgun system with rail width of 18 mm.

Figs. 6, 7 and 8 show:

The vibration magnitude of the rail after the armature is much larger than that in front of
armature. As the armature runs, the large magnitude vibration range of the rail increases gradually,
and the vibration magnitude of the rail increases gradually as well. When the load running velocity
gets to the some velocity of the railgun system, the vibration magnitude of the rail gets to the
maximum.
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Fig. 7. Dynamic displacements of the rail as a function of the load running velocity
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Fig. 8. Dynamic displacement responses at some time for a given load running velocity

For the thickness b of 5 mm, when the load running velocity gets to 4000 m/s, the dynamic
displacements of the rail begin to increase obviously, and gets to the maximum at the load running
velocity of 4140 m/s, and then decrease obviously with increasing the load running velocity. So,
the critical velocity of the railgun system is 4140 m/s for the railgun system with the thickness b
of 5 mm.

As the rail thickness b increases, the critical velocities of the railgun system decrease
significantly. When the thickness b is equal to 11 mm, the critical velocity of the railgun system
reduces to 2840 m/s.

For the width d of 18 mm, when the load running velocity gets to 2700 m/s, the dynamic
displacements of the rail begin to increase obviously, and gets to the maximum at the load running
velocity of 3000 m/s, and then decrease obviously with increasing the load running velocity. So,
the critical velocity of the railgun system is 3000 m/s for the railgun system with the width d of
18mm. It should be noted that the sensitivity of the dynamic displacements of the rail on the rail
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width is smaller than that on the rail thickness. As the rail width d increases, the critical velocities
of the railgun system decrease significantly as well. When the width d is equal to 24 mm, the
critical velocity of the railgun system reduces to 2360 m/s.

From Figs. 6, 7 and 8, it is known that the FEM simulated critical velocities of the railgun
system is near to ones calculated by the nonlinear analytical equations. Here, the FEM simulated
critical velocities are in good agreement with ones calculated by the nonlinear analytical equations,
and the maximum error between them is 3.2 %. The results illustrate the analytical results about
critical velocities of the railgun system in this paper.

It should be noted that the errors between the FEM simulated critical velocities and the
analytical calculated ones increase with decreasing the rail thickness or the rail width. It is because
only the first order nonlinear term is considered in our analytical Eq. (8). As the rail thickness or
the rail width decrease, the nonlinearity of the railgun system increases, so the errors between the
FEM simulated critical velocities and the analytical calculated ones increase.

For the thickness b of 5 mm, the maximum error between the FEM simulated critical velocities
and the ones calculated by the nonlinear analytical equations is 3.2 % as above stated. For the
thickness b of 11 mm, the error between them is 1.3 %. When the rail width h increases from
16 mm to 24 mm, the error between them decreases from 2.3 % to 0.5 %. Therefore, for the
stronger nonlinear dynamics problem with smaller rail thickness and smaller rail width, in order
to reduce the analytical calculated errors, more order nonlinear terms can be considered for a
stronger nonlinear dynamics problem.

7. Conclusions

In this paper, the nonlinear electromechanical coupled dynamics equations for the railgun are
proposed. Based on it, the equation of the nonlinear critical velocity of the projectile is given and
the effects of the electromagnetic nonlinearity on the critical velocity of the projectile are
investigated. The effects of the projectile exit velocity on the nonlinear critical velocity are studied.
Results show:

1) The critical velocity of the railgun system increases when the electromagnetic nonlinearity
is considered.

2) The nonlinear critical velocity is influenced by the system parameters such as rail current,
rail thickness, rail distance, etc. Increasing the rail current, the difference between the linear and
nonlinear critical velocities becomes large.

3) The railgun system is a critical velocity changing system. For large armature position, the
nonlinearity of the railgun system should be considered.

4) As the distance between the two rails or the rail thickness increases, the difference between
the linear and nonlinear critical velocities decreases significantly. It shows that the nonlinearity of
the railgun system should be considered for a smaller distance between the two rails and a smaller
rail thickness.

5) The nonlinear critical velocity decreases gradually with the exit velocity v, of the last
projectile. It shows that the exit velocity v, of the last projectile has significant effects on the
critical velocity of the next projectile.
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