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ABSTRACT To accurately describe the dynamic inductance gradient during the operation process of
the series enhanced four-rail electromagnetic rail launcher, an equivalent geometric model based on skin
depth is constructed. The influence of armature motion on current diffusion in the rail is considered, and
the velocity skin effect is derived. Combined with Biot-Savart Law, an analytical calculation method for
dynamic inductance gradient is proposed, and an experimental platform for the series-enhanced four-rail
electromagnetic launcher is built, Calculate the dynamic inductance gradient of the experimental device and
compare it with the eddy current field simulation calculation, demonstrating the correctness of the proposed
analytical method for calculating the dynamic inductance gradient. Analyze the influence of armature motion
on the system inductance gradient, and obtain that the initial velocity of armature launching is small, and the
distribution of rail current is affected by the current skin effect and related to the current frequency. As the
armature velocity increases, the distribution of current in the middle section of armature launching is affected
by the velocity skin effect, The skin depth decreases and the dynamic inductance gradient decreases. As the
armature speed increases, the dynamic inductance gradient gradually decreases and tends to stabilize in the
accelerated stage of armature launching.

INDEX TERMS Electrical launching, series-enhanced four-rail electromagnetic launcher, dynamic
inductance gradient, velocity skin effect, electromagnetic rail launcher velocity test, B-dot probe.

I. INTRODUCTION

Electromagnetic launch technology is a launch technology
that utilizes an armature driven by the Lorentz force in a
strong magnetic field to accelerate a load to ultra-high speeds
in milliseconds [1]. It is characterized by the ability to break
through the gunpowder launch speed limit to obtain higher
load kinetic energy, and has the advantage of launching the
load at a controllable speed [2]. In order to prolong the service
life of the launcher and inhibit fusion wear [3], scholars
have proposed the use of back-field rails to enhance the
magnetic field in the chamber, which allows the electro-
magnetic launcher to use a smaller current while obtaining
the same thrust. Series-enhanced four-rail electromagnetic
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launcher [4] adopts this design concept by distributing the
four rails in a 90° circumferential array around the armature,
with the main and enhanced rails stacked accordingly. While
providing large thrust, the magnetic fields of the four poles
cancel each other on the bore axis, which can better meet the
requirements of launching intelligent projectiles.

Inductance gradient is one of the important parameters of
series-enhanced four-rail electromagnetic launcher, which is
related to the load exit kinetic energy and system launch
efficiency. Scholars at home and abroad have conducted a lot
of research on the inductance gradient calculation methods
and influencing factors, Grover and Grover [5] studied the
calculation method of inductance gradient when the cur-
rent is completely diffused in the rail at low frequency, and
Kerrisk [6] proposed the formula of inductance gradient when
the current is concentrated in the surface of the rail in the
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FIGURE 1. Three-dimensional diagram of a series enhanced four-rail
electromagnetic launcher.

high-frequency state during the pre-launch period by taking
the size of the rail into consideration. Li et al. [7] used
Ansys Maxwell software simulation to calculate the system
energy increment and used the principle of virtual work to
calculate the average inductance gradient over the distance
of armature motion in a short period of time. Ren et al. [§]
derived the analytical calculation method of inductance gra-
dient in high frequency state by Biot-Savart Law. The above
methods cannot accurately describe the transient inductance
gradient during the launching process, and the inductance
gradient changes dynamically during the actual launching
process when the current and magnetic field diffuse in the
orbit affected by the armature motion. Peng et al. [9] proposed
a time-varying inductance gradient analytical calculation
method to calculate the common dual-rail electromagnetic
launch by considering the skin depth and the principle of
magnetic energy equivalence, and Zhai et al. [10] intro-
duced the velocity frequency to calculate the dynamics of
the dual-rail electromagnetic launcher, but the inductance
gradient could not be obtained directly through simulation.
Ghassemi et al. [11] used mechanical analysis to establish a
dynamic model of inductance gradient based on the change
of rail spacing, but did not consider the effect of current diffu-
sion in the rail on the inductance gradient. Li et al. [12] used
finite element simulation to calculate the inductance gradient
at different frequencies from the instantaneous frequency of
the current, but the calculation is time-consuming.

In order to obtain the accurate inductance gradient of
the enhanced four-rail electromagnetic launcher during the
launching process, this paper considers the effect of armature
motion, establishes an equivalent geometric model based
on skin depth, deduces the velocity skin effect, proposes
an analytical calculation method of the dynamic inductance
gradient in combination with Biot-Savart Law, builds a
series-enhanced four-rail electromagnetic launcher test plat-
form, computes the dynamic inductance gradient of the test
device, compares it with the eddy-current field simulation
calculation, and analyzes the effect of armature motion on
the inductance gradient of the system, which shows that
the proposed analytical method of calculating the dynamic
inductance gradient is correct, and it also provides certain
references to the design optimization of the electromagnetic
orbit launchers.
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FIGURE 2. Physical drawing of armature.
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FIGURE 3. Schematic diagram of the current area on the armature.

Il. CONSTRUCTION OF AN EQUIVALENT GEOMETRIC
MODEL BASED ON SKINNING DEPTH

A. MODELING OF DYNAMIC ELECTRICAL LAUNCHING
The three-dimensional model of the series enhanced four-rail
electromagnetic launcher is shown in Figure 1

The primary and backfield augmentation rails are con-
nected in series and share a common power system. Current
is fed from the two opposite enhancement rails and flows
through the armature from the pair of main rails in the per-
pendicular direction, making a closed loop of the eight main
and secondary rails and the armature. The pulsed current
generates a magnetic flux density B in the cavity, and the
current on the armature is subjected to a Lorentz force Fa
in the magnetic field, which drives the armature in the +Z
direction with velocity v.

The four-rail armature model is shown in Fig. 2.

Rotate Figure 1 45° clockwise around the Y-axis to take a
2D model of the YOZ planar armature, a simplified model of
the current on the armature is shown in Fig. 3.

Ls is the armature length, 0 is the angle of current inflow
into the armature, Dr is the current skinning depth of the
rail, and Lz is the range of current inflow at the armature-rail
interface from the z-direction.

Diffusion equation for the magnetic field in orbit:

1 (323r 92B, 32Br) 9B,

= — 1
ooy \ 0x2 9y? 072 ot M

In the above equation g is the vacuum permeability, By
is the magnetic flux density inside the rail, and oy is the
conductivity of the rail material.
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FIGURE 4. Schematic diagram of armature movement.

The four rails of the four-rail electromagnetic launcher
are distributed in a 90° circular array around the armature,
starting from the top in clockwise direction as rails 1, 2, 3,
and 4. Taking the quarter model as the object of study, the
magnetic field changes faster in the y-direction and ignores
the magnetic field changes in the x- and z-directions for
rails 1 and 3, and the magnetic field changes faster in the
x-direction and ignores the magnetic field changes in the
y- and z-directions for rails 2 and 4. A simplified equation
for the diffusion of the magnetic field in the rail is obtained:

1 0°Bu3 _ 0B
wooy  0y? Y )
1 3%Bna _ 0By @
woor Ax2 3t

The armature moves along the Z-axis at a high speed on the
rail, when the movement distance is AZ as shown in Fig. 4,
at this time the magnetic field diffusion equation in the rail is
as follows:

1 3%Bu3 0Br13
=v
MO0 3}’2 9(A2) 3)
1 0°Bag 0By
=v
ooy 0x2 9(Az)

Based on the boundary conditions of the armature of the
electromagnetic rail launcher in the literature [13], the bound-
ary conditions of the four-rail electromagnetic launcher are
set as follows:

B, (x, ¥, 2a) = By + Bout
0B,

ay y=—k
B, (x,y, za + Ls) = Bout

=0 0)

In the above equation, B, is the magnetic flux density on
the armature, B is the magnetic flux density generated by the
current in the tail of the armature, and By is the magnetic
flux density of the enhancement rail on the armature. The
enhancement rail current distribution is not affected by arma-
ture motion, so By does not change with armature motion.
k is the spacing of a set of relative inner rails.
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FIGURE 5. Power discharge waveform.

The armature moves along the Z-axis at a high speed on the
rail, and when the movement distance is AZ, let the current
density at the tail of the armature be Jy,the inner rails 1 and
3 and the inner rails 2 and 4, the current densities decay in the
Y- and X-directions, respectively, as follows:

Jay = —Joe_AZ/LZ
Joe—AZ/LZ

&)

J. ax — —

From the Ampere’s loop theorem, the current in the rail

when the armature moves to AZ produces the magnetic flux
density on the armature as follows:

By1 (Az) = —Mo/Jayd(AZ) —Mo/faxd (Az)  (6)

Equation (6) of equation (5) yields:

A
B(Az) = By [e‘AZ/LZ - Tze‘LS/LZ] +Bow  (7)

B. RAIL SKINNING DEPTH MODELING
Figure 5 shows the actual current waveform obtained by the
current acquisition system in the experimental setup, from
the figure we can get the armature discharge time is about
0.25ms, the current wave model can be approximated as
a sawtooth wave, and according to the literature [14], its
frequency can be regarded as 1/2 sine wave.

Literature [15] demonstrates that the current skin depth
effect is the dominant factor when the armature speed is
below the critical speed of 150 m/s. At this time the rail skin

depth is as follows:
51 =/ 8)
1
T oo

In the above equation f is the current frequency, the power
supply frequency of this experimental platform is 2kHz as
shown in Fig. 5.

When the armature speed exceeds the critical speed, the
velocity skin effect is the dominant factor, taking the average
current density along the z and y directions of the main rail,
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FIGURE 6. Primary and secondary rail parameters.

combined with the geometric relationship in Fig. 3 can be
obtained as follows:

tanf = — = — )
JI'Z DI'
The solution of the equation of type (3) is as follows:

52 B, (&) [ y }
B, = d 10
/o A EYmrsayvsmreciiz) BB

Equations (9) and (10) are solved for:

P

1 1
5y = :
1.212tan6 ooy
1 (11)
tan6 = 1.21 —
MooV =L,

The skinning depth of the current in the inner orbit is as

follows:
1.213 1
5y = = ; (12)
,//’LOUrLL THOOT 227

Summarizing the equivalent convergent skin depth § is as
follows:

51 =
1 (13)
= |[——— V>V,
”MOUrnz—Ls

where Ly = «kLs, k is the scaling factor, take the armature
length Ly = 40mm, frequency f = 2kHz, when v = v, from
the equation (13) solved. k = 0.1899.

C. EQUIVALENT MOLD GEOMETRY MODELING

Set the backfield enhancement rail height 4 = 26mm,
enhancement rail thickness w = 6mm, main and vice rail
spacing d = 2mm; convex rail bottom length # = 26mm,
waist length Ay =8\/§mm, and armature contact part of the
arc radius is R = 7.07mm. the main and vice rails are shown
in Fig. 6.
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FIGURE 7. Equivalent geometric model of main and secondary rails.
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FIGURE 9. Armature current simplification [8].

The equivalent geometric model of the rail based on the
skinning depth is shown in Fig. 7.

Where the primary rail skinning depth is §j, and the
secondary rail skinning depth is &oy. The current has a
cross-sectional area of s in the ith primary rail skinning layer
and s in the ith secondary rail skinning layer.

7 é;
$1.= 8in 2y = 26) + —= QR =) +hén )

52 = 2hdout + 280ut (W — 280ut)

Armature in the launch process armature wall current
mainly produces lateral force, armature head current pro-
duces Z-direction electromagnetic force, by Biot-Savart Law
can be obtained, the inductance gradient is mainly affected
by the armature head current, so in the case of not affecting
the reflection of the actual launch to simplify the theoretical
derivation, the armature head is selected to analyze the mod-
eling, as shown in Figure 8.
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Four-rail electromagnetic launcher in the chamber axis
magnetic field offset and the current in the armature is cen-
trosymmetric distribution, so the armature current 7, is equal
to 1/2, based on the convergence of the skin depth to establish
an equivalent model is shown in Figure 9.

The armature cross-section current density is as follows:

J—I 15
—E(ra'as) (15)

IIl. COMPUTATIONAL ANALYSIS OF DYNAMIC
INDUCTANCE GRADIENT

A. ANALYTICAL METHOD TO CALCULATE DYNAMIC
INDUCTANCE GRADIENT

Backfield-enhanced four-rail electromagnetic launcher in the
launch process, the armature is driven by the Z-direction
electromagnetic force F,, due to the four sets of rails to
the center of the symmetric distribution, and connected in
series, so find a main rail on the armature thrust Fj, and the
corresponding backfield-enhanced rail on the armature thrust
Fout, can be found in the total thrust.

4
Fz =" (Fini + Fout) (16)
i=1
Also known as:
1
Fyz = 5LVI2 (17)

where LV is the system dynamic inductance gradient of the
backfield-enhanced four-rail electromagnetic launcher.

The final system dynamic inductance gradient is as
follows:

_2F

LY="r (18)

In the following, the analytical formula for the dynamic
inductance gradient of the enhanced four-rail electromagnetic
launcher is derived according to the Biot-Savart Law. Setting
a point P(«, B, y) on the armature, the current inside the
skin layer is regarded as a uniformly distributed line current
under the consideration of skinning effect, from which the
line current element /d! inside the rail generates the magnetic
flux density at point P as follows:

1dl
B:ﬂ Xr
47 |r)?

(19)

where: [ is the length of the energized conductor; r is the
distance vector from the current element /d! to point P.

As shown in Fig. 1 the current flows along the Z-axis
within the rail, then the current source at any point on the
main rail 1 can be expressed as (I /S )dxdyk,where i, j, k are
the unit vectors in the X,Y,Z axes, respectively. The joint
equations (14) and (19) yield the magnetic field strength of
the main rail i-th at point P on the armature as follows:

o ldxdyk x r
dBin) = —

A0 102 [ (2h = 260) + 4 (2R — 8in) + i |
(20)
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Since the current element is infinitesimal, the coordinates
of the center point of the current element to the P-point vector
is taken as the vector of the current element to the P-point with
the following equation.

r=x-ai+@y-pi+z-yk 2D
H=ya—a +0-p +c-r' @
Bringing Eq. (20) Eq. (21) into Eq. (19) yields:
dBinl:ﬂ Idxdy[(x —a)k xi+ (y— )k x j]
4 16 [n @2 — 28 + T4 (2R — 8in) + hsin
(23)

Integrate Eq. (23) to find the magnetic flux density gener-
ated by the current in the main orbit 1 at point P:

I[[lx—a)kxi+ (y—p)k x jldxdy
Mo S|

inl = 4_ 3 5
7 0P [ (20 — 280) + T4 2R — 8in) + hd |
(24)

Because of the four groups of rails into a 90-degree cir-
cumferential array of series distribution, so the other main
rail at the P point produces the same size of the magnetic flux
density only different direction. By the principle of magnetic
field superposition, the magnetic flux density generated by
the currents in the four main rails at point P is as follows:

4

—
T

i=1

D™ [[[(x —a)k x i+ (y— )k x jldxdy
N

X
1P [Bin (212 = 260) + 4 @R — &) + i

(25)

The backfield enhancement rails are only affected by the
current skinning effect, the skinning depth is Joy;, and the
cross-sectional area of the skinned layer of the secondary rails
is s2. Derived from Eq. (24), the flux densities of the four
enhancement rails for any point in the gun chamber are as
follows:

1ol ~
Bout = E Zl
1=

(D™ [[[(x —a)k x i+ (y— B)k x jldxdy
Sa

e[ [2h80ut + 280wt (W — 280u)]

(26)

The armature is subjected to electromagnetic thrust as
follows:

4
Fy =" (Fini + Fout)

i=1
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TABLE 1. Statistical results of initial contact parameters.

Parameter Meaning Numerical value
h Rail height 26mm
w Enhanced rail thickness 6mm

Enhanced rail to main
d S 2mm
rail distance
hy Main rail waist length 8\/5 mm
R Radius o.f main guide 7 07mm
projection

7a Effective armature width 6.855mm
T Armature inner diameter 5.175mm
L, Length of guide rails 380mm
Ly Armature thickness 40mm
f Current frequency 2000Hz
1 Amount of current 50kA

4
= Z ( / BiniJ x dl + / BouiJ X dl) 27)
i=1

Equation (13) Eq. (14) Eq. (18) Eq. (27) solves the
dynamic inductance gradient of the enhanced electromag-
netic launcher as:

J[ k xrdxdy  [[ k x rdxdy
i+t | S T S2
87t |r|3 z( ) S1 S>

(28)

where the effective cross-section § is a function of the speed
of armature motion, and the link between the speed of arma-
ture motion and the inductance gradient of the system is
established through the effective cross-section area.

B. VORTEX FIELD SIMULATION CALCULATION

In this section, the armature rail modeling is simulated in
the vortex field, and the inductance gradient is calculated
accurately by considering the influence of skinning effect
as a control to verify the accuracy of the analytical method.
According to the principle of virtual work [16], assuming
that the armature motion in the chamber is only subject to
electromagnetic inference in the Z direction and the virtual
displacement is dz, the following equation is obtained through
the law of energy conservation.

dW, = dWs + dWs + dWy, (29)

In the above formula: is the power supply to the total
energy of the system, is the electromagnetic force to push
the armature to do the work, is to the field outside the loss
of energy; is the magnetic field energy increment. In the
instantaneous work process, dz takes a very small value, the
total energy of the system is considered to be all used in
the electromagnetic force to push the armature movement,
namely:

dw, = dWs (30)
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FIGURE 10. Inductance matrix simulation results.

TABLE 2. Simulation of inductance gradient.

.\ Simulation of inductance gradient
Armature position(mm) &

(uH-m™)
60 1.4697
100 1.4594
140 1.4583
180 1.4571
220 1.4566
260 1.4557
300 1.4553
included among these:
dWe = F,dz 3D
1
F,==-LT? (32)
2
Equation (30) (31) (32) gives:
2dW,
i VA
= 33
12dz (33)

The total energy is obtained by simulation and combined
with Eq. (33) to obtain the average inductance gradient of the
armature movement for a very short time, and this average
inductance gradient is used as the instantaneous inductance
gradient at the location of the armature.

A specific series-enhanced four-rail electromagnetic
launcher model is selected to calculate the inductance gradi-
ent using analytical method and eddy current field simulation,
respectively. The parameters of the selected example model
are shown in Table 1 below:

The rail material is chrome zirconium copper with
density 8.66x10°kg-m™3, vacuum permeability 1.2566 x
107%H-m™!, conductivity 5.8x107S-m~!, resistivity 5.4 x
10~8kg-m~3. The armature material is 6061 aluminum with
density 2.698x103kg-m~3, vacuum permeability 1.2566 x
10~°H-m™!, conductivity 3.76x107S-m~!, resistivity 2.7 x
10~8kg-m™3. The peak excitation pulse current is SOkA and
the frequency is 2000Hz.

VOLUME 12, 2024
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FIGURE 11. Block diagram of system components.

Considering the case of no armature, simulation calcula-
tions are carried out using COMSOL, the obtained inductance
matrix table is plotted using a 2D plotting group and the
visualization of the inductance matrix is obtained as shown
in Fig. 10, where the diagonal entries are self-inductive,
and will be non-diagonal entries for mutual inductance. The
inductance gradient of the system without armature is found
to be 1.3599 uH/m through equation (33).

The inductance gradients were calculated using eddy cur-
rent field simulation for armature movement to 60m, 100mm,
140mm, 180mm, 220mm, 260mm and 300mm respectively.
Setting Omm at the end of the armature as the relative zero-
energy position, the system inductance gradient at these seven
positions is calculated by combining with equation (33). The
recorded results are shown in Table 2 below.

The armature speed in the analytical method is measured
by building a test rig to measure the instantaneous speed at
seven positions, and the armature speed is measured using
B-dot probes.

IV. SOME COMMON MISTAKES

Build a test platform to measure the armature motion veloc-
ity, solve the dynamic inductance gradient of the system by
analytical method, and compare and analyze the results with
the eddy current field calculations.

A. TEST PLATFORM
The series-enhanced four-rail electromagnetic launch test
platform is equipped with the functions of voltage boosting,
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FIGURE 12. Velocimetry equipment under test.

FIGURE 13. The moment the armature is discharged.
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FIGURE 14. B-dot probe measurement results.

electric energy storage, control triggering, high-current pulse
network formation, armature propulsion, data acquisition
and armature interception and recovery. The overall system
has the functions of four-rail electromagnetic launch sys-
tem experiment demonstration and parameter acquisition and
uploading.

The four-rail electromagnetic launch system is mainly
composed of power supply system, control system, acquisi-
tion system and launch system. In the armature launch test

62683



IEEE Access

B.-L. Cai et al.: Dynamic Inductance Gradient Analysis

400

350 ® 347.83

300 ® 3125
® 270.27
250

® 218.58
200

® 17391
150

® o
® 119.22 132,89

100

Measurement speed (m/s)

50

60 100 140 180 220 260 300 340

armature position (mm)

FIGURE 15. Armature speed.

TABLE 3. Analytic calculation of inductance gradient.

Analytic calculation of inductance

Armature position(mm) gradient (WH - m™1)

60 1.439
100 1.4291
140 1.4219
180 1.4067
220 1.3985
260 1.3882
300 1.3868

process will produce high voltage and strong magnetic field,
need to design a reasonable laboratory layout to ensure that
the equipment works properly while ensuring the safety of
personnel and equipment. Figure 11 shows the overall layout
of the electromagnetic launch experiment.

B. VELOCIMETRY TEST

The B-dot probe [17] converts the change in magnetic field
caused by the armature passing into an induced voltage,
which in turn records the moment the armature passes the
probe. The interval between the measurement points is small
enough to consider that the armature passes through the two
measurement points with a uniform speed at the instanta-
neous time, and the average speed of the armature between
the two probes is the instantaneous speed of the armature. The
test was conducted by mounting seven B-dot probes equidis-
tant 40 mm apart. Figure 12 shows the velocity measuring
element and its mounting position on the test rig.

Figure 13 shows the moment of armature exit for the launch
test. Since the current is still present in the rail when the
armature exits, the armature will arc as it leaves the launcher,
consuming the remaining current in the rail.

Figure 14 shows the waveform of the induced voltage
measured by the B-dot probe, and the moment of zero voltage
is the moment when the armature reaches the corresponding
B-dot probe position. Figure 15 shows the experimentally
measured speed of the armature after 7 positions.

C. COMPARATIVE ANALSIS OF THE TWO CALCULATION
METHODS

The inductance gradients were calculated using the analytical
method for armature movement to 60m, 100mm, 140mm,
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FIGURE 16. Comparison of the results of the two calculation methods.

180mm, 220mm, 260mm and 300mm respectively. Substitute
the armature speed in Table 3 into Eq. (28) to find the induc-
tance gradient of the system when the armature is in these
7 positions. The recorded results are shown in Table 3 below.

A comparison of the results of the two calculation methods
is shown in Figure 16a below, and the data deviation rate
is shown in Figure 16b (the deviation rate is the difference
between the results of the simulation calculation method and
the results of the analytical calculation method divided by the
simulation value) is 2.09% at 60 mm, 2.07% at 100 mm, 2.5%
at 140 mm, 3.46% at 180 mm, 3.59% at 220 mm, 3.68% at
260mm, 3.61% at 300mm.

From Fig. 164, it can be seen that the inductance gradient
tends to decrease gradually as the armature moves on the rail
toward the tail of the electrical launching. It shows that the
armature is located in different positions has different effects
on the inductance gradient of the electromagnetic launcher,
and the farther the armature movement position is, and the
longer the length of the rail in the access circuit is, the smaller
the effect is. The trend of the analytical method and the
simulation results are the same, and the deviation rate is not
more than 3.68%, which basically meets the requirements of
calculation accuracy.
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(a) Current density distribution at 180 mm without
considering velocity effects
R

g

(b) Current density distribution considering velocity
effects at 180mm
FIGURE 17. Current density distribution cloud.

As shown in Figure 16b, the values calculated by the ana-
lytical method are smaller than the simulation values, and the
deviation rates calculated by the two methods for the armature
at 60mm and 100mm are relatively similar. The deviation
rate of the data at 140mm increases by 2.5%, compared to
the increase of 19.6% compared to 100mm. The deviation
rate of the data at 180mm of the armature further increases,
compared to the increase of 38.4% compared to 140mm. The
error rate changes tend to be gentle at 220mm, 260mm, and
300mm.

Explained in the armature at 60mm and 100mm speed less
than 150m/s, the current distribution is mainly affected by
the current skinning effect, skinning depth of 1.4531mm, the
data deviation is mainly due to the principle of virtual work
that all the energy is used to drive the armature along the rail
movement, ignoring the energy loss and the magnetic field
energy conversion. In the armature is located in 140mm at
the instantaneous speed of 173.91m/s. At this time by the
speed of skinning influence, the main rail current tends to
the rail surface more and more, the distribution of current
density in the rail directly affects the size and distribution
of magnetic induction intensity B in the chamber, which in
turn affects the storage energy of the magnetic field in the
space as well as the corresponding inductance coefficient.
The higher the armature speed, the thinner the thickness of
the main rail skin layer, the smaller the dynamic inductance
gradient. In the armature located at 180 mm armature speed
reaches 218.58 m/s, the skin depth is smaller for 1.1865 mm,
resulting in a further increase in the deviation rate from the
simulation calculated value, as shown in Fig. 17, considering
the speed effect of the skin depth smaller.

When the armature is located at 220mm at a speed of
270.27m/s, the deviation rate changes are small, the current
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is distributed on the main rail surface, and the effect of
the skin layer thickness change on the magnetic induction
intensity distribution is weakened. When the armature speed
is 312.5m/s and 347.83m/s at armature located at 260mm and
300mm respectively. Corresponding to the deviation rate of
3.68% and 3.61%, with the armature speed increasing, the
current is more and more concentrated in the rail surface and
the skinning depth is gradually stabilized, so the inductance
gradient is gradually reduced and stabilized.

The analytical method takes into account the effect of
armature motion, which more accurately reflects the induc-
tance gradient change during the firing process compared to
the eddy current field simulation.

V. CONCLUSION

In this paper, the dynamic inductance gradient of a series-
enhanced four-rail electromagnetic launcher is derived from
the Biot-Savart Law, taking into account the effect of arma-
ture speed on the inductance gradient. Since the current
density and magnetic induction strength on the rail are
dynamically changing during the armature launching process,
the analytical method proposed in this paper to calculate the
dynamic inductance gradient can more accurately reflect the
actual situation during the launching process.

The following conclusions are obtained through the com-
parative analysis of eddy current field simulation:

(I)Under the consideration of the influence of armature
motion on the inductance gradient of the series-enhanced
four-rail electromagnetic launcher, the calculation results of
the analytical method deduced in this paper can more accu-
rately reflect the change of the inductance gradient in the
launching process.

(2)The initial stage of armature launching speed is small,
the rail current distribution is affected by the current skin
effect related to the current frequency, and as the armature
speed is increased, the current distribution is affected by the
velocity skin effect, and the skin depth decreases.

(3)When the armature speed is greater than 312.5m/s, the
dynamic inductance gradient gradually decreases and stabi-
lizes as the armature speed increases. This law is consistent
with the Kerrisk high-frequency inductance gradient law.
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