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ABSTRACT The high in-bore magnetic field generated by synchronous induction coil launcher (SICL)
was analyzed and measured. According to the current filament method, the magnetic induction intensity
generated by the drive coils and each armature filament were calculated. The magnetic field distribution law
of the synchronous induction coil launcher was obtained through magnetic field superposition principle.
Based on the Biot-Savart law, the equation for calculating magnetic induction intensity of synchronous
induction coil launcher was deduced, and the numerical calculation model of magnetic field distribution
of synchronous induction coil launcher was established. The magnetic field distribution and numerical
calculationmodel when the drive coils dischargewith orwithout armaturewere carried out, and the numerical
calculation results of the magnetic induction intensity when the drive coils discharge were compared with
the finite element simulation results. Finally, the accuracy of the numerical calculation model was verified
by comparing the one-dimensional hall probe arranged on the single-stage test platform with the simulation
results.

INDEX TERMS Numerical analysis, synchronous induction coil launcher (SICL), magnetic field, Biot-
Savart law.

I. INTRODUCTION
Comparedwith the conventional chemical launchmethod, the
synchronous induction coil launcher has the advantages of
adjustable speed, high precision, long range and great power.
It is mainly composed of drive coil and armature [1]–[4],
which refers to that uses pulse current to generate magnetic
traveling wave to drive the armature movement [5]–[7]. Fig.1
shows the structure of multi stage synchronous induction
coil launcher, the armature is divided to n filaments by
using current filament method [4]. It is suitable to accelerate
the effective load with large mass to high speed which has
important application prospects in the fields of air defense
andmissile defense, ultra-long-range suppression, andmicro-
satellite launch [8]–[10].

The integrated projectile for electromagnetic launch is
mainly composed of projectile body and armature which
pushes the projectile forward under the action of Lorentz
force. Since the excitation current is generally up to kA level,
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FIGURE 1. Structure of multi stage SICL.

the magnetic field in the launcher can reach more than a
dozen Tesla, and the frequency is below several kHz. The low-
frequency high magnetic field will cause the failure of the
electronic components of the projectile and the occurrence of
false signals that will bring some security problems. There-
fore, it is necessary to analyze the distribution of the high
in-boremagnetic field of synchronous induction coil launcher
to provide guidance for the design of the integrated projectile
for electromagnetic launch.

Without considering the influence of metal shell, the drive
coil and armature can be regarded as hollow cylindrical
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coil. The magnetic field distribution can be obtained by
using the single integral method and the magnetic field
superposition principle [11]. Lei Y. [11] gave the mathe-
matical model of magnetic field of hollow cylindrical coil.
Zhu Y. [12] also established the magnetic field calculation
model according to Lei Y. [11], and used MATLAB software
to analyze the magnetic field of synchronous induction coil
launcher that obtained the distribution law of magnetic field.
In Chen X. [13], a three-dimensional physical model whose
spiral characteristics and asymmetry of the drive coil were
fully considered of single-stage synchronous induction coil
gun was established by finite element method. Wang X. [14]
analyzed the relationship between the electromagnetic force
and the axial gradient of the magnetic field, and proposed
the method of installing magnetic conducting shell outside
the drive coil to improve the magnetic field configuration.
Zhao K. [15] established the mathematical model of eddy
current field in the conductor region based on the combination
of vector magnetic potential and scalar potential.

The above references analyzed the magnetic field distribu-
tion of synchronous induction coil launcher, but Zhu Y. [12]
only considered the case of single-stage drive coil discharge,
and not considered the coupling of multi-stage drive coils.
The distribution of magnetic field is analyzed inside the drive
coil through finite element simulation, but the mathematical
model is not verified in [13]–[15]. Based on the structure
model of the SICL, a three dimensional electromagnetic field
numerical simulation model of it is established in this paper.
The magnetic field distribution and the magnetic induction
intensity of the fixed measuring point when the drive coil
discharges with and without armature are compared, which
provides the basis for the layout of the electronic components
of the integrated projectile.

II. MATHEMATICAL MODEL OF MAGNETIC FIELD
DISTRIBUTION
The following assumptions are made to establish the math-
ematical calculation model of magnetic field distribution of
synchronous induction coil launcher,

(1) The axis center of the armature coincides with the axis
center of the drive coil.

(2) The deformation of armature under the action of elec-
tromagnetic force are neglected.

(3) Each armature filament can be regarded as a single-turn
coil [4].

According to the above assumptions, B, B1b and
B2b . . .Bib . . .BNb are respectively the magnetic induction
intensity generated by the drive coil and the i-th (i = 1 . . .N )
armature filament [16]–[18].

The magnetic field Bz = B + B1b +B2b + . . .+

Bib + . . .+BNb of the single-stage synchronous induction
coil launcher can be obtained due to the magnetic field
superposition principle. According to the model single-
stage synchronous induction coil launcher in Fig.2, the Bz
has two components: the radial component Bzr and the

axial component Bzz.

Bzr = Br + B1br + B2br + . . .+ Bibr + . . .+ BNbr (1)

Bzz = Bz + B1bz + B2bz + . . .+ Bibz + . . .+ BNbz (2)

Since the drive coil and each armature filament can be
regarded as a cylindrical coil, this paper calculates the mag-
netic field distribution of the drive coil and armature by using
the single integral method [19]–[22]. It can be seen from
(1)-(2) that the magnetic induction intensity components of
drive coil and each armature filament can be calculated to
obtain the magnetic field distribution law of the synchronous
induction coil launcher [23], [24].

FIGURE 2. Magnetic field coordinates of SICL.

It is assumed that the inner and outer diameters of the
drive coil respectively are 2R1 and 2R2, and the length is 2b.
As shown in Fig.2, the point P is set as arbitrary point inside
the drive coil, the symmetric axis of the drive coil is set
as the z axis, and the plane where point P located is set as
the xoy plane. In the current distribution region V, the point
Q(r ′, ϕ′, z′) which the volume element is dV ′. Assuming
vector QP = r, according to the Biot-Savart law, we can
obtain the magnetic field B [25],

B (r, ϕ, z) =
µ0

4π

∫
V

J × r
r3

dV′ = Breρ + Bϕeϕ + Bzez (3)

The three components of magnetic induction intensity of
the point P are as following,

Br =
µ0J
2π

π∫
0

dθ

R2∫
R1

dρ′
z2∫
z1

−ρ′z′ cos θ
r3

dz′ (4)

Bϕ = 0 (5)

Bz =
µ0J
2π

π∫
0

dθ

R2∫
R1

dρ′
z2∫
z1

−ρ′
(
ρ′ − ρ cos θ

)
r3

dz′ (6)

where, µ0 is the vacuum permeability

r =
√
ρ′2 + ρ2 − 2ρ′ρ cos θ + z′2

θ = ϕ′ − ϕ

z1 is the lower terminal axial coordinates of drive coil
z2 is the upper terminal axial coordinates of drive coil
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According to the relationship between current density and
current of cylindrical coil,

J =
NI

2b(R2 − R1)
(7)

Replace (4) with (1), (3) and (6) with (2), (3),

Br =
µ0NI

4bπ (R2 − R1)

π∫
0

dθ

R2∫
R1

dρ′
z2∫
z1

−ρ′z′ cos θ
r3

dz′ (8)

Bz =
µ0NI

4bπ (R2 − R1)

π∫
0

dθ

R2∫
R1

dρ′
z2∫
z1

−ρ′
(
ρ′ − ρ cos θ

)
r3

dz′

(9)

Taking the radial coordinates ρ(ρ 6= 0) of point P as the
reference value, each length value is reduced. AssumingA1 =
R1/ρ, A2 = R2/ρ, Z1 = z1/ρ, Z2 = z2/ρ, R = r/ρ, A =
ρ′/ρ, Z = z′/ρ, then the above equations are respectively
transformed into following,

Br = w

π∫
0

dθ

A2∫
A1

dA

Z2∫
Z1

−AZ cos θ
R3

dZ (10)

Bz = w

π∫
0

dθ

A2∫
A1

dA

Z2∫
Z1

A (A− cos θ)
R3

dZ (11)

where, w = µ0rNI
4bπ(R2−R1)

R =
√
1+ A2 − 2A cos θ + Z2

The variables of the above two equations are integrated by
using the repeated integral method,

Br
/
w =

2∑
i,j=1

(−1)i+j Fr
(
Ai,Zj

)
= Fr (A1,Z1)

−Fr (A1,Z2)− Fr (A2,Z1)+ Fr (A2,Z2) (12)

Bz
/
w =

2∑
i,j=1

(−1)i+j Fz
(
Ai,Zj

)
= Fz (A1,Z1)

−Fz (A1,Z2)− Fz (A2,Z1)+ Fz (A2,Z2) (13)

The function Fr (A, Z ) is an even function about Z, and the
function Fz (A, Z ) is an odd function about Z.

Fr (A,−Z ) = Fr (A,Z ) ; Fz (A,−Z ) = −Fz (A,Z )

The expression of function Fr (A, Z ) and Fz (A, Z ) respec-
tively are as following,

Fr (A,Z ) =
∫ π

0
[R+ cos θ In (R+ A− cos θ)] cos θdθ (14)

Fz (A,Z ) =
∫ π

0

{
ZIn (R+ A− cos θ)+

cos θ
2

In
(
R− Z
R+ Z

)
− sin θarctg

[
Z (A− cos θ)

R sin θ

]}
dθ (15)

The reduction of above equations cannot be used to calcu-
late the magnetic field on the symmetric axis. When r = 0,
there has only axial component of magnetic field, and the
equations are as following,

Bz =
µ0NI

4b (R2 − R1)

(b− z) In
R2 +

√
R22 + (b− z)

2

R1 +
√
R21 + (b− z)

2


+ (b+ z) In

R2 +
√
R22 + (b+ z)

2

R1 +
√
R21 + (b+ z)

2

 (16)

Br = 0 (17)

The above equations are the simplest of the single integral
equations currently which only has two quantities A and Z .
Gaussian quadrature formula must be used in the calculation
of magnetic field due to the above integral expression con-
tains defects. According to the characteristics of the function
Fr and Fz, using Gauss-Chebyshev quadrature formula is
more convenient.

1∫
−1

f (x)
√

1−x2
dx = π

n

n∑
i=1

f
(
cos 2i−1

2n π
)

+
π

22n−1(2n)!
f 2n (θ)

− 1 < θ < 1 (18)

Let x = cosθ , then the equivalence equation of the above
equation is as following.

π∫
0

f (cos θ) dθ =
π

n

n∑
i=1

f
(
cos

2i− 1
2n

π

)
+ Rn (19)

When the above equation is used to calculate Fr and
Fz, the quadrature coefficient π/n and the quadrature
point cos[(2i − 1)π/2n] can be accurately calculated. Gen-
erally, n ≥ 15 should be selected to achieve higher
accuracy.

According to the above magnetic field calculation model,
the magnetic field distribution under the action of single drive
coil and armature filament can be obtained. For the multi-
stage synchronous induction coil launcher, the magnetic field
distribution is the superposition of magnetic field not only
under the action of multiple drive coils but also under the
action of armature filaments [26].

The above analysis about the magnetic field distribution
of the synchronous induction coil launcher is under the
ideal condition. In practice, the influence of the metal shell
of the multi-stage synchronous induction coil launcher and
the skin effect on the magnetic field distribution must be
considered.

III. NUMERICAL AND SIMULATION ANALYSIS
Aimed at the numerical analysis about the magnetic field
distribution of the synchronous induction coil launcher, the
MATLAB numerical simulation and MAXWELL finite ele-
ment simulation results are compared and analyzed in this
section. The influence of metal shell on magnetic field
distribution of the multi-stage synchronous induction coil
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FIGURE 3. Equivalent circuit of single-stage SICL.

TABLE 1. Parameters for pulsed power supply and drive coil.

FIGURE 4. Current of drive coil.

launcher is not considered. The pulse power supply designed
in the laboratory is the excitation current of the drive coil.
The parameters of the capacitor bank and the drive coil are
shown in Tab.1. The armature material is aluminium, and
its initial position is that the tail of the armature is located
at the center of the first-stage drive coil. The equivalent
circuit of single-stage SICL is shown in Fig.3. Rc, Rout and
Rai(i = 1, . . . ,m) represent the resistance of pulse power
supply(PPS), coil and armature filament. Lc, Lout and Lai(i =
1, . . . ,m) represent the inductance of PPS, drive coil and
armature filament. C represents the capacitance of PPS. D
represents the diode. Ma1ai(i = 1, . . . ,m) represents the
mutual inductance of armature filaments, and Mc1ai(i =
1, . . . ,m) represents the mutual inductance of drive coil and
armature filament.

FIGURE 5. Total Magnetic field distribution of single stage drive coil
without armature. (a) Numerical calculation results, (b) Simulation results.

FIGURE 6. Radial magnetic field distribution of single stage drive coil
without armature. (a) Numerical calculation results, (b) Simulation results.

A. MAGNETIC FIELD DISTRIBUTION WITHOUT ARMATURE
When the single-stage drive coil discharges without armature,
the magnetic field distribution is completely symmetrical.
The current of drive coil is shown in Fig.4 when the charging
voltage is 3500V. According to the Biot-Savart law, the larger
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FIGURE 7. Radial magnetic field distribution of single stage drive coil
without armature. (a) Numerical calculation results, (b) Simulation results.

the current amplitude is, the larger the current density is,
and the larger the corresponding magnetic field at the same
position is.

The magnetic field distribution at the peak current
(t= 1.694ms, I1= 33.24kA) is compared and analyzed. The
drive coil and armature are symmetrical that the model can
be simplified into two-dimensional structure.

Through the numerical calculation and finite element sim-
ulation, the distribution of the total magnetic field, the radial
and axial magnetic fields are shown in Figs.5–7.

The drive coil is wrapped by Litz wire and its current
density is evenly distributed. Therefore, it can be seen from
Figs.5–7 that the total magnetic field and axial magnetic field
generated by the single-stage drive coil without armature are
symmetrically distributed about the radial direction of the
drive coil center, and equal magnitude, same direction. The
radial magnetic field is also symmetrically distributed, and
although the magnitude is equal but the direction is opposite.

As shown in Fig.5, the magnetic field of inner region
corresponding to the drive coil length can reach 12T. It can be
seen from Fig.6 that the radial magnetic field generated by the
drive coil is mainly distributed at both terminals of the drive
coil, and the maximum amplitude is 5.3 T. Compared with the
axial magnetic field in Fig.7, the magnetic field distribution
law is basically the same as that of the total magnetic field.
Therefore, the axial magnetic field generated by the drive coil
is mainly the axial magnetic field which will generate radial
force. So, the radial force is much larger than the axial force
generated by the drive coil.

FIGURE 8. Current of drive coil.

FIGURE 9. Total Magnetic field distribution of two stage drive coils
without armature. (a) Numerical calculation results, (b) Simulation results.

When the two-stage drive coils discharge at different times,
the current of it are different, and the magnetic field distribu-
tion is not completely symmetrical due to the superposition
of magnetic field. When the charging voltage is 3500V, the
current of the two-stage drive coils is shown in Fig.8. The
discharge time interval between two drive coils is 3ms.

The magnetic field distribution of two-stage drive coils
without armature is compared and analyzed.

When the current is 3.583ms(I1 = 21.73kA, I2 =
19.78kA), the total, radial and axial magnetic field distribu-
tion are shown in Figs.9-11.

According to (3), the magnetic field is only proportional
to the current density when the drive coil structure size is
known. Therefore, the magnetic field generated by the two-
stage drive coils is also approximately equal when the current
of the two-stage drive coils is similar, and its distribution law
is the same as that of the single-stage drive coil discharge
without armature.
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FIGURE 10. Total Magnetic field distribution of single stage drive coil
without armature. (a) Numerical calculation results, (b) Simulation results.

FIGURE 11. Axial Magnetic field distribution of two stage drive coils
without armature. (a) Numerical calculation results, (b) Simulation results.

It can also be seen from Fig.9 that the maximum magnetic
field in the first and second-stage drive coil respectively
is 8.3 T and 7.7 T which is basically equal to the current
amplitude ratio of the two-stage drive coils. Fig.10 is the same
as Fig.6, but it can also be seen that the radial magnetic field
generated by the drive coils at the adjacent terminal decreases

FIGURE 12. Current and current density distribution of single stage drive
coil with armature. (a) Current of drive coil, (b) Current density
distribution of armature.

FIGURE 13. Spectrum analysis of coil current.

FIGURE 14. Relationship between skin depth and frequency.

compared with the other terminal due to the opposite direc-
tion of magnetic field.
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FIGURE 15. Radial Magnetic field distribution of single stage drive coil
with armature. (a) Numerical calculation results, (b) Simulation results.

B. MAGNETIC FIELD DISTRIBUTION WITH ARMATURE
The initial position of the armature is in the center of the first
stage drive coil and remains unchanged during the discharge
of drive coil, so the existence of the armature makes the
magnetic field distribution inside the single stage drive coil
not symmetrical. The current of drive coil and the current
density distribution of the armature are shown in Fig.12 when
the charging voltage is 3500 V.

The spectrum analysis of coil current is carried out, and the
amplitude corresponding to different frequencies is obtained
as shown in the Fig.13. It can be seen that the frequency is
mainly concentrated in the low frequency range. Usually, the
depth of current penetrating into the conductor is called skin
depth, which is represented by δ.

δ =

√
2

ωσµ
(20)

where, ω is angular frequency (rad/s), ω = 2π f , f is the
frequency (Hz);
σ is the conductivity of the conductor material (S/m);
µ is the permeability of conductor material (H/m).
The relationship between the skin depth in the aluminium

conductor and the frequency is shown in Fig.14. The elec-
trical conductivity and relative permeability of aluminium is
3.5× 107S/m and 1 respectively. It can be seen that the skin
depth decreases as the frequency increases.

FIGURE 16. Axial Magnetic field distribution of single stage drive coil
with armature. (a) Numerical calculation results, (b) Simulation results.

FIGURE 17. Current of drive coil.

According to the analysis, the armature is divided into axial
and radial current filaments, the axial length is 10mm, and the
radial thickness is 2mm, 3mm, and 5mm respectively in this
paper and the induced current of each filament is evenly dis-
tributed. Fig.12 (b) shows that although the current density of
each filament is not completely uniform, this paper assumes
that the current density of each filament is still equivalent by
the current density of the center of it.

The existence of armature makes the current of drive coil
become larger and the time to reach the maximum is short-
ened. The magnetic field distribution at peak current (t =
1.361ms, I1 = 34.28kA) are compared. The radial and axial
magnetic field distribution of numerical calculation and finite
element simulation are shown in Figs.15-16.
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FIGURE 18. Radial Magnetic field distribution of two stage drive coils
with armature. (a) Numerical calculation results, (b) Simulation results.

FIGURE 19. Axial Magnetic field distribution of two stage drive coils with
armature. (a) Numerical calculation results, (b) Simulation results.

As can be seen in Fig.15 and 16 that the radial and
axial magnetic field of MATLAB numerical calculation are
basically the same as the distribution law of MAXWELL
finite element calculation when the single-stage drive coil
discharges with armature. It also can be seen that themagnetic

FIGURE 20. Magnetic induction intensity at different distances(a) Axial
magnetic induction intensity, (b) Radial magnetic induction intensity.

FIGURE 21. Drive coil made of conductor with rectangle section.
(a) Driving coil without helicity, (b) Section of rectangle conductor.

FIGURE 22. 3D model of drive coil.

field distribution on the armature is different. Themain reason
is that the current density of armature filament is equivalent
by the current filament method and the skin effect cannot be
considered, so there is an error in calculating the magnetic
field generated by the induced current of armature filament.
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FIGURE 23. Platform of magnetic field measurement. (a) Measurement
point, (b) Measurement equipment.

The magnetic field distribution is also not symmetrical
when the two-stage drive coils discharge at different times
under the position of armature unchanged. The current of the
two-stage drive coils is shown in Fig.17 when the charging
voltage is 3500 V. The discharge time interval between two
drive coils is also 3ms.

It can be seen from Fig.18 and 19 that the radial and
axial magnetic field of MATLAB numerical calculation are
basically the same as the distribution law of MAXWELL
finite element calculation when the two-stage drive coils
discharge with armature. Moreover, due to the current of the
second-stage drive coil is 33.63 kA which is significantly
higher than that of the first-stage drive coil of 15.62 kA, the
magnetic induction intensity corresponding to the second-
stage drive coil is significantly higher than that of the first-
stage drive coil.

Fig.23(a) is a schematic diagram of the measuring point,
the red virtual line as observation axis, and the distance D
from the tail of armature is used as a reference. The mag-
netic induction intensity on the observation axis at different
distances D is calculated. as shown in Fig.20.

It can be seen that with the increase of the distance from
the armature tail, the magnetic induction intensity decreases
obviously, and the timewhen themagnetic induction intensity
reaches the maximum value is gradually advanced. When the
distance D = 300mm, the maximum axial magnetic field is
0.37T, and the maximum radial magnetic field is 0.06T.

When the distance D= 0mm, themaximum axial magnetic
field is 8.69T which is 23.5 times the maximum axial mag-
netic field of D= 300mm, themaximum radial magnetic field
is 1.45T which is 24.2 times the maximum radial magnetic
field of D = 300mm. Therefore, the electronic components
can be arranged on the armature head and close to the center

FIGURE 24. Magnetic induction intensity of single stage drive coil without
armature. (a) Axial magnetic induction intensity of point A, (b) Radial
magnetic induction intensity of point B, (c) Axial magnetic induction
intensity of point B.

line in the subsequent electromagnetic design. The direction
of the components can be arranged in the axial direction
parallel to the axial magnetic field which can minimize the
impact of the magnetic field on the electronic components.

IV. 3D ELECTROMAGNETIC FIELD SIMULATION AND
EXPERIMENT
In this section, the magnetic field of the single-stage drive
coil is measured to verify the correctness of the simulation
results. Due to the actual equipment contains a metal shell
which will affect the magnetic field for fixing the drive coil,
so the finite element simulation can only be carried out by
establishing a model with the same size as the equipment to
obtain the magnetic field distribution.
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FIGURE 25. Magnetic induction intensity of single stage drive coil with
armature. (a) Axial magnetic induction intensity of point A, (b) Radial
magnetic induction intensity of point B, (c) Axial magnetic induction
intensity of point B.

In this paper, the drive coil is made of rectangular section
Litz wire. The half-section structure of the drive coil and the
cross-section of the Litz wire is shown in Fig.21.

According to Fig.21, the turns Nc of the drive coil can
be calculated which is equal to the turns N1 of each layer
multiplied by the number of layers N2.

Nc = N1 · N2 =
lc(Rco − Rci)
lcc · tcc

(21)

As shown in Fig.22, The thickness of Zylon/epoxy is 2 mm
which used to constrain the electromagnetic force and ensure
the reliability of drive coil strength. The reinforced mica tape
which the unilateral width is 0.5 mm can meet the insulation
requirements of drive coil. Therefore, the Litz wire size is
9mm∗6.25mm and the cross-sectional area is 56.25mm2.

FIGURE 26. Comparison of drive coil current.

FIGURE 27. Comparison of axial magnetic induction intensity of point A
of single stage drive coil without armature.

The induction coil is generally used for the measurement
of time-varying magnetic field [15]. In Fig.23, the axial mag-
netic field when the drive coil discharges with and without
armature at point A and B are measured by one-dimensional
hall probe (one of the induction coils) and compared with the
simulation results.

A. MAGNETIC FIELD OF SINGLE STAGE DRIVE COIL
WITHOUT ARMATURE
The point A has only axial magnetic field when r = 0.
Without considering the influence of shell, the numerical
calculation and finite elementmethod simulation (FEM simu-
lation) results of magnetic induction intensity of point A and
B are compared when the single stage drive coil discharge
without armature in Fig.24.

B. MAGNETIC FIELD OF SINGLE STAGE DRIVE COIL WITH
ARMATURE
Keep the armature position unchanged, the numerical calcu-
lation and finite element method simulation (FEM simula-
tion) results of magnetic induction intensity of point A and B
are compared when the single stage drive coil discharge with
armature in Fig.25.

C. EXPERIMENTAL VERIFICATION
Fig.26 shows the comparison of current of drive coil
between FEM simulation and experimental measurement
when the charging voltage is 3500 V. It can be seen that
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FIGURE 28. Comparison of axial magnetic induction intensity of point B
of single stage drive coil without armature.

FIGURE 29. Comparison of drive coil current.

the experimental result is in good agreement with the FEM
simulation. The peak current of experimental measurement
is 31.96 kA and the peak current of simulation calculation
is 31.87 kA which are respectively reduced by 1.28 kA and
1.37 kA compared with peak current in Fig.4. Themain factor
affecting the current reduction is that the shell will produce
reverse eddy current when the drive coil discharge.

The coordinates of point A and B are (0mm, 0mm, 40mm)
and (10mm, 0mm, 40mm). Multiple experiments were car-
ried out and the standard deviation between experimental
measurement and FEM simulation was calculated. Fig.27 and
28 respectively show the axial magnetic induction intensity of
point A and B through the experimental curves with an error
bar.

It can be seen from Fig.27 and 28 that the magnetic induc-
tion intensity is basically consistent with the drive coil current
when it discharges without armature. The axial magnetic
induction intensity of experimental measurement is in good
agreement with simulation calculation, the standard deviation
of each calculation point is small. The standard deviation of
descending edge of magnetic induction intensity is relatively
large. The reason is the magnetic induction intensity of exper-
imental measurement is affected by the shell when the drive
coil discharge.

Fig.29 shows the comparison of drive coil current between
FEM simulation and experimental measurement under the
charging voltage of 3500 V with armature. It can be seen
that the experimental result is in good agreement with the

FIGURE 30. Comparison of axial magnetic induction intensity of point A
of single stage drive coil with armature.

FIGURE 31. Comparison of axial magnetic induction intensity of point B
of single stage drive coil with armature.

simulation results. The peak current of experimental mea-
surement and simulation calculation respectively is 33.16 kA
and 33.04 kA which is respectively reduced by 1.12 kA and
1.24 kA compared with peak current in Fig.12(a).

It can be seen from Fig.30 and 31 that the rise and fall rates
of the magnetic induction intensity are relatively slow when
the drive coil discharges with armature. The reason is that the
armature generates reverse eddy current which will inhibit the
increase of the magnetic induction intensity at the rising edge
and slow down the decrease of it at the descending edge in
the process of drive coil discharge. The standard deviation
of each calculation point is also small, so the axial magnetic
induction intensity of experimental measurement is also in
good agreement FEM simulation.

V. CONCLUSION
During the launching of integrated projectile in electromag-
netic launcher, the high in-bore magnetic field has great
influence on the layout of electronic components inside the
projectile. In this paper, the three-dimensional numerical
model of magnetic field is established based on the super-
position principle of magnetic field and Biot-Savart equa-
tion. The magnetic field distributions of single-stage and
two-stage drive coil are analyzed by numerical and finite ele-
ment method. The simulation results show that the magnetic
induction intensity with armature is significantly smaller than
that without armature, and the magnetic induction intensity
decreases rapidly along the armature length direction. The
numerical calculation is in good agreement with the finite
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element simulation results. At the same time, the correctness
of the model is verified by experiments, which has a certain
guiding role for the layout of electronic components in the
integrated projectile design.
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