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The energy conversion efficiency of a multistage synchronous induction coilgun (MSSICG) has become one of the
key factors that restricts its industrialization. To improve the launch efficiency of medium- and high-velocity MSSICG,
we propose an optimization design scheme combining orthogonal experimental design (OED) and self-consistent design
method in this paper. The OED is introduced to reduce the number of iterations and improve the identification accuracy and
efficiency. A self-consistent design model is established to overcome a defect that the parameters that need to be optimized
will multiply as the number of coil stages increases. The influence of six factors (radial thickness of armature, axial length
of armature, axial length of coil, capacitance, wire diameter, and slip speed) on the launch efficiency are then evaluated by
range analysis. This work presents a valuable reference for optimizing medium- and high-velocity MSSICG.

Keywords: multistage synchronous induction coilgun (MSSICG), self-consistent design, orthogonal experi-

mental design (OED), range analysis
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1. Introduction

An electric energy-driven electromagnetic launcher
(EML) can transform electromagnetic (EM) energy into me-
chanical kinetic energy. EML has been considered as another
revolution of launching theory, following the development of
mechanical- and chemical-energy launching weapons. It has
the advantages of low launching cost, simplified logistics, flex-
ible velocity regulation, high precision, etc.!!?! Therefore,
EML technology has promising application prospects in both
civilian and military fields. Recent typical applications of
EML in passenger transport can be seen on the No. 4 and
No. 5 linear metro in Guangzhou, China.!3! The Applied Su-
perconductivity Laboratory (ASCLab) of Southwest Jiaotong
University is studying an evacuated tube high-speed maglev
to enhance the train speed to 2900 km/h.[! Tt is shown in
Ref. [5] that an electromagnetic launcher can be used to as-
sist civil aircraft take-off. The University of Texas has demon-
strated the use of a 64-state coilgun to decelerate a metastable
neon atom beam from 447 m/s to 55.8 m/s.[®! However, there
is no doubt that the military application is the main intention
of the proposed concept of EML, which is also the most ef-
fective reflection of its value and prospect. The U.S. military
hopes to apply EML to future combat systems with the de-
velopment of EM mortar.!”l Active EM armor based on EML
can significantly enhance the defense capabilities of modern
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weapon systems.®! Sandia National Laboratories and Lock-
heed Martin MS2 have jointly developed a new electromag-
netic missile launcher, which can not only eliminate the dan-
ger posed by gunpowder but can also simplify the logistics
and reduce the cost of operation and maintenance.®! In 2004,
the U.S. replaced its traditional steam catapult with an EM
aircraft launch catapult on its carriers.['”) In terms of strate-
gic defense, space-based EML can be used to intercept mid-
range, submarine-launched and intercontinental ballistic mis-
siles. It can even be used to attack enemy satellites and space
stations. Its implementation will be simpler than high-energy
laser weapons. 11121

A synchronous induction coilgun (SICG) is one of
the most promising research aspects in EML research
because of its outstanding non-contact linear propulsion
performance.!'*14l The basic mechanism of the SICG is to
accelerate the projectile by the Lorenz force generated by
the interaction between the traveling magnetic field and the
induced current. Although it seems to be very simple, the
launching process is a multi-field coupled process that in-
volves many parameters, including electrical parameters and
structural parameters. Therefore, it is difficult to achieve high-
velocity and high-energy conversion efficiency by global op-
timization. To improve the performance of SICG, the ge-
netic algorithm,">! second-generation non-dominated sorting
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genetic algorithm,[' and ant colony algorithm!'7! have been
used to optimize the parameters of the launcher.

The introduction of heuristic intelligent algorithms will
improve the launch performance to some extent. However, the
parameters to be optimized will multiply as the number of coil
stages increase, followed by extensive and time-consuming
calculation work. In addition, these intelligent algorithms can-
not reflect the effect of each parameter on the performance
of the system. In single-factor analysis,[!®2!] the coupling
and constraint relationships among parameters are ignored, al-
though it has higher computational efficiency and reflects the
specific parameter’s influence on the launcher performance.
Therefore, their ability to guide the design of an MSSICG is
limited. Some researchers have used the orthogonal experi-
mental design (OED) to seek the optimal parameter combina-
tion and they have tried to analyze the influences of various
factors on the performance of the whole system, but it is indi-
cated that these researches are only limited to the case of one
or more coil-driven low-speed launcher.?>-23]

In this work, we propose a combination of OED and self-
consistent control model, which is different from the low-
speed SICG that was used in previous work, to optimize the
performance of medium- and high-velocity MSSICG. First,
the self-consistent design model based on the current filament
method (CFM) is established and its validity and flexibility
are verified by the finite element method (FEM). Our model
combines the systematic differential equations and governing
equations, and then the turns and the triggering sequence of
each driving coil can be calculated. Therefore, the main ad-
vantage of introducing self-consistent control model is that the
optimization parameters will not multiply with the increase of
the coil stage. Second, the energy conversion efficiency of the
MSSICG with the combination of different parameters is cal-
culated based on OED. Finally, a range analysis is carried out
for the test data at the end of the test. This enables us to dis-
tinguish between the major factor and minor factor, and even
indicate the adjustment direction of each factor when design-
ing the medium- and high-velocity SICG, which provides a
valuable reference to further improve the launch performance
of the MSSICG.

2. Self-consistent model of MSSICG

As shown in Fig. 1, MSSICG consists of discrete
solenoidal driving coils, power supply, armature, freewheel-

(261 A magnetic traveling wave

ing diode, trigger switch, efc.
in the barrel is produced by discharging a series of capaci-
tors sequentially, which will induce opposite currents in the
armature without direct electrical contact between the barrel
and projectile. According to Lenz’s law, the interaction be-
tween the induced current and the radial magnetic wave gen-

erates electromagnetic force that accelerates the armature. [>4]

The load-side crowbar diode not only prevents the capacitor
from damage due to voltage reversal caused by the inductive
load during the pulsed power supply period but also blocks the

induced current caused by the previous stator coil. ")
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Fig. 1. Schematic diagram of the MSSCIG.

2.1. Systematic differential equation

The launch process of the MSSICG involves complex
multi-physics field dynamic coupling problem. (>3 Therefore,
itis necessary to establish a simulation model considering both
convenience and accuracy. The current filament method de-
scribed by Tao et al. in Ref. [15] has been widely accepted
thanks to its distinctive features, such as simple principle, clear
concept and easy programming. In this method, the driving
coil and the armature can be divided into sub hollow column
hoops in which the current distribution may be relatively uni-
form in the radial direction in the case without considering
the skin-effect. Each hoop can be regarded as a separate el-
ement because the current flowing in each hoop is different.
The equivalent network of the MSSICG based on the current
filament method is shown in Fig. 2.1?]

The electrical and mechanical equations used to describe
the behaviors of the system can be formulated as ordinary

differential equations with nonlinear variable coefficients,?”!
which can be solved by fourth-order Runge—Kutta method,
d[1] dm
L+ M|} —=|V.|—|R|-I|—Vv|—]| 1
(Wb G =l -R-m—v | ] i
d[Ve]
C = I 2
[ ] dr [d]a ( )
dv i ded
ma—;glpd T 3)
p=ld=1
dx
2 4
= 4)

in the above expressions, [/] is the column vector composed
of the coil current and the current filament current; [R] is the
diagonal matrix formed by the current filament resistance and
the coil resistance; [L] is the diagonal matrix formed by the
current filament inductance and the coil inductance; each ele-

ment of [M] represents a mutual inductance between any two
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individual coils; [C] and [V,] are the capacitance of the capac-

itor and its terminal voltage, respectively; and m, v,, and z are
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Fig. 2. Schematic of CFM Showing (a) CFM of coilgun and (b) Equivalent circuit.

2.2. System control equation

For the low-speed coilgun driven by a few driving coils,
the number of turns and the corresponding trigger time are
usually obtained by step-by-step debugging. However, with
the increase of the number of the coil stages and the arma-
ture speed, the trigger timing control and the power regula-
tion become more complicated, while the control effect of
traditional trigger strategy is unsatisfactory. Therefore, the
solution model of the medium- and high-velocity MSSICG
studied in this paper is replaced by self-consistent calculation
method.[*!

The feeding of the driving coil must be kept in syn-
chronicity with the moving position of the armature, which
is crucial for whether the launcher can accelerate a projectile
to a high speed.’% It is expectable that the pulse current just
reaches its peak value when the distance from the tail of the
armature to the center of the driving coil is a specified slip
distance.3!! This means that at the triggering moment of the
coil, the distance between the tail of the armature and the cen-
ter of the coil is the sum of the slip distance and the rise dis-
tance. The intuitive representation of this conclusion is shown
in Fig. 3.3

Zek —Za < Zgiip + Ak 5)
Zslip = Vglipf,

where Z is the position of the k-th coil center, Z, is the po-

sition of the armature tail, vj;, and Zg;, are the slip speed and

slip distance, respectively, Ay is the distance that the armature

moves during the pulsed current rise time of k-th driving coil;

i.e., the rise distance.

respectively.
(b)
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Fig. 3. Location on armature of coil firing.

The driving coil branch can be regarded as the resistor—
inductor—capacitor (R—L—C) circuit and the frequency of dis-
charge current can be defined as follows:

f=@aNy/LO) ™, ©)

where N is the number of turns, L; is the equivalent single-turn
inductance, and C is the capacitance of the discharge circuit.

To keep the acceleration reasonably smooth, the distance

that the armature moves during the current rise time should

be no less than twice the center distance of the coil, to ensure

that at least two coils act simultaneously in the acceleration

process of the armature. The rise length corresponding to k-th

stage driving coil can be defined as follows:!!

A= s, 7

where [ represents the center distance of two adjacent coils, the
value of coefficient s should be set to make sure that not only
the number of stage but also the difference in turn between two
adjacent coils is as small as possible.

Assume that the armature velocity is constant during the
rise time of the discharge current, the distance that the arma-
ture moves during the rise time of the k-th coil current is

aN+/BLC ®)
2 )

lk:VTk:v
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where the factor 8 reflects the effect of armature motion on
the equivalent inductance of the driving coil. In this paper, we
setitto 0.5.

The number of turns of k-th driving coil derived from the

above Eq. (8) is shown in the following equation:

N = 24 (mvy/BLIC) L. )

The acceleration of the armature from rest will result in a large
number of coil turns calculated according to Eq. (9). The fun-
damental cause is that during this time, the magnetic traveling
wave has not been completely established. In other words,
the obvious slip speed between the traveling wave and the ar-
mature has not been established. However, the armature is
usually not set to be a non-zero initial speed in engineering
practice. So, we divide the entire design process into two
phases, as shown in Fig. 4. The first N;- stage driving coils
were debugged step-by-step in the first phase, and then other
multistage driving coils were calculated by the self-consistent
method in the second phase.

| initialization of parameters |
T

Yes @ No

v
| energize coil according to equation (5) |<—

calculate the self -inductance
and mutual -inductance

!

calculate the equivalent single -turn
calculate the mutual inductance
inductance gradient dM/dx *
l | calculate the turns of N-th driving coil |

| modification of size of N-th coil |

calculate the resistance R |

l |m0diﬁcation of mutual inductance matrix |
solve systematic

differential equations

| modification of resistance matrix |
12
No |s01ve systematic differential equations |

Yes

Step by step debugging self-consistent design

¥
[ output F(2), v(0), a(9), x(), I(5) |

end

Fig. 4. General design process of MSSICG.

It should be pointed out that in WARP-1033 and
SLINGSHOT,*! the coils with different turns were approx-
imately considered to have the same radial thickness, and then
the equivalent single-turn inductance of all coils was the same.
However, the error of this approximate calculation increases as
the difference in the number of radial layers increases. There-
fore, it is considered that only the equivalent single-turn in-
ductance values of two adjacent coils are equal in the self-

consistent design strategy proposed in this paper, so that the

turns of the next-stage coil can be calculated according to the
size of the upper-stage coil, and then the size of the next-stage
coil is adjusted. The whole calculation flow chart is shown in
Fig. 4. When the difference in the radial layers of the coils
cannot be neglected, the radial thickness values of two adja-
cent coils are approximately equal, which to a certain extent

reduces the calculation error.

2.3. Verification

Usually, prototype tests or finite element models are
used to validate the circuit model of MSSICG. However, the
MSSICG used in medium-high velocity launching has higher
requirements for the performance of hardware, so the proto-
type test is expensive and time-consuming. In terms of FEM-
based transient field-circuit coupling model, not only the spa-
tiotemporal distribution of each field can be obtained but also
the calculation accuracy can be higher than that when using
the lumped-circuit model.!*! Therefore, the validity and the
flexibility of the design model of MSSICG mentioned above
were verified by the transient field-circuit coupling model.

The parameters of the 45-stage coilgun used for verifica-
tion are listed in Table 1. As mentioned above, the whole de-
sign flow chart of the MSSICG is divided into the step-by-step
debugging part of the first N; stages and the self-consistent
calculation part of the other coils. In Ref. [16], we have veri-
fied the effectiveness of the program based on the step-by-step
debugging method. To verify the self-consistent design pro-
gram, we set an initial speed to be 200 m/s for the armature to
avoid the tedious debugging of the previous stages.

Table 1. Simulation parameters of 45-stage coilgun.

Component Parameter Value
inner radius 2.65 cm
axial length 3.0cm

Driving coil number of stages 45

space 1.0cm
diameter of wire 1.5 mm
insulation thickness of wire 1.5 mm
outer radius 2.2 cm
axial length 10 cm
Armature radial thickness 4.0 mm
mass 135¢g
material aluminum
voltage 3.7kV
External circuit cape.1c1tance 1.5 mF
resistance 10 mQ
total energy storage 455kJ

The topology of the excitation circuit in ansoft Maxwell
circuit editor is shown in Fig. 5(a). Limited by space, only part
of the simulation model of the 45-stage coil is intercepted as
shown in Fig. 5(b).
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(a)
= R1 C
<]
(b) -

driving coil

/'

armature band

Fig. 5. Transient field-circuit coupling model of 45-stage coilgun,
showing (a) topological diagram of the excitation circuit, and (b) simu-
lation model of 45-stage coilgun.

A comparison in the velocity and displacement character-
istics of the armature is shown in Fig. 6. It can be observed
in the figure that the muzzle velocities obtained by the self-
consistent design scheme and the finite-element verification
model are 867 m/s and 874 m/s respectively, and the discrep-
ancy between them is 0.8%. Good alignment of the displace-
ment curve can also be obtained. These results are sufficient to
verify the accuracy of the self-consistent design scheme pro-

posed in this paper.

1000 - — T —— 3.0
velocity by self-consistent
position by self-consistent, 9.5
_ 800}~ - - velocity by FEM 1
‘vé position by F"]‘EM 9.0 E
£ 600F P S
5 15 2
g 400} 'z
° 1.0 &
>
200 10.5
0 " . . . . . 0
0 05 1.0 15 20 25 3.0 3.5
Time/ms
Fig. 6. Comparison of time-dependent velocity and displacement

curves of the armature, obtained by self-consistent design scheme and
finite-element model.

3. Orthogonal design of experiments

The OED is usually used for characterizing and optimiz-
ing system performances in many research fields involving
multivariate and multilevel factors. In orthogonal tests, a rep-
resentative subset with the characteristics of uniformly dis-
persing across the data set and neat comparison was selected
from the full factorial combinations. This statistical analysis
technique can evaluate the influence of relevant factors on the
experimental index and rank them by their effects. This has
been demonstrated to be an efficient, fast, and economical ex-
perimental design method. 3!

The key of OED is to utilize an orthogonal table to ar-
range the experiment scientifically and evaluate multiple fac-

tors. The general expression of the orthogonal table is L, (¢7),

where L is the symbol of orthogonal design, n denotes the
number of experiments (rows), ¢ and g represent the number
of levels and the number of factors (columns), respectively.
Generally, two analytical methods are used to analyze or-
thogonal test results: range analysis (also called intuitive anal-
ysis) and variance analysis (also known as statistical analy-
sis). Compared with the latter, the former avoids conduct-
ing a series of complicated processing calculations without
reducing the statistical significance, which makes it more
practicable.37) The range refers to the difference between the
maximum and minimum of the average of the experimental in-
dexes corresponding to each level in each column. The math-

ematical expression is as follows: 2]

sem{(8) () o

where j is the column number, i is the level number in j-th
column, 7 is the number of times the i-th level occurs, and J;
is the test index value corresponding to the i-th level.

According to the range analysis in OED, the following
results can be obtained:

(i) The influence degree of each factor on the test index;

(ii) The tendency of the test index value to change with
each factor;

(iii) The most appropriate combination of levels that can
make the test index reflect the highest significance.

Taking the 45-stage SICG system shown in Fig. 5(b) as
an example, we use the OED to study the parameter optimiza-
tion design of the medium- and high-velocity MSSICG. When
considering the interaction between parameters, the most im-
portant parameters of the launch efficiency can be obtained. To
arrange the simulation experiments scientifically for the SICG,
the following should be done: clarify the experimental objec-
tives, choose the controllable design variables and levels, and

construct an appropriate orthogonal table.

3.1. Factors and levels

The pulsed power supply, armature, driving coils and
corresponding trigger timing are four components of the
MSSICG. The space between the adjacent coils and the gap
between coil and armature can be fixed values which are lim-
ited by the material and technological level. The parameters
of the hollow aluminum armature and the total pulse energy
storage are consistent with those in Table 1. The turns of driv-
ing coils and their corresponding trigger time are calculated by
the self-consistent program. Therefore, we select six param-
eters as the factors including the axial length of the armature,

the thickness of the armature, the axial length of the driving
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coil, the diameter of the wire, the capacitance value and the
slip speed. Although the muzzle velocity can be increased by
enlarging the energy storage of the capacitor bank, in practi-
cal engineering, especially for a high velocity launcher with
a large number of stages, the cost in pulsed power supply is
too high. Therefore, improving energy conversion efficiency
is of substantial significance to reduce cost and equipment vol-
ume. The energy conversion efficiency selected as the test tar-

get function can be defined as follows:

0 = (1/2) (m? —m2) / ((1/2) ic,-u(i-)
i=1
= f(waanC7D7Cavslip)7 (11)

where wy, is the thickness of the armature, g represents the ra-
tio of armature length to coil length, /. is the axial length of
the driving coil, D is the diameter of the wire, C is the capac-
itance value, vyj;, is the slip speed, m and v are the mass and
initial velocity of the armature. The total energy storage of the
pulsed power supply is constant, so the charging voltage of the
capacitor bank with a specified capacitance can be expressed

as follows:

Uoi = v/ 2We/(nCi), 12)

where W, is the total energy storage of all capacitor banks, and
n is the number of coil stages.

After the factors are selected, the expected number of lev-
els can be determined to introduce an appropriate orthogonal
table. The influence factors and levels selected in this study

are summarized in Table 2.

Table 2. Factors and levels.

Levels Factors
wglem g lJem  C/mF  D/mm vy, (m/s)
1 3.0 1.0 25 0.5 1.5 5.0
2 4.0 20 30 1.0 2.0 9.0
3 5.0 30 35 1.5 2.5 13.0
4 6.0 40 4.0 2.0 3.0 17.0
5 7.0 50 45 2.5 35 21.0

3.2. Orthogonal table

The orthogonal design table L,5(5°) as shown in Table 3
is adopted because the selected array (L25(56)) matches well
with the selected number of factors and levels (only part of
arrangements are shown due to limited space). There are
56 =15625 simulation cases to be built if full-scale experiment
is applied. Matlab-based program takes about 8 minutes to
run a test (CPU: Intel(R) Xeon (R) E5-2620 v4 @2.1 GHz
2.1 GHz; RAM: 64 GB), so full-scale experiment takes nearly
87 days, while FEM-based test takes longer. Even in the de-

sign phase rather than on-site operation, the time consumption

is unacceptable. This paper focuses on the effect of the param-
eters on the launch performance. Therefore, the interaction
between the parameters is not considered.

Table 3. Orthogonal table.

Column 1 2 3 4 5 6
Tom Factor Wa q I c D Valip Result
1 3.0 1.0 2.5 0.5 1.5 50  5.05%
2 3.0 2.0 3.0 1.0 2.0 9.0 5.88%
3 3.0 3.0 35 1.5 2.5 13.0 7.72%
4 3.0 4.0 4.0 2.0 30 17.0 6.88%
5 3.0 5.0 4.5 2.5 35 21.0 6.76%
6 4.0 1.0 3.0 1.5 30 21.0 245%
7 4.0 2.0 35 2.0 3.5 50 4.89%
8 4.0 3.0 4.0 2.5 1.5 9.0 3.30%
9 4.0 4.0 4.5 0.5 20 13.0 6.92%
10 4.0 5.0 2.5 1.0 2.5 170  122%
25 7.0 5.0 4.0 1.5 2.0 50  535%
ky 646 3.0 8.09 889 554 549
ky 595 513 745 718 534 6.35
k3 597 771 712 526 686 6.33
ky 587 784 477 539 675 17.39
ks 776 774 459 50 753 645
R 1.89 484 350 3.89 219 190

3.3. Results and discussion

The average value of each level in each column and the
range of each factor were calculated based on Eq. (10). The
results of the range analysis are shown in Fig. 7. Generally,
when the range is larger, the corresponding parameter sensi-
tivity is higher.[3] In other words, the effect of the parameter
on the launching efficiency is more significant when its range
is larger. From Fig. 7, it can be seen that for the energy con-
version efficiency of the medium-high velocity SICG, the im-
portance of the various factors is ranked as: axial length of the
armature > capacitance value > axial length of the coil > wire
diameter > slip speed > thickness of the armature.

5 1 1 1 1 1 1

Extreme difference
w
1

we/cm g le/em C/mF D/mm vg;,/m-s—1
Fig. 7. Histogram of range analysis of each factor.

The intuitive analysis effect curve of each factor on the

performance index of the medium-high velocity SICG can be
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obtained according to the range analysis as shown in Fig. 8.
We can draw some useful conclusions, as follows.

i) In terms of medium-high velocity SCIG, the optimal
length of the armature should be 3—4 times the coil length,
which is different from 2-2.5 times in low-speed case. [?’]

ii) Generally speaking, the larger the wire diameter, the
higher the launch efficiency is. This conclusion is consistent
with that obtained in Ref. [24], which used the OED to opti-
mize the low-speed launch. The efficiency is lower when the
capacitance is higher (which means a lower voltage).

iii) The variation of efficiency with the slip speed is ap-
proximately parabolic. A small slip speed indicates that the
magnetic traveling wave has a small velocity in advance of
the armature, which results in the driving coil not being fed in
time. Also, the coupling between the coil and armature will
be weakened. However, excessive slip speed means that the
coil is fed prematurely, which leads to peak current position
exceeding the armature front, resulting in a reverse thrust that
deteriorates the launch performance.

10— T T T T T T T T

9_ -

Efficiency/%
o =
T T

5F -
r —6— thickness of armature
4 —6— times of coil length 4
—6— length of coil
—6— capacitance
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Fig. 8. Intuitionistic effect curve of influence factors.
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Fig. 9. Armature acceleration and velocity characteristic curves.

The optimal values of the parameters to improve the effi-

ciency are given as follows: w, =7 mm, [, =2.5 cm, g =4,

D =3.5mm, C =0.5mF, and slip = 17 m/s. This combination
is not included in Table 3 because the combination of control-
lable parameters at the set level cannot cover all possible cases.
Therefore, we perform the self-consistent design program with
the optimal combination above, and the obtained acceleration
and velocity characteristic curve are shown in Fig. 9. A com-
parison of parameters and performance index before and after

optimization is shown in Table 4.

Table 4. Comparison of parameters and performance indicator.

Item  wg/mm ¢ Il/em D/mm C/mF  vgp/(m/s) /%

Before 4.0 33 3.0 1.5 1.5 13 11.1
After 7.0 4.0 25 35 0.5 17 18.6

4. Conclusions and perspectives

In this paper, the improved self-consistent design scheme
of medium-high velocity MSSICG is illustrated. Our method
can solve the turn number and trigger timing of the driving
coil. Consequently, the parameters to be optimized will not
multiply as the number of coil stage increases. The accuracy of
Matlab-based program is verified by the transient field-circuit
coupling model based on FEM. Then, the orthogonal experi-
mental design is introduced to analyze the parameter optimiza-
tion of a 45-stage coilgun. With the total capacitance storage
fixed at a constant, the axial length and the thickness of the
armature, the axial length of the coil, the wire diameter, the
capacitance, and the slip speed are regarded as variables. The
energy conversion efficiency is selected as a target function.
The range analysis is employed to evaluate the influences of
various factors on launch efficiency. The major conclusions
are summarized as follows:

(I) Among all the factors affecting the launch efficiency,
the axial length of the armature is the most important, and the
next sequentially are the capacitance value, axial length of the
driving coil, wire diameter, slip speed, and finally thickness of
the armature.

(IT) The best length of the armature should be 3—4 times
the coil length.

(IIT) When the total capacitive energy storage is constant,
the energy conversion efficiency is higher when the capaci-
tance is lower (i.e., the higher the voltage).

(IV) The smaller coil length is more conducive to the cou-
pling between the armature and the coil, thereby enhancing the
launch performance.

(V) The variation of energy conversion efficiency with

slip speed is approximately parabolic.
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