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Abstract: Due to its advantages of high acceleration, reusability, environmental protection, safety,
energy conservation, and efficiency, electromagnetic energy has been considered as an inevitable
choice for future space launch technology. This paper proposes a novel three-level orbital launch
approach based on a combination of a traditional two-level orbital launch method and an electro-
magnetic boost (EMB), in which the traditional two-level orbital launch consists of a turbine-based
combined cycle (TBCC) and a reusable rocket (RR). Firstly, a mathematical model of a multi-stage
coil electromagnetic boost system is established to develop the proposed three-level EMB-TBCC-
RR orbital launch approach, achieving a horizontal take-off–horizontal landing (HTHL) reusable
launch. In order to optimize the fuel quality of the energy system, an artificial intelligence algorithm
parameters-sensitivity-based adaptive quantum-inspired glowworm swarm optimization (AQGSO)is
proposed to improve the performance of the electromagnetic boosting system. Simulation results
show that the proposed AQGSO improves the global optimization precision and convergence speed.
By using the proposed EMB-TBCC-RR orbital launch system and the optimization approach, the
required fuel weight was reduced by about 13 tons for the same launch mission, and the energy
efficiency and reusability of the spacecraft was greatly improved. The spacecraft can be launched with
more cargo capacity and increased payload. The proposed novel three-level orbital launch approach
can help engineers to design and optimize the orbital launch system in the field of electromagnetic
energy conversion and management.

Keywords: energy saving and efficiency; electromagnetic energy; three-stage orbital launch system;
artificial intelligence algorithm; quantum-inspired

1. Introduction

Various approaches to space launching have experienced rapid development over the
last few decades [1,2]. Nevertheless, traditional disposable chemical energy rockets are
still commonly used in space launch missions. Thus, the development of energy-efficient
space launch approaches remains a research hotspot in the field of aviation and aerospace.
Currently, several disadvantages of traditional chemical energy rocket technology are yet
to be overcome: (1) chemical energy rocket technology has approached its theoretical
mass limit for launch missions, but several marginal effects can be improved [3]; (2) air
pollution is associated with the combustion process; (3) the ratio of the payload to the total
take-off weight of a launch vehicle is very low in chemical energy rockets, i.e., a few percent
for low earth orbit (LEO), and as low as one percent for geosynchronous orbit (GTO).
This means that the launch cost is very expensive in regards to a conventional chemical
energy launch mission. The unit kg payload delivery cost of Falcon 9 can be reduced from
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approximately 20000 USD to 800 USD through reusable design [4]. (from USD 4000 to
USD 20,000 per kilo) [4].

Therefore, the energy-efficient launch approach has become a research hotspot, with
the goal of improving energy efficiency and thus reducing the launch cost. Many advanced
launch technologies have been researched [5–13], such as the multidisciplinary design
approach [5], the use of a space elevator [6], reusable launch vehicles [7,8], and an elec-
tromagnetic boost launch system [9–11]. Using these technologies, reusable vehicles and
electromagnetic boost launch system are proven to have high feasibility and efficiency.

Currently, the technology regarding a reusable launch consists of employing the
aspirated two-stage to orbit (TSTO) approach, which uses oxygen in the atmosphere as
the fuel in order to reduce the take-off weight and technical risks, as well as to ensure the
ease of implementation, thus improving the launch economy and efficiency. As a durable
reusable carrier, the space shuttle is partially re-used for the launch mission, i.e., the rocket-
launched aircraft X-37B and the X43A powered by a scramjet engine. It is worth mentioning
that the success of reusable launch technology from SpaceX indicates that reusable launch
technology will continue to develop rapidly. Moreover, Russia, Europe, India, Japan, and
China have paid increasing attention to the development of reusable launch technology,
as can be seen in the Russian Clipper, the European Space Agency FLTP plan, the Britain
Skylon, etc.

Different from the conventional mechanical or chemical launch mode, electromagnetic
space launch systems (EMSLs) use electromagnetic propulsion to achieve acceleration at
high- or ultra-high-speeds. They exhibit great advantages over chemical energy launched
rockets, i.e., EMSLs can launch rockets with a larger useful load and a higher acceleration,
reusability, energy conservation, efficiency, environmental protection, and safety. EMSLs
have been developed with applications for various space launch modes from ground-based
launches [10], airborne launches [11], the electromagnetic acceleration of superconduc-
tors [12], and the augmentation of a permanent magnet linear synchronous motor [13].
In 2018, McNab evaluated a two-stage-to-low-Earth-orbit projectile for space launches.
The initial velocity is provided by EMSLs [13]. An optimized design of an EM coil gun
system is created for a GEO launch task, in which the energy costs of the electromagnetic
launching system are minimized [14]. Multi-pole field electromagnetic launching is a novel
electromagnetic launching technology. It improves the performance of some techniques
of traditional inductive electromagnetic emission technology. This type electromagnetic
launching technology is suitable for high quality, large caliber projectiles with a high-speed
launch potential [15]. This advanced approach EMSLs can be considered as an inevitable
method for future launch technology.

This paper proposes a novel three-level orbital launch approach based on a combi-
nation of a reusable two-level orbital launch method and an electromagnetic boost (EMB)
system in which the reusable two-level orbital launch consists of a turbine-based combined
cycle (TBCC) and a reusable rocket (RR). The proposed approach uses electromagnetic
boosting to achieve a horizontal take-off–horizontal landing (HTHL) reusable launch.

Electromagnetic effects are impacted by many factors, such as magnet material, mag-
net shape, configuration, quantity, spacing, number of coils, coil size, length, etc. [16].
Therefore, the electromagnetic effect is nonlinearly strong and multivariable. The optimiza-
tion design for the electromagnetic effects is very complicated [17]. When studying the
energy harvester based on the electromagnetic effect, the literature [18] develops an electro-
magnetic energy harvesting device based on a sprung eccentric rotor, and the optimization
and characterized analysis of the electromagnetic system are presented. In Ref. [19], an
electromagnetic thermal-fluid kinetic model is proposed for microwave-assisted produc-
tion, and the simulated model included the effects of electromagnetic propagation. From
the previous electromagnetic energy applications, the electromagnetic energy can be rea-
sonably considered as an inevitable method for future space launch technology due to
its advantages including high acceleration, reusability, environmental protection, safety,
energy savings, and efficiency.
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The scheduled launch mission can be completed using less fuel through the use
of electromagnetic acceleration. This paper establishes a mass estimation model for the
proposed three-stage launch system. The model takes the parameters of the electromagnetic
launch system as input, and the take-off weight of the reusable vehicle is considered as
output. To minimize the take-off weight of a reusable vehicle, we use an optimization
algorithm to optimize the design scheme of the proposed three-stage-to-orbit launch
approach for the purpose of reducing the vehicle’s launch weight.

Over the last few years, a number of new swarm intelligence algorithms have been
proposed. A very interesting new population-based swarm intelligence algorithm that
simulates the movement of the glowworms in a swarm based on the distance between them
and on a luminescent quantity called luciferin is called the glowworm swarm optimiza-
tion(GSO) algorithm, presented by Krishnanand and Ghose [20,21].The algorithm shares a
few features with some better known swarm intelligence-based optimization algorithms,
such as colony optimization and particle swarm optimization, but with several significant
differences. The performance of the GSO regarding various benchmark multimodal func-
tions, which have multiple local optima, is analyzed, and the results prove that the GSO
outperforms PSO [22,23].

Therefore, this paper firstly uses the standard GSO (SGSO) algorithm to optimize the
electromagnetic boost portions of the three-stage-to-orbit system. But due to the inherent
defects of the GSO algorithm, the optimization effect of the three-stage-to-orbit system is not
satisfactory. Therefore, a novel adaptive quantum GSO (AQGSO) algorithm is designed by
integrating quantum computing, genetic mutation, and sensitivity analysis. The superiority
of the AQGSO algorithm is verified by comparison of the optimization results with those
of the other two algorithms, and the optimal design scheme is obtained. This paper is
organized as follows: the schematic of this paper is introduced in Section 2. The overall
concept of the proposed electromagnetic boost HTHL launch approach is presented in
Section 3. Section 4 analyses the parameter sensitivity of the electromagnetic boost portion
of the three-stage-to-orbit launch approach. Section 5 presents the adaptive quantum GSO
algorithm. Section 6 carries out the launch system energy optimization using different
optimization algorithms and analyzes the design results.

2. The Motivation for the Proposed Launch Approach

As shown in this Figure 1, the motivation for the proposed launch approach and
algorithm comes from the following perspectives:

1. In order to avoid the drawbacks of traditional rocket boosting and improve the
energy efficiency and reusability, an EMB system and a TBCC-RR HTHL reusable
launch method are combined to achieve the proposed novel three-level orbital launch
approach (marked with a brown dotted box in Figure 1). Since the reusable two-stage
TBCC-RR launch approach still consumes a large amount of energy, the EMB launch
approach can significantly reduce the required fuel quality and launch cost. Based on
Reference [10], for every 1 kg of fuel saved, the costs will be reduced by around USD
19,000. Moreover, the proposed three-level launch approach offers the advantages of
reusability, environmental protection, and safety.

In this paper, the take-off mass estimation model of the three-stage reusable flight
into orbit is first established. The input of the model comprises the parameters of the
electromagnetic booster system, and the output is the take-off weight of the aircraft. In
order to find the design parameters of the electromagnetic boost system that minimize the
take-off weight of the aircraft, a GSO algorithm is used to design the parameters of the
proposed EM boost system, as shown in “A” part of Figure 1 (marked with black arrows).
During the identification, the GSO algorithm includes four steps: luciferin updating, move
selection, position updating, and radial-range updating. From the optimization results, the
GSO algorithm is shown to exhibit low local search accuracy and it easily falls into local the
extremum. Thus, the performance of the EM boost system is poor, and the mass reduction
of the launch vehicle is limited.
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Figure 1. Motivation for the proposed launch approach based on EMB and the optimization algorithm. 
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reusability, environmental protection, and safety. 
In this paper, the take-off mass estimation model of the three-stage reusable flight 

into orbit is first established. The input of the model comprises the parameters of the elec-
tromagnetic booster system, and the output is the take-off weight of the aircraft. In order
to find the design parameters of the electromagnetic boost system that minimize the take-
off weight of the aircraft, a GSO algorithm is used to design the parameters of the pro-
posed EM boost system, as shown in “A” part of Figure 1 (marked with black arrows). 
During the identification, the GSO algorithm includes four steps: luciferin updating, move
selection, position updating, and radial-range updating. From the optimization results, 
the GSO algorithm is shown to exhibit low local search accuracy and it easily falls into 
local the extremum. Thus, the performance of the EM boost system is poor, and the mass 
reduction of the launch vehicle is limited. 
2. For improving the global search ability and avoiding becoming trapped into the local
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Figure 1. Motivation for the proposed launch approach based on EMB and the optimization algorithm.

2. For improving the global search ability and avoiding becoming trapped into the local
extremum, many improved or modified GSO algorithms have been developed [24–26].
Among these improved methods, a combination of the quantum computing prin-
ciples and the swarm intelligence algorithms, such as quantum-inspired genetic
algorithms [27], quantum evolutionary algorithm [28], quantum-inspired particle
algorithm [29,30], and the quantum-inspired immune clonal algorithm [31–33],has
drawn significant attention, since these methods can ensure a good tradeoff between
the capacities for search space exploration and exploitation, thus maintaining an
optimal diversity and size of the population throughout the search process [27–33].
In this paper, a quantum coding is applied into the traditional GSO algorithm to
achieve glowworm encoding and parallel computing in order to enhance the spatial
coverage efficiency of the individual glowworm population. As shown in part “B” of
Figure 1 (marked with blue arrows), by introducing mutation operations, the GSO
algorithm shows a good ability to jump out of the local extremum points, and a fast
convergence speed can be observed. However, it is found that the searching step size
setting is unreasonable and constant, which causes oscillation around the local or
global extremum points. Thus, the performance of EM boost system is still limited.

3. In order to provide a reasonable guideline for searching step size setting during the
optimization process, a parameters sensitivity analysis is performed for the proposed
nonlinear electromagnetic boost system. This sensitivity analysis provides insights
into the influence of different parameters, including capacitor value, capacitor voltage,
resistance of the drive coil, resistance of the armature, and the number of stages, on
the electromagnetic boost system performance. In addition, based on the results of
the quantitative analysis, a gradient-based adaptive step size adjustment strategy is
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developed. The workflow of the proposed adaptive quantum-inspired GSO (AQGSO)
algorithm is shown in part “C” of Figure 1 (marked with purple arrows). From the
optimization results, the algorithm convergence speed is further improved, and its
robustness is ensured. Thus, a global optimization result can be obtained for the best
mass reduction.

3. Modeling of the Proposed Three-Stage Orbital Launch System
3.1. Overall Launch Process

The proposed three-stage orbital launch system is made up of two major parts: (1) the
electromagnetic boosting system (EMB), and (2) the reusable two-stage orbital launch sys-
tem. At the first stage of the launch, the EMB system accelerates the space vehicle to a preset
velocity. Once the acceleration process has been completed, the vehicle engine is ignited.
After the vehicle reaches the separation flight node, the vehicle will be separated into two
parts in the second stage of the launch—a turbine based combined cycle- (TBCC)based
vehicle and a reusable rocket- (RR) based vehicle—and the TBCC vehicle will return to the
ground for TBCC vehicle recovery. At the third stage, The RR vehicle will send the payload
into the orbit, and then the RR vehicle will return to the ground for the RR vehicle recovery.
The overall reusable launch process is shown in Figure 2. The proposed EMB-TBCC-RR
system is capable of reducing the cost of space transportation in two significant ways,
i.e., the increased acceleration of the EMB and the reuse of the space vehicle.
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3.2. TBCC-RR Two-Stage-to-Orbit System Take-Off Weight Estimation Model

The traditional space-to-ground rocket-based transport systems cannot be reused, and
they must carry the oxidant with a low specific impulse. In addition, their total take-off
weight is very large, and their hardware costs rise linearly with the number of launches.
Thus, it is difficult to adapt to the increasing demand for round-trip transportation. The
turbine-based combined air-breathing two-stage in-orbit reusable space-to-ground shuttle
system can make full use of the oxygen, reducing its take-off mass. Its technical risk is
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lower, and the system is easier to implement. When the component completes its work, it
will be separated from the system at the appropriate moment and returned to the ground.
Therefore, it can significantly reduce the consumption of propellant, reducing costs.

The air-breathing engine of the TBCC-RR has a small thrust-to-weight ratio and is not
suitable for climbing. Therefore, the air-breathing mode track in the mission profile is flat,
and acceleration is the main task. The work of increasing the altitude and finally ascending
to orbit is mainly performed by a rocket-powered two-stage aircraft.

The TBCC-RR earth to orbit mission profile can generally be divided into several
nodes, based on the series and modalities of the engine, denoted as a series of flight nodes
(Vi, Hi)(i = 1, 2, . . . , N) [34], where V1, H1 represent initial take-off velocity and altitude.
Usually, V1 = 0, H1 = 0. VN , HN represent the required orbital speed and altitude for the
orbital mission, as shown in Figure 3.
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Vi and Hi represent the required speed and altitude at the i-th design flight node
during flight along the mission profile.

Define the i flight mode means vehicle flight from the i node to i + 1 node, the weight
of the node i spacecraft is mi, the weight ratio of the mode i is µi = mi/mi+1.

The TBCC-RR Two Stage to orbit mass estimation model was built in [34]. The total
weight ratio of the first stage µb and the second stage µo can be written as Equation (1) and
Equation (2), respectively.

mbp + mbs + mop + mos + ml

mbs + mop + mos + ml
= µb =

s−1

∏
i=1

µi (1)

mop + mos + ml

mos + ml
= µo =

N−1

∏
i=s

µi (2)

with

µi =

exp(
(V2

i+1−V2
i )/2+g(Hi+1−Hi)

ηq(1−D/T) ) for suction engine

exp(
Vi+1−Vi+2g(Hi+1−Hi)/(Vi+1+Vi)

gIsp
) for rocket engine

where mbp and mbs are, respectively, the propellant weight and the structural weight in
the first stage, and mop and mos are, respectively, the propellant weight and the structural
weight in the second stage. For a given payload weight ml , the total take-off weight mto of
the spacecraft can be calculated by Equation (3):

mto = mbp + mbs + mop + mos + ml =
(1− σb)(1− σo)µbµo

(1− σbµb)(1− σoµo)
(3)
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where mbs
mbs+mbp

= σb, mos
mop+mos

= σo.
From the previous Equations (1)–(3), the total take-off weight mto of the spacecraft is

determined by its payload weight ml and the mission profile nodes (Vi, Hi)(i = 1, 2, . . . , N).
For the initial launch state V1 = 0, H1 = 0, the accelerometer is used to increase the initial
speed V1, and thus, the total taking-off weight mto can be reduced.

In this paper, the space mission with a payload of 8 tons and a height of 200 km is
presented as follows:

(1) V1, H1 represent the initial take-off velocity and altitude. Usually, V1 = 0, H1 = 0.
VN , HN represent the required orbital speed and altitude for the orbital mission;

(2) At the mission profile point V2, H2, the primary engine is switched from turbojet mode
to sub ramjet mode at an altitude of 15 km and a Ma of around 2.5;

(3) At the mission profile point V3, H3, the transition is switched from sub combustion
ramjet mode to super combustion ramjet mode, at an altitude of 22.5 km and around
6 Ma, the aircraft switches to scramjet mode and then flies along the 95.8 kPa is kinetic
pressure line [35];

(4) The first and second stage separation points are set on the isokinetic pressure line as
V4 = 10 Ma, H4 = 29.1 km. The first stage aircraft glides and lands after separation;

(5) The second stage aircraft is propelled into orbit by liquid hydrogen/liquid oxygen
rockets: V5 = 7.79 km/s, H5 = 200 km.

Based on the two-stage to orbit (TSTO) mass estimation model, the basic parameters
of the TBCC-RR two-stage orbiting system are selected [34], as shown in Table 1. For the
take-off weight and the weight of each stage of the system scheme shown in Figure 3, the
estimated results are shown in Table 2. Since the initial state speed is 0, it can be seen from
the estimation formula that if the initial speed can be increased, it will help reduce the
take-off weight of the system.

Table 1. Basic parameters of the TBCC-RR two-stage orbit entry system.

Parameters Value Parameters Value

Payload (t) 8.0 Sub/scrambling mode q (J/kg) 5 × 107

Track height (km) 200 Sub/scrambling mode η 0.4
Turbo mode q (J/kg) 4.2 × 107 Sub/scrambling mode T/D 3.5
Turbo mode T/D 3 Second stage rocket Isp (s−1) 450
Turbo mode η 0.4 σb 0.614
σa 0.238

Table 2. The TBCC-RR two-stage orbit entry system mass estimation results.

Vehicle
Structure

1st Stage
Structure

1st Stage
Fuel

2nd Stage
Structure

2nd Stage
Fuel Load Total

TSTO
system
mass (t)

148.52 93.37 23.27 74.73 8 347.95

3.3. EMB System Modeling

In regards to the EMB system, as a typical electromagnetic boost system, the coil-type
electromagnetic boost system is particularly suitable for obtaining high quality, and thus, is
applicable to the spacecraft propulsion task due to its advantages of a simple structure and
high energy utilization.

The proposed electromagnetic boost (EMB) system is a multi-level boost system; it
is mainly composed of a pulse power supply (capacitor bank), a switch, a drive coil, a
transmission component (armature and load), and a synchronous trigger control circuit, as
shown in Figure 4.
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Figure 4. Schematic diagram of the EMB system.

As shown in Figure 1 above, when the armature is in the optimal triggering position of
the first stage drive coil, the synchronous triggering circuit and switch controlled capacitor
bank feed the first stage drive coil. The pulse current passes through the drive coil to
generate a strong magnetic field, which induces eddy currents within the armature. For the
convenience of analysis, the current loops in the drive coil and armature are simplified as
the current loops C1 and C2, as shown in Figure 4, respectively. id is the pulse current in C1,
and ip is the induced eddy current in C2. The id and ip are reversed to generate repulsion.
Although the drive coil is subjected to a downward repulsive force, it remains stationary
due to fixation, and the armature is accelerated by an upward repulsive force. When the
armature moves to the appropriate position for the discharge of the second stage drive coil,
the second stage circuit feed control switch is closed, and the armature is then accelerated
again. Thus, the armature is continuously accelerated by the n-stage drive coil.

The schematic diagram of the equivalent circuit model for coil-type EMB system is
shown in Figure 5, assuming that the proposed EMB is sequentially triggered by n-level
drive coils.

As shown in Figure 5, Ci, uci, Ldi, and Rdi are the capacitance, capacitor charging
voltage, inductance, and resistance of the m-level drive coil for each stage (i = 1, 2, · · · , n),
respectively. Lp is the self-inductance, Rp is the resistance of the armature, and Mdip is the
mutual inductance between the armature and drive coil. K is the switch. From Figure 5, it
can be seen that the following equations can be obtained, based on the Kirchhoff’s law:

First stage Rd1id1 + Ld1
did1
dt
−

d(Md1,pip)

dt
= uc1 (4)

Second stage Rd2id2 + Ld2
did2
dt
−

d(Md2,pip)

dt
= uc2 (5)

n-th stage Rdnidn + Ldn
didn
dt
−

d(Mdn,pip)

dt
= ucn (6)
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Armature Rpip + Lp
dip

dt
−

n

∑
i=1

d(Mdi,pidi)

dt
= 0 (7)
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Figure 5. The schematic diagram of the equivalent circuit model for the EMB system.

It is assumed that when the armature moves to the trigger point of the stage i drive
coil at time t, i.e., the coil of stage i discharges at time t, the trigger switches of stage
i + 1, i + 2, · · · , n are in the off state. Thus, the current in these drive coils is zero, and the
voltage across the capacitor maintains the initial voltage:

uck(t) = uck(0)−
1

Ck

∫ t

0
idkdt (k = 1, 2, · · · , i) (8)

idk = 0 (k = i + 1, i + 2, · · · , n) (9)

Based on Equations (8) and (9), Equations (4)–(7) can be rewritten as:

First stage Rd1id1 + Ld1
did1
dt
−

d(Md1,pip)

dt
= uc1 (10)

j-th stage Rdjidj + Ldj
didj

dt
−

d(Mdj,pip)

dt
= ucj (11)

n-th stage idn = 0 (12)

Armature Rpip + Lp
dip

dt
−

n

∑
i=1

d(Mdi,pidi)

dt
= 0 (13)
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Thus, the dynamic behaviors of mutual inductance can be obtained as follows:

d(Mdi,pip)

dt
=

dMdi,p

dt
ip + Mdi,p

dip

dt
=

dMdi,p

dx
ipvp + Mdi,p

dip

dt
(14)

Equations (10)–(14) can be re-arranged in a matrix form:

[R][I] + [L][
.
I]− [MI ][

.
I]− vp[

dMI
dx

][I] = [U] (15)

where

[R] =



Rp
Rd1

. . .
Rdi

. . .
Rdn


, [L] =



Lp
Ld1

. . .
Ldi

. . .
Ldn



[I] =



Ip
Id1
...

Idi
...

Ids


, [

.
I] =



.
Ip.
Id1
...

.
Idi
...

.
Ids


, [MI ] =



0 Md1,p · · · Mdi,p · · · Mdn,p
Md1,p

...
...

Mdi,p
...

...
Mdn,p



[U] =



uc1
uc2

...
uci
...
0


, [ dMI

dx ] =



0
dMd1,p

dx · · · dMdi,p
dx · · · dMds,p

dx
dMd1,p

dx
...

...
dMdi,p

dx
...

...
dMds,p

dx


The constant transformation of Equation (15) is

[
.
I] = ([L]− [MI ])

−1
(
[U] + vp[

dMI
dx

][I]− [R][I]
)

(16)

For the initial state, the velocity and current are zero; thus, the derivative of the current
can be expressed as Equation (17) at time t = 0:

[
.
I]0 = ([L]0 − [MI ]0)

−1[U]0 (17)

The derivative of current at time t = n:

[
.
I]n = ([L]n − [MI ]n)

−1
(
[U]n + vp(n)[

dMI
dx

]
n
[I]n − [R][I]n

)
(18)

where the component of [U]n is uci(n) = uci(n−1) − ∆t
Ci

Idi(n−1); thus, the current [I]n at time
t = n has the following expression:

[I]n = [I]n−1 + ∆t[
.
I]n−1 (19)
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The axial electromagnetic force on the armature at time t = n can be expressed as:

Fn =
n

∑
i=1

(
dMdi,p

dx
)

n

Idi,n Ipi,n (20)

where (
dMdi,p

dx )n is the stage i interaction gradient between the drive coil and armature at
time t = n, Idi,n is the drive coil current of stage i, and Ipi,n is the armature momentary
current of stage i. Thus, the armature motion can be expressed as:

an =
−Fn

m
, vn = an−1∆t + vn−1, xn = xn−1 + vn−1∆t (21)

where an is the armature acceleration, vn is the armature speed, and xn is the arma-
ture displacement.

From the structure in Figure 4, it can be noted that when the axial midpoint of the first
stage drive coil is used as a reference point, the mutual inductance between the armature
and the drive coil Mdip can be considered as a function of the reference point translation.
Thus, the mutual inductance function is defined as:

Md(i+1),p(x) = Mdi,p[x− (xd(i+1) − xdi)] (22)

where xd(i+1) is the position of the i−th drive coil.

3.4. Take-Off Weight Estimation Model of a Reusable Vehicle Based on EMB-TBCC-RR

The take-off weight estimation model of a reusable vehicle based using EMB-TBCC-RR
is shown in Figure 6. Based on the above partial models, the take-off weight estimation
model of the reusable space vehicle is composed of four parts. Firstly, the electromagnetic
boost system parameters [U, C, Rd, RP, n] and initial take-off weight of reusable vehicle
mtointial are used as the input to calculate the accelerated spacecraft take-off velocity V1, as
shown in part A of Figure 6.

Part B of Figure 6 shows the second part, the launch mission profile design, including
spacecraft state V1 and H1 = 0 (forming the initial point) and the other flight nodes. Then,
part C of Figure 6 shows the third part, the TBCC-RR calculation model, which is used to
obtaina new spacecraft take-off weight mtoNOW , based on the designed mission profile. In
part D, the last part of the model, the calculated take-off weight mtoNOW is compared with
the take-off weight mtointial (used in the calculation of the first part A of the EMB system).
If certain threshold |mtoNOW −mtolast| < δ is satisfied, the calculation is completed, and
the output is mto = mtoNOW . Otherwise, set mtointial = mtoNOW , and iterative calculations
should be continued until the threshold condition is satisfied.

3.5. Model Implementation

In order to provide a clear model implementation, an example of a launch task is
presented in which an 8 t load is sent into a 200 km orbit. The corresponding parameters of
the proposed EMB-TBCC-RR system are listed in Table 3.

Based on the parameters in Table 1, the Maxwell finite element method is performed.
Figure 7 shows the Maxwell model structure.

By using the Maxwell finite element method, the mutual inductance between two coils
can be further obtained for the armature in different positions, as shown in Figure 8.

It can be seen from Figure 8 that the simulated mutual inductance values are discrete.
In order to obtain continuous mutual inductance values and further fully analyze the
mutual inductance, the least square fitting method is used to fit the discrete points. The
fitting function result is also shown in Figure 8, and it can be seen that the maximum value
of mutual inductance is observed at distance position 0.
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EMB Parameters TBCC-RR Parameters 

Drive Coil 

Coil material Copper Payload (t) 8.0 

Diameter (m) 4.5 Track height (km) 200 

Outside Diameter (m) 5.5 Stamp open height (km) 15 

Axial length (m) 2 Burning open Ma 6 

Number of turns 1000 Flame open height (km) 22.5 
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Figure 6. Take-off weight estimation model of a reusable vehicle based using EMB-TBCC-RR.

Table 3. EMB-TBCC-RR launch system parameters.

EMB Parameters TBCC-RR Parameters

Drive Coil

Coil material Copper Payload (t) 8.0
Diameter (m) 4.5 Track height (km) 200
Outside Diameter (m) 5.5 Stamp open height (km) 15
Axial length (m) 2 Burning open Ma 6
Number of turns 1000 Flame open height (km) 22.5

Armature Coil

Coil material Copper Turbo mode q (J/kg) 4.2 × 107

Diameter (m) 3.5 Turbo mode η 0.4
Outside Diameter (m) 4.4 Turbo mode T/D 3

Axial length (m) 2 Sub/scrambling mode q
(J/kg) 5 × 107

Number of turns 1000 Sub/scrambling mode η 0.4

Track length 6 km Sub/scrambling mode T/D 3.5

Series number 3000
Second stage rocket Isp

(s−1)
450

Weight of armature and vehicle (t) 350 σb 0.614
Weight estimated threshold (t) 0.005 σa 0.238
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Based on the electromagnetic boost model presented in Section 3.3, using the identified
mutual inductance in Equation (22), the simulation results of the electromagnetic boost
system are shown in Figures 9 and 10, where Figure 9 is related to the single stage EMB
system, and Figure 10 shows the multi-stage case. In Figure 9, the maximum thrust of the
single stage 34,489 kN is observed at 0.3 s.

Figure 10 shows the simulated acceleration of a multi-stage electromagnetic launch, in
which the vehicle can be accelerated to a speed of 160 m/s. During the acceleration phase,
the acceleration rate shows a gradual decrease, since the acceleration time of each stage is
reduced with the increasing vehicle speed. The electromagnetic boost system parameters
are shown in Table 4.
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Table 4. Electromagnetic boost system parameter design.

Voltage (kV) Capacitance
(uF)

Drive Coils
Number

Drive Coil
Resistance (Ω)

Armature
Resistance (Ω)

200 80 3000 0.0817 0.2

By using the proposed iterative calculation process (Figure 6), the take-off weight
of the reusable two-level TBCC-RR and the proposed three-level EMB-TBCC-RR can be
obtained, respectively. The calculation results are shown in Table 5.

Table 5. Take-off weight comparison, with or without the electromagnetic boost.

Vehicle Structure 1st Stage
Structure

1st Stage
Fuel

2nd Stage
Structure

2nd Stage
Fuel Load Total

TSTO system
mass (t) 148.52 93.37 23.27 74.73 8 347.95

Proposed system
mass (t) 147.46 92.70 23.28 74.53 8 345.97

From Table 5, it can be observed that the mass reduction is mainly reflected in the fuel
and structural mass of the first stage engine. After using electromagnetic boosting, the
overall mass reduction is 1.92 t, where mass reduction of the first-class engine is 1.73 t (90%
of the overall effect).

4. Take-Off Weight Optimization Problem for the EMB-TBCC-RR Reusable Vehicle

In order to minimize the take-off weight J(X) = min(mtO), in the case of complet-
ing the orbital mission of a given mission profile, the parameters of the electromagnetic
boost system [U, C, Rd, RP, n] include five dimensions design variables. The optimization
constraints include: orbit load weight, orbit mission profile, and the design range of the
electromagnetic system parameters. Thus, the optimization problem can be expressed as:

J(X) = min(mtO), X = [U, C, Rd, RP, n]
s.t.1.load weight;
2.Orbit mission profile,
3.Design range of electromag netic system parameters
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In addition, the electromagnetic mutual inductance curve in the electromagnetic boost-
ing system and the weight ratio in the TBCC-RR mass estimation model have obvious
nonlinear characteristics. Thus, the proposed EMB model has high-dimensional, nonlinear
features, thus experiencing the multi-peak extremum function optimization problem. In
order to obtain an optimal electromagnetic acceleration effect, to maximize fuel savings,
and to improve carrying capacity, it is necessary to optimize the electromagnetic boost-
ing acceleration system by using the swarm intelligent optimization algorithm with a
strong global search ability for nonlinear optimization problems. In view of the limited
optimization effect of the swarm intelligent optimization algorithm on high-dimensional
optimization problems, it is necessary to analyze the sensitivity of the system parameters
to guide the optimization of the system parameters.

The schematic diagram of take-off weight optimization based on the swarm intelligent
algorithm is shown in Figure 11.
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5. Parameter Sensitivity Analysis

In order to improve the performance of the electromagnetic boosting system design
and to achieve further mass reduction of the HTHL reusable launch vehicle, the parameters
of the electromagnetic boosting system should be carefully identified, including the (1) volt-
age applied to the capacitor; (2) capacitor; (3) resistance of the drive coil; (4) armature;
and (5) number of the stages. These parameters have different influences on the output of
the electromagnetic boosting system. Therefore, a comprehensive quantitative sensitivity
study of these parameters can provide insights into the influence of different parameters
on the electromagnetic boost system performance; thus, the proper variation range for
each parameter can be selected. This quantitative sensitivity analysis can also be used to
improve the optimization results.

5.1. Multi-Parametric Sensitivity Analyze (MPSA) Method

In this section, a multi-parametric sensitivity analysis (MPSA) has been performed in
order to quantitatively analyze the effect of the sensitivity of different parameters on the
performance of the electromagnetic boosting system. More detailed content related to the
MPSA can be found in Ref. [36]. In this paper, the MPSA method consists of following five
main steps:

1. Choose the parameters to be analyzed;
2. Set a deviation range for each of the parameters;
3. Generate 500 independent uniform distribution numbers within the deviation range

for each parameter;
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4. Take the 500 random numbers generated in step 3 as inputs, run the proposed electro-
magnetic boosting system model, then calculate the objective function value ϕ based
on Equation (23):

ϕ =
500

∑
k=1

(Itypical − I(k))2/Itypical (23)

where I(k) is the system outputs for the 500 generated parameters, and Itypical is the
parameter typical value.

5.2. Selected Parameters and Numeric Ranges

In this paper, the selected parameters to be analyzed include: (1) the voltage applied
to the capacitor U; (2) the capacitor value C; (3) the resistance of the drive coil Rd; (4) the
resistance of the armature Rp; and (5) the number of the stage N. The numeric deviation
of each parameter has been set to ±5%, ± 10%, ±15%, ±20%, ±25% around their typical
values, as shown in Table 4.

5.3. Sensitivity Results and Discussion

The sensitivity analysis results are shown in Table 6 and Figure 12. It can be clearly
seen from average index value that the output of the electromagnetic boosting system is
highly sensitive to the voltage applied to the capacitor and is sensitive to the stage number.
On the other hand, the capacitor, resistance of the drive coil, and armature show very
small impacts on the system performance. These quantitative sensitivity analysis results
can be used not only for parameter identification for a more accurate model, but also as a
gradient-based adaptive step size adjustment strategy for more robust optimization results.

Table 6. Different sensitivity analysis of various parameters.

Symbol Parameter Average Index Value Sensitivity

U Voltage 127.2907 Highly sensitive
N Stage number 30.6288 Sensitive
C Capacitor 0.0694 Insensitive
Rd Drive coil resistance 0.2782 Insensitive
Rp Armature resistance 0.1033 Insensitive
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6. The Proposed Parameters for Sensitivity Based Adaptive Quantum-Inspired-Glowworm
Swarm Optimization
6.1. Standard GSO (SGSO)

As a novel swarm intelligence optimization algorithm, the glowworm swarm opti-
mization (GSO) algorithm was originally proposed by Krishnanand and Ghose [21,22].
In the GSO algorithm, the glowworms encode the fitness of their current locations and
evaluate the luciferin values in order to broadcast them to their neighbors. The boundary
of these broadcasting neighbors is determined by its sensor range. Each glowworm can be
considered as a probabilistic statue, and its movement is from high values to low values
of luciferin.

In GSO, the neighborhood is defined as a local-decision domain, with a variable
neighborhood range ri

d bounded by a radial sensor range rs(0 ≤ ri
d ≤ rs). A glowworm

i considers another glowworm j as its neighbor if j is within the neighborhood range of i
and the luciferin level of j is higher than that of i. This decision domain enables different
neighbor interactions and fusion. During the glowworm movement process, a population of
n glowworms is randomly deployed in the search space with an equal quantity of luciferin.
Each glowworm passes through three phases in each iteration step: 1. the luciferin-update
phase; 2. the movement phase; and 3. the radial-range update phase.

6.1.1. Luciferin-Update Phase

The luciferin update depends on the function value at the glowworm position. During
the luciferin-update phase, both the luciferin quantity (proportional to the fitness of its
current location in the objective function domain) and the previous luciferin level of each
glowworm are considered.

Each glowworm adds to its previous luciferin level, which is a luciferin quantity
proportional to the fitness of its current location in the objective function domain. The
luciferin update rule is given by:

Ii(t + 1) = (1− ρ)Ii(t) + γJ(xi(t + 1)) (24)

where Ii(t) represents the luciferin level associated with glowworm i at iteration t, ρ is
the luciferin decay constant (0 < ρ < 1), γ is the luciferin enhancement constant, and
J(xi(t + 1)) represents the value of the objective function at glowworm i’s location xi(t + 1)
at iteration t + 1.

6.1.2. Movement Phase

In this phase, each glowworm moves from a higher luciferin value to a lower one,
based on a probabilistic process. As glowworm i move towards its neighbor j, this move-
ment can be described by the following probabilistic equation:

pij(t) =
Ij(t)− Ii(t)

∑
k∈Ni(t)

(Ik(t)− Ii(t))
(25)

where j ∈ Ni(t), Ni(t) =
{

j : dij(t) < ri
d; Ii(t) < Ij(t)

}
, is the neighbor, set glowworm i at

iteration t. dij(t) represents the Euclidean distance between glowworms i and j at iteration
t, and ri

d represents the variable neighborhood range of glowworm i at iteration t.
If glowworm i selects and moves to glowworm j ∈ Ni(t) with probability pij(t), a new

position of glowworm i is evaluated by:

Xi(t + 1) = Xi(t) + s(
Xj(t)− Xi(t)∥∥Xj(t)− Xi(t)

∥∥ ) (26)

where Xi(t), Xj(t) ∈ Rm are the position of glowworms i and j at iteration t, in m-
dimensional space, ‖ ‖ is the Euclidean norm operator, and s(> 0) is the step size.
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6.1.3. Radial-Range Update Phase

In GSO, each glowworm i has a neighborhood with a radial range. Define ri
d(0) as

the initial neighborhood range of each glowworm, and during the movement process, the
radial range of each glowworm is updated by Equation (27).

ri
d(t + 1) = min

{
rs, max

{
ri

d(t) + β(nt − |Ni(t)|)
}}

(27)

where parameter β is a constant, and is used to control the number of neighbors.
The basic GSO can be summarized as the pseudo code in Algorithm 1.

Algorithm 1: Pseudo code of SGSO

Objective function f(X), X = (x1, x2, · · · , xd)
T

Define the parameters ρ, γ, β, rs, nt
Generate initial population of glowworms Xi(i = 1, 2, · · · , n),
Ii(0) = f (Xi), ri

d(0) = rs
While(t < MaxGeneration)

For i = 1 : n (all N glowworms)
Nit = [], num = 0
For j = 1 : n (all N glowworms)

if
((

Ii(t− 1) < Ij(t− 1))and(r ij < ri
d(t− 1)))

Nit(num + 1) = j
end if

end f or j
i f (num > 0)

Perform a roulette block (apply Equation (25))and select the glowworm P that
are to be approached within the decision domain.

EvaluateGlowworm positon (apply Equation (26)),
update light intensity (apply Equation (24))

update decision domain (apply decision domainEquation (27))
end if

end for i
Rank the glowworms and find the current best

end while
Post process results and visualization

Although GSO has been widely applied to industrial optimization, dynamic path
planning, and economic scheduling, several researchers have reported that the performance
of traditional GSO is poor in high dimensional problems [25–27]. Specifically, there are two
inherent defects of traditional GSO.

In the standard GSO algorithm, selection of the glowworm is performed using a certain
probability, and the movement is conducted based only on the neighbor luciferin values of
the glowworms. However, if the search space is very large or irregular, the neighbor sets
of some glowworms maybe empty. As a result, these glowworms remain stationary. This
raises the problem that when a glowworm i (local optimum) is far from the optimal value
(global optimum), the surrounding glowworms with lower luciferin values gather around
glowworm i. Thus, the glowworm i will lose the ability to move, and the GSO algorithm
will show a low local search accuracy, easily falling into local extremum. In addition, in
the traditional GSO algorithm, glowworm movement is achieved using a fixed step size.
During the search process, if the search step size is large, the accuracy of the optimal value
is reduced, and it is easy for the value to violently oscillate around the optimal value; if
the search step size is small, the convergence speed becomes slower, and it will easily to
fall into the local extremum due to weak mobility. In order to solve the above problem,
a quantum GSO (QGSO) algorithm and a QGSO with an adaptive step are respectively
presented in the following subsections.
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6.2. Quantum GSO (QGSO) Algorithm

In order to improve the GSO algorithm in terms of convergence speed and global
exploration ability, a novel quantum GSO algorithm (QGSO) is presented in this section.
In quantum systems, the computational space can be significantly increased for a large or
irregular search space; thus, exponential parallelism can be developed. Such parallelism
can achieve exponentially faster quantum algorithms than a traditional search algorithm.
In this paper, the quantum computing and traditional GSQ algorithm are combined in
order to increase the search capabilities in terms of the exploration and exploitation of the
search space.

In QGSO, the position of the glowworm is encoded based on the quantum bit (qubit).
The position of the glowworm is updated with a quantum revolving door. The main steps
of the proposed QGSO are as follows:

6.2.1. The Probability of the Quantum Bit Is Used to Encode the Current Position

Xi =

∣∣∣∣cos(θi1)
sin(θi1)

∣∣∣∣∣∣∣∣cos(θi2)
sin(θi2)

∣∣∣∣· · ·· · ·
∣∣∣∣cos(θin)
sin(θin)

∣∣∣∣ (28)

With θij = 2π × radmn, where radmn is the random number between 0 and 1; m is
the size of the population; and n is the spatial dimension of the optimization variables
i = 1, 2, · · · , m, j = 1, 2, · · · , n. Each firefly position occupies two positions in the traversal
space, i.e., the probability amplitude of the quantum state |0〉 and |1〉:

Xic = (cos(θi1), cos(θi2), · · · , cos(θin)), Xis = (sin(θi1), sin(θi2), · · · , sin(θin)) (29)

where Xic is cosine position, and Xis is sine position.

6.2.2. Quantum Search

Each probability amplitude j− th of the glowworm qubit corresponds to an optimiza-

tion variable [α
j
i , β

j
i]

T
in the solution space Xi:

X j
ic = [bi(1 + α

j
i) + ai(1− α

j
i)]/2, X j

is = [bi(1 + β
j
i) + ai(1− β

j
i)]/2 (30)

As shown in Equation (30), each glowworm position corresponds to two solutions of
the optimization problem; the ergodicity of the algorithm can be improved and the global
convergence speed is increased. The quantum computing provides a wide exploration of
the search space due to the probabilistic nature of the qubit representation.

6.2.3. Position Update

Different from the traditional GSO algorithm, the quantum firefly position updating is
performed by the rotation angle of the quantum revolving door:

∆θij = ∆θj × f (θkj − θij)/
∣∣∣ f (θkj − θij)

∣∣∣ (31)

where f (θkj − θij) is a function that converts two angular differences to [−π, π]; ∆θj
is the adaptive move step of depth angle; and α is the depression angle factor of ran-
dom movement.

When the firefly parameter set Xi is updated, the two new locations are:

X̃ic = (cos(θi1(t) + ∆θi1), cos(θi2(t) + ∆θi2), · · · , cos(θin(t) + ∆θin))

X̃is = (sin(θi1(t) + ∆θi1), sin(θi2(t) + ∆θi2), · · · , sin(θin(t) + ∆θin))
(32)

Thus, the quantum revolving door changes the quantum amplitude of the firefly,
achieves the movement of two positions, and further expands the ergodicity of the search
space with the same population number.
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6.2.4. Mutation Processing

Since the GSO algorithm may fall into the local extremum, the mutation operation
from the genetic algorithm can be reasonably introduced into the GSM in order to in-
crease population diversity and avoid premature convergence. The mutation operation is
performed by the quantum non-gates:

θij = θij + PI/2 ∗ (rand− 1/2) (33)

Then, the mutation probability is set and whether or not the glowworms is mutated is
determined by extracting a random number from each glowworm. If mutation occurs, the
mutation qubits are randomly selected.

6.3. Adaptive QGSO (AQGSO) Algorithm

Due to the nonlinearity and complexity of the proposed electromagnetic boosting
system, its parameters have different influences on the system performance. Therefore, a
comprehensive quantitative sensitivity study for of these parameters can provide meaning-
ful information, insights into the influence of different parameters on the electromagnetic
boost system performance, and thus, the proper variation range for each parameter. These
quantitative sensitivity analysis results can also be used to improve the optimization results.

In the proposed QGSO, during the optimization process, the constant searching steps
cannot be adaptively changed based on the different parameter sensitivities. As a result,
the optimization easily falls into local extremum or oscillation. In order to solve the above
problem, a gradient-based search strategy is proposed to adaptively change the searching
step size in order to improve the adaptability and efficiency of the proposed algorithm
for different searching regions. The search step in a region with a large gradient improves
the optimization precision (avoiding oscillation). The search step in a region with a small
gradient improves the optimization speed (avoiding local extremum). The function of the
proposed adaptive gradient-based search steps are based on the following equation:

∆θj = ∆θj0
∇ f (X j

i )−∇ f jmin
∇ f jmax−∇ f jmin

(34)

where ∆θj0 is the maximum step size for the jth optimization variable, and X j
i is the jth

component of the variable Xi. ∇ f (X j
i ) is the gradient of the fitness function. For the discrete

quantum optimization problem, the gradient is replaced with the first-order difference of
the cosine state and the sine state of the quantum firefly:

∇ f (X j
i ) = f (X j

ic)− f (X j
is)

∇ f jmax = max
{∣∣∣ f (X j

ic1)− f (X j
is1)
∣∣∣, ∣∣∣ f (X j

ic2)− f (X j
is2)
∣∣∣, · · · ,

∣∣∣ f (X j
icm)− f (X j

ism)
∣∣∣}

∇ f jmim = min
{∣∣∣ f (X j

ic1)− f (X j
is1)
∣∣∣, ∣∣∣ f (X j

ic2)− f (X j
is2)
∣∣∣, · · · ,

∣∣∣ f (X j
icm)− f (X j

ism)
∣∣∣} (35)

The proposed adaptive QGSO algorithm is summarized as the pseudo code in Algorithm 2.
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Algorithm 2: Pseudo code of AQGSO

Objective function F(X) = max(f(X c), f(X s)), X = (θ1, θ2, · · · , θd)
T

Define the parameters ρ, γ, β, rs, nt, Pv
De f ine update step based on sensitivity analysis s = ∆θ0 = (∆θ1, ∆θ2, · · · , ∆θd)

T

Generate initial population of Quantum glowworms Xi(i = 1, 2, · · · , n),
Ii(0) = F(Xi), ri

d(0) = rs,
While(t < MaxGeneration)

i f (t > 0)
Local gradient calculation(apply Equation (35))
end if

For i = 1 : n (all N glowworms)
Nit = [], num = 0
For j = 1 : n (all N glowworms)

if((I i(t− 1) < Ij(t− 1))and(r ij < ri
d(t− 1)))

Nit(num + 1) = j
end if

end f or j
i f (num > 0)

Perform a roulette block (apply Equation (25))and select the glowworm P that
are to be approached within the decision domain.
Update setp(apply Equation (34)),
Evaluate new positon (apply Equation (31))
update light intensity (apply Equation (30), Equation (24))
update decision domian (apply Equation (27))

else
Random disturbance in the original position

end if
i f (rand < Pv)

Perform mutation (apply Equation (33))
end if

end for i
Rank the glowworms and find the current best

end while
Post process results and visualization

7. Optimization of Electromagnetic Boost System
7.1. Optimization Problem

From Section 3, it can be noted that there are many parameters involved in the
proposed electromagnetic boost system model, and these parameters have different effects
on the emission performance. Thus, in order to further minimize the take-off weight of
the overall system, the parameter tuning of the electromagnetic boost system model is a
multi-parameter nonlinear optimization problem:

J(X) = min(mt0) = min( f (X)) (36)

where f (X) is the calculation function of the take-off weight, and X is the parameter set to
be optimized. The tuned parameters in this optimal problem include five parameters: the
supply voltage of the electromagnetic assist system, the power supply capacitor, the coil
number, the drive coil resistance, and the armature resistance, X = [U, C, N, Rd, Rp].

In this subsection, the optimization search steps are set based on the sensitivity analysis
results. For parameters with high sensitivity, the size of the search steps is set smaller
in order to avoid a large researching step and oscillation near the optimal point. For
parameters with low sensitivity, the size of the search steps is set larger in order to improve
the convergence speed and cover more search space; the system parameters X requiring
optimization are listed in Table 7. In the proposed algorithms, the unit step is taken as 10%
of the optimal range.
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Table 7. Optimization parameter settings.

Parameter Range Unit Step

Voltage (KV) {10–400} 39
Stage Number {300–3000} 270

Capacitor value (F) {0–1} 0.1
Drive coil resistance (Ω) {0.01–0.375} 0.0365
Armature resistance (Ω) {0.01–0.6} 0.59

Three types of optimization algorithms are used to optimize the take-off weight
of the overall system, including SGSO, QGSO, and AQGSO. For a fair comparison, the
initialization and parameters used in the three algorithms are the same: the number of
populations is 50, and the iterations are100, as shown in Table 8. In addition, the search
steps used in the three algorithms are shown in Table 9.

Table 8. Parameters used for three algorithms.

Parameter Value

Fluorescein volatilization factor 0.4
Residual ratio of fitness 0.6

Neighborhood change rate 0.08
Perceptual radius 30

Mutation probability 0.15

Table 9. Steps used for three algorithms.

Algorithm Type Value

SGSO Fixed searching step 0.1 × pi × [0.1;0.01;0.1;0.5;0.5] × unit step
QGSO Fixed search step 0.1 × pi × [0.1;0.01;0.1;0.5;0.5] × unit step

AQGSO Gradient-based adaptive search step Equations (34) and (35)

In order to achieve a comprehensive comparison of the three algorithms, two different
initial glowworm population are used (named ini1 and ini2), and the optimization results
are presented in the following subsections.

7.2. Optimization Results of SGSO Algorithm

In this section, three algorithm results are presented, respectively. The first SGSO
results are show in Figure 13a–d.

It can be seen from the Figure 13 that the average optimization results, 4.03 t and
6.55 t, can be respectively observed for ini1 and ini2. In addition, from Figure 13e,f, the
highest distribution numbers are located at 2 t, and the SGSO algorithm has low local search
accuracy and easily falls into the local extremum. Thus, the performance of electromagnetic
boosting system is poor. The quantitative comparison of the optimization result distribution
and mass reduction are shown in Table 10.

Table 10. Optimized performance comparison of the three algorithms.

Initial Condition No. Scheme Mean (t) Std (t) Max (t)

Ini 1
SGSO result 4.03 4.03 12.46
QGSO result 9.75 2.76 13.4

AQGSO result 11.95 1.69 13.53

Ini 2
SGSO result 6.55 3.87 11.82
QGSO result 10.53 2.15 13.56

AQGSO result 12.1 1.25 13.69
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Figure 13. SGSO algorithm optimized design results.

7.3. Optimization Results for the QGSO Algorithm

It can be seen from Figure 14a–d that the average mass reduction can achieve 9.75 t and
10.53 t for ini1 and ini2, respectively. From Figure 14e,f, the highest distribution numbers are
located at 12 t and 11 t for ini1 and ini2, respectively. Compared to the previous SGSO, the
performance of the QGSO is improved. This is due to the fact that the quantum computing
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and mutation mechanisms are introduced into the SGSO, and the convergence speed and
global exploration ability of SGSO have been significantly improved. However, several
oscillations can be observed near the optimal point, since the searching steps are constant.
Thus, the performance improvement of QGSO is still limited.
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Figure 14. Optimization results of QGSO algorithm.

7.4. Results Using AQGSO Algorithm

It can be seen from the AQGSO results in Figure 15a–d that the average mass reduction
can achieve 11.95 t and 12.1 t for ini1 and ini2, respectively. From Figure 15e,f, the highest
distribution numbers are located at 13.5 t and 13 t for ini1 and ini2, respectively. Compared
to the previous QGSO, the robustness performance of AQGSO is further improved. This is
due to the fact that a gradient-based adaptive step size adjustment strategy is introduced
into QGSO, a large gradient searching step improves the optimization accuracy and avoids
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oscillation, and a small gradient searching step improves the optimization speed and avoids
the local extremum.
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Figure 15. Optimization results for the AQGSO algorithm.

7.5. Quantitative Comparison and Analysis

In this section, the quantitative comparison of the optimization result distribution and
mass reduction are respectively shown in Table 10; the optimized parameters are shown in
Table 11.

It can be seen from the Table 10 that for the ini1, the max mass reduction of AQGSO is
0.97% higher than that of QGSO and 8.59% higher than that of SGSO; the std of AQGSO
is 38.77% lower than that of QGSO and 58.06% lower than that of SGSO; and the mean of
AQGSO is 22.56% higher than that of QGSO and 196.53% higher than that of SGSO. For
the ini2, the max mass reduction of AQGSO is 0.96% higher than that of QGSO and 15.82%
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higher than that of SGSO; the std of AQGSO is 41.86% lower than that of QGSO and 67.7%
lower than that of SGSO; and the mean of AQGSO is 14.91% higher than that of QGSO and
84.73% higher than that of SGSO. From the above quantitative comparison results, it can be
concluded that, by applying quantum computing into the SGSO, the convergence speed
and global exploration ability of SGSO have been significantly improved, thus resulting in a
higher mass reduction. Moreover, a gradient-based adaptive step size adjustment strategy
is introduced, the searching oscillation can be well avoided, and more robust results can
be obtained.

Table 11. The optimized parameters of different algorithms.

Scheme Voltage
(kV)

Capacitance
(uF)

Drive Coils
Number

Drive Coil
Resistance (Ω)

Armature
Resistance (Ω)

Take-Off
Weight (t)

Original 200 80 3000 0.0817 0.2 345.97
SGSO 398 93.1 2729 0.159 0.2901 344.26
QGSO 287 66.61 2743 0.3746 0.138 332.41

AQGSO 129 92.8 1655 0.2032 0.5859 332.28

Furthermore, from Table 11, it is worth mentioning that by using the proposed AQGSO,
the search step size is adaptive, and the gradient is designed based on sensitivity, so that
more realistic optimization results can be obtained. As shown in Table 11, more weight
loss is obtained, and simultaneously, the number of drive coils and the voltage are further
reduced. The number of drive coils in the best design is reduced to 1655, which greatly
reduces the track length of the electromagnetic boosting system and is more conducive
to system implementation. The voltage in the best design is reduced to 129 kV, which
reducing the need for power systems, which is more conducive to the engineering process.

Moreover, Table 12 provides the take-off mass for each stage in a real EMB-TBCC-RR
system. It can be seen that the main mass reduction occurs in the first stage; since the EMB
system increases the TBCC stage initial speed of the spacecraft, the energy consumption
for acceleration is reduced in this stage; otherwise, the RR stage is commenced according
to the predetermined mission point state, so the impact is small. The maximum mass
reduction is designed by the proposed AQGSO algorithm; this means that the spacecraft
can be launched with an increased cargo capacity and payload.

Table 12. Reduced mass of each part in the vehicle with optimized parameters.

Vehicle Structure 1st Stage
Structure 1st Stage Fuel 2nd Stage

Structure 2nd Stage Fuel Load Total

TSTO system mass (t) 148.52 93.37 23.27 74.73 8 347.95
Original system mass (t) 147.46 92.70 23.28 74.53 8 345.97

GSO optimized system mass (t) 146.56 92.15 23.22 74.33 8 344.26
QGSO optimized system mass (t) 140.30 88.19 22.83 73.09 8 332.41

AQGSO optimized system mass (t) 140.22 88.15 22.82 73.09 8 332.28
Best reducedMass (t) 7.24 4.55 0.46 1.44 - 13.69

8. Conclusions

In this paper, an original parameters sensitivity-based adaptive quantum-inspired-
glowworm swarm optimization (AQGSO) algorithm is developed to optimize the elec-
tromagnetic boosting system design in order to significantly improve the performance
of the HTHL reusable launch vehicle. The main novel contribution of this paper can be
summarized as follows:

1. A novel three-stage orbital launch approach is proposed based on a combination of
a traditional two-stage orbital launch method and an electromagnetic boost (EMB)
system in which the traditional two-stage orbital launch consists of a turbine-based
combined cycle (TBCC) and a reusable rocket (RR). The EMB system can significantly
improve the energy efficiency and reusability of the proposed TBCC-RR system.
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This novel three-stage orbital launch approach is original in this paper, since a full
mathematical model of EMB-TBCC-RR has been established;

2. A SGSO optimization method is used to optimize the proposed three-stage launch
approach. In order to enhance the spatial coverage efficiency of the individual glow-
worm population, a quantum coding is applied into the SGSO algorithm to achieve
glowworm encoding and parallel computing. This QGSO algorithm yields a better
convergence speed and improved global exploration ability;

3. For the nonlinearity and complexity of the proposed EMB system, a parameters
sensitivity analysis is performed. This sensitivity analysis provides insights into
the influence of different parameters on EMB performance. In addition, based on
these quantitative analysis results, a gradient-based adaptive step size adjustment
strategy is developed. The robustness performance can be further improved using
this AQGSO; the standard deviation is 41.86% lower than that of QGSO and 67.7%
lower than that of SGSO.

By using the proposed orbital launch system and the optimization approach, a space-
craft with more space and capacity can be launched. The proposed novel three-level orbital
launch approach provides fast deployment and effective implementation for the EMB
system, which can help engineers to design and optimize the orbital launch system in the
field of energy management and efficiency.

In future work, multi-level orbital systems will be further studied by combining other
electromagnetic boosting forms, such as multi-pole electromagnetic boosting technology
as a new type of electromagnetic launching technology. Compared with traditional induc-
tive electromagnetic launching technology, this new method offers a large thrust, stable
suspension, and a controllable torsional magnetic field, as well as good space application
potential for large mass, large diameter projectiles and high-speed launching.
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