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Abstract. Electric energy is used as the power source for electromagnetic launch
system, and the linear motor of the system can be precisely controlled. Rapid
loading can realize low-cost, high-density and rapid continuous launching of UAV,
meet the requirements of diversified combat capabilities of UAV in future wars,
and improve the comprehensive combat performance of UAV. At the same time,
electromagnetic boost launch can control the ejection process acceleration accord-
ing to the take-off requirements of UAV, and realize the safe and reliable ejection
take-off of various TYPES of UAV, which has the characteristics of universality. To
achieve the advantages of highly controllable and fast relaunching, this paper con-
ducts a research on the 100 kg UAV electromagnetic launch system, specifically
introduces the control strategy of the UAV electromagnetic launch system based
on the field-oriented control. A 100 kg UAV electromagnetic launch prototype is
built, and the proposed control strategy of the system is verified by experiments.
The experiment results show that the electromagnetic launch of the UAVs is stable
and reliable and it can meet the demands of fast relaunch of the UVAs.

Keywords: Fixed wing UAV - Electromagnetic launch - Field-oriented control -
Fast relaunch

1 Introduction

Inrecent years, UAV and its related technologies have been rapidly developed and applied
all over the world. It should also be noted that the rapid launch and reliable recovery of
UAVs are the difficulties encountered in the development of UAVs [1, 2]. UAV launch
refers to the process that UAV can reach a certain initial speed in a certain place and in
a certain way. The launch of UAVs has a direct impact on the battlefield survivability,

reusability, regional adaptability and operational flexibility of UAVs [3].

There are various launch modes of UAV, such as taxiing take-off, rocket boost,
ejection take-off, hand throw launch, airborne launch, vertical take-off, etc. In the specific
selection, many factors such as UAV model, quality, size, service conditions and combat
tasks should also be fully considered. The most basic requirement for UAV launch system
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is that UAV can take off safely and reliably, among which handcast launch is only suitable
for launching micro-UAYV, and vertical take-off is only suitable for taking off rotorcraft
UAV. Taxiing takeoff refers to the UAV taking off on the runway through the landing
gear by using the thrust of its own engine. The advantages of this method are simple
and reliable, less supporting ground support equipment, small acceleration overload and
low use cost; Its disadvantage is that it needs runway or better ground environmental
conditions and poor mobility. Rocket assisted launch means that UAV uses the thrust
of rocket booster to accelerate its launch in a short time. It has the advantages of small
floor area, low initial investment and little influence by environmental conditions, and
can well meet the requirements of fast and mobile battlefield; Its disadvantage is that
it involves the storage, transportation and use of explosive materials, and has strong
physical characteristics such as sound, light and smoke, which are easy to expose the
launching position [4].

Ejection take-off is to convert different forms of energy such as liquid/pneumatic
energy, elastic potential energy and electromagnetic energy into UAV kinetic energy, so
as to accelerate UAV to safe take-off speed on a certain length of slide rail. The advantage
of ejection take-off is that it does not need a special take-off airport and runway, has
good mobility, can take-off in mountainous areas with limited space, and has good safety
and concealment; Its disadvantage is that the ejection mechanism and control system
are complex [5, 6].

According to the different launching power energy, ejection takeoff can be divided
into elastic ejection, pneumatic ejection, electromagnetic boost launch and so on. The
main characteristics are compared in Table 1. (1) Elastic ejection: the elastic force of the
rubber band helps the UAV to take off. The advantages of this way are simple structure,
low cost and easy operation and maintenance; The disadvantage is that the catapult thrust
is small, the UAV’s exit speed is low. In plateau conditions, the air is thin, and the ejection
speed is difficult to meet the requirements of UAV take-off. (2) Pneumatic ejection: the
UAV is boosted to take off by air pressure. This ejection method can provide larger outlet
speed for the UAV, and is flexible in use and good in concealment. However, the pressure
system is susceptible to the environment, especially the low pressure brought by high
altitude, which will affect the thrust force of pneumatic ejection. In addition, the overload

Table 1. The comparison of different means for UAV eject launch

Ejection form Advantages Disadvantages

Elastic ejection Small size, light weight, simple | Small ejection ability, poor
structure, easy to carry, low cost | environmental adaptability,
temperature sensitivity, individual

differences
Pneumatic ejection Excellent ejection capability, The high altitude adaptability is
reuse, low cost poor and the launch process is less
controllable

Electromagnetic assisted launch | Excellent ejection ability, rapid The system is complex and the cost
reuse, excellent controllability, is high
good environmental adaptability
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control ability of the pneumatic ejection system is weak in the process of ejection takeoff,
and the ability of rapid and continuous ejection is poor. (3) Electromagnetic boost launch:
It is a new UAV launch technology that uses electric energy as energy and accelerates
objects through electromagnetic thrust generated by the principle of electromagnetic
action, and converts electric energy into launch power efficiently to achieve catapult
takeoff of UAV.

The electromagnetic boost launch system can control the acceleration of the ejection
process according to the requirements of UAV ejection, and realize the safe and reliable
ejection take-off of UAV. At the same time, the electromagnetic boost launch system is
suitable for the launch of UAVs with the maximum payload weight below, which meets
the needs of the launch platform generalization. The electromagnetic launch of UAV
with different weight and take-off speed can be realized quickly by parameter binding.
Due to the use of electric energy as the power source, the operation process of linear
motor is accurate and controllable. Through rapid loading, low-cost, high-density and
rapid continuous launching of UAV can be realized, which can meet the requirements
of diversified combat and anti-saturation attack capability of UAV in future wars, and
improve the comprehensive combat performance of UAV.

In order to realize the advantages of strong controllability of the launch process and
rapid repeated launch of the electromagnetic boost launch system, this paper takes the
100 kg UAV electromagnetic boost launch system as the research object, focuses on
the key control technology of the unmanned electromechanical magnetic boost launch
system based on vector control, and introduces the composition of the 100 kg UAV
electromagnetic boost launch system. The key control technology of the system is ver-
ified by 65 kg simulated load test, which lays a foundation for the application of UAV
electromagnetic boost launch system.

2 Key Control Technology of UAV Electromagnetic Boost Launch
System

The electromagnetic boost launch system of 100 kg UAV is mainly composed of lin-
ear motor electromagnetic boost launcher, driving power supply system and system
controller. The system composition is shown in Fig. 1.
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Fig. 1. Electromagnetic launch system composition for fixed wing UAV
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The UAV electromagnetic boost launch system uses electric energy as power energy,
charges the energy storage module through the charging module in the charge-discharge
combination, reaches the set bus voltage, and enters the launch readiness state. Press the
transmit button, and the power module converts the electric energy of the energy storage
module into the ac power required by the linear motor drive according to the preset
program of the control module. The stator conduction where the actuator is located
is controlled by the winding segmented controller to generate electromagnetic thrust
and accelerate the actuator, pulley and UAV connected with the pulley to realize the
conversion of electric energy to the kinetic energy of the launch load and push the UAV
to leave the launch pad at a preset target speed. The high-speed linear electromagnetic
booster actuator and pulley are braked by electromagnetic and mechanical buffering
brake units. After the launch, the actuator is reset to enter the next launch process.

2.1 Mathematical Model of Linear Motor

The executive mechanism of 100 kg UAV electromagnetic boost launch system is three-
phase permanent magnet synchronous linear motor. Since the UAV is connected with
linear electric motor through pulley, we transform the control of UAV ejection process
into the control of permanent magnet synchronous linear motor.

The stator of permanent magnet synchronous motor is composed of permanent mag-
net, and the electromagnetic coupling relationship between the stator and permanent
magnet is complicated. In the construction of mathematical model, it is necessary to
ignore the harmonic component, windings spatial distribution and other factors that
have little influence. The current, voltage and flux in the three-phase stator windings in
ABC coordinate system are transformed to the rotating D-Q coordinate system by coor-
dinate transformation, and the mathematical model of three-phase permanent magnet
synchronous motor is obtained.

The stator voltage equation is:

drg

ug | [Ry 07| ia dr —orYy
|:uqi|_|:ORSi||:iqi|+ dyy +|:a)r1/fd i| M
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In the formula, u4 and u, respectively represent the components of the stator voltage
on the d and q axes; R, represents the equivalent resistance of each phase winding of the
stator; ig and i, respectively represent the components of the stator current in the d and
q axes; uq and ¥, Respectively represent the components of the stator flux on axis d
and q; w, represents rotating electric angular velocity; Ly and L, are components of the

stator inductance in the d and q axes respectively; ¥y is mover permanent magnet flux
linkage. Because the system adopts hidden pole bilateral permanent magnet synchronous

Flux equation is:
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linear motor, Ly approximately equals to L,, then Ly = L. Ignoring the influence of
temperature change on permanent magnet, ¥y can be considered as a constant. The
voltage equation is:

diy
ug Ry —wLy || ia Lg 0| “ar 0
= . 3
Ug |:a)rLd R; i| ig + |: 0 Lq dﬁ + wrwf 3)
dt

The electromagnetic thrust equation of hidden pole permanent magnet synchronous
linear motor is:

3
Fo= = puiriy )
27

In the formula, Pn is the number of motor poles, T is the pole distance of linear motor.

Due to the long length of the linear motor, considering the efficiency of the drive
power supply and the cost of the whole electromagnetic boost launch system, the linear
motor needs to be segmented, and the stator segmented working time is determined by
the position of the actuator. The mathematical model mentioned in Eqgs. (3) and (4) is
the mathematical model of single-segment permanent magnet synchronous linear motor
with the actuator and stator completely overlapping, and the mathematical model of
stator segment 1 at t1 in Fig. 3. At t2, the actuator is between stator segment 1 and stator
segment 2, and the mathematical model of PMSM is correlated with the relative position
of the stator of the actuator. For the first stator segment, with the gradual withdrawal of
the mover, the coupling area decreases, the amplitude of excitation potential decreases,
the armature current increases and the electromagnetic thrust decreases. When the mover
enters the second stator, the amplitude of the post excitation EMF gradually increases,
the armature current decreases, and the electromagnetic thrust increases in the form
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(a) Sectional power supply of linear motor
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(b) Relative relationship between mover and stator during operation of linear motor

Fig. 2. Section of permanent magnet linear motor
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of pulsation. When the mover is completely within the range of the second section
of stator, the amplitude of excitation EMF remains unchanged and the output of the
motor is relatively stable. When the mover is about to exit the second section of stator,
with the decrease of excitation EMF amplitude, the armature current increases and the
electromagnetic force decreases gradually. This is repeated.

The rotor position in the stator section of linear motor has an influence on the stator
inductance d, g-axis inductance components Ly and L, and rotor permanent magnet
flux ¢ in the mathematical model of permanent magnet synchronous motor. Ignoring
the harmonic effect, the inductance components Ly and L, and the flux linkage ¥y of
the mover permanent magnet change approximately linearly. As shown in Fig. 3(b),
the mover length is a, the segment length of single section stator is b, and the mover
displacement is s. for long primary linear motor, b > a, so the mover coefficient k is
expressed as:

5 s<a
k=131 a<s<b @)
sSbh<s<a+b

a

By substituting Eq. (5) into Eq. (3), the voltage equation of permanent magnet
synchronous linear motor is:

diy
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Where, L; is the synchronous inductance of the linear motor, as shown in Fig. 2.
When the stator segment 1 and tl time actuator overlap completely, the synchronous
inductance is L;. As shown in Fig. 2, when the stator section 3 is completely separated
from the mover at time tl, the synchronous inductance is Ly, then the synchronous
inductance is Ly

Ly = (1 —k)Lo + kL, )

At t2 switching time, the mover is in the middle of stator section 1 and stator section 2.
When power supply 1 and power supply 2 are energized at the same time to ensure that the
current i, of stator section 1 and stator section 2 remains unchanged, the electromagnetic
field of the mover does not change, which is consistent with that when it is completely
overlapped. The electromagnetic thrust generated by the linear motor is still shown in
Eq. (4). Therefore, in order to reduce the thrust fluctuation in the launch process of UAV
electromagnetic boost, it is necessary to ensure that the g-axis current generated by each
current source remains unchanged during operation.

2.2 Field-Oriented Control

Vector control technology is based on the idea that dc motor armature current and
excitation current are perpendicular to each other without coupling independent control
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[7]. The common vector control method is control, in which all the current of the motor
(ignoring the loss) is used to generate thrust, and the thrust of the linear motor can be
controlled [8, 9]. According to the linear motor mathematical model, the vector control
block diagram is shown in Fig. 3.
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Fig. 3. Diagram of field-oriented control

In the formula, Vs is the given value of speed. In order to ensure the rapid and
repeated ejection of the UAV electromagnetic boost launch system, the actuator needs
to return to the initial position quickly after the UAV takes off, so as to prepare for the
launch of the next ejection. The whole electromagnetic boost launch process is divided
into three stages: accelerated ejection, deceleration braking and uniform recovery.

(1) Acceleration ejection stage: the acceleration ejection stage provides the UAV
with the take-off speed, and the acceleration load is the sum of the UAV’s weight mt and
the weight mr of the pulley itself. In the process of accelerated ejection, the acceleration
process is required to be smooth. The exit speed reaches the takeoff speed v0, so the
speed outer ring is not required in the acceleration ejection stage. Only the reference
value of the current inner ring needs to be set to the g-axis current iql corresponding to
the thrust F required for UAV acceleration, and keep the g-axis current iql unchanged
when the UAV is less than the release speed v0. If the acceleration direction is the positive
direction of g-axis, the given value iql is positive at this time. When the UAV reaches
the release speed VO, it is in position SO. Since the mover pulley starts to slow down
and brake, the UAV is ejected at the takeoff speed vO to complete the takeoff process.
In the whole acceleration ejection stage, the acceleration of UAV is regulated by g-axis
current, and the whole process is stable and controllable.

(2) Deceleration braking stage: after the acceleration stage, the UAV and the mover
pulley are accelerated to the takeoff speed v0. At this time, the UAV and the mover pulley
need to be separated and decelerated as soon as possible to effectively reduce the total
length of the linear motor. At this time, the speed outer loop is also not required. Only the
reference value of the current inner loop needs to be set to the g-axis current value iq2
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corresponding to the maximum current of the inverter. The given value iq2 is negative.
When the final mover speed is 0, it is in position S1. Since the load in the deceleration
braking stage is only the weight mr of the mover pulley itself, the deceleration distance
can be controlled very short.

(3) At uniform speed return stage: after the actuator completes the fast deceleration
braking, it is necessary to immediately return the actuator to prepare for the next ejec-
tion. The return process should be stable and reliable. At this time, the control strategy
is the double closed-loop control of the outer speed loop and the inner current loop.
Given the return velocity vref, when approaching the initial position, the corresponding
deceleration current is given to ensure that the actuator returns to the initial position at
a uniform speed, so as to prepare for the next UAV electromagnetic boost launch, and
the whole launch process ends.

3 100 kg UAV Electromagnetic Boost Launch System

The 100kg UAV electromagnetic boost launch system is built, which is mainly composed
of linear motor electromagnetic boost emitter, drive power system and system controller.
This section mainly introduces two parts: electromagnetic boost emitter and drive power.

Electromagnetic boost launcher is the actuator of UAV electromagnetic boost launch
system, which converts electric energy into kinetic energy of load through electromag-
netic energy conversion. The electromagnetic booster launcher is connected to the UAV
via a pulley and contains the following core components.The physical picture of the
electromagnetic booster launcher is shown in Fig. 4.

Fig. 4. Electromagnetic launch system for 100 kg fixed wing UAV

The driving power is the control center and energy source of the UAV electromagnetic
boost launch system. The control system converts the stored electrical energy into the
electrical energy required by the electromagnetic boost emitter, including the following
core components.The physical picture of the drive power supply is shown in Fig. 5.
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Fig. 5. Driving power for electromagnetic launch system

The 100 kg UAV electromagnetic launch prototype is built, and the proposed control
strategy of the system is verified by experiments, the experiment results is shown in
Fig. 6.
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Fig. 6. 65 kg, 28.5 m/s experiment results

As shown in Fig. 6, the maximum speed of the 65 kg simulated load is 28.5 m/s, the
farthest displacement is 5.6 m and the braking distance is 1.1 m. In the acceleration ejec-
tion stage, the mover acceleration of the electromagnetic boost launch system fluctuates
slightly by about 9 g, and the maximum acceleration in the deceleration braking stage
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exceeds 30 g. In the stage of uniform return, the speed is about 2 m/s. It can be seen
from the figure that the acceleration of the electromagnetic boost launch system is stable
and controllable in the acceleration ejection stage. After the ejection of the system, the
mover can quickly return and wait for the next launch.

4 Conclusion

This paper mainly studies the control process and control strategy of UAV electro-
magnetic boost launch system from the perspective of control technology, and verifies
the control technology through the 100 kg UAV electromagnetic boost launch system.
The ejection index of 65 kg simulated load and 28 m/s exit speed is realized, and the
whole ejection process is stable and controllable. After ejection, the linear electric motor
quickly returns to its position to get ready for the next ejection and meet the conditions
of rapid repeated launch. UAV electromagnetic propulsion launch system can provide a
universal launch and recovery platform for UAV of different types and different qual-
ities, greatly improve the cost-effectiveness ratio of UAV launch and recovery device,
reduce the launch cost, and thus provide a foundation for the wider application of UAV.
The combination of electromagnetic launch technology with hybrid/all-electric launch
platform, battlefield energy and Internet technology can meet the demand of electromag-
netic launch technology for high power and quick charging, and achieve compatibility
with the new concept electromagnetic weapon system.
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