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Abstract. The concept of a low-thrust electric propulsion system with a thrust of 9 uN and a specific impulse of about
1000 seconds for deorbiting a CubeSat 3U+ satellite from altitude of 400 to 350 km is proposed. A coaxial pulsed plasma
thruster with a diameter 24 mm and 68 mm long with a power consumption of 5 W and frequency of 1 Hz, was considered.

INTRODUCTION

In the past decade, pico- and nanosatellites of the CubeSat format have been attracting more and more attention.
These satellites' advantages are small dimensions, low mass, relatively inexpensive to manufacture and launch.
According to [1, 2], a cost of a 1U CubeSat module is on average 50...85 thousand dollars.

These satellites are usually used for testing new technologies, software and hardware solutions, also for
environmental monitoring or educational programs. For example, there is a table in [1], where some CubeSats and
their missions can be found. It is clear, that most of these satellites were used for testing different systems. Some of
satellites in that table were used for Earth remote sensing.

Sometimes nanosatellites are equipped with a propulsion system. It is used for orbit correction, increase of lifetime,
disposal or group flight implementation.

In order to determine the propulsion system characteristics for a specific mission, a value of necessary velocity
increment (AV) is required. It depends on many factors, such as parameters of initial and final orbits, the value of solar
flux index and etc. There are different methods of finding these velocity increments. For example, flights between two
non-coplanar circular orbits using J2 gravity effects are considered in [3]. It is shown how the value of AV depends
on the inclination of the orbit and the number of passive revolutions while staying in the drift orbit.

ORBITAL DYNAMICS ESTIMATION

This work is focused on the deorbiting simulation of the CubeSat 3U+ satellite. The initial orbit is 400 km and the
final orbit is 350 km, both circular. The initial orbit was chosen based on the fact, that such satellites can be deployed
from the International Space Station (ISS). A simplified model was used for estimating the time of deorbiting. It was
assumed, that the satellite descends along a spiral trajectory. The model is based on calculation of atmosphere density
at instant orbit and iterative recalculation of descent rate.

The assumptions were made:

1. Earth radius is constant and its value is 6371 km.
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2. Atmospheric drag and propulsion system's thrust are the only factors, which affect the satellite's descent.
3. Earth is the only celestial body with which the satellite gravitationally interacts.
4. The satellite moves in a circular orbit in the absence of atmospheric drag and thrust.

Main Calculation Formulas

Atmospheric drag can be written as:

PV’

F,=C, A,

where Cy is the drag coefficient which mainly depends on the spacecraft shape (for a satellite with flat mid-section on
200...400 km its value is about 2.4 [4]); py, kg/m® — atmosphere density at altitude H (was defined by GOST R
25645.166-2004); A, m*>— mid-section area (the largest section normal to satellite's velocity's vector); ¥, m/s — velocity
of the satellite.

The orbital motion is described by the following equation (2™ Newton's law):

My M
R, +H (Ry+H)'

where Ms is a mass of the satellite, kg; Rz, km — Earth radius; H, km — altitude of satellite; p = 398600.4418 km’s? -
Earth gravity constant.
Expressed from the equation (2) velocity of the satellite results in:

P
R, +H

WM
(R,+H)

Total energy of satellite (sum of kinetic and potential) with inserted from (3) velocity can be written as:

Gravitational force:

e

oMY My My M M
* 2 R+H 2(R,+H) R,+H 2(R,+H)

Atmospheric drag Fp and thrust Fr decrease this energy and lower the orbit by 6/ during time 6z. Than changing
of the total energy can be defined as:

- hMs U =—F,Vot—F,Vot
2(R,+H+8h) | 2(R,+H) ? !

Equation (6) can be transformed into:

oh 2(Fy+F )V (R, +H)
St My’

130006-2

€1:92:20 €20z AInr €2



Considering that 8hl) R, +H

3
R.+HY 2 R.+H)
_%:( - ) PPy . +2F; . ( - ) >
St I R,+H R,+H pM,

C,A m’

and taking into account equations (2) and (3), it can be rewritten as:

B

where M Kg g the ballistic coefficient of the satellite.
Equation (8) presents the orbit descent rate. It can also be noticed that the rate of satellite's deorbiting strongly
depends on the ballistic coefficient and the orbit altitude.

The Program Code Validation

A program code for determining satellite's lifetime was written. This code solves equation (8) with a small time
step. In this way it integrates (8) and calculates deorbiting time from the initial orbit to the final one. Comparison with
ever-flown CubeSat satellites was done for code validation. Real rate of deorbiting was compared with calculated one
for real CubeSats.

ODERACS satellite (22994) was launched on 2" of February, 1994 to the 350 km orbit. It reentered on the 3" of
March, 1995. Thus its lifetime was 395 days [5].

The reference area of the satellite was 4 = 0.018 m?, the drag coefficient C; = 1.96, mass Ms = 5 kg [6]. The
ballistic coefficient B = 0.007 m?/kg. Average solar flux index in 1994 was Fy = 90 [7].

Calculated deorbiting time at Fp = 100 is 331 days. Calculated deorbiting time at Fiy = 75 is 526 days. After linear
interpolation of these results, it can be seen, that with index Fy = 90 satellite's lifetime will be approximately 409 days.

Calculation error:

409395
409

) -100% =3.6%

The same comparison was done for SkySat-1 [8] (7 % error), RAIKO [9] (9 % error). In all cases calculation error
was less than 10 %. Hence, the code functions satisfactorily and the method of deorbiting time estimation is acceptable.

After the validation, satellite's lifetime calculation can be done. According to the calculation results, CubeSat 3U+
deorbiting from 400 km to 350 km with solar flux index Fo = 75 will take about 1600 days or less than 4.5 years. If it
is required to speed up this process, the propulsion system could be installed onboard.

According to the calculations with the propulsion system of a thrust 9 pN, the satellite will deorbit twelve times
faster (if propulsion system is active throughout the flight). Total deorbiting time will be 140 days instead of 1600
days.

CONCEPT OF PULSED PLASMA THRUSTER

It is proposed to use end-type coaxial pulsed plasma thruster (PPT) as the propulsion system. Schematic picture of
such thruster is shown on Fig. 1. Similar works are being held in MAI (Russia) [10], Europe [11], Egypt [12], Japan
[13] and others. Such thruster consists of a capacitor bank, electrodes, a propellant bar, usually Polytetrafluorethylene
(PTFE), an insulator and an ignition electrode.
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Propellant bar  Cathode Anode Ignition electrode Plasma flow

Capacitor

Discharge current / \ Magnetic self-field

FIGURE 1. Scheme of coaxial PPT [14]

This thruster operates the following way. A voltage, which exceeds the one between cathode and anode, is applied
to the ignition electrode and to the cathode. After that a charge occurs: an arc is struck between main electrodes. The
radiation from this arc heats the surface of propellant bar. The process of ablation and ionization of light-erosion
products starts. Lorentz force makes ions to accelerate. This force spring up due to appearance of a magnetic self-field
of the current going through the electrodes and through the plasma filament. There are also uncharged particles in the
flow, which can fly away from discharge channel, producing some thrust.

Propellant Mass Estimation

Considering the data, which was discussed above (9 uN thrust, operating time 140 days, propellant - PTFE),
necessary propellant mass for such maneuver can be calculated. According to [15], the empirical equation of specific

impulse can be written as:
5 0.585
I, =317 =% | |
%

where Eo, ] — discharge energy; 4p, cm* — ablative area.
According to Tsiolkovsy equation, necessary velocity increment can be written as:

N

|AV|=Weffln(Mj,

where Wy, km/s — effective exhaust velocity of plasma flow; Ms, g — satellite mass; m, g — propellant mass.
Effective exhaust velocity can be written as:

VI/ef = ISpg’

where g = 9,81 m/s? — gravitational acceleration.
Length of the propellant bar can be written as:

where pr, g/cm? — propellant density.
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By combining equations (9)-(12), mass and length of propellant bar as functions of ablation area can be written.
As was mentioned above, propellant is PFTE. For satellite with mass 4 kg, with storage energy 5.3 J, the results are

shown on Fig. 2 can be reached.

Figure 2 shows that it is necessary to choose optimum ablation area. It was chosen 2.8 sm?. Thus, length of

propellant bar is 40 mm, its mass is 25 g.

15 2 25
Ap, cm?

sl

FIGURE 2. Length of propellant bar and its mass versus ablation area

Pulsed Plasma Thruster Parameters

A model, described in [16], was used for plasma flow numerical calculations in MATLAB. Input parameters for

calculation can be found in Table 1.

TABLE 1. Input Parameters for Calculation

Parameter Value

Energy 53]

Mass of the Accelerated Plasma 0.5 ng

Frequency 1 Hz

Capacitance 4.6;2.7, 1.3 uF
Charge Voltage 1500; 2000; 2800 V
Circuit Inductance 0.13 pH

Circuit Resistance 50 mQ

The calculation was carried out for three various combinations of capacitance and discharge voltages (energy was
still about 5 J). As a result, an option with capacitance 2.7 uF and voltage 2000 V was chosen as optimum. Results of

the calculation are given in table 2.

TABLE 2. Performance Parameters of Coaxial PPT for 2.7 pF and 2000 V

Parameter Value
Discharge Channel Length 15 mm
Exit Velocity 18 km/s
Discharge time 1.8 ps
Peak Current 7.4 kA

Based on the calculations results, PPT design was made. It is shown on the Fig. 3.
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Extenal insulator
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FIGURE 3. Developed concept of coaxial PPT

Thruster consists of copper electrodes, except the ignition one — it is made of molybdenum. There is also external
insulator, made of polyamide-6, supposed to be attached to the satellite. Overall dimensions of the thruster are
@56 x 68 mm.

Figure 4 shows the position of PPT with layout of power processing unit and capacitor bank on the satellite layout.
The whole propulsion system (with power processing unit - PPU) occupies no more than 100 mm long or 1U module

in satellite.

PPU layout

Capacitor bank

PPT

FIGURE 4. The model of thruster, placed on 3U+ CubeSat platform
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CONCLUSION

The orbital dynamics estimation with the simplified model was developed. The results show that CubeSat 3U+
deorbits from 400 to 350 km in about four years and a half. At the same time, if the propulsion system with 9 uN
thrust is installed onboard, the lifetime will decrease for almost twelve times and will last for 140 days.

The pulsed plasma thruster with 9 pN thrust and propellant mass of 25 grams was considered as the propulsion
system. The design of such thruster has been proposed, estimation of thruster overall dimensions in satellite was done.
The whole propulsion system with PPU and capacitor bank occupies no more than 1U CubeSat module.
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