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Abstract: Because of their volume and power limitation, it is difficult for CubeSats to configure a traditional propulsion system.
Atmospheric drag is one of the space environmental forces that low-orbit satellites can use to realize orbit adjustment. This paper
presents an integrated control strategy to achieve the desired in-track formation through the atmospheric drag difference, which
will be used on ZJUCubeSat, the next pico-satellite of Zhejiang University and one of the participants of the international QB50
project. The primary mission of the QB50 project is to explore the near-Earth thermosphere and ionosphere at the orbital height of
90-300 km. Atmospheric drag cannot be ignored and has a major impact on both attitude and orbit of the satellite at this low orbital
height. We conduct aerodynamics analysis and design a multidimensional nonlinear constraint programming (MNLP) strategy to
calculate different desired area—mass ratios and corresponding hold times for orbit adjustment, taking both the semimajor axis and
eccentricity into account. In addition, area—mass ratio adjustment is achieved by pitch attitude maneuver without any deployable
mechanism or corresponding control. Numerical simulation based on ZJUCubeSat verifies the feasibility and advantage of this

design.
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1 Introduction

CubeSat is a type of miniature satellite with
special design standards, with the advantages of small
volume, light weight, low power consumption, and
low cost. CubeSats usually use ‘1U’ (a volume of
10 cm’ and a mass of about 1 kg) as the measurement
unit, and can be launched and deployed using a
common deployment system. Driven by the increas-
ing demand of distributed detection and in-orbit ser-
vice, formation flying has been identified as the next
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revolutionary step in space technology. This trend
drives the satellite to configure the orbit propulsion
system and to have the capability of orbit maneuver.
CanX-4&5 (Eyer et al., 2007), designed by UTI-
AS/SFL, use a liquefied gas propulsion system with
SF¢ as propellant. The ION-F project (Campbell et al.,
2000), an American University nano-satellite pro-
gram, includes three nano-satellites and plans to use
the pulsed plasma thruster, cold gas, and micro hy-
drazine propulsion, respectively. In 2006, three Space
Technology-5 satellites (Lohn et al., 2005), developed
by NASA and configured with a high-pressure ni-
trogen micro-propulsion system, successfully formed
a space constellation within 40-140 km to observe
geomagnetic fields.

Although the propulsion system can help
achieve high accuracy and variable formation con-
stellations, it requires a relatively large volume and
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relatively high power consumption. Besides, the
propellant is limited and available only for a short
period. These drawbacks pose many obstacles to
configure a micro-propulsion system for CubeSats.
Hence, researchers have begun to seek several alter-
native resources to realize orbit adjustment. Atmos-
pheric drag is typically seen as an adverse factor, but
it also brings a propellant-less solution for planning a
formation flying mission.

In the prior work of Leonard et al. (1989), the
formation dynamics was decoupled through differen-
tial atmospheric drag to a long-term double integral
system and a periodic harmonic vibration. Reid and
Misra (2011) analyzed the effects of atmospheric drag
on the relative orbit and derived a recursive state
space matrix under J2 perturbation. Lambert et al.
(2012) evaluated several methods to estimate the
mean relative motion state for the implementation of
formation flying. Pérez and Bevilacqua (2013) de-
signed an adaptive Lyapunov controller to adjust the
relative orbit by driving several rotatable panels
connected on the satellite.

Among the existing works, the phase plane
method is the most commonly used one for atmos-
pheric drag adjustment. This method sets a fixed al-
tering size of cross-sectional area and then adjusts the
relative orbit into a desired configuration through
Bang-Bang (BB) switch control after at least one
switch. However, the influence of the atmospheric
drag on orbit eccentricity will increase the radial os-
cillation during the formation control period. Several
researchers have considered radial and in-track os-
cillations simultaneously and chosen an appropriate
start time to change the cross-sectional area, which
can decrease the radial oscillation. However, it takes a
long time to reach the final formation, and hundreds
of meters of formation baseline might be required for
a couple of days (Yao et al., 2010). Furthermore, most
studies have not taken the atmosphere’s co-rotation
with the Earth into consideration, which leads to the
difference in the satellite’s semimajor axes and an
increase of in-track drifting with time. This will result
in the final configuration being maintained for a very
short time.

To put cross-sectional area adjustment into
practice, Varma and Kumar (2012) achieved multiple
satellite formation through sliding mode control and
adjusted the cross-sectional area through rotatable

solar panels symmetrically installed on the satellite.
Pérez and Bevilacqua (2013) designed a closed-loop
feedback Lyapunov control law to reach the config-
uration, comprehensively considering the effect of
solar activity on the atmospheric thermal layer and
adjusting the cross-sectional area with an expandable
resistance sail fixed on the satellite’s tail. Horsley et al.
(2013) proposed that they could use a large panel
connected to the satellite tail and decompose the at-
mospheric drag to the orbit plane normal by adjusting
the angle of the panel, thereby achieving orbit-plane
adjustment. These kinds of design are mostly based
on expandable attachments on the satellite, including
extensible flats, solar panels, and various kinds of
sails. The cross-sectional area adjustment is calcu-
lated through different closed-loop control algorithms.
Higher adjustment ability of a deployable structure
can achieve a shorter reconfiguration time and a
higher precision formation control. However, when it
comes to smaller and lighter satellites, for instance, a
2U or 3U CubeSat, usually no deployable mechanism
and no extra electric power can be supplied for the
adjustment. Moreover, the control complexity and
reliability of these appendages restrict their further
application.

Based on the design constraints and orbital en-
vironment of the QB50 project, influence of the rela-
tive motion caused by the atmospheric drag is ana-
lyzed in this study. The multidimensional nonlinear
constraint programming (MNLP) strategy is proposed
to calculate different desired area—mass ratios and the
corresponding hold times for orbit adjustment. Cor-
respondingly, proportional-derivative (PD) control
laws are designed for pitch attitude maneuver and
three-axis attitude stabilization using a bias momen-
tum wheel and magnetic coils, respectively. Thus, we
can adjust the satellite cross-sectional area through
pitch attitude fast maneuver to meet the orbit maneuver
requirement without any deployable mechanism.
Numerical simulations of both normal BB control and
MNLP control are presented for comparison.

2 ZJUCubeSat overview

The QB50 project (Reinhard et al., 2012) will
demonstrate the possibility of launching a network of
50 CubeSats built by teams from universities all
over the world to perform first-class science in the
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unexplored lower thermosphere. The purpose of the (=X, +X, and —Z), and a digital camera Sun sensor
QBS50 project is to establish an international network ~ mounted on the top surface for on-orbit verification.
of 50 nano-satellites for multipoint, in situ measure-  One momentum wheel is used for both providing bias
ments in the lower thermosphere and for reentry = momentum and maneuvering the pitch attitude. Three
research. orthogonally mounted magnetic coils provide active
As part of the QB50 project, ZJUCubeSat (Fig. 1)  control torque for detumbling and three-axis stabili-
is a 2U CubeSat developed by the Microsatellite Re-  zation (Meng et al., 2009). A TMS320C5747 series
search Center, Zhejiang University (ZJUMRC). It is
an upgraded version of the ZDPS-1A satellite (Yang
et al., 2012), which was built by ZJUMRC and suc-
cessfully launched in 2010. The main payload of :
ZJUCubeSat is a FIPEX Flux-®-Probe, designed and FIPEX <— OBC board
manufactured by TU Dresden, Germany, which is ~+—ADCS board 1

able to distinguish and measure the time-resolved < ADCS board 2
behavior of atomic and molecular oxygen of the lower Sibandantenng

thermosphere. Besides, ZJUCubeSat carries three S
additional payloads: the inter-satellite ranging system, UHF/V transponder

transceiv: ]
Inter-satellite

the GNSS receiver, and a digital camera Sun sensor. !
ranging

The inter-satellite ranging system will be used to
conduct relevant in-orbit experiments with other -
QB50 CubeSats designed by Chinese universities. il Tls,  UHF antenna

Fig. 2 shows a general system configuration di- : '
agram of ZJUCubeSat. The attitude determination
system (ADS) is composed of a three-axis gyro, a
three-axis magnetometer (Cai et al., 2011), three

four-quadrant analog Sun sensors (Wang et al., 2012) Fig. 1 ZJUCubeSat’s configuration and hardware
which are mounted on three illuminated surfaces arrangement

EPS board
-=-Battery package

-~ ————=

PA Phase
LNA Midngiand Demodulation
amplification

Camera
Int tellit i ] Sun sensor
GNSS nter-satellite ranging FIPEX Magnetic —
system —re pyo ayro
4>< Structure and thermal control ) ! ST I Magooils -

| Deployment system |

Solar battery Lithium battery
DC/DC converter

Fig. 2 ZJUCubeSat system configuration diagram
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digital signal processor (DSP) is adopted as the main
processor, and a Cool Runner II complex program-
mable logic device (CPLD) is used for interface ex-
pansion and data sampling.

Because of the great uncertainty of the initial
orbit brought by the multiple satellite launch, relative
distance and direction may not be able to meet the
inter-satellite ranging experimental conditions. Thus,
satellites need to have the ability for orbit maneu-
vering. However, the power supply is constrained by
the CubeSat’s standard structure, and it is difficult for
a common propulsion system to meet such a small
volume constraint. Hence, atmospheric drag is used to
achieve the desired formation through cross-sectional
area adjustment. The satellite attitude would be ad-
justed to meet the different area—mass ratio require-
ments. Considering the fact that atmospheric drag
influences mainly the orbital plane motion, usually
only in-track formation can be realized.

3 Aerodynamics analysis
3.1 Atmospheric drag acceleration

The acceleration brought by the atmospheric
drag is generally estimated as follows (Montenbruck
and Gill, 2012):

1 A
F = —ECd ;IDHV

v, (M

where p is the atmospheric density, Cy is the satellite
drag coefficient, which is generally taken as 2.0-2.2
for a cubic structure, A4 is the cross-sectional area, m is
the mass of the satellite, and v is the satellite velocity
vector relative to the atmosphere.

To facilitate the derivation, we assume that the
atmospheric density decays exponentially with in-
creasing altitude (Vallado, 2001):

da
de

dw
dE

*

=—a’kp(l+ecosE)*(1-ecosE)"?,

r—r
p:poexp(- HOJ, @)

where py is the nominal atmospheric density at a base
altitude r( of a given altitude range, and H is called the
scaled height for this given altitude range and can be
obtained in the atmospheric model.

Atmospheric drag affects mainly the satellite’s
in-track motion and has little impact on the radial and
normal motion. We define the orbital semimajor axis,
eccentricity, inclination, right ascension of the as-
cending node, argument of perigee, mean anomaly,
and true anomaly as a, e, i, Q, w, M, and f, respec-
tively. Generally, the normal component of the force
could be taken as zero. The radial and in-track com-
ponents are given as follows (Reid and Misra, 2011):

F :_&esinf-(1+2ecosf+€2)”2,
2p 3)

F, :_%(1+ecosf)(l+2€COSf+ez)1/2a
p

where u is the gravitational parameter, p=a(1-¢%), F,
and F, are the disturbing forces in the radial and
in-track directions, respectively, and & is the drag
coefficient, which will have a detailed description in
the next step.

3.2 Gaussian atmospheric drag perturbation
equations

Expressing the above formulae as Gaussian
perturbation equations (Liu, 2000), we obtain the
relationship between the atmospheric drag and orbital
elements in Eq. (4), where E is the eccentric anomaly
and dE/df=na/r, n is the orbital angular rate, and
dM'/dE is the variation of the mean anomaly intro-
duced only by the atmospheric drag. k~=Cyd/m if the
atmosphere rotation is ignored, and k=CyF°A/m if it
is considered, where F=1-71.c08 i/v=1=7,01.C08 i/ vy,

B —a(l1—e’)kp(l+ecosE)?cosE-(1-ecosE) "2,

“)

—=—a(l-e")"e'kp(l+ecosE)"*sinE-(1—ecosE)™"?,

d(]lw_E: a(l-e*)"?e'kp(1+ecosE)*sinE-(1—ecos E) [+’ (1—-e*)/ (1-ecos E)].
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rpo and vy are the initial geocentric altitude and an-
gular velocity of the perigee, respectively, and 7. is
the rotation angular velocity of the Earth.

For a nearly circular orbit, we can assume that
the atmospheric density is constant. Integrating Eq. (4)
for one orbit cycle, the variation of the orbit elements
is obtained as

2 2n 2 2
=—a kpjo (1+2ecos E + O(*))dE ~ —2na’kp,

2n de

Ae=| = —a(l- e kp

0

. J.OM(COSE + %e(l +cos(2F)) + O(ez)JdE,

AM = JOTndt .

=JT no—inoit dt—2n=—§n£z3n2akp,
0 2 a, 2 a
©)

where T =2m./a’ / 4 is the orbital period, aq is the

initial semimajor axis, and ny is the initial orbital rate.
Aw and AM" are zero because the integrands dw/dE
and dM'/dE are both odd functions. AM is brought
in because the orbital angular velocity increases be-
cause of the gradual orbital decay.

It is obvious that Ae=0 if the eccentricity is zero.
However, for the real space environment, orbital ec-
centricity cannot be precisely zero. The final eccen-
tricity will deviate from the initial one if the satellite
area—mass ratio changes within one cycle. Then it will
influence the relative radial motion, which needs
extra consideration.

When the eccentricity is small enough, the per-
turbation equation can be described approximately as
follows:

de
—=—akpcosE. 6
g ke (6)

Thus, the satellite eccentricity variation can be inte-
grated as

Ae=[""—ak pcos EAE
e= J‘E“ —ak pcos o
=—akp[sin(E, + nt)—sinE,].

3.3 Nonlinear optimization for formation control

As previously stated, the derivative of the
semimajor axis decreasing with respect to time for the
nearly circular orbit is c(il_a = % = —/uakp. Then the

t
change rate of the difference between two semimajor
axes is

A(%) =—Juarkp. (8)

According to Eq. (5), the in-track drift acceleration
can be derived as

2
A d_f :A(%ja:A(%d—a)a
dr dr da dt
3 JEA(%):__
2\ a dt 2a

We can derive the relative drift of two satellites by
integrating Eq. (9) over time:

1(d’s), 3u )
s=—| — | =L Akpr*.
z[dﬁ] 4a°7

(10)
Here we find that the relative motion of in-track is a
double integral system. To achieve the desired
in-track drift distance, the area—mass ratio and mean
semimajor axis are required to be equal eventually.
Thus, the control law is designed as the following two
steps:

Step 1: Adjust the semimajor axis difference and
the orbital phase.

Adjust the cross-sectional areas and form the
atmospheric drag difference first. It leads to the
change of the semimajor axis difference. The in-track
drift will be created through the orbital angular ve-
locity difference.

Step 2: Eliminate the semimajor axis difference
and set the orbital phase to the target.

The cross-sectional areas are adjusted again to
eliminate the semimajor axis difference. The in-track
relative velocity will slow down to zero until reaching
the same altitude finally, where the desired formation
is also achieved. Simultaneously, area—mass ratios are
set equal to each other.
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According to Eq. (10), the time spans of the
above two steps are set as ¢; and #,, respectively. The
drag coefficients of two satellites are set as k; and k;
for step 1 and k3 and k4 for step 2. The semimajor axis
difference and drift distance in two steps are calcu-
lated as

Aay = (ky — k)N napt,,
3

S :_ﬁ(kz _kl)ptlza
4a

(1D
Aa, = (k, — k)N napt,,
h 3
53 _Z’Z(h k) pty

To achieve the same semimajor axis and the desired
in-track separation, we have
a,—a, —Aa, —Aa, =0,
{ 2 1 1 2 (1 2)

Sq—Auy -1, -5, -5, =0,

where a; and a; are the initial semimajor axis of sat-
ellite A (Sat-A) and Sat-B, respectively, s4 is the de-
sired in-track separation, Au is the initial argument of
the latitude difference between two satellites, and 7 is
the initial geocentric distance. Thus, Aug 7y represents
the initial in-track separation.

Next, an MNLP (Bazaraa et al., 2013) is de-
signed to take orbit eccentricity into consideration.
Define k=[ki, k,, k3, k4] and #=[t,, t,]. Then the con-
straint optimization objective function can be de-
signed as

k.t)=|e + Ae],
min A0 =la + el (13)
fz(k,t)=|ez+Aez—el—Ae1|.

According to the relative kinematic equation of the
satellite, radial motion x(f) and in-track motion y(f)
can be expressed through the orbit elements (Schaub
and Alfriend, 2002) as

aesin f

oM +rdw

x(f)~L8a—acos f-de+ M,
a

~r(1+ecosf)2
= (1_62)3/2
+rsinf-(2+ecosf)
1-¢°

y(f) (14)

de+rcosi- o090,

where oM is relative to the desired in-track separation.
When 6a=0, at the final moment, the amplitudes of
radial and in-track motions will decrease if e and de
get smaller. Thus, the objective function f; is to
minimize the eccentricity of the chief satellite, and £,
is to minimize the eccentricity difference between the
two satellites.

Finally, the entire optimization problem is set as

min f,(k,t) + f,(k,t)
st. a,—a, —Aa —Aa, =0,

S, —Auy -1y —s, -5, =0,

15
t,t, >0, (15)
AII’A127A2]’A22 € [Amin’AmaxL
|A11 _A21 s A12 _A22| ZAAmin’

where A4; (i, j=1, 2) are the cross-sectional areas of
two satellites before and after attitude adjustment,
AAin 1s the actual achievable minimum cross-
sectional area difference between two satellites,
which is limited by attitude control precision, and
Amin and A4, are the actual achievable minimum and
maximum cross-sectional areas under the structure
constraint, respectively.

One important thing to note is that the mean orbit
elements should be chosen to calculate the above
equations, so that the instantaneous gravitational
perturbation influence can be eliminated.

4 Cross-sectional area adjustment algorithm

ZJUCubeSat’s attitude control system has a bias
momentum wheel and magnetic coils as actuators.
There are mainly two control modes: pitch maneuver
mode and Earth stabilization mode. In the pitch ma-
neuver mode, since the pitch attitude is decoupled
with roll-yaw attitude, only the bias momentum wheel
is needed for pitch attitude adjustment. In the Earth
stabilization mode, the momentum wheel provides
the bias momentum along the pitch axis, and mag-
netic coils are used to achieve three-axis attitude
control.

4.1 Desired attitude calculation

For a satellite with a cubic structure (Fig. 3), set
a, b, and c as the length of the sides that correspond to
the rolling axis (x), pitch axis (y), and yaw axis (z),
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respectively. Thus, the surface areas can be calculated
as A1=A4=bc, A2:A5:CZC, and A3:A6:Clb.

Fig. 3 Three-dimensional sizes of ZJUCubeSat

Setting the satellite attitude angles as ¢ (roll an-
gle), 6 (pitch angle), and w (yaw angle), the cross-
sectional area can be derived as
6
A= Z A e = 4, |cos 6 cosy —sinfsin gsin l//|
i=1

+4, |—cos¢sin l//| + 4, |sin Bcosy +cosfsiny sin ¢

B

(16)

where 4; efrect (=1, 2, ..., 6) means the effective cross-
sectional area for each surface.

When calculating the desired pitch angle, the
desired roll and yaw angles are set as zero, and thus
Eq. (16) can degenerate to the following type:

A= iA,.,effw =4 |cos O]+ 4;[sin6|.  (17)
i=1

Setting the desired cross-sectional area as Ay, the
formula is derived to calculate the desired pitch angle:

. A, A4
6, = sgn(ﬁo)l:asm (mj —atan (ZH (18)

For the same desired area, two equal pitch angles but
with different signs both satisfy the requirement,
which coincides with the fact. The sign of the current
pitch angle, sgn(6y), is selected to minimize the rota-
tion range and reduce the maneuvering time. Thus,
the desired attitude quaternion is derived as ¢4=[0,
sin(0.56y), 0, cos(0.56y)].

4.2 Three-axis stabilization control law

Magnetic coils are used during the three-axis
stabilization mode, and the PD control law is set as
follows:

T, = _que Sgn(qe,4) - dee s

] 19)
where K, and K, are the feedback gain matrices, ¢.
and w. are the attitude error quaternion and angular
velocity offset, respectively, g.4 is the scalar part of
the error quaternion, and 7 is the ideal output torque.

Transition between the ideal and actual output
torques is

m=Bb><T;/|Bb||2,

(20)

where B, is the Earth’s magnetic field vector meas-
ured in the body coordinate system.

4.3 Pitching maneuver control law

When the three-axis attitude angles are stable, a
nonlinear PD control law is designed to implement
pitch attitude maneuver using the bias momentum
wheel:

T = _prqe,Z /‘1e,4 - dewe,z > (21)
where K, and K, are the feedback gain matrices,
and ¢., and o, are the attitude error quaternion and
angular velocity offset of the pitch axis, respectively.
If g4 is small (i.e., the attitude angle error is large),
the damping rate of the system is relatively small and
the attitude maneuver speed increases rapidly. Until
the attitude error recovers to a small level, the
damping rate of the system increases and the angular
velocity gradually converges to zero.

4.4 Actuator constraint design

The bias momentum wheel has a saturation issue.
The maximum torque generated by the wheel is lim-
ited due to the motor speed-regulating capacity. The
optimal design should be considered to satisfy these
actuator constraints.

We set the maximum angular momentum of
momentum wheel as /,,,,, and the maximum angular
momentum variation provided by the motor as Alyy,y.
Thus, the maximum actuating angular rate that the
satellite can achieve will be @e max=lmax/J2, Where J; is
the moment of inertia of the pitch axis. The output
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torque should decrease to zero with the momentum
wheel gradually reaching the maximum rotating
speed or the permissible minimum rotating speed, to
provide the necessary bias momentum. As seen from
Eq. (21), the output torque just crosses zero when the
actuating rate reaches the maximum:

Kq.,/q.,+Ko,=0. (22)
After simplification, the maximum permissible atti-
tude error quaternion can be derived as follows:

G =0 ( Ky (1,1) 4oy | K, (021, 1=1,2,3, (23)

where ¢4 is the scalar part of the initial error qua-
ternion. We set the vector part of the initial error
quaternion as & Thus, we can calculate the error
quaternion that generates into the control algorithm
each time:

_ q., max(|s|) < Qo max s
¢ que, max(|8|) > G max s
K, = e fmax ([

24)

Considering the motor speed-regulating constraint,
the final output torque is calculated as follows:

_ |T

co

K. T, max(

)< Ah,,,
) >Ah (25)

malx(TC
I.
L))

Fig. 4 shows the entire formation control logic
diagram, which can be applied in practice. In the first

C

K, =An_ /max(

place, the on-board GPS receiver will help obtain the
mean orbit elements and analyze the coefficients used
in the atmosphere model. Because of the fact that the
nonlinear programming method is very complicated
and the calculation capacity of the CubeSat’s on-orbit
computer is limited, the MNLP method will be used
to calculate the desired cross-sectional areas and de-
sired attitudes on the ground. Then the hold times #,, £,
and the desired pitch attitudes 64;, 4, will be relayed
to the corresponding satellites through the ground
station. At the end of #,, the formation is achieved and
the attitude will be switched to the three-axis Earth-
pointing stabilization mode for reducing the orbital
decay rate and starting the inter-satellite ranging ex-
periment. If the final relative motion condition is not
very stable due to the atmospheric modeling error, the
above process is again used to revise the relative
motion.

5 Numerical simulation

In this section, numerical simulations are pre-
sented to verify the above strategy using the param-
eters of ZJUCubeSat. The initial orbit height is
300 km. The initial mean semimajor axis difference is
0.008 km, and the mean anomaly difference is
—0.0008°. Thus, the distance between two satellites is
roughly 100 m at the beginning. The initial attitude
angle is set as [0, 0, 0]°, and the initial angular ve-
locity is [0, 0, 0]°/s in the orbit coordinate system. The
satellite parameters and actuator configurations are
shown in Table 1. Hence, the pitch attitude maneuver
could generate a cross-sectional area ranging from
Ain=0.01 M t0 A;=0.0248 m’.

- Desired cross-sectional Desired pitch
| Mean orbit elements areas > attitudes
A1, A1z, Az1, A2 641, B2 '{‘
| Desired formation (MNLP
| o Hold time Q
Atmosphere model e t, t v
Kept f Kept f 3 /v\
ept for . ept for . . \
Formation Back to Earth-pointing b time Spueie plidh t time st ol /
. . S < attitude < attitude '
achieved attitude stabilization
maneuver maneuver ]

Fig. 4 Top-level multidimensional nonlinear constraint programming (MNLP) formation control logic



Deng et al. / Front Inform Technol Electron Eng 2017 18(7):867-881

875

Table 1 Configuration of orbit parameters and attitude control actuators

Mean value

Orbit parameter
Sat-A Sat-B

Parameter

Value

Semimajor axis (km) 6678.139 6678.147

Satellite inertia moment (kg-m?)
Structure parameter (m)
Mass (kg)

Inertia moment of wheel (kg-m?)

Maximum speed regulation rate (r/(min-s))

Magnetic moment of coils (A-m?)

Eccentricity 0.0005 0.0005 Remanence (A-m?)
Inclination (degree) 79 79 Deviation of mass center (m)
Argument of perigee 0 0 Nominal speed (r/min)
(degree)

Maximum wheel speed (r/min)
RAAN (degree) 0 0 Minimum wheel speed (1r/min)
Mean anomaly

30.0000  29.9992

(degree)

Pitch maneuver control parameter
Three-axis stable control parameter

diag(0.0033, 0.0103, 0.0103)
0.2271(x)x0.1(»)x0.1(z)
3
[0.01,0.01, 0.01]
[0, 0,0.1]
2.4e-6
8000
400
10000
6000
[0.14, 0.14, 0.14]
Ky =0.0021, K4,=0.0103
K,=[5.73¢-5, 5.73¢-5, 5.73¢-5]

K=[7e-3, 1.23e-2, 1.23e-2]

Fig. 5 shows the amount of pitch angle adjust-
ment at different cross-sectional areas. When the
minimum area difference AAn;, is small, say
0.0001 m’, the adjustment amount is below 1° most of
the time, which is beyond the attitude adjustment
capacity. When the angle increases to at least 4° or
even more, however, A4, reaches over 0.01 m’.
Thus, considering the attitude control accuracy, A4,
is set as 0.002 m” for nonlinear programming. In the
following numerical simulation, the interior-point
algorithm (Byrd et al., 1999) is applied in MATLAB
to calculate the programming result, and the result
will be compared with that of general BB control (Yao
et al.,2010).

An empirical global Earth’s atmosphere model
NRLMSISE-00 (Picone et al., 2002) is applied in the
following simulation. This model takes F10.7 solar

14
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12 | —9— ds$=0.0005 m’
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Fig. 5 Pitch angle adjustment amount at a certain cross-
sectional area

flux and the geomagnetic activity into account. It is
based on earlier models MSIS-86 and MSISE-90, and
is updated with actual satellites’ drag data. The inputs
for the model include mainly the time, the geodetic
coordinates, and also the solar and magnetic data.

The value of 2.2 has been widely used as the
drag coefficient Cy for all satellites with a compact
shape. However, the drag coefficient can take differ-
ent values depending on the spacecraft’s shape, sur-
face material, and the atmospheric temperature and
composition. Schamberg (1959) proposed a general
model of gas-surface interaction. Assuming that the
remission of atmospheric molecules is mainly diffu-
sive because the satellite surface is fairly cool, the
approximation of Cy for the flat plate is (Gaposchkin,
1994)

T .
=L 1 |cos@, 26
= ot

a

where Cy; is the coefficient of drag for each surface,
Ty, is the temperature of each plate, and 7, is the
temperature of the atmosphere. 6; is the angle of the
incident gas flow with respect to each plate. o; is the
accommodation coefficient and has the following
approximation:

a, :Lﬂ 27)
I+ )

where g; is the ratio of the mass of the incident gas

atom to the mass of the surface atom. For a glass

surface (solar cell protection), a; is chosen as 0.73
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(Moe and Moe, 2005). Thus, the drag coefficient can
be calculated according to the actual satellite attitude.

To indicate the influence of the drag coefficient
estimation bias on the formation accuracy, Cy is set as
2.20 in MNLP calculation, while the real drag coef-
ficient is set as 2.12 to 2.24 during orbit propagation.
Fig. 6 shows the variation tendency of the 1000-m
in-track formation. It affects mainly the orbital decay
rate and generates a small difference between the final
mean semimajor axes of two satellites. In a practical
application, considering that Cy is very important for
calculating the drifting time and that the above model
is still not accurate enough, Cy4 will be estimated
through the GPS orbit determination data beforehand
for more precise control.
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Fig. 6 Influence of the drag coefficient on the formation
accuracy

In addition, the velocity of the atmosphere is
approximately the same as the Earth’s rotation veloc-
ity in the above MNLP strategy. However, atmos-
pheric wind is not negligible in the orbit. An empirical
model HWMO07 (Drob et al., 2008) provides a statis-
tical representation of the Earth’s horizontal wind
fields, which will be adopted in the following simu-
lation. Fig. 7 shows the influence of horizontal wind
on the formation accuracy.

If the horizontal wind is ignored, the in-track
separation drifts much more slowly after the config-
uration has been formed due to the consideration of
the atmosphere’s co-rotation around the Earth.
However, the horizontal wind has impact on the rela-
tive velocity between the atmosphere and the satellite,
which will cause the orbital decay rate not to coincide
with the expectation. The final mean semimajor axes
of two satellites may have a little difference, leading
to the separation drifting with time.

Considering that the model is much more com-
plex and that the horizontal wind is only tens of

meters most of the time, while the atmosphere’s
co-rotation velocity is approximately 486 m/s in the
300-km orbit height, the horizontal velocity is not
considered in the MNLP strategy. Thus, in the prac-
tical operation, if necessary, the semimajor axes
should have slight modifications through several
adjustments.
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Fig. 7 Influence of horizontal wind on the formation
accuracy using the HWMO07 model

5.1 In-track drifting simulation results

The desired in-track separation Sy is set as 500
and 1500 m. Table 2 lists the cross-sectional areas and
hold times of Sat-A and Sat-B derived from MNLP
control. For BB control, the cross-sectional areas are
set as 0.0248 and 0.01 m’, respectively. The orbital
period is about 5430 s for a 300-km near-circular orbit.
Thus, a 500-m separation distance could be achieved
for about two orbit cycles and a 1500 m separation for
about 3.5 orbit cycles.

Fig. 8 presents the variation tendency of the
semimajor axes. In the initial phase, the orbit altitude
of Sat-B is higher, and after the adjustment during #,
and #, time, the orbit altitudes of both satellites arrive
at nearly the same value. The detailed view shows that
the differences between the two semimajor axes are
all within 1 m, which can mostly satisfy the formation
requirement. The primary cause of the control devia-
tion is that the atmospheric model used in the MNLP
method is a static one, which shows the variation
tendency of the atmosphere clearly and is convenient
for derivation and computation. However, the
NRLMSISE-00 model used in the simulation is a
time-varying one and is influenced by many factors,
which brings more semimajor axis deviation for the
long formation adjustment time.
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Table 2 Cross-sectional areas and hold times to achieve in-track formation

. N Time (s) Cross-sectional area (m?)
n-trac NPC BBC
separation NPC BBC
Sat-A Sat-B Sat-A Sat-B
500 1H=5724 1H,=5822 0.0100 0.0219 0.0100 0.0248
m
1,=6029 1=5195 0.0241 0.0100 0.0248 0.0100
1500 1,=10573 1=9122 0.0100 0.0248 0.0100 0.0248
m
1H=8028 1,=8495 0.0219 0.0100 0.0248 0.0100
NPC: nonlinear programming control; BBC: Bang-Bang control
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Fig. 8 Variation tendency of the semimajor axis during the formation of the configuration

Next, we compare MNLP control and BB con-
trol in 500- and 1500-m in-track formation simula-
tions. As shown in Fig. 9 (right) and Fig. 10 (right),
the final eccentricities and final eccentricity differ-
ences of two satellites are both smaller in MNLP
control, which are due to the consideration of the drag
influence on eccentricity. According to Eq. (14), the
in-track and radial oscillations would also be smaller.
Fig. 9 (left) and Fig. 10 (left) show these expected
outcomes. We can see that the separation between the
two satellites is not consistent with expectations very
much, and the separation drifts slowly. The main
reason is that the zonal wind and meridional wind are
ignored in the atmospheric model that the MNLP
method uses. The time variation of the atmosphere
also contributes to the drift.

Finally, Table 3 lists the elapsed time and the
standard deviations of the in-track and radial oscilla-
tion amplitudes of two control algorithms for multiple

in-track formation simulations. We can see that the
formation precision has a very significant effect when
using MNLP control, while the elapsed time increases
only a little more than that of BB control.

Additionally, it needs to be emphasized that the
above simulation accuracies hold only for the sim-
plified model condition but will decrease in the real
space environment. It is because the models used in
the simulation, namely the NRLMSISE-00 atmos-
pheric model and HWMO7 horizontal wind model,
are both empirical and time-varying. All the density
models have similar 1-sigma errors of about 15%
(Marcos, 2006). Vallado and Finkleman (2014) listed
the major error sources in using atmospheric models.
Furthermore, orbit determination and drag coefficient
estimation introduce errors in the MNLP method.
Figs. 6 and 7 indicate some impacts of these errors on
MNLP calculation results.
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Table 3 Relative motion oscillation and elapsed time comparison of two control algorithms

In-track formation

In-track (std. (m))

Radial (std. (m))

Elapsed time (orbit cycle)

separation (m) MNLP Bang-Bang MNLP Bang-Bang MNLP Bang-Bang
100 28.559 55.121 14.229 27.586 1.41 1.22
200 28.808 38.794 13.348 17.589 1.54 1.47
300 2.463 18.288 0.525 8.046 2.16 1.68
500 5.526 9.054 1.714 5.369 2.16 2.03
1000 29.035 49.399 15.769 25.721 3.17 2.71
1500 29.570 56.582 14.394 27.731 343 3.24
5000 4.847 13.692 1.440 3.984 6.17 5.70
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5.2 Cross-sectional area control simulation results

Here we take 500-m in-track formation attitude
control as an example. As seen from Table 2, the
cross-sectional areas 0.0219 and 0.0241 m® corre-
spond to the desired pitch attitude angle 38.19° and
52.45°, respectively, calculated through Eq. (18).
Figs. 11 and 12 show the variation tendencies of the
three-axis attitude angle, cross-sectional area, and
bias momentum wheel speed of Sat-A and Sat-B.

At the beginning, the attitude is in a relatively
stable state, and the bias momentum wheel starts to
regulate speed for large-scale attitude maneuver when
the time of ¢, or #, is up. Then, magnetic coils are used
for subsequent stable control. In less than 50 s, the
pitch attitude is much close to the target and hovers
around the reference pitch angle eventually. After the
formation has been achieved, both satellites change to
the three-axis Earth-pointing attitude for formation
maintenance. From data analysis, the pitch angle
fluctuations are both less than 2°, and have the accu-
racies of 1.547° (30) for Sat-A and 1.07 8° (3¢) for
Sat-B. The roll angle and yaw angle hover around 0°
with accuracies of 1.205° (30) and 0.735° (30) for
Sat-A, and accuracies of 0.910° (30) and 0.931° (30)
for Sat-B. Attitude control precision can be kept only

Sat-A attitude control
60 T T T T

40

20

Attitude (degree)

at this level because of the control actuators constraint
and the low Earth orbit disturbing torques.

Correspondingly, the cross-sectional areas of
both satellites achieve the target for a short time, and
then hover around it with accuracies of 3.33 cm” (30)
for Sat-A and 2.90 cm” (30) for Sat-B. At this level,
the atmospheric drag offset is small enough, which
can satisfy the mission requirement. During pitch
attitude maneuver, the speed of the bias momentum
wheel is constrained within the maximum and min-
imum speed requirements, which illustrates the va-
lidity of controller saturation constraint design.

6 Conclusions

After presenting the ZJUCubeSat mission, we
have presented the design of an integrated control
strategy for low-Earth-orbit CubeSats to achieve the
desired in-track formation through atmospheric drag.
A multidimensional nonlinear constraint program-
ming (MNLP) strategy was designed to calculate
different desired area—mass ratios and relevant hold
times for orbit adjustment, which takes both the mean
semimajor axis and mean eccentricity into account. A
nonlinear PD controller was designed to adjust the
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Fig. 11 Variation tendencies of attitude, cross-sectional area, and wheel speed of Sat-A during 500 m formation
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Sat-B attitude control Detailed view Detailed view
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Fig. 12 Variation tendencies of attitude, cross-sectional area, and wheel speed of Sat-B during 500 m formation

satellite area—mass ratio by changing pitch attitude
via a bias momentum wheel, which could realize fast
and large-scale attitude maneuver and pitch axis sta-
bility control. Then the normal PD controller used
magnetic coils to maintain three-axis stabilization.
Numerical simulation based on the 3-kg ZJUCubeSat
analyzed the adverse effect of the modeling inaccu-
racies and verified the feasibility and advantage of the
design. Furthermore, the attitude control algorithm is
much simpler and can be achieved through the gen-
eral actuator configuration. The entire strategy will be
implemented in the inter-satellite ranging experiment
of ZJUCubeSat. It can also be applied to other Cube-
Sats that cannot configure the propulsion system or a
deployable mechanism. It helps reduce the satellite
flexible vibration, payload mass, and power con-
sumption, and extends the application of CubeSats.
On account of the variability of the real atmospheric
state, further work will be concentrated on the reduc-
tion of the coefficient estimation error and the en-
hancement of control stability and accuracy. Also, a
simple and effective algorithm based on this MNLP
method will be designed to accommodate to auto-
matic on-board computing, which will be more con-
venient and more accurate than the present satellite—
ground open-loop control.
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