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Abstract

Purpose — The purpose of this paper is to establish the dynamics model of a Z-folded PhoneSat considering hinge friction and to investigate the
influence of disturbances, such as friction, stiffness asymmetry, deployment asynchronicity and initial disturbance angular velocity, on the attitude
of PhoneSat during and after deployment.

Design/methodology/approach — For the Z-folded PhoneSat, the dynamics model considering hinge friction is established and the dynamics
simulation is carried out. The effects of friction, stiffness asymmetry, deployment asynchronicity and initial disturbance angular velocity on the
attitude motion of the PhoneSat are studied and the attitude motion regularities of the PhoneSat considering the disturbance factors mentioned
above are discussed.

Findings — Friction has a main contribution to reducing the oscillation of attitude motion and damping out the residual oscillation, ultimately
decreasing the deployment time. An increasing length of deployment time is required with the increasing stiffness asymmetry and time difference
of asynchronous deployment, which also have slight disturbances on the attitude angle and angular velocity of PhoneSat after the deployment. The
initial disturbance angular velocity in the direction of deployment would be proportionally weakened after the deployment, whereas initial
disturbance angular velocity in other direction induces angular velocities of other axes, which dramatically enhances the complexity of attitude
control.

Originality/value — The paper is a useful reference for engineering design of small satellites attitude control system.

Keywords Attitude motion, PhoneSat, Spring-deployed deployment
Paper type Case study

Introduction solar panel deployment of large spacecraft (Calassa and
Kackley, 1995; Campbell er al., 2006; Gerlach er al., 1990;
Lee, 2005), are not suitable for nanosatellites. Rather,
passively deployed solar arrays, utilizing preloaded torsion
springs as the actuators of rotation movement, have grown in
popularity owing to their unique characteristic of light weight,
compact volume and simple design (Clark and Kirk, 2012;

In recent years, nanosatellites have attracted great attention
because of their low cost, short development lifecycle and
promising applications (Cockrell ez al., 2012; Heidt er al.,
2000; Piattoni ez al., 2012). Sufficient power supply is the
most essential factor for the operation of small satellites, but it

is restricted by the limited surface area for mounting solar Jaeger ez al., 2011; Plaza et al., 2010; Reif ez al., 2010; Santoni
cells. Hence, deployable solar panels have been adopted as an et al., 2014).
efficient on-board power generation solution without However, the literature (Clark and Kirk, 2012; Jaeger et al.,
substantially increasing the volume of the satellite (Plaza ez al., 2011; Plaza ez al., 2010; Reif ez al., 2010; Santoni ez al., 2014)
2010), whereas other ways to increase available power do not mentioned above studied the deployment of solar panels in the
prove to be extremely excellent in performance (Jansen ez al., conventional mode, that is, the solar panels are deployed
2010; Santoni and Piergentili, 2008). ideally, without considering disturbances, such as stiffness
The deployable solar panels of large spacecraft have been asymmetry, deployment asynchronicity, friction and initial
studied extensively (Fufa er al., 2010; Gao ez al., 2008; Kote disturbance angular velocity. In fact, asymmetric stiffness
et al., 2007; Wallrapp and Wiedemann, 2002; Wie er al., parameters of torsion springs are inevitable because of
1986) in the past years. However, the well-studied solar panel manufacturing errors, which may influence the attitude
deployment of large satellite cannot be directly applied to motion of spacecraft after deployment (Santoni, 2014).
miniaturized satellites because of their typically strict volume, Moreover, small satellites with deployable appendages are
mass and mechanisms size constrains. Specifically, motor highly vulnerable to asynchronous deployment owing to the
driving systems and hinge locking mechanisms, prevalent in absence of synchro-mechanism to ensure a sufficient level of

deployment synchronicity. Hence, unsynchronized deployment
of solar panel arrays because of the slight variation of the
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release time of the torsion springs would significantly modify
the projected attitude motion. In addition, friction in joints
and initial disturbance angular velocity induced by the
releasing process from the launch vehicle may also interfere
with the deployment process of the small spacecraft, which
eventually lead to significant deviations between the
anticipative deployment and the real outcome.

To eliminate the perturbation, the most common approach
is to correct the attitude disturbance after deployment, which
consumes more energy during the reorientation and imposes
strict requirements on pointing accuracy. By contrast, we
introduce a novel concept called virtual attitude correction
which is especially suitable for nanosatellites with limited
control ability and power but possessing powerful capability of
calculation. Specifically, the influence of disturbance factors
would be theoretically analyzed, and the actual post-deployment
attitude under the influence of those disturbance factors
would be computed by the virtual attitude correction system
based on the analytical model established in this paper and
regarded as the current attitude instead of correcting it,
potentially avoiding the complex procedure of adjusting the
attitude deviation after the deployment. For the future
maneuver, the updated current attitude of the nanosatellite
would be calculated by the virtual attitude correction system
according to the maneuver it takes, which indicates that the
whole process of attitude determination is carried out purely
from a virtual platform rather than an actual attitude
determination system, eliminating the need of the assembly of
attitude determination system and the correction of the
attitude deviation. This strategy guarantees that nanosatellites
could function properly even without the attitude correction.
For example, nanosatellites equipped with cameras could
mark each photograph it takes with current attitude
information obtained from the virtual attitude correction
system.

The research developed in this paper refers in particular to
a foldable picosatellite called NPU-PhoneSat proposed by
Yuan ez al. (2015). The objective of this paper is to study the
effect of friction, stiffness asymmetry, asynchronous
deployment and initial disturbance angular velocity on the
deployment, with the purpose of providing valuable data of
the post-deployment attitude. This paper is organized as
follows: the second section presents the dynamic model of
NPU-PhoneSat. In the third section, simulations of
deployment of PhoneSat are presented, analyzing the
influence of friction, stiffness asymmetry, asynchronous
deployment and initial disturbance angular velocity on the
attitude motion and the post-deployment attitude. Finally, the
fourth section ends the paper with the concluding remarks.

Dynamics of NPU-PhoneSat

The NPU-PhoneSat is analyzed in this paper, which is
specially designed as a foldable platform with multiple-slice
for a better incorporation of COTS smart phone components.
As shown in Figure 1, it allows a compact structure during
launching and supports a self-unfolding behavior in space.
The modular deployable NPU-PhoneSat consists of three
identical rectangular rigid bodies connected by rotary hinges
i i i e abili i p or reconfiguring with
ence of the following
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Figure 1 PhoneSat in the folded and deployed state
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analysis, three rigid bodies connected in a chain from left to
right when deployed are named “Body-2”, “Body-1” and
“Body-3”, respectively, as illustrated in Figure 1. The joint
connecting the Body-1 and the Body-2 is defined as Joint-2,
whereas the other one connecting the Body-1 and the Body-3
is defined as Joint-3. Torsion springs located in Joint-2 and
Joint-3 act as the actuators of the rotation movement at each
rotary hinge.

The dynamic model of the spring deployed NPU-PhoneSat
is established based on the recursive method, characterized by
the utilization of relative coordinates of hinges to describe the
configuration of the system (Hong, 1999). As shown in
Figure 2, four sets of coordinates are defined. The coordinates
X,YoZ, is inertial frame. The other three coordinates are the
body-fixed ones, namely, the Body-1 coordinates X, Y,Z;, the
Body-2 coordinates X,Y,Z, and the Body-3 coordinates
X,Y,Z,, whose origins are, respectively, fixed to the mass
centers of bodies and the X-, Y- and Z-axis are along the
length-, width- and thick-edge of bodies, respectively.

As the attitude of system during the deployment is the
focus of this paper, a fictitious spherical joint named Joint-1
is assumed between the Body-1 and the inertial frame,
ignoring the position change of the PhoneSat. Therefore,
the overall configuration of the NPU-PhoneSat composed
of three bodies could be completely defined by three Euler
angles of the Body-1 with respect to the inertial frame,
g, = [0,, 0,, 6,]7, which respectively, rotate through X,-,
Y,- and Z,-axis and two relative rotation angles in Joint-2
and Joint-3, namely, g, and g;. Hence, the set of
generalized coordinates g = [q7}, q7,, g%5]7 is selected to
describe the rotational motion of the system. The equations

Figure 2 Model of the PhoneSat and four coordinates
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of motion can be readily derived by the standard procedure
of modelling (Hong, 1999).

Relative motion of the joints
Define:

= [D11s D12 P15]

n =Py X PlzéMléMz + Py X PlzéMléms + P X P136M26M3

The relative angular velocity vector and relative angular
acceleration vector of Joint-1 can be written as:

w, = Hg, Y]
a o, = HY§, + )
Similarly, the relative angular velocity vector and relative

angular acceleration vector of Joint-2 and Joint-3 can be
described as:

W, = Prgy = HgTQZ 3

r

E (02 H}"§, + m,

= D24, = )

where 1, = 0 and HY" = p, is the unit vector of the rotation
axis of Joint-2:

QT
H3" g,

W3 = Pig; = ©)

r

@ ®; = psds = HY'§5 +

(6)

where n; = 0 and H{” = p, is the unit vector of the rotation
axis of Joint-3.

Relative motion of the system
The relative angular velocity vector of the system is given by:
w, = H"§ )
where @, = [w,,, ®,, 0,7, H'" = diag(H?", H}, H}").
Similarly, the relative angular acceleration vector of the
system is given by:

—dw—Hn

dt (8

where 'd/diw, = ['d/dtw,,,"d/dtw,,,"d/dtw 5], 1 = [0, N, Ns]%

Absolute motion of the system

The relationship between the absolute angular velocity vector
of the system, ® = [w,, ®,, w;]", and the relative angular
velocity vector of the system, w, =
written as:

T
[®,, @, »;]", can be

C))
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where T is the channel matrix of the system, which is defined
as:

-1 -1 -1
T=10 -1 0
o 0 -1

By substituting equation (7) into equation (9), we can obtain
the relationship between the absolute angular velocity vector
of the system and the system’s generalized coordinates, which
is given by:

o = B4 (10)
where 8 = —(H®T)". Thus, the angular velocity variation can
be written as:

Aw = BAg an

The relationship between the absolute angular acceleration
vector of the system and the system’s generalized coordinates
can be given by:

= B¢+ o (12)

where o0 = —TT(n+), £ =[&, &, &) =

wrS] T'
The relationship between the center-of-mass velocities of

three bodies and the generalized coordinates can be given by:

[0, ®, X w,, @, X

7= ag (13)
where 7+ = [#,7,7]la = — (HTXd)T! andd =
0 d12 d13
0 dzz . Thus, the variation of the center-of-mass

velocmes o three bodies can be written as:
A7 = aAg (14)

Similarly, the center-of-mass accelerations of three bodies can
be rewritten in the matrix form:

=-d'Xotu
where:
u, =0
u, = o X (0, X dp,) + @, X (0, X dy)
u; = 0 X (@0 X dp5) + o; X (0; X dy;)

By substituting equation (12) into equation (15), the
relationship between the center-of-mass accelerations of three
bodies and the generalized coordinates can be obtained as
following:

¥ =af +w

(16)

where w = u — d’ X o.
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Constraint force element

The constraint force element of the NPU-PhoneSat system
includes the spring torque and the hinge friction acting on
Joint-2 and Joint-3.

The torque provided by the torsion spring in the Joint-z (7 =
2,3) can be represented by equation (17) as follows:

Tspringi — ki(qio - qi) — ¢4 )
where &, and ¢; are the torque constant and damping constant
of the torsion spring in Joint-z, respectively; g,, is the free angle
of the spring; and ¢; and ¢; are the angular displacement and
angular velocity of Joint-i, respectively.

In addition to the spring torque, the hinge friction damping
torque existing in Joint-2 and Joint-3 can be determined
according to the dynamic and static hinge friction models.

The torque caused by the static friction in Joint-i ( = 2, 3)
can be defined as:

iy

Tf,:zazici - Iy

3(2)

Tspr[ﬂg i(t = 0)
[pre= ) 09

where r, is the radius of the hinge shaft, ., is the static friction
coefficient, T, (t = 0) is the total torque provided by the
spring in Joint-/ at the initial moment and r, is the torsion
spring leg length.

The dynamic friction is related to the normal force at the
point of contact, which reacts to the centripetal force caused
by the rotation motion of the cover. Thus, the torque induced
by the dynamic friction can be represented as a function of the
square of the angular velocity of the Joint-i ( = 2, 3), that is:

Thdmi — Vx(}bdm’cm‘i ) (19)
where p, is the dynamic friction coefficient, m is the mass of
the panel and r,, is the distance from the axis of rotation to
the mass center of the panel.

Hence, the total torque acting on Joint-z can be written as:

Troai = Topringi T T T Tfiayny i (20)

From the above, the generalized force corresponding to the
generalized coordinates of the system can be written as:

F = [0, Trotal2> Tmmls] = [0, 0,0, Trotal2> TmzaB] T @1
Then, the virtual power can be obtained as:
AP = Ag"- F (22)

Dynamic equation of NPU-PhoneSat deployment
The generalized equation of dynamics in the form of virtual
power principle can be written as:

3

DAt (i F) + Aay (< @ — € + MD)] +
i=1

AP =0 (23)
where &, = w; X (¥, ®,). m; and J; are the mass and inertia
tensor of Body-i (i = 1, 2, 3), respectively. F? and M? are the
external force and moment acting on the center of mass of
Body-i, respectively.
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From equation (23), the dynamic equation of the system
can be written in the matrix form as:

AT (—m - F+ F) + Ao’ (] & — & + M) + AP = 0
2%

where m = diag(m,, my, my), J = diag(Jy, J, Jo)s F = [Fi, F,
F|, M = [M;, M5, M5]" and e=[g,, &,, €;]". Because the
PhoneSat is free-floating on orbit, there is no external force
and moment acting on the system during the deployment,
thus:

(25)

(26)

By substituting equations (10) (11), (12), (14), (16), (22),
(25) and (26) into equation (24), it can be rewritten as:
AGT(—ZG +2) =0 27
where Z = o - m-a+p"-J- B,z =
(—J o—¢) + F.
Because the velocity variations of the generalized
coordinates are independent from each other, the dynamic
equation of the system can be given as:

— o m-w + BT.

Zg ==z (28)
where ¢ is the generalized coordinate column matrix which is
defined as g = [015 Onizs Omiss 4> 95175 Z'is a 5 X 5 generalized
mass matrix and z is a 5 X 1 generalized force column matrix.

Numerical simulation of NPU-PhoneSat
deployment

Properties of the NPU-PhoneSat

Figure 2 shows the configuration of the NPU-PhoneSat,
which consists of three rigid bodies connected by revolute
joints, being almost the same size as the cell phone when
folded. The deployment of the PhoneSat is driven by the
torsion spring in joint.

At the beginning, the NPU-PhoneSat is in the folding state.
For the sake of simplicity, three rigid bodies of the PhoneSat
are considered to be identical and mass, geometric and inertia
parameters of each body are shown in Table I. Table II

Table | Geometric and mass properties of the PhoneSat

Parameters Value
Mass (kg) 0.1
Length (m) 0.16
Width (m) 0.08
Height (m) 0.02

Jx (kg m?) 57 X 107°
Jy (kg m?) 22 x107*
Jz (kg m?) 2.7 X 10°*
Jxy (kg m?) 0

Jyz (kg m?) 0

Jzx (kg m?) 0
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Table 1l Parameters of the revolute joint

Parameters Value
Free angle of torsion spring (q,) (deg.) 180
Stiffness coefficient of torsion spring (k) (Nm/deg.) 1x 1074
Damping coefficient of torsion spring (c) (N ms/deg.) 1x10°°
Radius of the hinge shaft (r) (m) 4x103
Torsion spring leg length (r) (m) 1 %102
Static friction coefficient (uw,) 0.2
Dynamic friction coefficient (w,) 0.3

presents the parameters of the revolute joint used in the
simulation of deployment.

In the following, four different simulations are presented
and analyzed. At the beginning, simulations were carried out
with and without friction, with the assumption that
parameters of Joint-2 and Joint-3 are perfectly consistent
utilizing the parameters shown in Table II. The other three
simulations are implemented to explore the effect of
asymmetric stiffness, asynchronous deployment and the initial
disturbance angular velocity.

Effect of friction on the deployment of PhoneSat
Figure 3 presents the attitude angles and angular velocities
of three panels of the PhoneSat during the deployment with
and without friction. As can be seen from Figure 3, friction
seems to have a noticeable impact on the deployment
dynamics of the PhoneSat. At the beginning of the
deployment, in the case of considering friction, attitude
angle of all the three panels are oscillating steadily as the
panels deploy, with the oscillating amplitude gradually
decreasing, owing to the damping of the torsion spring and
the friction. Until the time ¢ = 6.25 s, the three panels deploy
completely, and the attitude of the PhoneSat tends to be
stable. The most obvious difference between the two cases, i.e.
with and without friction, is that the oscillating amplitude
without friction is obviously larger than that with friction
because friction consumes mechanical energy. Moreover, it
can also be found that friction has slight effect on the
deployment time. The PhoneSat deploys completely at time ¢
= 6.25 s when considering friction, whereas the deployment
time without friction is 7 = 8.5 s, extending the deployment
time for 2.25 s. From the angular velocity of the PhoneSat
shown in Figures 3 (b), (d) and (f), it can be observed that the
angular velocity without friction varies more intensely with
higher peaks of angular velocity, compared with the case
considering friction.

The other point to be noticed is that the attitude after the
deployment considering friction is almost the same as the
post-deployment attitude without friction. Thus, it can be
concluded that the existence of friction has a significant
influence on the process of the deployment while has little
effect on the post-deployment attitude.

Effect of asymmetric torsion spring stiffness
coefficient on the deployment of PhoneSat

The assumption of perfectly consistent values of spring
coefficient leads to the ideal deployment, with the
deployment response of the external panels, i.e. Body-2 and
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Figure 3 Attitude motion of the PhoneSat
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Notes: (a), (c) and (e) are the attitude angles of Body-1, Body-2 and
Body-3, respectively; (b), (d) and (f) are the angular velocities of
Body-1, Body-2 and Body-3, respectively

Body-3, being the same. However, slight variations of
torsion spring stiffness coefficients are inevitable owing to
the manufacturing error, which would cause the
unexpected interactions between the panels. To investigate
the effects of asymmetric stiffness coefficient of torsion
spring on the deployment of the PhoneSat, this section
presents the simulation results of four cases in which the
stiffness of torsion spring in Joint-2 is increased at steps of
10 per cent starting from 0 to 30 per cent, whereas the
stiffness of spring in Joint-3 remains unaltered. The
simulation results are shown in Figure 4.

Figure 4 (a), (¢) and (e) shows the attitude angles of
Body-1, Body-2 and Body-3 during the deployment with
symmetric and asymmetric stiffness coefficient of spring,
respectively. As shown in the figure, inconsistent value of
stiffness has extraordinarily obvious influence on the
deployment time. With symmetric stiffness, the PhoneSat
requires 6.25 s to be deployed completely, whereas with
inconsistent stiffness, the PhoneSat requires 17 and 19.25 s
to complete the deployment when the stiffness difference is
10 and 20 per cent, respectively. When it comes to the
stiffness difference of 30 per cent, it takes more than 20 s to
achieve the fully deployment because of the residual
oscillation caused by the coupling of three panels. It
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Figure 4 Attitude angles of the PhoneSat
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Notes: (a), (c) and (e) are the whole process drawings of Body-1,
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enlarged drawings of the beginning of the deployment of Body-1,
Body-2 and Body-3, respectively

indicates that the PhoneSat requires an increasing length of
time for the complete deployment with increasing
difference of the stiffness of torsion springs.

Moreover, it can be seen that the variation of stiffness has
slight effect on the attitude of the PhoneSat after the
deployment is completed, and the final attitude is deflected
from the ideal condition, with the maximum difference in
the order of 10°. It can also be observed that the larger the
stiffness difference between the revolute joints of PhoneSat,
the larger variation of the attitude angle at the end of the
deployment process with respect to the case of consistent
stiffness.

As can be seen in the partial enlarged drawing of the first 5
s, i.e. Figure 4 (b), (d) and (f), higher levels of oscillation of
attitude exist for conditions involving a larger difference in
spring stiffness of the two joints. However, compared with the
two external panels, i.e. Body-2 and Body-3, the internal
panel seems to be less sensitive to the inconsistence of the
stiffness. These higher levels of oscillation affect the steadiness
of the deployment process and degrade the performance of the
sensitive devices. With an even larger stiffness difference of the
revolute joints, the oscillation of the deployment is expected to
be more severe, which should be avoided in engineering
application.
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Effect of asynchronous release of torsion springs on
the deployment of PhoneSat
To guarantee the synchronous deployment of deployable
mechanism of large spacecraft, synchro-mechanism such as
close cable loop has been widely adopted. However, taking the
strict mass, volume and size restrictions imposed by the small
satellite into consideration, synchro-mechanism used for large
satellites may not be suitable for small satellites any more. As
a matter of fact, there is no such mechanism on small-scale
satellites to ensure a sufficient level of deployment
synchronicity to satisfy the requirement of light weight and
simple design. Hence, small satellites with deployable
appendages are highly vulnerable to asynchronous
deployment owing to the time interval of the detonation of
explosive bolts, which deserves a detailed analysis. To evaluate
the effect of deployment asynchronicity on the attitude of the
PhoneSat during the deployment, simulations are carried out
assuming different deployment time lag from 1 to 3 s.
Figure 5 shows the deployment response of the PhoneSat
with different deployment time lag. As expected, the
deployment time lag has extraordinarily obvious influence on
the time necessary to complete the deployment maneuver and
damp out residual oscillations, as can be seen in the Figure 5
(a), (c¢) and (e). Moreover, it can also be found that the
deployment time lag has a slight effect on the attitude angular
velocity of the PhoneSat after deployment. As shown in

Figure 5 Attitude angles of the PhoneSat
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Body-1, Body-2 and Body-3, respectively; (b), (d) and (f) are
the partial enlarged drawing of the beginning of the
deployment of Body-1, Body-2 and Body-3, respectively
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Figure 5 (a), (c) and (e), the PhoneSat is left with an
increasing magnitude of angular velocity at the end of the
deployment with increasing lag time. With the time lag of 1 s,
the angular velocity at the end of the deployment is about
0.18°/s, whereas with the time lag of 3 s, the angular velocity
left at the end of the deployment is about 2.9°/s.

The attitude motions of three panels in the first 5 s are
shown in Figure 5 (b), (d) and (f) to better classify the
dynamic characteristics of the unsynchronized deployment. At
the beginning, the explosive bolt in Joint-3 detonates, resulting
in the deployment of Body-3 driven by the torsion spring in
Join-3, whereas Body-2 is still in the folded state because of
the time lag of the detonation. Thus, the overall deployment is
much like “two” panels oscillating together before the
detonation of the other explosive bolt, for the attitude motion
of Body-1 is continuously consistent with that of Body-2,
whereas the amplitudes of oscillation of all panels gradually
decrease because of the damping of spring and friction, as can
be seen in the figure. Until the detonation of the other
explosive bolt, the relatively stable state has been completely
altered. As shown in the figure, the abrupt change of the
attitude of three panels indicates that Body-1 is beginning to
deploy. After that, the attitude motion of Body-2 is separating
from that of Body-1, and, at the same time, the deployment of
Body-2 also cause large disturbances to Body-3 which
originally tends to stabilize. It can be seen from Figure 5 (a),
(c) and (e), long-term residual oscillations remain after the
release of Join-2, slowly damped out by hinge friction and
spring. Therefore, deployment time lag arising from
deployment maneuvers is not expected to be large enough to
generate large oscillations of the spacecraft to assure a
sufficient level of reliability of the passive deployment.

Effect of initial disturbance angular velocity on
deployment of PhoneSat

In most cases, the deployment of small satellites is studied
in the common mode, i.e. the satellite is released without
initial angular velocity. However, the presence of initial
disturbance angular velocity is inevitable because of the
imperfect release process, which has a significant effect on
the deployment of small satellites. In this section, to analyze
the influence of initial disturbance angular velocity, the
simulations of PhoneSat with different initial angular
velocities are presented.

First, the simulation is conducted with four cases, in which
the initial angular velocity of PhoneSat are all along the
direction of deployment, i.e. along the X,-axis of the inertial
frame, ranging from 0 to 30°/s at steps of 10°/s. For the sake
of clarity in the graphs, only the attitude angle and angular
velocity of Body-1 and Body-2 are plotted, owing to the fact
that the deployment response of Body-3 is substantially the
same as that of Body-2. As can be seen in the Figure 6 (a) and
(c), the initial disturbance angular velocity does not
significantly affect the time for deployment. It can be seen that
the most relevant difference with respect to the deployment
without initial angular velocity is that all the simulations with
initial angular velocity resulted in the PhoneSat having a
constant angular velocity about the X, axis at the end of the
deployment process. The angular velocity of PhoneSat is
shown in Figure 6 (b) and (d) to better clarify the dynamic
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Figure 6 Attitude motion of the PhoneSat
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response of PhoneSat during the deployment. The constant
angular velocity after the deployment could be better
evidenced in the partial enlarged drawing in Figure 6 (b) and
(d), where the magnitudes of the post-deployment angular
velocity are 1.7, 3.4 and 5.1°/s when the initial disturbance
angular velocity are 10, 20 and 30°/s, respectively. It is
observed that the ratio between the magnitude of
post-deployment angular velocity and that of pre-deployment
angular velocity is a constant with a value of 0.17, which is
exactly the ratio between the moment of inertia in the folded
state and that in the deployed state, owing to the conservation
of angular momentum. It indicates that the effect of the initial
disturbance angular velocity in the direction of deployment is
weakened to a certain extent because of the deployment of the
PhoneSat, causing the inertia tensor in the direction of X, axis
to increase. Thus, it can be concluded that the initial
disturbance angular velocity in the direction of deployment
has no disturbance on the attitude of PhoneSat except
inducing the post-deployment angular velocity, which is
proportional to the initial disturbance angular velocity.

To analyze a more general case, the case that initial angular
velocity is along the direction of Y,-axis of the inertial frame is
assumed, with the value of initial angular velocity being 10°/s.
The angular velocities of Body-1 and Body-2 are shown as
Figure 7. In this case, the effects of the initial disturbance
angular velocity are evident. As can be seen from Figure 7,
although the direction of initial angular velocity is along
Y,-axis, angular velocities along other two axes are induced
during the deployment. At the end of the deployment, the
PhoneSat is left with the angular velocity of 0.32, 4.6 and
0.32°/s about X,,, Y, and Z, axis, respectively, which causes
the attitude angle to increase steadily. It can be concluded that
the initial disturbance angular not in the direction of
deployment induces the angular velocities of the other axes,
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Figure 7 Attitude motion of the PhoneSat
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which dramatically enhances the complexity of attitude
control.

Conclusion

This work investigates the influence of joint friction,
asymmetry of the spring stiffness, deployment asynchronicity
and initial disturbance angular velocity on the attitude of a
Z-folded PhoneSat during and after deployment. The
dynamic model of the NPU-PhoneSat, a foldable picosatellite
consisting of three modules unfolded by passively deployed
torsion springs, is established, taking the friction model into
consideration. And then, the numerical simulation of the
deployment of the PhoneSat is presented and discussed to
analyze the effects of the disturbance factors mentioned above.

The results indicate that all the disturbance factors
mentioned above have obvious influence on the dynamics
response of the PhoneSat in deployment. Friction has a main
contribution to reducing the oscillation of attitude motion and
damping out the residual oscillation, ultimately decreasing the
deployment time, whereas the post-deployment attitude is
barely affected. An increasing length of time for the complete
deployment is required with the increasing stiffness
asymmetry and time difference of asynchronous deployment.
In addition to inducing high amplitudes of oscillation, stiffness
asymmetry and deployment asynchronicity have slight
disturbances on the attitude angle and angular velocity of
PhoneSat at the end of the deployment, respectively. The
initial disturbance angular velocity has no major effects on
deployment time, but its direction has an extraordinary impact
on the post-deployment angular velocity. The initial
disturbance angular velocity in the direction of deployment
would be proportionally weakened at the end of the
deployment owing to the increase of inertia tensor in the same
direction, whereas initial disturbance angular velocity not in
the direction of deployment induces angular velocities of other
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axes, which dramatically enhances the complexity of attitude
control. The results providing valuable data for the influence
of those factors on the attitude motion during and after
deployment. Our study opens avenues for the next generation
of attitude correction strategy especially suitable for
nanosatellites with strict volume, mass and power constrains.
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