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Abstract: The multidimensional deployment of large-scale spatial solar arrays has been the basis for
high-power advanced spacecraft and a symbol of the leaps forward in aerospace technology. Acti-
vated and passive drives have often been used in combination to implement the driving mechanism
of large-scale solar arrays, which can reduce the impact of the deployment and locking process. For
the first time, a novel active speed-limit mechanism was introduced into the two-dimensional sec-
ondary deployable drive system of a large-scale spatial solar array, achieving a balance between large
deployable driving torque and small locking impact load. A highly integrated and lightweight drive
system has been designed, integrating motor drive, gear drive, and adaptive torque limiting device to
achieve adaptive control of the deployment torque of the solar array. A dynamic simulation system
for the entire process of a large-scale spatial solar array based on the Kane method and ADAMS
model has been established. A two-dimensional secondary deployable motion control law for a
large-scale solar array using an active speed-limit mechanism has been established, and the dynamic
characteristic parameters of the active speed-limit driving mechanism have been determined, such as
driving torque, driving mode, and driving speed. The results can be used to guide the design of the
deployable driving mechanism for large-scale spatial solar arrays.

Keywords: large-scale spatial solar array; active speed-limit mechanism; dynamic analysis; torque limiter

1. Introduction

The solar array is the primary device of power supply for spacecraft, and the de-
ployable reliability of the solar array directly determines the mission success of the space-
craft [1]. The deployment of the solar array is primarily a passive process based on elastic
elements [2,3]. Generally, the solar array needs to be constantly accelerated during the
deployable process, and when it deploys at the specified position, the kinetic energy of the
solar array is converted into a driving torque sufficient to overcome the locking resistance
of the deploying mechanism in order to ensure the reliable locking of the solar array and
achieve the predetermined deployment stiffness [4]. However, this deployable process
could significantly impact the spacecraft or Solar Array Drive Assembly (hereafter referred
to as SADA), leading to satellite attitude being out of control or SADA damage, in severe
cases, leading to mission failure [5]. Therefore, for solar arrays, especially large ones,
considering the relationship between deployable reliability and reduction of deployment
impact is critical to ensure the reliable operation of the spacecraft in orbit [6-9].

If the deployable mechanism is driven passively, the initial pretightening torque of the
spring in each hinge is reasonably distributed by analyzing the driving torque required for
the full deployment of the large solar array, which minimizes the impact caused by residual
energy after deployment. However, to ensure the reliability of on-orbit deployment and
locking, the design specification of the solar array requires that the static moment margin
must be greater than 1 in the most extreme environment during the whole process, from
stowed configuration to full deployment [10]. Therefore, the impact load can only partially
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be reduced to a reasonable level by lowering the initial driving torque of the spring. If
the passive drive and passive deceleration modes are adopted, the viscous damper is
installed at the root of the solar array [11]. This damper is installed to reduce the deploying
speed and the impact load by dissipating the mechanical energy of the system during the
deploying process. However, the drag moment produced by the viscous damper negatively
influences the deployable reliability. In addition, for large solar arrays that require large
driving torque, the bearing capacity of existing dampers may be exceeded, which may
lead to the failure of the damping effect or force the use of high-capacity dampers with
higher volume and weight costs [12,13]. If the solar array’s deployment mode is changed
from passive to active deployment, during the deployment process of the solar array, the
electronic system controls the motor’s speed to ensure a reasonable deployment speed.
However, this scheme requires special control equipment, including software and hardware
circuits and supporting external interfaces. This will significantly increase the complexity
of the deployment system, and reduce system reliability to some extent [14-17].

The combination of traditional coil spring drive and viscous damper cannot effec-
tively solve the unique contradiction between the large driving torque and small locking
impact load of a large-sized multi-panel solar array. Therefore, for the first time, an active
speed-limit mechanism is introduced to replace the viscous damper, achieving a balance
between the large driving torque and the small locking impact load. The designed adaptive
speed-limit mechanism cleverly combines motor drive, gear transmission, and mechanical
torque limiting devices, achieving predetermined functional performance under limited
space and weight constraints. For the first time, a mathematical simulation system cov-
ering the entire process, from torque limiter action to solar array deployment, has been
established, extracting key design parameters, providing a method for evaluating the
effectiveness of adaptive speed-limit mechanisms, and conducting subsequent detailed
parameter optimization designs that can be quickly iterated.

Considering the abovementioned methods comprehensively, an active speed-limit
driving mechanism suitable for use with large-scale spatial solar array is proposed. While
adopting a passive driving mechanism with low impact and small driving torque, the
adaptive active speed-limit driving mechanism (motor-reducer assembly) can be used
to provide resistance torque or to drive torque (resistance torque is generated when the
expansion speed of the solar array increases too quickly, and driving torque is provided
when the expansion torque of the hinge between panels is insufficient). The motor drive
of this mechanism only needs a regulated DC power supply, and the control of driving
torque is entirely dependent on the self-adaptation of the mechanism without complicated
hardware and software control equipment. Solar array deployment becomes stable, which
provides reliability for large solar arrays and effectively reduces locking impacts. Based
on the novel design, it is necessary to simulate and calculate the impact on the deployable
dynamics of the entire solar array after installing this mechanism. Therefore, the Kane
and ADAMS methods have been used to simulate the deployable dynamic process of a
large-scale solar array based on the active speed-limit mechanism, and the motion rules
of the solar array have been established. Dynamic characteristic parameters (such as the
driving torque, driving mode, and driving speed of the active speed-limit mechanism) have
been obtained. The abovementioned results can be used to guide the detailed design and
application of the active speed-limit mechanism for large-scale spatial solar arrays.

2. The General Plan of a Large-Scale Spatial Solar Array

In this study, we take a large-scale spatial solar array with two-dimensional deploy-
ment as an example to design the active speed limit [18,19]. Its composition diagram is
shown in Figure 1, including the following components: six solar panels (including solar
cell circuits, interboard, and intraboard cables); one yoke; one set of release devices; one set
of passive driving mechanisms based on the spring system; and one set of active speed-limit
driving mechanisms.
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Figure 1. Schematic diagram of the composition of a two-dimensional secondary expansion solar array.

The deployment process of the two-dimensional deployable solar array is shown
in Figure 2. (D In the launch phase of the satellite, the solar array is folded and stowed
against the sidewall of the satellite. @) When the satellite arrives at the transfer orbit, part
of the release mechanism is unlocked, the outer panel of the solar array is expanded to 90°
and locked, and the remaining five solar panels stay in a stowed configuration. (3) When
the satellite reaches the quasi-synchronous orbit, the remaining release mechanisms are
unlocked, the remaining yoke and other solar panels begin to unfold, and the outer solar
panel is unlocked and unfolded together with other solar panels and locked again. (4 When
the locking in one-dimensional direction is about to start, the side release mechanism is
triggered, and the upper and lower solar panels begin to expand. () The entire solar array
extends and locks into a plane.

solar panel

@

solar panel

®

Figure 2. Schematic diagram of the deployment process of a two-dimensional secondary deployment
solar array.

The technical indicators of the active speed-limit driving mechanism are as follows:

(1) Voltage of motor: 28~31 V DC;
(2) Speed of output shaft: 1~3°/s;
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(3) Rated output torque: 50 N.m, withstanding load of 95 N.m instantaneously;

(4) When the load exceeds 95 N.m, the torque limiter works to protect the motor from overload;
(5) Working temperature: —20 ~75 °C;

(6) Weight: less than 1.0 kg.

3. Design of an Active Speed-Limit Driving Mechanism
3.1. Principle of an Active Speed-Limit Driving Mechanism

The installation of the active speed-limit driving mechanism has strict volume require-
ments and needs to ensure sufficient strength and stiffness [20,21]. This paper proposes
an integrated speed-limit mechanism based on the motor assembly, torque limiter, and
reduction drive chain. The active speed-limit driving mechanism mainly consists of a
motor, torque limiter, planetary gear train, and harmonic reducer. The output shaft of
the harmonic reducer is connected to the root hinge of the solar array. Its transmission
schematic diagram is shown in Figure 3, by which transmission deceleration and torque
protection can be realized at the same time.

Planetary
Spur gear  gear Harmonic reducer

AN

Motor -

— e L =
Torque lirrier/L - -
L1

| 11 11

T
=|
|
1

Figure 3. Transmission schematic diagram(in this picture, I represents first-level deceleration, II
represents second-level deceleration, and III represents third-level deceleration).

To satisfy the requirements of integration and being lightweight, the configuration
layout of the active speed-limit driving mechanism has been optimized by distributing
the parameters in a reasonable way and designing the transmission mode to minimize its
volume, reduce the number of parts, and improve reliability. This configuration is shown
in Figure 4.

Gear reducer Shell Planetary

Harmonic
reducer Lo

Figure 4. Configuration of the active speed-limit driving mechanism (left) and sectional view of the
active speed-limit driving mechanism (right).
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3.2. Torque Limiter Design

The torque limiter is the core component of the active speed-limit driving mechanism.
Its primary function is to protect the transmission system through clutch action and adapt to
overload that may occur during the operation of the active speed-limit driving mechanism
or protect the safety of the transmission system when there is a severe impact [22].

3.2.1. Principle of the Steel Ball-Type Torque Limiter

The torque limiter generally has four types: shear pin type, friction plate type, spring
tooth embedded type, and spring steel ball type. The spring steel ball-type torque limiter
has high sensitivity to torque change, with the characteristics of accurate action, high
precision, and reliable operation. It can effectively limit the output torque of the speed-limit
mechanism, while ensuring that it can be disconnected in time in the case of overload,
protecting the parts of the speed-limit mechanism, and automatically resuming work. It is
entirely applicable to the speed-limit driving mechanism. The working principle of the steel
ball-type torque limiter is that when the load on the output shaft is small, the disc spring
will not produce compression deformation, the steel ball will not slip, and it will contact
the tooth grooves at the driving part and the driven part. The role of the torque limiter is
equivalent to coupling; when the required torque exceeds the set value (limit torque) due
to load vibration, overload, or mechanical failure, the disc spring is compressed, and the
steel ball slips on the arc groove, leaving the driving part (the driven shaft stops rotating,
limiting the torque transmitted by the transmission system). When the overload condition
disappears, the coupling is recovered, which prevents mechanical damage and overload
damage to the drive components. The torque limiter is set at the front stage of the planetary
reducer and the rear stage of the spur gear transmission, which is conducive to reducing
the slip torque and weight; it also prevents the input speed of the torque limiter from being
too high, in order to reduce wear. When the active speed-limit driving mechanism bears a
load of 95 N.m, the load on the output part of the torque limiter is 0.076 N.m. Considering
that the slip torque must be greater than 30% of the maximum working torque, the slip
torque is 0.1 N.m. The design of the torque limiter is shown in Figure 5.

e o
Steel ball F SpHing

Regulator

Figure 5. Design of torque limiter.

3.2.2. Parameter Analysis

The key to the design of the steel ball torque limiter is to determine the relationship
between the compression force of the disc spring acting on the steel ball and the limiting
torque of the limiter, as well as selecting the appropriate contact strength formula to check
the contact stress between the steel ball and the tooth socket.
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The limit torque transmitted by the limiter is predetermined by design. The key to
its calculation is to determine the relationship between the compression force and torque
of the disc spring acting on the steel ball. The steel ball is taken as a research object for
mechanical analysis based on the limiter’s principle of operation. As shown in Figure 6,
when the driven shaft rotates, the steel ball is subjected to four kinds of forces in the tooth
socket at the input part (connecting flange), including the circumferential force F, (the
component of the reaction force from the tooth socket at the driven part to the steel ball),
the positive pressure in the normal direction of the tooth socket surface Fg, the friction
between the steel ball and the tooth socket surface F iz and the axial pressure of the disc
spring on a single steel ball P;. Before the steel ball is separated from the tooth socket, its
expressions are as follows

Py = Fg X cosaw — Fy X sina 1)
P,=P,/Z ()
Fy = Fr X sina + Ff X cosa 3)
F,=uxFg (4)

where P is the load of a single disc spring (N); P, is the load of disc spring set (N), if n disc
springs are combined, then P, = nP; Z is the number of steel balls; F, is the circumferential
force transmitted by a single steel ball (N); Fy is the sliding friction force between the tooth
socket and the steel ball (N); « is the contact angle; y is the friction coefficient of the working
surface, p = tan p (p is the friction angle, as 5~6°).

Figure 6. Stress diagram of single steel ball.

Solve Equations (1), (3) and (4) and sort them out

P =tan !(a+p) x F, (5)
__ cosp
Fr = 78111(0{ +P) X Fy (6)

If the limiting torque transmitted by the limiter is T}, and the diameter of the dividing
circle of steel ball is Dy, then

2T,
- Dy xZ

F, @)
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2L tan! 8
_Dmxzxan (‘X"i_p) ()
In the active speed-limit driving mechanism, T] = 0.1 N.m, D;;, = 16 mm, and the
number of steel balls is Z = 8, so a single steel ball F;, = 1.56 N. The axial pressure of the
disc spring on a single steel ball is P; = 1.29 N. The load to be provided by the disc spring is

P, =10N.

Py

3.2.3. Strength Check

The contact surface between the steel ball and tooth socket is taken for a fatigue
strength check. If two profiled surfaces come into contact without force, the initial contact
will be primarily line and point. Hertz stress is generated when the steel ball and the arc
surface of the tooth socket extrude each other. This is similar to the contact between the ball
and the concave spherical surface. The contact area is generally elliptical or circular. The
profile of the connection between the steel ball and the tooth socket is shown in Figure 7,
where H is the depth of the tooth socket. The tooth socket’s modulus and Poisson’s ratio
are 1, E1, and the elastic modulus and Poisson’s ratio of the steel ball are y7, E.

Figure 7. Profile of contact between steel ball and circular tooth socket.
According to the knowledge of elasticity, when the contact area is elliptical, the

maximum contact stress is as follows

- _3F 4(R—r)
Hmax = 5 |3 x Fx (k1 + ko) X R x

2
3

©)

s _ _cosp I e R b .
where: F is the normal load at the contact (N), F = sn(atp) < Fy k= o ki = 5o Ris
the radius of curvature of the tooth socket; r is the radius of the steel ball.

Strength check: oymax <onp, ogp is the allowable contact stress, which can be calcu-
lated according to 0i;y, / S.

In the active speed-limit driving mechanism, i1 = pp = 0.45, E; = E; =2 x 10! Pa,
R =4.2mm, r =4 mm. Then, the normal load at the contact point F = 2.03 N; the maximum
contact stress Tpmax is 7.089 x 108 Pa, far less than the allowable contact stress opp of

6.3 x 10'° Pa, so the strength meets the requirements.

3.3. Parameter Design

Parameter values of the active speed-limit driving mechanism are shown in Table 1.
Weight estimation of the active speed-limit driving mechanism is shown in Table 2.
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Table 1. Parameter values of DC motor + gearbox + planetary reduction + harmonic reduction for

the scheme.
. Maximum Torque
Parameter Unit Rated State Output State
The angular speed of output shaft of active speed-limit driving mechanism °/s 3 3
Output shaft speed of active speed-limit driving mechanism rpm 0.5 0.5
The output torque of active speed-limit driving mechanism N.m 50 (rated torque) 95 (maximum)
Third stage harmonic reduction ratio - 160 160
The inner diameter of harmonic flexspline mm 50 50
Input speed of harmonic rpm 80 80
Resistance torque of harmonic and output shaft system N.m 0.05 0.05
Starting torque of the harmonic reducer N.m 0.01 0.01
Drive efficiency of harmonic - 50% 50%
Second stage planetary reduction ratio - 25 25
Input speed of planetary rpm 2000 2000
Resistance torque of planetary and output shaft system N.m 0.05 0.05
Starting torque of the planetary reducer N.m 0.01 0.01
Transmission efficiency of planetary - 80% 80%
First stage spur gear reduction ratio - 3 3
Input speed of gear rpm 6000 6000
Resistance torque of gear and output shaft system N.m 0.0 0.0
Starting torque of gear N.m 0.01 0.01
Transmission efficiency of gear / 50% 50%
Output torque at planetary part N.m 0.6705 1.270
Output torque at gear part N.m 0.046 0.075
Output torque at motor part N.m 0.1 0.15
Table 2. Weight estimation of active speed-limit driving mechanism.
S/N Component Weight

1 motor 146 g

2 shell, shafting and support 450 g

3 reducer assembly 253 g

4 total 849 g

4. Dynamics Modeling of a Large-Scale Spatial Solar Array Based on the Kane Method

To determine whether the space deployable mechanism can be stably and reliably
deployed and whether the dynamic characteristics of the entire moving process can meet
the optimal design requirements, it is necessary to conduct dynamic modeling of the
deployment mechanism of the solar array to master the dynamic characteristics, such as
the speed, acceleration, deployment time, and geometric configuration of the solar array
deployment [23,24].

4.1. Establishment of the Analysis Model

The Kane method has the advantages of both vector and analytical mechanics [25-28].
Nevertheless, it has yet to have a universal form of dynamic equation suitable for any mul-
tirigid body system, and each specific multirigid body system must be specifically treated.

For the two-dimensional solar array, the drive module only has the active speed-
limiting function for the parts, including the yoke, inner panel, inner-middle panel, outer-
middle panel, and outer panel; thus, the dynamic modeling is only conducted for the
one-dimensional direction.

To facilitate the analysis and modeling, the following assumptions are made for the
mechanical model of solar array deployment:

(1) Both the yoke and the panels are rigid elements that do not deform in the whole
moving process;
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(2) Each panel is a homogeneous element, and its center of mass is in the center of
each panel;

(3) The energy consumption of each hinge during the movement is ignored; that is, the
friction in each motion pair is ignored;

(4) In the analysis process, the torque is specified as positive counterclockwise and
negative clockwise, and all forces are positive vertically and horizontally.

4.2. Establishment of the Analysis Model

The simplified model of the deployment process is shown in Figure 8. The Cartesian
coordinate system is established and the unit vectors in three directions are defined as

ego),eéo),ego). The angle of the root hinge 6 is selected as the generalized coordinate.

e

(0)
2

M4
I I
-
M3 (0)
| l..m [
l m | 3273 l4’m4

Figure 8. Schematic diagram of coordinate system selection and force of solar array.

4.3. Kinematic Analysis of Solar Array Deployment

Each component’s displacement, velocity, and acceleration are expressed as functions
of generalized coordinates. In the case shown in Figure 8, external forces include inertial
force and inertial moment. To obtain the inertial force and moment of components, it is
necessary to determine the relationship between the position, velocity, and acceleration of
the center of mass of each element and the generalized coordinates. Suppose the centroid
displacement and angular displacement vectors of each component are L;, 0;, (i=0,1,2,34),
respectively. The centroid velocity and angular velocity vectors for each member are
Vi, wi, (i = 0,1,2,3,4), respectively. The acceleration vector and angular acceleration
vector of each member are a.;, ¢;, (i = 0,1,2,3,4), respectively, and the moment of inertia of
each member around the center of massis J;, (i = 0,1,2,3,4).

4.3.1. Position, Velocity and Acceleration of the Center of Mass of Each Pane

The position of the center of mass is represented by a vector L;

Lo =1y/2 x sinf X ego) —1ly/2 x cos @ x ego)

6o = 6 x e

Li=(lp+11/2) x sinf x 650) + (I1/2—1y) x cos B x ego)

6, = —6 x el

Ly = (Ip+1 +1/2) x sinf x & + (I — Iy — 1/2) x cos 6 x e

6 =0 x el

(10)

Ly = (lo+h + 1 +13/2) x sind x el”) 4 (Iy — Iy — I, — I3/2) x cos 6 x e}’

05 = —0 x el

Li=(lo+h+hL+1+14/2) xsind x el” + (I; —lg— I — Iy — 14/2) x cos 6 x e}

0, = —6 x el

Let the derivative of generalized coordinates with respect to time be generalized veloc-
ity: u = 6; according to Equation (10), the centroid velocity, angular velocity, centroid accel-
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eration, and angular acceleration of each component are shown in Equations (11) and (12),
respectively, and they are converted into expressions for generalized coordinates and
generalized velocity.

V.. — 4L
{ M (i=0,1,2,34) (11)
w; = thZ
g — CLi _ dVy
[ 2
oA M (i=01234) (12)
&= Gp =@

4.3.2. Main Force and Inertial Force in the Deployment Process of the Solar Array

The moment of each component is M;, (i = 0,1,2,3,4), respectively, and then the
active moment is

Mo = (=M, + Mp) x e}’

My = —My x e

My = My x e (13)
Ms = —Ms x e{¥)

M4 = —M4 X 6:(30)

where Mj is the torque of the active speed-limit driving mechanism; the driving torque
My, My, My, M3 is provided by each hinge point of the solar array. Assuming that the
spring is linear, the driving forces generated by the root hinge and the panel hinge are
respectively expressed as

Tso = TjO + Ky X (
Tsi = Tg‘ + 2K, X (

-9).
i=1,2,34 (14)
_9)

ISERS R

In Equation (14), T¢ represents the remaining torque value of (8 = %) of the spring at
the end of deployment; K; is the spring constant. It should be noted that T¢ and K; are for
hinge pairs. In Equation (14), the coefficient 2.0 takes into account that the torsional angle
change of the hinge between panels is 26.

In addition to the active torque generated by the spring and the active speed-limiting
mechanism, the resistance torque is generated by cable, tension rope, hinge friction, and
other factors in each hinge pair. The total resistance moment on the rotation axis can be
simplified, as shown in Equation (15).

To=Th+ Ko x (F-0).
=1,2,3,4 15
{Tri:Tfi+2K,i><(72T—6)l (15)

In Equation (15), T is the total resistance moment at the end of deployment. K,
is equivalent to a “spring constant.” It is assumed that the resistance torque increases
gradually according to the linear law, which is consistent with the actual situation.

Therefore, the driving torque M;, (i = 0,1, 2,3,4) provided by each hinge pair of the
solar array can be expressed as

Ml = TSI + Tri/i = 0/ 1/ 2/ 3/4 (16)
The moment of inertia is

F'=—m; xa,;,M; =—]; x¢(i=0,1,2,3,4) (17)

1

4.3.3. Generalized Active Force and Generalized Inertial Force

The active force and inertial force are transferred to generalized coordinates. First, the
partial velocity is calculated, which is the partial derivative of each point’s velocity and the
component’s angular velocity to the generalized velocity (also called the partial velocity).
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A conversion matrix is formed and multiplied by the force vector to obtain the generalized
force. The conversion matrix of the force is as follows.

aVCO an aVCZ BVC3 aVC4:| |:aw0 awl sz 8w3 aCU4
r UM =

Ur = ou’ ou’ ou’ ou’ du Ou’ ou’ ou’ ou’ ou (18)

ou’ ou’ ou’ ou’ du
The generalized active force is as follows
F = Up[Fo, F1, B, F3, Fs] " + Upm[Mo, My, My, M3, My]" = Up[Mo, My, Mo, M3, My]" (19)
F* = Up[F;, F{, B3, B, Fi]' + Um[MG, My, M3, M3, M;)" (20)
The dynamic equation of solar array deployment is expressed as
F+F* =0 (21)
Thus, the dynamic model of solar array deployment can be obtained
—mg x B x it — Ca x (it x cos?0 — 12 x sinf x cos8) — Cp x (it x sin? 0 + 1% x sin @ x cos 0) )
—(Jo+ I+ R+ Js+Ja) X it — Mg+ Mo + My + Mg + Mz + My = 0

where the coefficient C4 and the coefficient Cp represent as follows:

L2 I .2 I3.2 Iy.2
CA:m1X(lo+§l) +m2><(lo+11+52) +m3X(lo+11+lz+§3) +m4x(lo+11+lz+13+§4) (23)

2 2 2 142

1 I I
CB:le(%_lO) +m2X(11—lo—§2) +m3X(11—lo—lz—§3) +m4><(11—10—lz—13—§) (24)

4.4. Analysis Results

According to the Kane method’s dynamic model, the classical fourth-order Runge-
Kutta method is used to solve the numerical problem. The numerical solution of the
kinematics and dynamics parameters of the one-dimensional deployment mechanism of
the solar array is obtained by programming in MATLAB. The input parameters used are
shown in Table 3.

Table 3. Dynamic simulation parameters of the deployment mechanism of the solar array.

S/N Parameter Name Symbol Unit Value
1 Length of yoke Iy m 3.01
2 Length of solar panel 1;,(i=1,2,3) m 4.05
3 Weight of yoke i kg 4.3
4 Weight of solar panel m;,(i=1,2,3) kg 20
5 Driving torque My N.m 7.2
6 Driving torque M, N.m 43
7 Driving torque M, N.m 45
8 Driving torque M3 N.m 4.8
9 Driving torque My N.m 2.5

The Kane method can establish the solar array’s dynamic model and obtain each
node’s numerical solution. To verify the correctness of the dynamic model, it is necessary
to use the ADAMS method to conduct a real-time simulation analysis of the solar array.
When modeling and simulating dynamics with ADAMS, in addition to modeling, defin-
ing material properties, and defining motion pairs and driving forces, constraints must
be imposed.

Figure 9 shows the change curve of the rotational angle of the root hinge with time
during the one-dimensional deployment of the solar array calculated by the Kane method
and ADAMS method.

Figure 9 shows the following:

For the one-dimensional deployment direction of a large-scale spatial solar array, the
rotational-angle curves of the root hinge calculated by the Kane method and ADAMS are
almost the same, which shows the validity and correctness of the Kane method.
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i Rotational angle @ (ADAMS)
—20F = = = = Rotational angle @ (Kanc)

L l L
0 5 10 15 20
t/s

Figure 9. Variation curve of rotational angle of the root hinge 6 with time.

5. Deployment Dynamics Simulation of a Large-Scale Spatial Solar Array Based
on ADAMS

Based on the abovementioned dynamic modeling, the deployment dynamics anal-
ysis and simulation of a two-dimensional large space solar array were performed using
ADAMS, and the deployment mechanism with an active speed-limit driving mechanism
and traditional damper was dynamically analyzed. The geometric position, velocity, accel-
eration and other dynamic performances of the deployment process were analyzed, and
the deceleration and buffering effects were compared.

5.1. Establishment of Motion Model and Analysis of the Deployment Process for Solar Array

The deployment dynamics model established by ADAMS is shown in Figure 10, di-
vided into the two working conditions of the integrated viscous damper and the combined
active speed-limit driving mechanism. The deployment dynamics model of the solar ar-
ray is established and analyzed in ADAMS. The two-dimensional deployment process is
realized through simulation analysis, and the locking impact is obtained.

Hinge

Hinge 2’

Hinge 3

Figure 10. Deployment dynamics model established by ADAMS.

5.2. Deployment Dynamics Analysis of Deceleration of a Root Integrated Viscous Damper

The established dynamic analysis model is used for calculations. The curve of the
angular velocity of the yoke with time under this working condition is shown in Figure 11.
The angular velocity of the yoke at the end of deployment is 24.7 ° /s. The time history of
the Z-direction and Y-direction restraining torque exerted by the solar array on SADA is
shown in Figure 12. The maximum Z-direction bending torque produced by the solar array
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on SADA during the deployment and locking process is 164.6 N.m, and the Y-direction
torsional torque is 143.2 N.m. The force on the damper during the deployment and locking
process of the solar array is illustrated in Figure 13, and the maximum torque on the damper

is 44.8 N.m.
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Figure 11. Time varying curve of angular velocity of the yoke.
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Figure 12. Time history of the torque of the solar array on SADA during the deployment and locking

process.
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Figure 13. Time varying curve of damper torque during the deployment and locking process.
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5.3. Deployment Dynamics Analysis of an Integrated Active Speed-Limit Driving Mechanism

The established dynamic analysis model is used for calculations. The curve of the
angular velocity of the yoke with time under this working condition is shown in Figure 14.
The angular velocity of the yoke at the end of deployment is 7.8° /s. The angular velocity
curve of root hinge rotation is shown in Figure 15. SADA is near the root hinge. The time
history of the Z-direction and Y-direction restraining torque exerted by the solar array on
SADA is illustrated in Figure 16. The maximum Z-direction bending torque generated
by the solar array on SADA during the deployment and locking process is 98.2 N.m, and
the Y-direction torsional torque is 123.7 N.m. The force on the active speed-limit driving
mechanism during deployment and locking of the solar array is shown in Figure 17, and
the maximum torque is 96.8 N.m.

12
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|
»
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Figure 14. Time varying curve of the angular velocity of the yoke.
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Figure 15. Time varying curve of rotational angular velocity of root hinge.
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Figure 16. Time history of the torque of the solar array on SADA during the deployment and locking process.
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Figure 17. Time varying curve of motor torque during the deployment and locking process.

5.4. Comparative Analysis

The results are summarized in Table 4.

Table 4. Summary of calculation results.
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iscous Damper
Working Condition of 78 98.2
Active Speed Limiter ’ ’

@

@)

®)

4)

©)

The analysis results and Table 4 show the following:

Damper deceleration is passive, and its deceleration capacity is affected by the capacity
of the damper itself, such as volume and weight. The maximum torque that a typical
viscous damper can bear is 35 N.m, which can no longer meet the requirement of
44.8 N.m for large-scale two-dimensional deployment solar arrays;

The active speed-limit driving mechanism can control the deployment speed of the
deployment mechanism in real-time and can be adaptively designed according to
different deployment configurations and areas;

Compared with the damper condition, the active speed-limit driving mechanism can
reduce the deployment time by 26%; the locking angular speed is reduced by 68%;
and the maximum impact bending moment to SADA decreases by 41%;

Through the analysis of the condition of the active speed-limit driving mechanism,
the speed-limiting mechanism is only installed on the root hinge. Thus, the angular
velocity change of each component is different during the deployment of the solar
array, the synchronous mechanism is required to connect the entire solar array in
series, and the stiffness of the synchronous mechanism should be reasonably selected
to reduce the instability of the whole system;

Comparing the two kinds of schemes, the initial velocities of the upper and lower side
panels are different due to the large end velocity when the viscous damper is used.
The locking time of the two panels is inconsistent, and the locking impact torque of
the side panels is large. However, the end speed of the active speed-limit driving
mechanism is relatively slow. The locking times of the upper and lower side panels
are similar; thus, the locking impact torque is small.

Conclusion: The root hinge with the active speed-limit driving mechanism can achieve

the stability of the deployment process of the solar wing and effectively reduce the impact
at the moment of deployment and locking. Compared with the traditional viscous damper,
it has more significant advantages.
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6. Conclusions

This study uses the traditional hinge deployment mode to study the problems of large
space solar arrays, such as significant locking impact and unstable movement process. A
deployment system of a large-scale spatial solar array that comprehensively uses an active
speed-limit driving mechanism and passive spring deployment mechanism is proposed.
The main conclusions are as follows:

(1) A detailed design of the active speed-limit driving mechanism is performed. The
drive mode of brushless DC motor + spur gear reduction + torque limiter + planetary
reduction + harmonic reduction is adopted to solve the impact of the locking impact
of the large solar array on the satellite or the SADA or driving mechanism;

(2) An adaptive torque limiter suitable for the active speed-limit driving mechanism is
designed to solve the possibility that excessive load will damage the active speed-
limit driving mechanism during solar array deployment. The spur gear reducer and
steel-ball torque limiter in the transmission mechanism are integrated to reduce the
volume of the mechanism and simplify the design;

(3) The Kane method and ADAMS are used to model and simulate the deployment
dynamics of a large-scale spatial solar array based on the active speed-limit driving
mechanism. The motion and control law of the deployment mechanism of the solar
array are obtained. The driving torque, driving mode, driving speed and other
dynamic characteristic parameters of the active speed-limit driving mechanism are
determined, which can be used to guide the engineering design of the active speed-
limit driving mechanism;

(4) Compared with a viscous damper, the active speed-limit driving mechanism can
reduce the deployment time by 26%; the locking angular speed is reduced by 68%;
the maximum impact bending moment to SADA is reduced by 41%. The active
speed-limit driving mechanism designed in this study can significantly reduce the
deployment impact load and increase the deployment reliability.
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