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This paper considers the methodology for calculating the de-weighting system of spacecraft elements for
ground tests, taking into account the deployment options, de-weighting conditions, types and options of de-
weighting systems. An example of calculation for a 3-section solar battery without a beam with incomplete de-
weighting and with minimization of moments in the hinges is given. Genetic algorithms are used as an algorithm
for determining the parameters of the de-weighting system, which allows obtaining the minimum moments in the
hinges. The moments and forces acting in the system were checked by plotting diagrams in the expanded state. In
addition, a check for compliance with the specified distance, based on design constraints, between the points of
application of the weighting forces was made.


mailto:asb22@tpu.ru
mailto:asb22@tpu.ru

Keywords: de-weighting, spacecraft, testing in ground conditions, automatic control systems, parametric un-
certainty.

Introduction. The current state of space technologies involves the deployment of a large number of pro-
pulsion, energy and information systems in the near and far space. The technical requirements for these sys-
tems, along with high reliability, safety and efficiency, contain strict weight and size indicators. Delivery
vehicles impose restrictions on the mass and size characteristics of spacecraft, which, in turn, makes folding-
type structures application. For guaranteed successful deployment of spacecraft, it is extremely necessary to
conduct ground tests of all systems. One of the key aspects of spacecraft testing is the calculation of mechan-
ical strength for zero-gravity conditions, what significantly complicates the conduction of full-scale testing
of equipment in the presence of gravity. The main method for solving these problems is the development of
special de-weighting systems, which, taking into consideration the requirements to the deployment process
and the design features, makes it possible to conduct tests in ground conditions in all possible modes of de-
ployment and functioning.

There are 3 types of de-weighting systems: passive, passive-active and active. In turn, all the presented
systems can be of support or cable type. Passive weight control systems basically use a counterweight to
compensate the weight of the de-weighting element (DE). Systems of this type are simple in construction and
are not expensive, however, the inability to change the deflection forces during the deployment process is a
significant disadvantage, since the emergence of dynamic moments of resistance because of deflection errors
cannot be compensated. Another disadvantage of this type of de-weighting systems is the large weight and
size characteristics. Application of a controlled electric or hydraulic drive as a device which creates the de-
weighting force makes it possible to change the de-weighting force during the deployment process, as well as
reduce the weight and size characteristics of the system. Such systems are called passive-active [4,5]. How-
ever, the movement of the de-weighting system itself, as in the case with passive systems, is carried out due
to the movement of the DE, which leads to the emergence of friction moments in the hinges, the "effect of
attached masses"”, as well as inaccuracies in the calculations of the energetics of the deployment system of
spacecraft elements. These disadvantages are absolutely eliminated in active de-weighting systems, the
movement of which is carried out due to the installed electric motors [6,7,8]. It should be noted that because
of the complexity of control algorithms for this type of systems, the correct configuration of control loops in
some cases is difficult, and also results in a significant increase in the cost of this technical solution. Thus,
the problem of unambiguous choosing the type of de-weighting system, taking into consideration the specific
technical task, remains unsolved.

Description of the proposed methodology. In this paper, the methodology for calculating the de-
weighting system for ground tests of spacecraft, including 10 steps, presented below, is proposed.

Step 1. The variety of large-sized transformable structures (LTS) makes the developers to consider the
task of designing a de-weighting system, taking into consideration the peculiarities of each individual object.
However, to systematize the calculations, it is possible to classify the LTS using method of unfolding (fold-
ing), which is based on the trajectories of motion of the associated masses (volumetric, radial, linear, com-
bined, etc.). Differences in the trajectories of deployment and in the mechanics of the systems cause an im-
pact on the process of calculating the de-weighting system. That is why, at the first stage, it is necessary to
choose the type of the item to be de-weighted, which, in most cases, is determined rightly in the task set be-
fore the performers.



Step 2. After completion of the first step, it is necessary to determine the limitations and tolerances for
de-weighting. The characteristics which affect the quality of de-weighting include moments in the hinges,
centrifugal moments, dynamic and static moments of inertia. Thus, at this stage, the choice of the necessary
de-weighting condition is performed on the assumption of the technological requirements for DE. Further,
we will consider in detail the possible variants of de-weighting according to the requirements.

The most common variant is complete de-weighting, in which there is a full compensation of the weight
of the DE and limiting the moments to the maximum allowed values, based on preliminary design calcula-
tions according to the conditions of mechanical strengths, permissible deformations, etc. The realization of
this condition is possible with full compensation of the DE weight by their centers of mass, or application of
several de-weighting devices for one DE. However, in such cases, because of the deflection error, additional
moments of friction of the hinges are created. For such conditions, all types of de-weighting systems can be
used.

The second variant is to compensate moments or forces at arbitrary points, for example, in the centers of
mass of the DE or at the hinges. This task is actual in most cases, as the deployment of spacecraft elements
during ground experiments friction moments in the hinges, which interfere with the deployment process and
reduce the energy of the deployment system, cause the biggest problem. In addition, in the process of open-
ing, deviations from the normal mode arise, in terms of acceleration, unevenness, the influence of the de-
weighting system, air resistance, etc. For such kinds of restrictions, it is possible to use exclusively active de-
weighting systems, as other types of systems will create moments of friction in the hinges, caused by the "ef-
fect of added masses".

The third variant is compensation of the centrifugal, dynamic and static moments of inertia which appear
during the deployment process. This option is not so widespread, however, when using support systems for
weighting, these moments lead to "breaking" of the hinges, what leads to a malfunction of the system and its
failure. This variant is not so widely used, however, when using support de-weighing systems, these mo-
ments lead to "breaking" of the hinges, what results in a disturbance of the system functioning and its failure.

The basic conditions for de-weighting having been chosen, it is necessary to determine the number of de-
vices or elements, which the system is composed from.

Step 3. From the point of view of DE strength calculations, there are maximum allowable forces which
DE can withstand at critical and (or) arbitrary specified points, including the hinges. Thus, a necessary condi-
tion for the system functioning is that the moment at any point of the structure must be less than the maxi-
mum allowable. Based on this fact, it is necessary to determine the minimum required number of elements of
the de-weighting system. For this, the principle of decomposition is applied - DE must be considered as a
system consisting of separate sections, which are affected by a distributed load equal to the weight of the DE,
limited by the points of interaction with the elements of the de-weighting system. After that, it is necessary to
determine the point at which the maximum moment acting on the section is concentrated, and to determine
the dependence between the length of the section and the moment at this point. Having this dependence and
the maximum permissible moment obtained from strength calculations, it is possible to determine the maxi-
mum length of one section and, as a consequence, the minimum required number of elements of the de-
weighting system.



Step 4. After determining the minimum number of elements of the de-weighting system, it is necessary to
calculate diagram and moments acting in the system. For this, at first, it is necessary to determine the rela-
tionship between the parameters of the de-weighting system and the parameters of the DE. As the parameters

of the de-weighting system the position of the fixing point of the element ( X; ) of the de-weighting system to

the i of DE, and the force of weight compensation P, i =1,N, where N is the amount of DE is used. The

weight F and length of the element L; are used as the DE parameters at this stage.

It should be noted that the maximum allowable efforts can have different values at different points and,
accordingly, the load diagram can have a complex form, and the calculations of the point (points) of the
maximum allowable moment will not be single.

Another feature is the possible non-uniform movement along the length the mechanical strength of the
structure, which can be taken into consideration with the help of diagram of the permissible moment variable
along the length.

At this stage, the selected type of element to be de-weighted should be taken into consideration, in partic-
ular, an object with a linear trajectory can be presented as a rigidly fixed beam due to its rectilinear shape in
the unfolded state, as well as the presence of hinges with increased rigidity to exclude potential backlash and
levelling elastic oscillations along the vertical axis of motion. In the case of a radial opening, the structure
will be divided into parts by hinges due to the sequential character of the opening.

As in most cases the number of equations obtained as a result of calculating the diagrams will be greater
than the number of unknowns, this task can be solved as an optimization one, and the conditions obtained in
paragraph 2 can be used as a functional for minimization, i.e.:

- minimization of moments at points;

- minimization of forces;

- minimization of centrifugal and dynamic moments of inertia.

Step 5. During the operation of the de-weighting system, various construction restrictions may arise, the
most common is the impossibility of connecting an element of the de-weighting system directly to the center
of mass of the item to be de-weighted. In addition, there are possible variants when the trajectories of move-
ment of the de-weighted elements intersect in time, what will lead to collisions and inoperability of the de-
weighting system. At present, such problems are solved by means of multilevel trajectories or application of
various bypass devices, what excludes collisions, in principle, and at the same time significantly complicates
the construction of the system, however, for a number of problems, such solutions cannot be used.

Taking into consideration all said above, at this stage it is necessary to determine the main restrictions
imposed on the parameters and construction of the de-weighting system.

Step 6. After taking into consideration the restrictions and solving the task of minimizing the main de-
weighting condition, selected in point 2, we obtain the parameters of the de-weighting system.

Step 7. Having determined the parameters of the de-weighting system, it is necessary to check the ob-
tained results taking into consideration the selected de-weighting condition, for example, for the maximum
admissible, from the point of view of the energy of the deployment system, moment in the hinge, and check-
ing the system deployment taking into consideration construction limitations based on the of kinematic equa-
tions of the system functioning application. For this, it is necessary to solve the direct task of kinematics and
make sure that the de-weighting systems do not intersect along the constructed trajectories of movement.



If one of the conditions is not realized, it is necessary to return to step 3 and increase the number of ele-
ments by 1 and repeat steps 4-7. If all the conditions have been performed, then one can proceed to the
choice of the type of de-weighting system.

Step 8. The next step is to determine the type and performance of the de-weighting system, taking into
consideration the conditions described in the paragraphs above. As active de-weighting systems, rope sys-
tems based on the use of carriages moving along fixed rails, on which electric drives are installed, creating a
compensation force, and moving carriages, have received the greatest application. Such systems are used
both for de-weighting of spacecraft elements [8] and for compensation of the weight of sick patients in medi-
cine [9]. However, because of the fact that in the folded state the elements of the spacecraft are located close-
ly to its body, the necessity to use complex design contours arises. This problem can be solved by a system,
consisting of inclined ropes, which is used in medicine [10]. The system can consist of 4, 8 or more cables
and, by changing the tension force and their length, move the de-weighted structure [11]. In addition, it is
possible to use a carriage with inclined rope systems installed on it, what will increase the speed of working
out the deflection system when de-weighting. Variants of rope de-weighting systems are shown in Fig. 1.
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Fig. 1. Variants of rope weightlessness imitation systems

Another solution is to use support systems for de-weighting [12], for this robotic platforms with a support
installed on them and a system which allows to determine and track changes in the position of the de-
weighting element, taking into consideration the requirements for the formation of the moment (force) of
weight compensation in point of application can be used.

Step 9. The penultimate stage is the synthesis of the automatic control system. Considering the process of
operation of both rope and support systems of de-weighting, because of the movement of the DE along the
axis of the opening, an error of deviation occurs between its position and the element of the de-weighting
system. When moving along several axes, an error occurs in the form of a directed vector, which must be
compensated.

Step 10. The final stage is checking the operation of the whole system, taking into consideration the dy-
namics of the deployment, which can be sequential, simultaneous and combined. The opening dynamics in-
fluences the distribution of forces and moments, therefore, it is necessary to take into account the opening
variant when calculating the de-weighting system. The most often used options are sequential and simulta-
neous deployment, which introduce insignificant influence into the calculation of the de-weighting system.
However, the occurrence of non-standard situations leads to significant changes in the dynamics of deploy-
ment and, as a consequence, to the moments and forces acting in the system in the process of deployment.
From all of the above, it is necessary to carry out a dynamic check of the operability of the de-weighting sys-



tem, that is, working out the basic de-weighting conditions, with different deployment variants, both standard
and non-standard.

At this stage, it is possible to determine the moments of inertia of the elements of the mechanical system,
including variables. It should be noted, that the peculiarity of this stage is the definition of intervals of
changes of mechanical parameters (for dynamics and statics). In the process of deploying solar panels of a
spacecraft, the ratios of the positions of the de-weighted elements change, which leads to a complication of
the panel kinematics, which, in turn, introduces additional structural uncertainty determined by a change in
the order of the system of differential equations. In the process of opening the solar panel of a spacecraft, at
the beginning of the movement of each of the elements, their influence on the dynamics of each other chang-
es, which, accordingly, complicates the parametric uncertainty, which, in this case, will be described not by
interval, but by affine, multilinear or polynomial types of parametric uncertainty [13; 14]. The complication
of the type of parametric uncertainty significantly complicates the procedure for synthesizing the control sys-
tem. A diagram of the calculation methodology is shown in Fig. 2.
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Fig. 2. Calculation method workflow

An example of calculating a solar battery de-weighting system.

Step 1. As an object for demonstration the operation of method of calculation, we use a linearly deploy-
ing solar battery, without a beam, consisting of 3 panels. In this calculation, the beam of the solar battery can
be neglected because of its insignificant mass in relation to the weight of the solar panel. We take the mass of
the panels equal to 40 kg, the length of each panel is 4 meters. We take the following statement as a limita-
tion: in the folded state, the distance between the points of the application of de-weighting forces must be at
least 0.6 m.



Step 2. As a condition for de-weighting, we will choose partial de-weighting with minimization of mo-
ments in the hinges between the DE. On condition that the sum of the forces in the supports should be equal
to the sum of the weights of the elements being de-weighted, the parameters of the de-weighting system
should be selected based on the necessity to minimize the moments in the hinges.

Step 3. Suppose that the maximum moment which the panel can withstand is 0.24 kNm. Then, as dis-
cussed earlier, the de-weighted structure can be considered as a section bounded by 2 supports, which is act-
ed upon by a distributed load equal to the ratio of the panel's weight to its length, that is:

q :E:O,l kN/m
L

where F is the panel weight equal to 400 N, and L is the panel length equal to 4 m.
Let the section be bounded on the left side by a support A in which the reaction of force R, will act, and
on the right side - by a support B, in which the reaction of force Ry will act, and what is more, these forces

will be equal. Then when calculating the diagrams of this system, the maximum moment will be in the center
of the beam, to determine which it is necessary to calculate the reaction of the support at the point A orB:

q -
2 |
R, =Ry = =0—=
A=Rp | q2
Then the moment at any point of the beam can be determined as follows:
2
M(x)=—O| X +Rp X oy

2

Having calculated the moment in the middle of the beam (1), we obtain the following dependence
of the length of the section from the moment (2) with numerical solution for the given example:

(Y

8-M . )
| = qmax = /8 8’124 =4,38m

Consequently, since the total length of the de-weighted structure is 12 meters, then at least 4 supports are
required, one of which will be the spacecraft body. As a result, at this step, the minimum required number of
additional supports, equal to 3, was determined to de-weight the solar panel.

Step 4. Let's determine the relationships between the forces and moments acting in the system. We con-
sider a solar battery in its final, unfolded state. Since the hinges for solar panels are made with minimal back-
lash, it is possible to consider the construction as a single rigid structure, i.e. a rigidly fixed beam at point A.
Then the equations of the moment and the reaction force at point A, as well as the equations of moments in
the hinges, can be determined as follows:

I I I

Ra=-F-F,-F-F-PF,-FR, (4)
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where |; is the length of the i-th panel, ie[1;3], Fi is the weight of the i-th panel, P, is the weighting force

of the i-th element of the de-weighting system.
The number of unknown variables in (3-6) is 6. Let us denote the unknown variables as a vector

X = (X%, Xy, X5, P, P, Py ) . Since the condition of minimizing the moments in the hinges is chosen as the

main condition for de-weighting, and the moments can be both positive and negative, then the sum of the
moment modules in the hinges is chosen as the minimization function

")r(n(‘MA‘JF‘Ml‘JF‘MZD_)O

Step 5. As a restriction, we set the distance between the points of application of the de-weighting forces in
the folded state. This distance must be not less than 0.6 m. In addition, the selected minimal distance be-
tween the points must be kept during the deployment process.

Since each de-weighting device must create a force directed opposite to the weight of the de-weighted el-
ements, the values will be negative. In analogy, we introduce a restriction on the maximum module value of
the force provided by the element of the de-weighting system, for example, 1 kN. Then limitations of the
vector look like this:

|, — (%, —4)|>0,6
|, — (%3 —8)|>0,6

« _(xl e[0;4],x, €[4;8], %, €[8;12], j
(% —8) (%, —4)|> 0,6

R e[-L0],P, [-10], P, e[-10]

Step 6. Let's proceed directly to determining the optimal values of the vector. Genetic algorithms were
chosen as a method for searching the minimum value. A genetic algorithm is an optimization method based
on the principle of crossing biological genes, which allows to optimize multipara meter functionals. The al-
gorithm works as follows: for the genetic algorithm to work, it is necessary to set the structure of the indi-

vidual, as which the vector X =(X1, Xy, %3, B, P, P3)Was chosen. At the first stage, the algorithm creates

200 individuals (user-specified value), this value is called the population size, with random vector X values.
Using (3-6) for each individual, the moments at a point A, joints and the value of the minimization function
are determined. After that, all the obtained individuals are ranked according to the values of the target func-
tion, and this population becomes the parent population. After that, a new population is created, and 5% of
the new population will be the best individuals of the parental population without changes, 80% will be indi-
viduals obtained as part of crossing the best individuals of the parental population, and the remaining 15%
will be obtained as a part of the mutation of random individuals of the parental population. As a result, a new
population of 200 individuals is formed, for which the necessary calculation of the moments and the minimi-
zation function will also be performed, and the population will become the parental for the new selection.
Such repetitions happen until the stop criterion by the number of iterations is triggered (5000 iterations) or



until the value of the minimization function decreases significantly for 5 consecutive iterations. The imple-
mentation of the work of the genetic algorithm was carried out in the Matlab 2017 environment using the
Optimization Toolbox package. The result of the genetic algorithm is shown in Table 1, and the minimiza-
tion process in time is shown in Figure 3.

Table 1
Parameters of the de-weighting system obtained
with genetic algorithms application

X1 X2 X3 P1 P2 P3

1,075 6,064 10,741 -0,413 0,597 -0,292

Step 7. Let’s check the results obtained by plotting the forces and moments acting in the system with the
obtained parameters of the de-weighting system (Fig. 3).
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Fig. 3. Diagrams of forces and stresses with the obtained parameters of the weightlessness
imitation system

According to the diagrams, it can be seen that the moments in the hinges are equal to 0.4, 0.5 and 0.4 Nm,
accordingly; in addition, the maximum moment at the panel point is 0.216 kNm, which does not exceed the
previously set maximum permissible moment equal to 0.24 KNm.



As the check for the location of the elements of the de-weighting system in a static position was estab-
lished as a limitation, then checking this condition is redundant. Accordingly, we will check for the absence
of collisions of the elements of the de-weighting system during deployment. For this, as noted earlier, the
distance between the points of application of the force should not be less than 0.6 m.

Let's define the kinematics of the solar panel deployment. For this, we will use the method proposed in
[15-16]. Let's designate each solar panel element with an ordinal number, from left to right, as shown in Fig-
ure 4. Since each solar array hinge allows rotation only about the vertical Z axis in the global coordinate sys-
tem, each hinge can be represented as a rotary link, described by matrix WR3, and solar panels and a beam
are described by matrices WP2, depending on the length of these links [15-16]:

cos(er) —sin(a) 0 0 1 000

WR3(x) sin(a) cos(a) 0 O WP2(1) - 01 0 |
0 0 1 0 0 01 O

0 0 0 1] 000 1]

Each of the rotation angles will be determined relative to the previous structure, that is, the angle g rela-

tive to the ground structure, q, relative to the solar panel 2, and the angle g, relative to the panel 4.

1 2 3 4 5 6

L\:N

Z z
q:z E q:a k
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Fig. 4. Kinematic diagram of a solar panel

Using the methods described in [15-16], we obtain the finite matrices of each of the supports, denoted as
T;, then:

T, =WR3(¢,) -WP2(x,) )
T, =WR3(q;)) -WP2(L) -WR3(q,) -WP2(x,) (8)
T, =WR3(q,) -WP2(L) -WR3(q,) -WP2(L) -WR3(q;) -WP2(x;) (9)

Having substituted the rotation and transfer matrices into equations (7-9) we obtain the following equa-
tions:



X\ (% cos(qy)
K ( yJ ) [ X sin(ql)J (10)

(xj {Lcos(ql) + X, cos(¢y +q2)j

T, = . ) (11)
y Lsin(qy) + X, sin(q, +0,)

T [xj _ (Lcos(ql) +Lcos(q, +0,)+%; coS(q +0, + q3)j

3 y Lsin(qy) + Lsin(g, +0,) +X5sin(g; +0;, +0;) (12)

Equations (10-12) allow to obtain the coordinates of each of the points of application of the de-weighting
force during the deployment process. To determine the distance from one point to another in the process of
deployment (Fig. 6), let’s calculate the square root of the sum of the squares of the differences in the coordi-
nates of the points.
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Fig. 5. The distance between the points of application of forces during deployment

According to the graphs shown in Fig. 5, it is seen that the distance between any of two points of applica-
tion of the de-weighting forces is greater than the required one, what indicates that the parameters of the de-
weighting system have been chosen correctly. The last two points of the methodology will be considered in
future works.

Conclusion. Within the framework of this work, a method is proposed for the development of a system
for de-weighting large-sized transformable elements of spacecraft in ground conditions. This method consists
of ten steps, taking into account the type of element to be de-weighted, the requirements for de-weighting, as
well as the type of de-weighting system, for example, cable or support ones. The method allows calculating
the points of attachment of the elements of the weighting system, depending on the type of the element to be
de-weighted, taking into account design limitations. The paper considers an example based on a 3-section



solar battery without a beam, for which 8 stages were carried out from the calculation methodology and the
attachment points for elements being de-weighted were obtained, taking into account the distance limitations
of 0.6 meters. A check of the forces and moments acting in the system in the deployed position was carried
out, according to the results of which the admissibility of the calculated characteristics of the de-weighting
system was established. In addition, a test was carried out to maintain the required distance during the de-
ployment of the solar panels, which also turned out to be successful.
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