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Abstract: An approach of designing of combined energy-economic control of a freeflying
robotic module, used e.g. as a transport unit at its flight near by a manned orbital station is
considered. The fuel consumption economy for the control of the configuration is
achieved by stabilising the module's main body angular position with the help of a motion
"exchange" between the module's main body's and the manipulator's links activated by
their arm actuators. The control algorithms are suggested and the dynamics of the opera-
tion of all interacting subsystems module's for the combined control are investigated. A
mathematical simulation was carried out taking into account the nonlinear properties of
Lagrange module's equations and the nonlinear characteristics of the control subsystem's

elements. Copyright © 2002 IFAC
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1. INTRODUCTION.

The free-flying space robotic module (SRM) (Putz,
1999), (Kirchhoff, et al., 2000) is a relatively new type
of small spacecrafts moving in the manned orbital
space station (SS) neighbourhood and intending for
different purposes of its servicing. This spacecraft
consists of rigid platform (main body) to which one or
more multilink manipulators are attached via hinges.
The manipulators are intended for grasping payloads
which may be either rigid or flexible bodies. In par-
ticular the SRM are to have the possibilities to execute
the following operations: -Launching and servicing
small space vehicles from the SS; -servicing experi-
ments which are performed outside the SS; -its in-
spection and repair operations of the station's outside
elements, -retrieving of payloads including cosmo-
nauts separated from the station in the case of emer-
gency; -remotely controlled space structures assembly
in the SS' neighbourhood etc. As an example in Fig.1

a typical SRM configuration is shown in the mode of
payload transportation. Taking into account the
above mentioned vari-
ety of SRM’s opera-
tions representing a
rather complicated
object from control
point of view is pre-
sented in the follow-
ing. For the most
modes of SRM’s op-
erations it must be
considered as a com-
plex mechanical
structure (multilink
manipulators on a moving base) influenced by many
nonlinear control and disturbance actions. In such
case the SRM is characterized by an essential
variation of its mass-inertia characteristics. It
comprises not only by the different masses and

Fig. 1. The SRM configuration.



dimensions of payloads but also by the position of the
manipulators’ links and payload with respect to the
main body. One of the SRM’s peculiarities is the
mobility of its main body during manipulators
operation. Other SRM’s peculiarities are the multiple
recurrent dynamic operations (different manoeuvres
near by SS, docking with SS, zero-length launches and
so on), the inconsistency of the requirements to their
execution, and the necessity of the realization of the
transient processes’ monotony near by SS. All these
peculiarities lead to the statement of the new tasks in
control of spacecrafts. Among others, key tasks are the
technical controllability, the optimal configuration of
SRM during its flight with and without different pay-
loads, the different types of payloads’ grasping, the
concept of SRM’s safety manoeuvring near by SS, the
anti-resonance control of SRM for transportation of
highly flexible payloads and the task of energy-
economic control design, which is very important.

In this paper the new approach to the energy-
economic attitude control design during the motion of
the SRM into the safety corridors (Kirchhoff, et al.,
2000) using the manipulators' links mobility for atti-
tude control is considered in the class of combined
control (Razygraev, 1977).

2. MATHEMATICAL MODEL OF SRM AS
ELECTROMECHANICAL SYSTEM

The task of energy-economic attitude control is con-
sidered for the example of flat motion of the SRM
with a single manipulator. For this case the SRM’s
mathematical model represented in the Lagrange form
(Rutkovsky, et al., 1999), (Rutkovsky and Sukhanov,
2000) is the following

@i+ +8g =F,0 = 3 [g D (@dle. D
where
q :(% =X0, 4 =X ¢ =0,q, =04, G5 =0, g :%) is
generalized coordinates vector. The first components
41.95,95 o ¢° = (X,,Y,,9) we shall consider as
independent generalized coordinates, which define the
main body position in the inertial coordinate system.
The components gq,, gz, g5, OF ¢” =(0{1, az,a3)T de-
fine the position of manipulator’s links; A(g) is
symmetric matrix of inertia coefficients; H, B - are
constant (n x n) matrices, which are introduced when

we take into consideration the dissipative and elastic
properties of the module; £ (¢) is column vector of

control forces; Z[qf D, (q)c']]ek = -(QkCW +07 +Q,j"’")

is matrix of Coriolis and centrifugal forces; ¢, — is n-
dimensional unit vector with the £ -th nonzero row.
Assuming payload as a rigid body and representing it
by a point mass a conventional simplified model
can be obtained from the equation (1) in the form

e () 1 (V5 )91, (X, () =FHF,
VX " (Y, o) (X a1 () =F
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where: F¢ F/ M - are external disturbances; coef-
ficients a, are obtained in (Rutkovsky and
Sukhanov, 2000).

Usually in robotics DC-motors with separate excita-
tion and with worm train are used as the arm actua-
tors. As the first approximation (without taking into
account of motor's response time, backlashes, forces
of dry friction etc) they can be described for the any
i-th joint (further the index i will be omitted) by the
following equations:

LIL0 = 1000, LAO=MONM0. )
(0) =6, =80, M, =M, 0, MO =i M, 0,

where: M (¢) is the DC motor's torque, ', is the
DC-motor's output, u(¢) - is the DC-motor's input,
w, (t)=a, - is the rate of DC-motor's shaft,
M, (¢) - is the moment of loading which is defined

by the time lag of all subsequent after the i-th ma-
nipulator's links and joints and payload, i, is the

gear ratio of the gearbox. w=d, a, M,(¢) are

the outputs of the arm actuator, A7, (¢) is the re-

duced to the shaft moment of loading; other coeffi-
cients are defined in (Yurevich, et al., 1984).

The equation (2) of mechanical part of the SRM
together with the equation for the drives (3) repre-
sent the mathematical model of the SRM as electro-
mechanical system which is necessary for the syn-
thesis of energy-economic algorithms for the SRM’
attitude control. It is necessary to note that the arm
actuators must possess by the irreversible property,

hence at Af, =0,i=12 , we have @, =0, a, =const

and the coincident equations of the system (2) are
vanished. The model (3) of the idealized arm actua-
tor enables to understand very important peculiarity
of the SRM’s mathematical model. At the moment
M,,() =0 the i-th joint becomes “necrosis”. As the

effect of the necroses we have the temporary loss in
the system (2) of “equation for o, ”. Mathematically

these modification are expressed in decreasing (or
increasing) of the system’s (2) order on 2xr units,
where r is the number of simultaneously operating
(or taking off) restrictions A7, =0.



3. SOME QUESTIONS OF BASE CONTROL
SYSTEM OPERATION DURING THE SRM’s
FLIGHTS NEAR BY SS

Let us remind of some pre-conditions assumed for the
design of the base control system. As the measured
coordinates the following ones are used: in the sub-
system control for translational motion — the parame-
ters of the SRM relative motion (range, closing rate,
lateral velocity) in the quasi inertia coordinate system
fixed with SS’ radar range which forms the current
corridor of SRM’s flight (this information can be
achieved with the help of the usual radio systems
which are used at constant-bearing guidance in the
regimes of closing and mooring (Razigraev, 1977));
for the subsystem orientation — the signals of attitude
sensors and angular-rate sensors in the same coordi-
nate system. These sensors have linear outputs with
saturations. It is assumed that the actuators for both
subsystems are electric-jet engines or gas-jet engines,
which can realize small accelerations. Furthermore
Descartes' scheme of engines nozzles’ disposition,
which does not require reversal, turns at the regimes
of acceleration and deceleration is used.

The motion control of the manipulator’s links is real-
ized by typical robotic drives which are chosen ac-
cording to the requirements of mounting-assembling
operations in open space (Putz, 1999).

At the synthesis of the base control algorithms of
SRM’s translational-motion near by the SS the method
of constant-bearing guidance is used (Razigraev,
1977). In this case we may synthesize the base algo-
rithms without taking into account the laws of orbital
motion.

When the SRM enters into the action zone of the
search and tracking radio (or other type) system be-
longing to the considered safety corridor (Kirchhoff,
et al., 2000) mutual capture is realized. After that the
SRM’s longitudinal axis is oriented along the line of
sight of the radar range which is situated on the SS in
the end of the safety corridor. After that the engines
(their thrust is F,) of the closing control subsystem
accelerate the SRM to the minimal necessary velocity
V,, which is defined by the limitation on the disposed

deceleration impulse at the interval of the intersection
of the considered corridor and the next one. After the
acceleration the engine is switched off (¥, =0) and
the rest part of motion (before the beginning of the

deceleration) the SRM flies at the expense of inertia.
On this segment of SRM’s motion the base control

system must remove the lateral velocity Yo and the
lateral displacement Y, of the SRM from the line of

sight and must stabilize the angular position of the
SRM’s main body. In particular the coincidence of the
SRM’s longitudinal axis with the line of sight at the

disturbing moment A (t) must be fulfilled. The

required economic fuel's consumption for the control
with the help of gas-jet engines is realized by forming

of one-sided stable limit cycle. In this case the con-
trol is optimal from the point of view of the fuel’s

consumption because the relation JJ‘Ms‘dt :ﬂMg‘dt
0 0

is fulfilled (Razigraev, 1977).

Now it is worth while to set up the task about the
additional economic fuel's consumption for the atti-
tude control in reference to the aforementioned
situation. This we solve by using the mobility of
manipulator’s links for SRM’s attitude control.

4. ALGORITHMS OF COMBINED ATTITUDE
CONTROL WITH USING MANIPULATOR’S
MOBILITY

The attitude control of SRM using manipulator’s
mobility will be referred to as combined control
using two types of control devices (gas-jet engines
and manipulator’s arm actuators) for the solving of
the single task of SRM’s orientation. To some ex-
tend this method is similar to the control of space-
craft’s by hand-wheels and the gas-jet engines, and it
was shown (Razigraev, 1977) that the method guar-
antees fuel consumption-optimal control. During the
flights into the safety corridors SRM moves on
runout (F. =0) and the main task of control is the

angular stabilization of SRM’s main body that is
required for the relative motion parameters measur-
ing and the effective work of lateral motion’s control
subsystem (F, #0). Usually during the SRM’s

flight with and without payload from one point in
the space to another, the manipulator’s links are
motionless and they are situated in the optimal posi-
tion at which SRM's center of mass coincides with
the center of translational forces’ applying. Gas-jet
engines and base algorithms realize the orientation.
Giving up the manipulator’s links immobility en-
ables us to consider the task of the fuel consumption
economy for the attitude control at the expense of
purposeful moving of the manipulator’s links. The
idea of such control is the following. The required
SRM’s angular stabilization is realized by the
“exchange” of the motions between the SRM’s main
body and the manipulator’s links which are activated
by arm actuators (electrical drives). Consumed for
this type of control energy is electrical one and it can
be recovered further at the expense of the SRM’s
accumulator additional charging on the SS’ board.
By virtue of the displacement restrictions of the
manipulator’s links the event of the “saturation” (the
links turn on their maximum angular displacements)
can occur and the considered type of control be-
comes impossible. For recovering the control work-
ability the “discharging” regime is required. During
this regime gas-jet engines realize the SRM's orien-
tation and the manipulator’s links reset at their initial
positions by arm actuators.

4.1  Algorithm’s synthesis of the combine control.
At the forming of the combined control algorithms it



is necessary to take into account the following peculi-
arities: 1) the domains of admissible turning of the
manipulator links angles and angular velocities are
restricted (|ai(t)| <A, ‘ai(t)‘gaimax); 2) the co-
ordinates’ displacements of manipulator’s links from
their optimal values lead to the removal of the SRM’s
mass center with respect to the center of applying the
lateral force F, , therefore the disturbance moment can
occur in the orientation system; 3) gas-jet engines
have relay characteristics, arm actuators’ moments are
restricted; 4) the conditions of technical controllabil-
ity (Kirchhoff, et al., 2000) must be fulfilled.

Let us denote the base algorithms of the SRM’s ori-
entation control by gas-jet engines and control of the

manipulator’s  position as :fa(ﬁ,&t) and
u,; = f; (@, 1) respectively and the algorithm of the

SRM’s orientation control by using mobility of ma-
nipulator’s links as wu, , = f; (19,19,0[,t). At the syn-
thesis  of  consumption-economical  algorithm
Us :fﬁ’a(ﬁ,&a].,t) the simplified model (2) is used.
On the inputs of the three last equations of the system
(2) the control moments (0,4, ,,M,,,) is applied in-

stead of base control moments M, (u,,) and

,al?

M, ,(u,,). The disturbance A{ assumed to be as-

signed (usually M =const). In this paper we further

suppose that only one control moment Af, , is used,

a 1
created by arm actuator of manipulator’s shoulder.
The system (2) can be represented in the form

A(q)§ = F,+F, )

where ¢ =@,0,,X,, %), F,=(0,M,

all

0,F)" is the
vector of control actions, F;’ =(Mj,0,0,0)" is the vec-
tor of a disturbances, A(g)=[a, (D, a;,a,,A)] - is the
quadratic (4x4) symmetric matrix, the part of its coef-
ficients depend on the coordinates 19,0(1,02 and
SRM’s and payload’s parameters A. As a ,=const it
is considered as the parameter, so it is included into

the range of A and the index 1 at 4, will be omitted.

In the regime of angular stabilization we have 9 =0.
So we shall consider that the elements of the matrix
A(g) depend on only the coordinate @ . Matrix equa-

tion (4) can be solved with respect to the higher de-
rivatives: § =[a,(0]7(F, + F"). Let us select the

solution for J(¢) and write it in the following form
§=(detla, (M) (kyyoMyq +h, M5 +hp F), ()
where

Kyia :aﬁa(a)Z(OYO _axoxoax%)"'axoa(aﬁxoam@ - is
_aeyoaxoyo) +aYOa(a,9YOaX0XO _aexoaxoyo)

the coefficient of control moment’s A/, efficiency

on the controlled coordinate 3;

— _ 2 _
kMg Ay (aXOXOa}gYO aXOYO) tayq (aoryoaxoy0
_aaxoayoyo) tay, (aXOaaXOYO _ayoxoayoa)
is the coefficient of the influence of the external
disturbance Mg on the coordinate J;

T L s M R A e P
+ay o (ayy A, x, = x,ay,) is the coefficient of
the influence of the control force Fy .

Let us rewrite the equation (5) in the form

§= ko (@AM, () + ME(@ A1), (6)

where k,, . (@,A) = (det[ay(ﬂ)_lkMa(a,)\) - is the

reduced coefficient of the control moment Mg,

effectiveness, which is suit for the condition (it is
easy to abtain using the results from (Rutkovsky and

Sukhanov,2000)) k@A) @ @O0);
M :I;Mg(a,)\)Mg +hk, (@ A)F, is the resulting re-
duced moment of the disturbances;

k. (@,2) = (detfa, (O) "k, , (@,A),

kp,(a,A) = (det[a; Q1) k., (a,A)-
The moment M,, can be chosen as linear function

of the SRM's angular displacement and its deriva-
tive, which are measured. So

M, = _l;okA (k,979 +3) )
where k, = (k,k,)™" is the static coefficient of arm

actuator; 1;0 is the control algorithm u,, parameter.
It can be adjustable if it is necessary.

If the control (7) is realizable the task of the synthe-
sis of the control algorithm's linear part will amount
to the fulfillment of the stability conditions and high
indexes of quality of transient processes in the sys-
tem described by the equation (6). But the coeffi-
cients of this equation depend on the coordinate O
and they are not constant. Taking into account (7) let
us rewrite the equation (6) in the following form:

B4k Uk oGNP+ e @AY=DE@AD (®)
Considering the parameters A to be known and a(¢)

measured it is advisable to have the coefficient l;o(t)
as adjustable one in according to the law
ky(O)k,,, (@, A)) =K = const 9)

In this case the coefficients of the equation (8) are
constant and positive and this guarantees the sys-
tem’s stability. The desired SRM's dynamic is real-
ized using well-known methods. In particular the
realization of the required static accuracy

[9(t)| < 8,,;, I the system (8), (9) is satisfied by the
fulfillment of the condition k, >(K9,) |M@ A,



The optimal relation between the index of the speed of
acting and the index of oscillation is guaranteed by
choosing of the relative damping coefficient in the

equation (8) & =0.7. Hence we have k, :1_4\/5.
Now it is necessary to find u, () = f;, 3,9,a,1) in
order to M, (us,(f)) suit for the equation (7). For

solving this task let us transform the equations (3) to
the following form

T M (1) + M, (1) = J,jig i)~ M, () (10)

b

Substituting in the equation (10) the expressions for
M, =M,, and taking into account as simplification

(Yurevich et al., 1984) the correlation M, =-J, &,

where J, =a,, is the reduced to the considered

manipulator's joint moment of inertia, we shall obtain
the control law

~ ¢ k, 1 kJ
=% Yk, 9 ML a1 (11
g (1) =i TksS +(1+k Jm)19+kmjm J'Bdt+ al (11)

n m

This control law guarantees in the admissible domain
of the @ variation o O[a’,a?] stable system's mo-

tion and required quality of control. The final correc-
tion of the control algorithm, taking into account the
nonlinear model (1) and typical nonlinear characteris-
tics of the control system's elements can be executed
with the help of a mathematical simulation.

The combined control system of SRM’s orientation is
used on each linear segment (corridor) of SRM’s
flight after the completion of the process of a reorien-
tation and acceleration to the velocity v, and it works
in this way. In general case remainder nonzero starting
conditions ,90,,9'0 and forced motion which is the
result of low disturbance moment are extinguished by
moment M, (u,,;) according to the suggested algo-

rithm. The angles of the manipulator’s links @, O,

will have the displacements. This process is completed
either by steady-state small oscillations in the domain

[9(r)] < 8,y, or reaching of the angles a;,a, their
restrictions. In the last case it is necessary to reset the
manipulator’s links in their optimal position (the re-

gime of discharge) in order to have the possibility to
use further suggested method of combined control.

4.2. Algorithm's synthesis of the discharge regime.

When the manipulator links angles reach their restric-
tions the regime of discharge is switched on. The arm

actuators applying the moments A, (u,,) must reset
the links at the their optimal position a,(¢) - a; for

the minimum short time. At the same time attitude
control using the moment M (u, ,) must retain the

SRM's main body in the required position and guar-

antees |19(t)| <9, . Here the task of the attitude

control is the task of multi-connected control by
nonlinear system with restrictions on the control
moments. For describing the discharge regime in our

case (O, = const) it is necessary in the equations
(4) to accept as the control vector the following one
F,=(My5,M,,0,F,)". The equation (6) will be
rewritten in the form

8=k, 0 My HM; (00, A1) +h, o (@ DM, ], (12)

where k,,,(a,A) is the effectiveness' coefficient of
the control moment M, (u,,) , Which is calculated by
the same method as the coefficient &, (a,A). The

last two terms are considered as the disturbances. At
the synthesis of control algorithms by coordinates &
and a; the contradictoriness of the requirements to
the work of each subsystem must be taken into ac-
count. For high speed of acting of control subsystem

by coordinate o the maximum admitted rate ',

(with taking into account the restriction on
M, (u,)) must be used. But here rather big distur-

bance k,,,(a,A)M, in the subsystem by coordi-
nate 2 at the restriction of A/, (u, ;) can lead to the

violation of the SRM's main body orientation accu-
racy. Hence the rate O, must be restricted by

corresponding value. Optimal value of the control-
lers' parameters which guarantee the desired dy-
namic of the discharge regimes can be chosen by
phase plane method on the base of the eq (12). De-
veloped in (Razygraev, 1977) base nonlinear algo-

rithm of SRM's orientation u, , = 7(9,8) formsin

the steady-state and without disturbances the auto-
oscillations which are represented on the phase plane
by one-sided stable limit cycle . In the regime of
manipulator's discharge as the result of the distur-

bance M, =k, (@,A)M,and other disturbances

limit cycle I, is vanished. But the phase trajectories
must not get out from the domain of admissible dis-

placements of 9 and & (|§=9, 1?219[4”0“. This
domain is depicted in Fig. 2 by dotted lines. Choos-

ing of the base
algorithm's pa- ‘3

llow

rameters can fulfill .

the aforementioned {77777 NoTTTTT I
requirement. After | s sl @
accomplishment of |« _Smoy 4L
the discharge re- | N_ et 1: >3
gime the control i N
moment \ . L

M&a (uﬁ,a) iS ap_
plied again.

Fig. 2. Limit cycles for the “discharge™ regime
of the manipulator



5. DIGITAL SIMULATION

The validity of the suggested SRM's combined control
and algorithms for the orientation in reference to the
nonlinear model (1) was confirmed by a digital simu-
lation for a test object in the regime of its flight into
the corridor. Mass-inertia characteristics and geomet-
ric dimensions of the manipulator were chosen in
accordance to the conditions of optimal configura-
tion's attainability in the mechanical system: main
body-manipulator-payload. They are obtained in
(Rutkovsky et al., 1999) for the mass and inertia mo-
ment of main body (m, = 300kg, I, =120kgm , );

m, =80kg ,m, =18kg, m, =12kg m; = 410kg,
n, =0.8m, r, =0.7m . The control system coeffi-

cient's values were obtained as the result of the syn-
thesis of the combined control taking into account the
conditions of stability and the requirements on the
control accuracy. They are the following: My=2.0Nm,
My=1.0Nm , k& =10vs/rad ,» €5=0.02rad, y3=0.001rad ;

F.=0, F,=2.0N, M;’ =0.02Nm, &=0.1m, yy=0.01m,
k;, =1.0vs/m, where kg, k; - response times in the

base algorithms, &, &y, ¥s , y, - values of dead zones
and hysteresis of the base algorithms nonlinear part.
As the starting conditions the next ones were ac-
cepted: $,=0.05, §, =0,Y; =0.0Lm/s; a,*=-0.7rad ,
a,(0)=a,*=043rad . Typical nonlinear characteristics
of the attitude sensors, the rate sensors and other con-
trol system elements (dead zones, saturations) were
taken into consideration. Transient processes for the
following control law

kS ks 1 kJ,
() =i, Ty +(L 4 =)0+~ [9di+ 2k ]

0% m

m m

are shown in Fig 3.
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Fig 3 The control forces and dynamic processes

Here we can see that the control by the moment
M, (uy,)at a(f)<a' is possible to avoid the

operation of gas-jet engines of the orientation system
and to realize some economy of the fuel's consump-
tion. The regime of the manipulator's discharge that

occurs at ¢t =505 (a(¢)=a') lasted 9s. During

these 9s three impulses of the control moment
Mg (u, ) created by gas-jet engines were needed

for the SRM's orientation. After the accomplishment
of the discharge's regime at =58s (o =a*) the
orientation system goes on the functioning in the
regime of control by the moment M, (uy,)-

6. CONCLUSION

The developed combined control by SRM using the
mobility of the manipulator's links permits to de-
crease to some extend the fuel's consumption for
control in the regime of flying into the safety corri-
dors. This type of control is especially important for
such small spacecrafts as SRM because it is very
difficult to place the heavy and rather unwieldy
electromechanical control devices (flywheels, gyro-
stabilizer etc.) in the spacecrafts at small dimen-
sions. The suggested approach to the algorithms
synthesis of combined control multi-connected proc-
esses can be useful for solving other task, which
occur for the other regimes of SRM's operation.
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