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Trajectory planning of 2 DOF planar space robot without attitude controller
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Abstract. Control of a space robot is difficult as its base is not fixed. Due to this any motion of joints
gives a reactive motion of the base. This changes the attitude and position of the base. Change of position
of the base of space robot is not a problem as minor movements are permissible but the change of attitude
seriously affects the orientation of antenna, solar panel. This work presents the tip trajectory path planning
of planar space robot without the use of attitude controller device so that base will not get disturbed due
to dynamic reaction forces and moments. Bond graph was adopted for modeling as it facilitates the system
modeling from the physical paradigm itself, and it is easy to develop various control strategies by modifying
the physical paradigm.
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1 Introduction

Development of Space robotics is like a general purpose machines that are capable of surviving (for
a time, at least) the rigors of the space environment, and performing exploration, assembly, construction,
maintenance, servicing or other tasks that may or may not have been fully understood at the time of the
design of the robot. Space robots are a blend between vehicle and a robot. It is mechanically more complex
than a satellite. They can be sent into situations that are so risky that humans would not be allowed to go.
Unlike ground-base robot manipulator, the space manipulator has no fixed base. The position and orientation
of space vehicle will be affected during the operation of space manipulator because of the dynamics coupling
between the manipulator and base of space robot. Due to a floating base, the movement of robot arm causes
attitude disturbance of the base, which also leads to end-effector trajectory errors. The vehicle is equipped with
external force actuators such as jet thrusters and internal force actuators such as reaction wheels to maneuver
the vehicle locally and also to control the attitude and center of mass.

Control of Space robot has been detailed by many authors. The attitude of a space robot is corrected
using internal actuators such as reaction wheels[4], control moment gyros[2, 13] or by external actuators such
as reaction jet pairs.

The concept of coordinated control was proposed by Oda and Okhami[11]. In this scheme, the deviation
of the base due to the manipulator reaction is corrected by the reaction wheels mounted on the space vehicle.
Taniwaki et al.[14] proposed a coordinated control scheme of a satellite-mounted manipulator with consider-
ation of payload flexibility. Longman et al.[7] assumed that the spacecraft is equipped with three orthogonal
reaction wheels as the spacecraft attitude controller. Yamada and Yoshikawa[15], considered the feedback con-
trol of attitude of a spacecraft having two reaction wheels. Approximate solution of attitude control problem
without use of reaction wheel is provided by a disturbance map[3, 6] which is based on the principle that there
are some combinations of the joint velocities, which leads to a zero angular velocity of the robot base. Yoshida
et al.[16] derived the conditions for manipulation with zero base disturbances and determined joint velocities
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from those conditions. Huang et al.[5] developed a space robot system consisting of two arms, with one arm
(mission arm) for accomplishing the capture mission, and the other one (balance arm) compensating for the
disturbance of the base. Marchesi et al.[8] focus on control strategy for a free-flying space manipulator. It
describes the methods used to solve the inverse kinematic problem of a non-redundant robotic arm mounted
on a free floating spacecraft, so that the end-effector follows its positioning path in the least possible distance,
with minimal disturbance of spacecraft attitude. Narikiyo[10] discusses the control problem of planar space
robot and proposed new feedback control scheme. The usefulness and validity of this control scheme can be
demonstrated by hardware experiments. Pathak et al.[12] have proposed a torque generation device for attitude
control of a free-flying space robot.

The attitude control with actuation device such as reaction wheel requires power sources. This paper
presents the path planning of robot tip so that the attitude of the vehicle is always restored with out the use
of attitude controller. Bond graphs[9] are used to model the dynamics of the space robot as it offers flexibility
in modeling and formulation of system equations. Systems from diverse branches of engineering science
can be modeled in a unified manner based on energy and information flow. The bond graph modeling, their
simulation, is performed using SYMBOLS SHAKTI[1] software.

2 Bond graph modelling of space robot and design of control algorithm

A similarity can be drawn between a space robot and a ground robot on flexible foundation. The ground
robot on flexible foundation is anchored on earth while space robot is floating. However there are some prin-
cipal differences such as.

(1) In case of space robot translation as well as rotational, DOF of the base are present whereas in a
ground robot on a flexible foundation only translational DOF is present.

(2) Nonlinearities are present due to coupled motion of the translation and rotational DOF.

(3) Additional constraints of linear and angular momentum conservation are present which leads to the
problem of nonholonomy in motion planning.

The modeling of the space robot can be carried out just like a ground robot with a difference that in case
of the space robot the base is not fixed. It involves the modeling for linear and rotational dynamics of the links
and the base of the space robot. In the space robot modeling the following assumptions are made:

(1) The spacecraft attitude control system is turned off when the space robot is operating in a free-floating
mode, and hence spacecraft can translate and rotate in response to the manipulator movement and interaction
if any, with the environment.

(2) Motion of each joint is restricted to rotate in one degree of freedom.

(3) External force and torques are not acting on the system, and thus momentum conservation and equi-
librium of forces strictly holds.

(4) It is also assumed that the system has a single manipulator with revolute joints and is in open kinematic
chain configuration.

Fig. 1 shows the schematic sketch of a two DOF planer space robot. In this figure, {A} represents the
absolute frame, {V} represents the vehicle frame, {0} frame is located at the base of the robot, and {1}, {2}
are the frames located at first and second joint, respectively. The frame {3} locates the tip of the robot. Lengths
of the links are assumed along the x axis of respective frames. The direct kinematic model gives the position
and orientation of end effector as a function of the joint variable and other joint-link constant parameters. Let
l1 be the length of the first link, l2 be the length of the second link, and r be the distance between the vehicle
center of mass (CM) and first joint. Let φ represents the rotation of base, and θ1, θ2 be the joint angles as
shown in Fig 1. Then the overall transformation matrix for the end-effector of the manipulator is given as
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Fig. 1. Schematic diagram of 2 DOF planar space robot

Toverall = T2(θ2)T1(θ1)T0(φ),
Toverall =

cos(φ+ θ1 + θ2) − sin(φ+ θ1 + θ2) 0 xcm + r cosφ+ l1 cos(φ+ θ1) + l2 cos(φ+ θ1 + θ2)
sin(φ+ θ1 + θ2) cos(φ+ θ1 + θ2) 0 ycm + r sinφ+ l1 cos(φ+ θ1) + l2 sin(φ+ θ1 + θ2)

0 0 1 0
0 0 0 1


(1)

From the expression of overall transformation matrix, the kinematic relations for the tip displacement Xtip,
Ytip in X and Y directions can be given as,

Xtip = xcm + r cosφ+ l1 cos(φ+ θ1) + l2 cos(φ+ θ1 + θ2) (2)

Ytip = ycm + r cosφ+ l1 sin(φ+ θ1) + l2 sin(φ+ θ1 + θ2) (3)

The tip angular displacement with respect to X axis is given as

θtip = φ+ θ1 + θ2 (4)

2.1 Bond graph modeling of space robot

For a two DOF planar space robot the displacement relation are shown by Eq. (2) and (3). By differen-
tiating the Eq. (2) and (3), we get the velocity relation. Therefore velocity of the tip of the robot is expressed
as,[

X̂tip

Ŷtip

]
=

[
X̂CM

ŶCM

]
+

[
−rφ̂ sinφ− l1(φ̂+ θ̂1) sin(φ+ θ1)− l2(φ̂+ θ̂1 + θ̂2) sin(φ+ θ1 + θ2)
rφ̂ cosφ+ l1(φ̂+ θ̂1) cos(φ+ θ1) + l2(φ̂+ θ̂1 + θ̂2) cos(φ+ θ1 + θ2)

]
(5)

The tip angular velocity with respect to X axis is given as

θ̂tip = φ̂+ θ̂1 + θ̂2 (6)

Using Eqs. (5) and (6) the bond graph model of planar space robot can be drawn. Fig. 2 shows the bond graph
model of the two degree of freedom planar space robot. In this bondgraph m1, m2, MV represents the mass
of first link with motor, second link with motor and vehicle. I1, I2, and Iv represents the rotational inertia
of first link with motor, second link with motor and vehicle. Rj represents the joint resistance. f1 and f2

represents the speed input of first and second motor. Using Eq. (5) different transformer moduli for the bond
graph modeling of the space robot can be derived and are shown in Fig. 2 Integrators are used to evaluate the
joint angles and tip location. Pads[9] are used in the model to avoid the differential causality.
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2.2 Controller design

For a space robot in the absence of external generalized forces, the linear and angular momentum of the
system is conserved. Moreover, if the initial linear and angular momentum of the system is assumed to be
zero, the linear momentum conservation of the system can be given as

n∑
i=0

mA
i ri = 0, (7)

and the angular momentum conservation constraint can be given as

n∑
i=0

(AIA
i ωi +mA

i ri ×A r̂i) = 0, (8)

Here mi is the mass of the ith body. The 0th body is the space vehicle. The ith body (i ≥ 1) is the ith link
of the manipulator. Ari is the position vector from the origin of the absolute frame to the CM of the ith link,
represented in the absolute frame. AIi is the inertia matrix of the ith body about its CM in the absolute frame.
Aωi is the angular velocity of the ith body in the absolute frame. The linear momentum conservation law
given by Eq. (7) is a holonomic constraint as it can be integrated analytically. However the angular momentum
conservation law given by Eq. (8) cannot be integrated analytically, thus making the system non holonomic.
Equations (7) and (8) can also be implied from the bond graph shown in Fig. 2.

The control strategy is based on Eq. (8). A controller is designed in such a way that robot follows a path
with minimum disturbance of space vehicle i.e. 0th body. In other words, one can find the combination of Aω1

and Aω2 such that changes in Aω0 due to change in Aω1 is compensated by change in Aω2. The controller
is implemented in the following way. Let the second motor be rotated by speed f2. In bond graph modeling
it can be represented by a source of flow f2. Let because of flow input f2 to the second motor, second link
moves in anticlockwise direction with an angle θ2. Due to this the reaction force acts in the space vehicle
which causes it to rotate in the clockwise direction with an angle φ. To restore the position of the base again
to the initial position, the first motor is rotated at a speed f1. In the bond graph it is modeled as source of flow
f1. The flow input f1 given by the first motor move the first link in clockwise direction with an angle θ1 so
that the reaction which acts on to the space vehicle rotates it in anticlockwise direction and the space vehicle
reaches to the initial position. Next section presents an algorithm for above mentioned control strategy to be
applied on the robot.

2.2.1 Trajectory control algorithm

Based on the concept discussed in previous section the following algorithm is designed for the attitude
control of space robot. This algorithm is illustrated by the flowchart shown in Fig. 3.

(1) Initialize the value of θ1 and θ2 with some angle, which is initializing the position of servo motors
and take some incremental value ∆θ2 for second joint angle. Take a fixed rotation variable i(θ2 +∆θ2) which
is the next position for second joint.

(2) On the first run start simulation
(3) Start for loop for j = 1 to 50.
(4) Start the second motor in anti clockwise direction, now if rotation of second motor is less than or

equal to i. Then second motor should continue.
(5) Else second motor should stop rotating. As soon as second motor stop, first motor start rotating in

clockwise direction with some angle.
(6) The first motor rotates in clockwise direction with an angle so that the base restores to its initial

position.
(7) Else first motor should stop.
(8) Repeat the same procedure until and unless the tip reaches the target point.
(9) As soon as the tip reaches the target position, both the motor should stop.
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Fig. 2. Bond graph modeling of a two DOF planer space robot

3 Simulation and results

As our aim is to find a path of the tip with minimum disturbance in base, the first simulation is performed
to determine the tip path for minimum base disturbance without considering the target point where we want
to reach our end effector.

Case A: Tip trajectory with minimum base disturbance (General case)
Let us take the initial configuration of the robot as θ1 = 0.175 radians, θ2 = −0.175 radians and

φ = 0.524 radians. Model parameters are given in the Tab. 1. Fig. 4 (a) shows the variation between the Xtip

displacement and Ytip displacement. In the path shown in Fig. 4 (a) the end-effector of the robot travels with
minimum disturbance in base. It is seen from the figure that the path of the end-effector is somewhat look like
a star shape. Fig. 4 (b) shows the variation of base rotation with time. This Fig. 4 shows that the disturbance
of the base is within the range of 0.175 radians. Following Fig. 4 (c) shows the variation of joint angles θ1
and θ2 with time. This Fig. shows that θ1 is increasing in clockwise direction whereas θ2 is increasing in
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Fig. 3. Flow chart of control algorithm

Table 1. Parameters used in space robot modeling

Parameter Value
Length of link 1 (L1), and Link 2 (L2) 0.4 m, 0.3 m

Location of robot base from vehicle CM (r) 0.1 m
Mass of Link 1 with first motor (m1) 0.2942 Kg

Mass of Link 2 with motor and gripper (m2) 0.318 Kg
Mass of the space vehicle (Mv) 0.125 Kg

Inertia of link 1 (I1) and link 2 (I2) 0.03 Kg m2, 0.02 Kg m2

Inertia of vehicle base (Iv) 0.0023 Kg m2

anticlockwise direction. Fig 4 (d) shows the variation of Xtip and Ytip displacement with time. Next we will
explore for the tip trajectory for the two cases (i) when the target point lie on the path (ii) when the target point
does not lie on the path of minimum base disturbance.

Case B: Tip trajectory with minimum base disturbance (Specific path)
Case I: When the target point lie on the above path.
Let us consider the first case in which the target point lies on the path shown in Fig. 4(a). For that initial

configuration of the robot is same as before, that is θ1 = 0.175 rad, θ2 = −0.175 rad and φ = 0.524 rad.
Also let us take the incremental value θ2 as 0.35 rad. With this configuration the starting point of the robot tip
as given by Eq. (2) and (3) is (0.65, 0.45). Now let us consider any target point which lies on that path, say
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Fig. 4. (a) Variation of Xtip displacement versus Ytip displacement (b) Variation of base rotation with time (c) variation
of joint angles θ1 and θ2 with time (d) Variation of Xtip and Ytip displacement with time.

(0.33, 0.40). For this case the program is written as per flow chart shown in Fig. 3. Program searches the end
coordinate after each increment and when tip reaches the target point it stops. Simulated results are shown in
Fig. 5. Fig. 5(a) shows the variation between the Xtip displacement and Ytip displacement. From this Figure it
is clear that the tip starts from (0.65, 0.45) and reaches upto (0.33, 0.40). Following Fig. 5 (b) represents the
variation of base rotation with time. It shows that the base restores to its initial position and its disturbance is
within the range of 0.157 rad. Fig. 5 (c) represent the variation of joint angles θ1 and θ2 with time. Fig. 5 (d)
shows the variation of Xtip and Ytip displacement with time.

Case II: When the target point does not lie on the above path.

Now, let us consider the second case in which the target point does not lie on the path shown in Fig. 4 (a).
In that type of cases, to reach the target point, two cases are possible. First is to change the initial tip position
and second is to change the incremental value of θ2 with such a value which give us a path in which that target
point lie. For the same initial conditions with same starting point (0.65, 0.45) of robot, let the target point is
(0.30, 0.49). Now to reach that target point the incremental value of θ2 is 0.523 radians. A similar flow chart
as shown in Fig. 3 can be used by only changing the value of target point. The simulated results are presented
in Fig. 6. Fig. 6 (a) is the plot between the Xtip displacement and Ytip displacement. From this Fig. 6 it is seen
that the tip reaches the desired target point. Following Fig 6 (b) represents the plot between time versus base
rotation. Here it shows that the base restores to its initial position and its disturbance is within the range of
0.223 radians. Fig. 6 (c) shows the variation of joint angles θ1 and θ2 with time. Fig. 6 (d) shows variation of
Xtip and Ytip displacement with time.
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Fig. 5. (a) Variation of Xtip displacement and Ytip displacement (b) Variation of base rotation with time (c) Variation of
joint angles θ1 and θ22 with time (d) Variation of Xtip and Ytip displacement with time.

4 Conclusions

The main motivation for the present work was to develop a path of a space robot tip with minimum
disturbance in base. To minimize the base disturbance attitude controller device such as thrusters and reaction
wheels are used. Here an approach is developed to move the tip from starting position to target position
with minimum disturbance in base, with out using attitude controller device. The modelling of tip trajectory
planning without attitude controller in which the dynamic behaviors of space robot is involved is performed
using Bond graph. The concept can be extended for space robot with more than two degrees of freedom.
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