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1. Introduction 

Many terrestrial and space applications require 

remotely operated tasks. Some such examples are repair of 

bridges, handling of nuclear wastes, aerial refuelling, 

maintenance of international space station, and payload 

tending in space [1, 2]. Long Reach Manipulator (LRM) 

system is inevitable for such applications. The LRM is a 

long multi-link serial chain carrying a Short Reach Arm 

(SRM) at its free end as end-effector. The LRM performs 

gross motion by deploying the SRM at the required task 

location; while the SRM performs fine motion for 

accomplishing the mission task. The dynamic coupling 

between the LRM and its supporting base causes 

undesirable motion of the base, leading to improper location 

and orientation of the SRM [3]. The main issue of such 

disturbance is the change in base attitude that shall severe 

the signals from ground stations; the position and attitude 

change shall also create collision of the SRM while 

performing the mission task [4]. Hence base disturbance of 

LRM system has been remaining as an active research area. 

In their extensive survey, Dwivedi and Eberhard 

[5] discussed the modelling, control, and experiments on the 

dynamics of flexible manipulators, and their varied 

applications. Dubowsky and Papadopoulos [6] identified 

and discussed some important dynamics and control 

problems that arise in free-flying and free-floating space 

robotics.  Early researches on vibration problems of space 

manipulators suggested that effective methods of 

modelling, control and planning the motion of the 

manipulators must be attempted to reduce the amount of 

vibration during manoeuvre of the arm [7]. Studies had been 

carried out for suggesting the specific motion of the rigid 

SRM that will transmit a prescribed force to the supporting 

flexible arm to arrest the vibration effects [8]; a new active 

damping algorithm by using the reaction force from the 

SRM on the flexible LRM as a control variable [9]; a novel  

concept of Dynamically Equivalent Manipulator which 

could be built easily for realistic experiments in the 

laboratory, and used as a tool for dynamic modeling of space 

manipulators for reduced gravity situations [10]. George 

and Book [11] suggested a control scheme for inertial 

vibration damping of a flexible base manipulator by making 

the link accelerations out of phase with the base velocity, 

and removing the vibration from the system. Zhu et al. [12] 

performed an analytical study, on the nonlinear dynamics of 

a two degree of freedom (DoF) vibration system, 

incorporating nonlinear damping and nonlinear springs, and 

reported that the reduction in amplitude and oscillations 

could be obtained by suitably adjusting the system 

parameters with proper excitation frequency. Chalfoun et al. 

[13] designed and analyzed a special parallelogram linkage 

with glass epoxy springs for gravity compensation in long 

multi-link carrier for nuclear remediation. Özer and 

Semercigil [14] experimented the variable stiffness control 

technique for controlling the excessive oscillations in a two-

link flexible robotic arm and reported that the method was 

stable and relatively insensitive to significant parameter 

changes.  Cocuzza et al. [15] developed a novel theoretical 

formulation for the inverse kinematics of redundant space 

robotic systems for locally minimizing the torque 

transferred to the spacecraft due to the robotic arm 

movement. Experimental validation through tests on a 2D 

robot, under simulated microgravity conditions, suggested 

the suitability of the proposed solution. Nenchev [16] 

developed the Reaction Null Space formalism and 

suggested the implementation of the same for base 

disturbance of free floating space robot. Minghe et al. [17] 

considered the reaction torque acting on the satellite base as 

an important index to measure the base disturbance, and 

proposed a novel way to derive the analytical form of the 

reaction torque. Through empirical results they suggested 

that the analysis about reaction torque was valid and that the 

proposed method was suitable for base disturbance 

compensation. 

Van der Wijk et al. [18] compared and evaluated, 

numerically and analytically, the different principles of 

dynamic balancing. They made a detailed literature survey, 

identified the balancing principles, and classified them as 

deploying counter-rotary counter masses, counter masses 

and separate counter rotations, and duplicate mechanisms in 

the form of balance links. The authors concluded that when 

both mass and inertia addition are important, the duplicate 

mechanism method is the most suitable one for low-mass 

and low-inertia dynamic balancing, which is a principle 

used for balancing the mechanism altogether. The balancing 

link principle has been taken for analysis in this work. 

In literature, a very few work has been reported on 

the design of augmented mechanisms, in the form of 

balancing links, that can compensate base disturbances in 

LRM systems. A balancing arm performs controlled 

redundant motion for controlling the base disturbances. 

Hence, the mass of the balancing-arm system is to be kept 

lesser in order to reduce the driving torque. In space 

applications, this will also address the demands on space 

fuel that has a need to be economized. Huang et al. [4] 

considered the analysis of multi-arm space manipulators, of 

which one arm is the mission arm, while all the others were 

the balancing arms. Also, for simulation study, they took 

two arms each with three links, one acting as the main arm 
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and the other as balancing arm, and for simplifying the 

problems, they considered both the arms to be of same 

geometric structure, and hence same mass. This paper has 

considered the balancing arm of different geometric 

structure for keeping its mass reduced as compared to that 

of the main arm. A planar arrangement of a two-link mission 

arm with payload, and a one-link balance arm with a tip 

mass is modelled for analysis. The tip mass has the 

provision for keeping it constant or dynamically varying. 

The bounce and pitch of the base, arising out of reaction 

force and torque, are obtained separately for the constant 

and variable mass conditions of compensating arm, and the 

results are correspondingly compared to analyse the effect 

of the mass of balancing arm. The mission arm or the LRM 

system is referred as main arm and the balance arm, as 

compensating arm. 

The paper is presented in the following sections: 

Section 2 explains the modelling of the manipulator and the 

compensating arm arrangement, Section 3 explains the 

mathematical formulation, Section 4 highlights the 

SIMULINK subsystems, Section 5 explains the simulation 

procedure, Section 6 presents an analysis and discussion of 

the simulation results, and Section 7 draws the conclusions. 

2. Modelling of the manipulator and compensating arm 

The main arm is modelled as a serial kinematic 

chain with two links. The first link is longer and it idealizes 

the manipulator arm. One end of this link is pivoted to the 

base and the other end is pivoted to the second link. The 

second link is of shorter length, and it carries the payload at 

its free end. This link models the SRM. The compensating 

arm is a single link, one end of which is pivoted to the base, 

while the other end carries the tip mass. The base supports 

both the arms, and for the purpose of study, it is assumed to 

be mounted on linear elastic springs. Fig. 1 illustrates the 

LRM and the compensating arm arrangement. 

 

Fig. 1 Model of the manipulator and the compensating arm 

arrangement 

Since the compensating arm is an appendage to the 

main LRM system, its inertial forces are undesirable and 

hence its mass has to be kept minimum. As shown in Fig. 2, 

the tip mass of the compensating arm is incorporated as a 

bellows-like hydraulic reservoir which receives, stores, and 

expels fluid. The hydraulic control unit, housed at the base, 

controls the variation of the volume of fluid in the reservoir 

commensurate with the movement of the main arm. 

Assuming the density of the fluid to be constant, the tip mass 

in the compensating arm is thus dynamically varied. 

  

Fig. 2 Bellows-like hydraulic reservoir as tip mass 

 

Fig. 3 Schematic of hydraulic control 

 
Fig. 4 Base modelled as half car 
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Fig. 3 illustrates the schematic of the hydraulic 

control unit. The control unit senses the disturbing torque on 

the base and correspondingly controls the flow of fluid in 

the circuit connecting the reservoir at the tip. The hydraulic 

control unit comprises the sump, separate pumps for 

charging and discharging the fluid into the bellows or out of 

it, and direction control valves for controlling the direction 

of fluid flow. As shown in Fig. 4, the base is modelled as a 

half car and the disturbance is analysed as the bounce and 

pitch motion of the base. 

3. Mathematical formulation 

3.1. Simultaneous constraint method 

The simultaneous constraint matrix is developed 

with the help of the equations from the vector loop 

connecting the links, and the free body diagram of each link 

[19]. The rectangular components of the second derivate of 

the kinematic equations from the vector loops contain the 

unknown quantities of angular velocities and angular 

accelerations of the links. The external forces and unknown 

joint forces are represented on the free body diagram of each 

link. The force balance equations, written using the Newton-

Euler formulation, relate these forces with the link’s 

acceleration. Further, treating the links as vector chains, 

additional information about the acceleration of the centre 

of mass (COM) of each link are obtained. This system of 

equations is written as a matrix equation in the form: 

     ,bxA   (1) 

where: [A] is a sparse matrix containing the parameters of 

the links; {x} is the vector of unknown quantities like 

kinematic parameters and joint forces; {b} is the vector of 

known quantities. The above matrix is solved using 

MATLAB and SIMULINK as a full dynamic simulation of 

the system. 

3.2. Dynamic equations of the model 

The assumptions made in the derivation are: the 

links and the base are considered as rigid bodies; the fluid 

flow is steady and flow paths are non-constricted and hence 

inertance is negligible; the control by the hydraulic circuit is 

effected instantaneously, and the change in the position 

vector of COM of compensating arm due to tip mass 

variation is negligible. 

Fig. 5 shows the model configuration indicating 

the various position vectors and joint angles. The COM of 

the base is taken as the reference frame. The nomenclature 

used are: r0, rs1 – distance of pivots of first link and 

compensating link from reference frame; r1, r2, ls1 – lengths 

of first, second and compensating links; rp1, rp2, rp3, rs2, rs3 

– position vectors of COM of links, payload and tip mass; 

Mb, M1, M2, MP – mass of base, first, second link and 

payload; M3, MS – mass of compensating link, tip mass; 0

and β0 – angle of pivot of first and compensating link from 

horizontal; 221 ,,  – orientation of first, second and 

compensating links. 

For the main arm, the position equations of the first 

link, second link and payload are written. By differentiating 

the position equations twice, the acceleration equations are 

obtained as below:  

Using the short form: 
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the components of acceleration of first link, second link and 

payload are obtained as given in Eqs. (2–4). 
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Fig. 5 Model configuration 
 

The free body diagrams of the first link, second 

link along with payload are drawn as in Fig. 6. 

 

Fig. 6 Free Body Diagrams of first and second link 

 

Using Newton-Euler equations, the force balance 

equation for first link, second link, and payload are given in 

Eqs. (5, 6, 7) respectively. 
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The disturbing torque at the COM of the base about 

z-axis is obtained using D’Alembert’s principle and written 

by adding the products of all forces with their respective 

moment arms. Thus the disturbing torque due to LRM 

system movement is obtained as: 

 1 01 0 01 0 21 3 21 3 32 3 32 3 1 1 1 1 1 1
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Using the Eqs. (28), the simultaneous constraint 

matrix for main arm is written as shown in Eq. (9). Using a 

similar procedure, the simultaneous constraint matrix for

compensating arm is obtained as indicated in Eq. (10). The 

dynamic equations for the base half car model is obtained 

and expressed in matrix from as in Eq. (11). 
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The following short forms have been used in 

compensating arm constraint matrix: 
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where: S and  in base equations represent the bounce and 

pitch motions. 

4. Simulink models 

The different SIMULINK models developed and 

their interaction is illustrated in Fig. 7.  

 

Fig. 7 Simulink subsystems 

Apart from integrating the three subsystems, the 

main system also computes the pitch and bounce of the base. 

The subsystem for main arm takes the link angles as initial 

conditions and computes the angular velocities and angular 

accelerations. Further this system computes the position 

vectors and feeds, through the MUX block, to function file 

that computes and outputs the joint forces, linear 

accelerations and torque about the COM of the base. The 

subsystem for compensating arm takes the torque of the 

main arm as input. The function file in this system computes 

the linear accelerations, joint forces and torque due to the 

movement of the compensating arm. This torque is added to 

the main arm input torque to produce the error torque signal. 

This signal is fed to the PI controller which senses this signal 

and accordingly actuates the compensating arm, thus 

drifting the error torque towards zero. The compensating 

arm subsystem can be simulated in two conditions: keeping 

the tip mass as fixed quantity, and varying the tip mass. The 

variation in the tip mass is enabled by the subsystem for 

hydraulic circuit. This subsystem takes error torque as input 

signal and compares with set point (set as zero, 

corresponding to equilibrium position), and depending on 

the difference, the detect-increase or detect-decrease 

function blocks drive logic gates to operate the 

corresponding direction control valve to supply into or expel 

out fluid from the bellows. The magnitude of the torque is 

the product of the force due to the mass and the moment 

arm. Thus here the mass is dynamically varied in order to 

control the error torque.  

5. Simulation procedure 

The execution flow in the subsystems are 

illustrated in the Figs. 8 and 9.

 

Fig. 8 Simulink execution flow for main arm and compensating arm subsystems 
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Fig. 9 Simulink execution flow for hydraulic subsystem 

The parameters and constants chosen for 

simulation are indicated in Table 1. The values are so chosen 

as to enable an experimental validation as a logical 

extension of this study. The mass properties are obtained by 

constructing solid models as per dimensions. The spring 

constants are chosen arbitrarily to observe base movements 

conveniently as pitch and bounce. The link parameters are 

input to the MATLAB workspace to be available for the 

function blocks, and the initial conditions are fed through 

appropriate dialog boxes. The main arm links are actuated 

through 50ᵒ by ramp signal. Simulation is performed in the 

two conditions of keeping the tip mass constant and varying 

the tip mass. The error torque, mass of fluid in the reservoir, 

pitch and bounce of the base are obtained from the 

simulation. 

Table 1 

Parameters for simulation 

Parameter Base 
Main Arm Compensating Arm 

Link 1 Link 2 Payload Link 1 Tip mass 

Mass, kg 3 5.530 1.106 10 3.871 5 

Length of links, m - 1 0.2 - 0.7 - 

Distance of COM from joint, m - 0.5 0.1 - 0.35 - 

Width of links, m - 0.085 0.085 - 0.085 - 

Thickness of links, m - 0.02 0.02 - 0.02 - 

Inclination of pivot of  LRM first link with x-axis, 0 , degrees 700 

Inclination of pivot of compensating arm with x-axis, β1, degrees 1100 

Distance of mounting springs from base centre, m 0.2 m 

 

6. Results and discussion 

In the work [4], the base attitude disturbance was 

studied through simulation results by considering the model 

of a three link main arm that is balanced by a similar three 

link balance arm. However, since reducing the mass of the 

balance arm will lead to reduced driving torque, the number 

of links in the balance arm in our work is kept lesser than 

the main arm. The overall mass reduction is taken as 7.765 

kg, of which, 5 kg due to mass of fluid in the reservoir is 

dynamically varied. The pitch and bounce motion values 

obtained by simulating for constant tip mass condition are 

compared against the corresponding values obtained by 

varying the tip mass. Thus the effect of varying the tip mass 

and hence varying the mass of the compensating 

arrangement is analysed in controlling the base 

disturbances. 

Fig. 10 clearly depicts the suitability of operation 

of the compensating arm. From the initial condition, the 

main arm exerts a torque of 25 Nm. The compensating arm 

starts to balance this disturbance. Initially the compensating 

torque increase from around 18 Nm upto 23 Nm. This is 

due to the initial inertia exerted by the compensating arm. 

However, within 3 seconds, the compensation is achieved. 

The simulation results verify the compensating model and 

the hydraulic control unit functions. 

Fig. 11 shows the dynamic variation of tip mass of 

compensating arm. The variation effected is nearly 1.3 kg 

(reducing from 4.95 kg to 3.65 kg in 3 seconds) as needed 

for the compensation requirement. It can be ascertained that 

for larger range of motion of main arm this variation will be 

greater.  
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We further compare the error torque, bounce and 

pitch of the base for the two conditions of simulation – 

keeping tip mass constant and varying the tip mass. Fig. 12 

shows the plot of error torque. When tip mass is varied the 

error torque has an initial value of 5.5 Nm which drops to 

zero in 3 seconds. When tip mass is kept constant, the error 

torque from an initial value of 9 Nm drops to zero in 8.5 

seconds. Thus the arrangement of varying the tip mass for 

compensation is found advantageous. 

 

Fig. 10 Torque compensation by actuation of compensating 

arm 

 

Fig. 11 Tip mass variation in compensating arm 

 

Fig. 12 Error torque between main arm and compensating 

arm motion 

 

Figs. 13 and 14 show the bounce motion of the base 

for the cases of varying mass and fixed mass respectively. 

For the varying mass case, from static equilibrium position, 

the oscillation of the bounce varies from 3.58e-03 m to 

3.675e-03 m during the first cycle. with a maximum 

absolute value of 0.95e-04 m. In case of mass being fixed, 

this maximum value of oscillation is found to be 3.61e-03 

and the oscillation falls to a value of 3.84e-3 in the first 

cycle. The maximum absolute value of bounce motion is 

2.3e-04 m. It is seen that in the mass varying case the 

oscillations persist, though at a much diminished level till 

around 7.5 seconds. This might be due to the continuous 

variation of tip mass in the compensating system. This 

minor oscillation in the bounce is going to affect only the 

position of the manipulator and hence may not be 

detrimental as attitude disturbance. 

 

Fig. 13 Bounce motion of base for tip mass varying 

condition 

 

Fig. 14 Bounce motion of base for tip mass fixed condition 

 

The pitching, yaw and roll of the space base is very 

important in maintaining the proper attitude. For our planar 

case we have plotted the pitch movement. From Fig. 15 and 

Fig. 16, the simulation results indicate that the pitching in 

case of varying mass is a maximum of nearly 0.028 radians 

while this, in the case of mass being fixed, is nearly 0.068 

radians. In both cases the disturbance in the form of pitch 

motion stabilizes at 5 seconds. 

 

Fig. 15 Pitch motion of base for tip mass varying condition 
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Fig. 16 Pitch motion of base for tip mass fixed condition 

 

Table 2 summarizes the results of the simulation. 

From the analysis, it is evident that the suggested model of 

compensating arm arrangement is effectively counteracting 

the reaction torque at the base. Secondly, it is also evident 

that the compensating arm arrangement with the provision 

of varying its mass is better than keeping the mass of the 

arrangement as fixed in terms of its effectiveness in 

reducing the base disturbance. This results in better 

positional accuracy and attitude stability of the LRM 

system. 

7. Conclusions 

In this work, the method of augmenting balance 

links to the LRM system for controlling the base 

disturbances is studied The LRM system was modelled as a 

two-link manipulator while the balance link was a modelled 

as a single link compensating arm with lesser mass relative 

to the LRM model. The provision of a variable tip mass in 

the compensating arm was suggested and its effect in 

controlling base disturbance was studied from the simulated 

values of pitch and bounce of the base. 

The simulation results indicate that the suggested 

compensating arrangement and its control through the 

hydraulic control circuit is effective in achieving the 

compensation.  The results also suggest that the arrangement 

of varying the mass of the compensating arm contributes to 

reduced base disturbances. For this case, it can be stated that 

a lesser, and slightly varying, drive torque is required, thus 

addressing the need for economizing on costly space fuel. 

Hence the concept of incorporating a balance arm with 

lesser mass and the provision for dynamically varying this 

mass is a suitable choice for addressing the base 

disturbances.  

Table 2 

Summary of results 

Sl. 

No. 
Metric measured 

Results when tip mass of 

compensating arm is varied 

Results when tip mass of 

compensating arm is fixed 

% lesser in case of 

varying mass 

1 Error torque (initial value) 5.5 N.m. (settles at 3 s) 9 N.m. (settles at 8.5 s) 38.9 % 

2 Max. absolute value of Base bounce motion, S 0.95e-04 m 2.3e-04 m 58.7 % 

3 
Max. absolute value of 

Base pitch motion, δ 
0.028 radians 0.068 radians 58.8 % 

 

This conceptual method of varying-mass 

compensating arm can be extended to study the dynamics of 

LRM for space environment. Also other methods of varying 

the mass, like incorporating air jets in the compensating arm 

that send out blasts of calculated amount of air, can be 

explored and analysed. 
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A. Srinivasan, A. Jegan 

SIMULATION STUDY OF BALANCING ARM 

ARRANGEMENT FOR CONTROLLING BASE 

DISTURBANCES IN LONG REACH MANIPULATORS 

S u m m a r y 

 

The dynamics of the Long Reach Manipulators 

create disturbances in its supporting base structure. This 

causes positional and attitude inaccuracies of the end-

effector, thwarting the accomplishment of the desired 

mission task. Hence the base disturbance problem has been 

a subject of research since long time bringing solutions from 

varied domains. This paper analyzes the balance link 

concept for compensating the disturbances. The LRM 

system is modelled as a two-link serial chain with payload, 

and the balance arm, as a single link with tip mass that is 

dynamically varied by controlling the quantity of the 

hydraulic fluid in the bellows-like reservoir at the tip. The 

supporting base is modelled as a half car. Simultaneous 

constraint matrices are set up for the arrangement, and 

dynamic simulation is performed using SIMULINK. The 

pitch and bounce motions of the base are studied along with 

the torque error during compensation. The simulation plots 

are obtained for two conditions of compensating arm with 

fixed tip mass and with varying tip mass. The results 

confirm the suitability of the suggested compensating 

arrangement in controlling base disturbances. 

 

Keywords: balance link, base disturbance, compensating 

arm, long reach manipulator, variable tip mass, 

simultaneous constraint method. 
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