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1. Introduction 

 

Robotic balancing systems are commonly used in 

industry, research centers and academia. In industry, they 

are great helper to manufacture accurate products. For ex-

ample, welding robots are used for fast and accurate pro-

duction lines. They perform welding operations by follow-

ing a predefined welding path/trajectory. The use of a 

welding robot in a production line may be inadequate for 

achieving high-quality welding due to that robot may have 

range problems. In other words, it cannot easily reach all 

the points which have to be welded. In order to overcome 

such problems, operation algorithms of a welding robot are 

connected to that of a robotic balancing platform. Both 

robotic systems are used together so that all the problemat-

ic points and locations become accessible. 

In research centers, robotic balancing systems are 

used to test the methodologies like mathematical methods, 

system models and controllers. Such systems give the re-

searchers opportunities to verify their new approaches. Use 

of them provides a facility tool to develop new prototypes 

and see their working performances. 

In engineering faculties and student laboratories 

of universities, robotic balancing tables are commonly 

used to show the working principles of a 2-DOF robotic 

system. They are also proper educational tools to illustrate 

the meaning of control strategies. Furthermore, such robot-

ic systems make them easy to understand the issues of per-

formance evaluation of different models accompanied with 

different controllers for a real system. 

In this study, backlash effects on a 2-DOF robotic 

balancing table are investigated to provide feedbacks for 

the developers to create more accurate systems. Backlash 

phenomena are defined by following the descriptions pre-

sented in literature and modeled for the system introduced 

in this study. The equations of motion principles of the 2-

DOF robotic system are also constructed. To test the pro-

cedures introduced, motion of a ball on the balancing table 

is taken into account. The proposed backlash observation 

system, the motion model of the balancing table and the 

ball’s movement are interconnected into a single system to 

see the backlash effects on the system performance. Sys-

tem is controlled to be able to locate the ball at the center 

of the balancing table. To achieve this control objective, a 

PID control strategy is coupled with the process. The pro-

posed system is simulated first then it is adapted into an 

experimental setup consisting of two driving units. The 

setup includes also an encoder input card and a motion 

control unit. The feedback information, the location of the 

ball on the balancing table, is obtained using the data com-

ing from a top-head camera. 

 

2. Literature review 

 

Literature studies can be reviewed into two main 

groups. The first group is about the development of robotic 

balancing systems which are commonly used for the indus-

trial applications and research activities. The second group 

is related to the investigations of backlash problem in the 

mechanical systems. 

In [1], the balancing performance of an automatic 

ball balancing system without fluid lubrication is studied. 

The effects of dry friction on the working performance of a 

balancing table are investigated. It is stated that without 

using fluid lubrication causes to dry friction and badly af-

fects the motion of the system. In order to solve this prob-

lem, a system model with including dry friction phenome-

na is proposed. The methodology is verified using an ex-

perimental setup of a ball balancing table. In [2], a study 

related to investigating an automatic balancing mechanism 

with multi-ball is conducted. The main purpose of the 

study focuses on making analytical and experimental stud-

ies to show the dynamic performance of an automatic bal-

ancer that is built to suppress vibration in eccentric sys-

tems. In [3], backlash effects on a cable actuated device are 

investigated. The system control is combined with the 

backlash model and the overall effects are observed. The 

proposed system is tested in an experimental setup. Back-

lash in the system is observed in real-time and its effects 

on desired trajectory tracking purpose are explored. Track-

ing errors obtained with and without implementing the 

backlash model into the system are illustrated in order to 

make verification. In [4, 10], a backlash compensation for 

discrete time nonlinear systems is proposed. The system is 

developed using dynamic inversion approach offered by 

neural networks. The proposed algorithm observes the 

backlash and its effects. The control strategy created using 

backstepping technique provides an adaptive backlash 

compensation opportunity. In [5], the application of hybrid 

control of a balancing robotic system is studied. The ef-

fects of backlash on the system performance are investi-

gated. In order to create an automatic robotic system, a 

sliding mode based controller is developed. The controller 

introduced in the study can be switched according to the 

conditions of backlash. In [6], nonlinear identification of 

backlash phenomena is performed for robot transmission 

systems. The study states that the backlash is measured by 

the users and / or manufacturers. The system introduced 

proposes an autonomous backlash observation system for 

the robot transmissions. It is simulated but not experimen-

tally tested. In [7], a methodology for backlash feedfor-

ward compensation is introduced. It is adapted to a robotic 

system and its performance is observed. In [8], perfor-

mance analysis of a cable driven flexible robotic systems 
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are studied. Asymmetric backlash profiles are taken into 

account in order to make enhancement in performances. In 

[9], backlash effects on surgical robotic tasks are investi-

gated. System performance is observed to show that back-

lash affects proficiency in basic surgical skills. Backlash is 

added to a real surgical robotic system using proper soft-

ware. By this way, the proposed procedure is verified. In 

[11], backlash modeling and its compensation in robotic 

manipulators are studied. In order to measure the kinematic 

errors caused by harmonic drive and backlash, an experi-

mental system is developed and used. 

What distinguishes this work from the ones pre-

sented above is that the study focuses on a 2-DOF robotic 

balancing system plus backlash effects on motion. The 

position control of a ball on the balancing table is investi-

gated with considering the backlash effects. These steps 

are performed in a systemic and comprehensive way. Sys-

temic because the methodology introduced in this paper 

considers the expectations of end users. The study is com-

prehensive because the procedure constructed makes a 

connection through the system mathematical modeling and 

simulation to successful experiments with verification. 

 

3. Modeling of backlash 

 

In mechanical systems, backlash is encountered as 

a problem. When backlash occurs in a system, the system 

runs with an unaccepted / unpredicted behavior. In order to 

solve such a problem, backlash and its effects on the sys-

tem should be mathematically modeled and fed into the 

system. By this way required actions can be taken before 

the backlash occurs. 

Fig. 1 presents a system including two rotating 

masses. Backlash gap is indicated with 2 . Elasticity and 

viscous damping parameters of the inertia free shaft is 

shown by ks and cs. Mass moment of inertia of the motor 

side of the system is given by Jm whereas JL indicates that 

of load side. Torques of motor, shaft and load are present-

ed by Tm, Ts, TL, respectively. Disturbance torque is shown 

with Td. Angular velocities of the motor and load sides are 

given by ωm and ωL, respectively. 

 

Fig. 1 Physical model of a rotating system 

General torque expression for the system shown 

in Fig. 1 can be constructed based on [14-17]: 

s s s s s
T k c   . (1) 

This equation presents a nonlinear system dynam-

ics that includes shaft twist angle and its derivative. θs in-

dicates the shaft twist and can be defined by the following: 

s d b
    . (2) 

The angular difference between the motor and 

load that is known as twist angle is indicated by θd. Back-

lash angle is incorporated with the angle of θb. In a general 

form, backlash angle is defined as: 

2 2
b

  . (3) 

As long as the torque value (Ts) equals to zero, 

there is no contact between the teeth. In the system shown 

in Fig. 1, there might be three different cases; the first case 

is the contact at the backlash angle of + . In the second 

case, the contact occurs at the backlash angle of - . In the 

third case there is no contact. The last case can be defined 

with the following representation: 

 s

d b d b
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   . (4) 

The solution of Eq. (4) is found as: 
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Once the shaft twist angle indicated by θd is pro-

vided, backlash angle can be found using Eqs. (3) and (5). 

In order to model backlash phenomena, there are 

some approaches which are commonly used. One of these 

approaches [14, 15, 17] is the exact backlash model pre-

sented in Eq. (6). 
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Another commonly used backlash model is dead-

zone model [14, 15, 17]. This model is constructed by do-

ing simplification on the exact backlash model given 

above. In this model shaft damping effect is not taken into 

account. This model can be reliably used only if small or 

no damping occurs in the shaft. In the real time applica-

tions from which high accuracy is not expected, deadzone 

backlash model is mostly preferred due to its simplicity. 

The model offers the following representation for shaft 

torque: 

 s s s s d
T k k D   , (7) 

where D  is deadzone function and defined as follows: 
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 (8) 

Neglecting shaft damping effect enables to use the 

deadzone model for backlash adaptation. By this way the 

parameters of the backlash model indicated by β1, β2 and θb 

in Fig. 2 can be estimated. The model is constructed such 

that shaft has no internal damping, no spring effects and no 
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inertia. Following these assumptions and using an adapta-

tion approach, an estimation procedure is constructed and 

the system can be linearly controlled. 

 

Fig. 2 Deadzone backlash model 

3.1. Development of a torque observing system 

 

When the system introduced in Fig. 1 is loaded, 

there might be an unexpected external torque effect (this 

can also contribute backlash). The best way to observe the 

effects of disturbance torque and handle the backlash in the 

system is to construct a torque observer and couple it with 

the whole system model. By this way, in addition to ob-

serving disturbance torque effects, state of the system is to 

be estimated. 

Torque observing system is briefly presented in 

Fig. 3. The observing mechanism takes place in the ob-

server block in the system. Reference input and controller 

are shown by R and Gc. Disturbance torque effect is indi-

cated by Td. Torque estimator and observer are constructed 

based on [15]: 

;
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 (9) 

where system dynamics and compensator gain are shown 

by K and τ. Torque estimator (Te) needs motor rotational 

velocity and motor torque inputs. In this equation, angular 

acceleration is shown by ωms term which has no effects on 

the system in case the motor runs with constant speed. 

When backlash occurs in the system, the velocity is not 

constant anymore (this results the system accelerates). 

 

Fig. 3 Physical model including torque and backlash  

observing system 

4. Two-DOF robotic balancing table 

 

In this study, an experimental setup shown in 

Fig. 4 is used. It involves a robotic balancing table, and a 

camera attached to the top of the platform. Robotic balanc-

er [12] is developed using two driving systems manufac-

tured by Quanser Company (SRV02). Each driving servo 

unit is coupled with high resolution quadrature encoders. 

The angular resolution of the encoders is 4096 pulses per 

revolution. Encoder data transmission, communication and 

encoding actions are performed using an encoder input 

card, manufactured by Quanser Company (Q2-USB). 

 

Fig. 4 Experimental setup 

The balancing table can be tilted in two (x, y) di-

rections. The tilt angles are derived using both kinematics 

of the system and rotation information obtained from the 

encoders. The kinematics model of the robotic balancing 

system is shown in Fig. 5. Link lengths are presented by 

L1, L2, L3 and the radius of driving unit is shown by Rd. 

Angular rotation and tilt angle are specified by θ and Ф, 

respectively. The model shown in Fig. 5 represents only 

one DOF of the balancing system. The second DOF system 

is totally identical with this one. Note that the second tilt 

angle is obtained using the information coming from the 

other encoder attached to the second driving unit. 

 

Fig. 5 Kinematic model of the system 

As explained above, the performance of the bal-

ancing system under the backlash effects are tested with 

controlling the position of a ball. The system is controlled 

so that the ball should be positioned at the center of the 

balancing table. While achieving this objective, the effects 

of backlash on motion are observed. Considering the bal-

ancing system (Fig. 5-left) and the ball (Fig. 5-right) to-

gether, equation of motion of the system can be built in the 

following order (Eqs. 10 through 15) [13]: 

ball ball sum I G
m a F F F   . (10) 

Forces caused from the inertia of ball and gravita-

tional acceleration are indicated by FI and FG, respectively. 

Mass and acceleration of the ball are specified by mball and 

aball, respectively. The forces caused by gravity in x and y 

directions can be written as: 

 G ball
F m g sin  . (11) 
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The force created by the ball rotation is construct-

ed as: 

2

ball

I

ball

J x
F

r
 , (12) 

where rball indicates the radius of the ball used in this 

study. Combining the equations above yields the following 

relationship: 

  2

2

ball ball

ball ball ball

m g sin r
x

m r J





. (13) 

From the geometry given in Fig. 5, one can find: 

 
 

1

2
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  . (14) 

Inserting Eq. (14) into Eq. (13) gives the follow-

ing equation of motion representation of the ball: 

 

2

2

1

2
ball d ball

ball ball ball

m gR r
x
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. (15) 

5. Simulation studies 
 

To see the performance of the model constructed 

above, simulation studies are conducted. All the simulation 

and real-time experiments are performed using Matlab-

Simulink environment. General view of the simulation 

block is shown in Fig. 6. The reference inputs for the mod-

el are shown by xR and yR. System and backlash models 

and controller are placed in the first-left block. The details 

of this block are also shown inside the dashed line in 

Fig. 6. Backlash and disturbance torque observations are 

achieved in this block. The position controls of two servo 

driving units are performed by using a PID controller. The 

controller outputs are converted into voltage comments 

inside the Position Model block. The voltage commands 

for the first and second driving units, shown by Vx and Vy, 

respectively, are sent through the 2-DOF robotic platform 

(indicated by Real Robotic System in the simulation block 

diagram). The outputs of the control system are position 

values of the ball in x and y directions, rotation angles of 

the driving units, θx and θy and the angular velocities and 

torques of each motor, ωm and Tm. 

 

Fig. 6 Control system 
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Fig. 7 Simulation results related to position control of the 

ball 

In Fig. 8, simulation results of the rotation angles 

of the driving units, indicated by θ in Fig. 5, are shown. 

Using the same strategy, the system model is simulated 

with and without using the backlash observation and the 

results are compared with the desired reference input. The 

results show that the reference input is tracked with mini-

mum tracking error when the backlash model is used. 
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Fig. 8 Simulation results related to rotation information of 

the driving unit 

 

Fig. 9 Experimental setup with its details 

6. Experimental studies 

 

In order to verify the simulation studies, experi-

ments are performed using the experimental setup intro-

duced in Fig. 4. The details of the setup are also presented 

in Fig. 9. In this figure, driving units and mountings of 
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them to the main system are illustrated. All the computa-

tional and communicational issues during the experiments 

are performed using Matlab/Simulink environment. The 

objective in these experiments is to locate the ball at the 

center of the tiltable platform. While controlling the bal-

ancing table to pull the ball towards the center, the effects 

of backlash on the system are investigated. Each experi-

ment is conducted twice; the one is with including the 

backlash model into the overall system dynamics, and the 

other is without using it. 

The first experiment results are shown in Fig. 10. 

The ball is placed at the left corner of the balancing table 

(coordinates of this points are nearly -13 and 13 cm, in x 

and y directions, respectively). The control system efforts 

to get the ball at the center point of the balancing table. In 

this experiment, after releasing the ball free at the corner, 

any enforcement is not applied to it. Results obtained with 

and without using the backlash model are indicated by red-

cross and blue-dot points in Fig. 10, respectively. The dots 

show the ball locations during the experiments. They are 

obtained by using the feedback information coming from 

the camera. To make a comparison, centroids of the data 

sets are also provided. They are obtained by the use of k-

means clustering method. Note that k-means method is a 

data clustering approach of which purpose is to create data 

groups clustering around common mean vector. Details 

about the k-means clustering algorithm can be seen in [18]. 

Centroids of the data sets of two repeated experi-

ments (with and without including backlash model) are 

indicated via black-crosses (Fig. 10). The desired location 

which shows the center point of the balancing table is also 

exhibited. It is shown by a green-colored-filled-circle. 

As seen from the first results, when backlash 

model is inserted into the overall system dynamics, the 

ball’s position is closer to the desired location. Feeding 

backlash information into the system model provides a 

positive contribution to controlling ball’s position on the 

table. 
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Fig. 10 Experiment results. The system proposed is run 

with and without including backlash model. Black-

crosses indicate the centroid of each data set 

The rotation angles of the driving units are given 

in Fig. 11. The rotations in x (θx) and y (θy) directions are 

provided in Fig. 11, a and b, respectively. The desired an-

gles of the driving units are indicated by green-dashed-

lined. The results obtained with and without using backlash 

information are shown by blue-dashed and red-solid-lines, 

respectively. As the desired objective, the fluctuations in 

the rotation angle changes should be around zero, in order 

to locate the ball at the center of robotic balancing table. In 

terms of this approach, the model including backlash in-

formation gives more reliable and stable results. 
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Fig. 11 Rotation angles (θx and θy) of driving units in x (a) 

and y (b) directions 

Real-time experiments using 2-DOF robotic bal-

ancing table are conducted for two cases. As presented 

above, in the first case the ball is just located at the corner 

of the table. The ball is never enforced to pull it away from 

the center. In the second case, the ball is enforced to move 

it away from the center of the balancing table. In this case 

the backlash effects on the driving units, the performance 

of the system model and controller can be more effectively 

seen. 

Using the same strategy introduced above, the ex-

periments are performed with and without inserting the 

backlash model into the overall system dynamics. 

Fig. 12 shows the results of the case where back-

lash model is not used. In this case whenever the ball is at 

the center, it is forced to move away from the center. The 

centroid of the data set is indicated by the red-cross. The 

desired location, which is the center of the table shown by 

the point of (0, 0), is given by a green-dot. To see the ef-

fects of backlash, this experiment is repeated by adding the 

backlash model into the system. The results are illustrated 

in Fig. 13. This experiment shows that the use of backlash 

model in the system enables to get more accurate results. 

The driving units and the control system work more stable 

to be able to locate the object on the table in a desired posi-

tion. 
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Fig. 12 Experiment results of the system (backlash model 

is not inserted). During the experiment, the ball is 

enforced to move away from the table’s center. 

Red-cross shows the centroid of the data set 
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Fig. 13 Experiment results of the system including back-

lash model. During the experiment, the ball is en-

forced to move away from the table’s center. Cen-

troid of the data set and the desired location are 

shown by a red-cross and green-dot, respectively 
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Fig. 14 Experiments conducted to show the performance 

and the precision positioning characteristics of the 

developed system when the backlash model is in 

use (bi) or not (ai), where (i = 1, 2, 3, 4) 

In order to show the performance and the preci-

sion positioning characteristics of the developed system, 

the results of 8 experiments are presented in Fig. 14. 4 ex-

periments are performed by using the system model in-

cluding the backlash information. The other 4 experiments 

are conducted using the system model that does not take 

the backlash information into account. In Fig. 14, red dots 

(bi) indicate the ball positions in case the backlash infor-

mation is used whereas blue dots (ai) show the ball posi-

tions when the backlash model is not used (i = 1, 2, 3, 4). 

 

7. Analysis and conclusion 

 

Robotic balancing platforms are commonly used 

in industry and academia. For instance, in industry, weld-

ing robots can perform their jobs by the help of balancing 

tables because the locations, which they cannot easily ac-

cess, become accessible when the balancing tables are 

used. In the research centers and universities, the research-

ers and students can see and verify the theoretical issues 

using robotic balancing systems. In this study, the backlash 

effects on a 2-DOF robotic platform are investigated. It is 

aimed that the performance improvement can be done by 

feeding the backlash information into control system. To 

show this purpose, position of a ball on the balancing table 

is controlled using a PID controller. While performing this 

goal, the backlash is observed and fed into the system 

model. In addition to doing simulations, experimental stud-

ies are conducted. The results indicate that working per-

formance of a 2-DOF robotic balancing table can be im-

proved if the backlash phenomena are taken into account. 

This can be achieved by doing that; a proper model for 

backlash is constructed and combined with the overall sys-

tem dynamics. The methodology introduced in this study is 

tested for the ball position control on a 2-DOF robotic bal-

ancing table. It can be adapted to any control objective to 

be achieved using a 2-DOF robotic balancing system. 
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G. Bayar 

THEORETICAL AND EXPERIMENTAL 

INVESTIGATION OF BACKLASH EFFECTS ON A  

2-DOF ROBOTIC BALANCING TABLE 

S u m m a r y 

In this study, backlash effects on a 2-DOF robotic 

balancing table are investigated. The study focuses on de-

veloping a backlash detecting system which consists of a 

backlash observer. Different backlash approaches are ana-

lyzed and a backlash modeling strategy for a 2-DOF robot-

ic balancing table is developed. Working principles of the 

balancer is introduced and a detailed mathematical model 

is provided. Equation of motion of the system and backlash 

observing mechanism are combined to see the effects of 

backlash on motion. To see the working performance of 

the methodology introduced in this study, motion of a ball 

on the robotic balancing table is modeled with including 

the backlash. A simulation environment is developed to 

test the whole system proposed. In order to verify the re-

sults obtained in the simulation studies, an experimental 

setup of robotic ball balancing table is used. Position feed-

back of the ball is obtained via a camera attached at the top 

of the system. Simulation and experimental results show 

that better control of a robotic balancing table (thus that of 

ball position) can be achieved when the backlash effects 

are observed and fed into the system. 

 

Keywords: 2-DOF robot, balancing table, backlash, ob-

server, control. 
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