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ABSTRACT

IDENTIFICATION OF MECHANICAL BACKLASH IN
ELECTROMECHANICAL SYSTEMS FOR CONTROL PURPOSES

CAKAR, Mehmet Fatih
M.Sc. in Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Tolgay KARA

January 2021
65 Pages

In the last half century, especially industrial, robotic and automotive sectors started
to take an important place in our lives with developing technology. The working
principles of these sectors are mostly based on mechanical systems. One of the
biggest factors that affects the working mechanism of a system negatively is the
backlash formed in the mechanical parts. In order to reduce the damage caused by
the backlash in mechanical systems, backlash must be compensated. The first stage
of this starts with the identification of backlash size. Therefore, this thesis focuses on
the identification of backlash size formed in mechanical systems. For this purpose,
using computer simulation two feedback control system models, the first one for a
mechanical system with backlash and the other one for a mechanical system without
backlash, have been created. Kalman filter has been designed to see and understand
the effect of backlash on load positions more accurately. Changes in load positions
have been observed by using step input signal. Sum of the absolute value of the
differences between load positions with backlash and load positions without backlash
has been obtained. In order to achieve the value of estimated backlash size, an
equation proportional to the obtained absolute sum result has been formulated.
Estimated backlash values have been obtained by performing simulation experiments

for different actual backlash values and their accuracy has been confirmed.

Key Words: Backlash, Gear, Kalman-Filter, Position Control, Backlash

Identification



OZET

ELEKTROMEKANIK SISTEMLERDEKI MEKANIK BOSLUGUN
KONTROL AMACLI TANILANMASI

CAKAR, Mehmet Fatih
Yuksek Lisans Tezi, Elektrik-Elektronik Miihendisligi Boliimii

Damisman: Dog. Dr. Tolgay KARA
Ocak 2021
65 Sayfa

Teknolojinin gelismesiyle birlikte yaklasik son yarim asirda Ozellikle endiistri,
robotik ve otomotiv sektorleri hayatimizda 6nemli bir yer edinmeye basladi. Bu
sektorlerin ¢alisma prensipleri daha ¢ok mekanik sistemlere dayanmaktadir. Bir
sistemin ¢alisma mekanizmasini olumsuz etkileyen en biiyiik faktorlerden bir tanesi
mekanik aksamlarda olusan bosluklardir. Mekanik sistemlerde olusan boslugun
verdigi zararlar azaltmak i¢in boslugun telafi edilmesi gerekmektedir. Bunun da ilk
asamasi bosluk boyutunun tanilanmasiyla baslar. Bu nedenle, bu tez mekanik
sistemlerde olusan bosluk boyutunun tanilanmasi iizerine odaklanmistir. Bu amag
dogrultusunda, bilgisayar simulasyonu kullanilarak mekanik sisteminde bosluk olan
ve mekanik sisteminde bosluk olmayan geri beslemeli iki control sistemi olusturuldu.
Boslugun yiik pozisyonlar1 {izerindeki etkisini daha dogru gorebilmek ve
anlayabilmek icin Kalman filtresi tasarlandi. Adim giris sinyali kullanilarak yiikiin
pozisyonlarindaki degisiklikler gozlemlendi. Sistemde bosluk varken olusan yiik
pozisyonlari ile sistemde bosluk yokken olusan yiik pozisyonlari arasindaki farklarin
toplam1 mutlak olarak elde edildi. Bosluk boyutunun tahmini degerine ulasabilmek
icin elde edilen mutlak toplam sonucuyla orantili olarak bir denklem olusturuldu.
Mekanik sistemdeki farkli gergek bosluk degerleri igin simulasyon deneyleri

yapilarak tahmini bosluk degerleri elde edilip, dogruluklar teyit edildi.

Anahtar Kelimeler: Bosluk, Disli, Kalman-Filtresi, Pozisyon Kontrolii, Boslugun

Tanilanmasi
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CHAPTERII

INTRODUCTION

1.1 Motivation

The existence of backlash is one of the biggest problems in electromechanical
control systems. The control of systems with backlash has been the subject study
since 1940’s and it is becoming more popular subject for investigating with
developing technology [5]. Backlash makes the control system non-linear. Whenever
backlash appears inside a system mechanism as presented in Figure 1.1, it brings
other problems such as exciting oscillation, wearing out mechanical parts because of
impulse caused by uncontrolled backlash traversal and generating audible noise. In
addition, backlash is a vital problem especially in industry and automotive sectors. It

is a big obstacle for their operating systems.

Operating pitch circles /

AN

\ \\\\\\\J\\“ \B \\

Backlash
(transverse operation)

Figure 1.1 Backlash in mating gear transmissions

In order to get over all these problems mentioned above, the backlash size must be
estimated before compensating backlash (see Figure 1.2). Therefore, this thesis
focuses on the estimation of the backlash size. Simulation using the computer
programs is the main solution to achieve the goal. Model based on comparing load

positions which is one of the six parameters and using the difference between load



position with backlash and load position without backlash gives information about
whether the backlash size is smaller or larger. Kalman-Filter (Linear Quadratic

Estimator) is very important for observing load positions more accurately.

m

Figure 1.2 Backlash characteristic [4]

In this thesis study, mathematical model is proposed for backlash size estimation and
it has been created according to the data coming from the sum of the absolute value
of the difference between load position with backlash and load position without
backlash. The estimated backlash values have been obtained for different actual
values by using mathematical model. After obtaining estimated backlash values,
percent error has been calculated by comparing it with actual backlash values.
Simulation studies of backlash identification are included in this thesis. The results
seem to be promising and thus the algorithm (simulation) should be working fine on

backlash identification.

1.1 Literature Review

Lagerberg and Egardt [1] have developed nonlinear estimators of backlash size and
status by using the principle of Kalman filtering. They have also defined a linear
estimator for the rapid and precise estimate of the angular location of a wheel and
motor. It uses normal motor speed sensors and the speed sensors of anti-lock brake
system and event-based sampling of these sensors for each pulse. Lagerberg and

Egardt [1] have tested the estimators by means of real-time vehicle and the findings



demonstrate that the calculations are of good quality and, thus useful in the
powertrain control system to optimize the functions of backlash compensation [1].

Sainio [2] has studied on model-based calculation of backlash and successful
compensation for the electrical powertrain in his work. The powertrain has been
designed as a dual-mass mechanism with a rotating shaft. He combined the physical
pattern of backlash with the model of two masses. In order to evaluate the size and
location of backlash in the powertrain, two discretely time-shifted backlash
estimators were built. Furthermore, for using in practice, he has developed an
updated discrete-time backlash estimator. Sainio [2] has used grey-box design
techniques to match the built-in powertrain model to the actual powertrain of the
electric vehicle (Fiat Doblo). The calculation of the backlash size has been
performed successfully. It has been found that the estimation of backlash location
angle is strongly dependent on the precision of the powertrain model. In addition,
two successful approaches for backlash compensation have been developed, tested
and evaluated off-line. The first methodology of backlash compensation was based
on the rule on custom regulation. It has been found that this is purely PD-controller.
The Linear Quadratic Regulator (LQR) was the basis of second procedure. At the
end of the study, it has been proved that the LQR method leads to precisely the same
rule on motion control as the custom control legislation built [2].

Yang, Tang, Tan and Xu [3] have summarized five various detection methods on the
basis of the dead-zone concept of backlash. Each development has been explicitly
evaluated, primarily interpreting expectations, specifications for hardware and the
issues that would be faced in reality. They confirmed the precision of theoretical
study of different solutions by simulation measurements. By comparing these
simulation results they obtained that the integral speed difference process, which
involves few extra conditions and easy operation, can achieve reliable identification
result only through a location sensor on the servo motor side. Therefore, they proved
with experimental outcomes that it is very practical and the perfect identification
method [3].

Voroés [4] has implemented a new analytical method of backlash characteristic
definition, which uses relevant switching functions and their complements in his

work. In the model equation, the backlash parameters have been separated from each



other; thus their estimation could be overcome as a quasi-linear problem using an
iterative approach with internal estimation of variables. V6ros [4] has also provided
the identification of cascaded structures consisting of an input backlash accompanied
by a linear dynamic system. Simulation studies for the detection of backlash and

cascaded structures are included in his study [4].

Nordin, Galic’ and Gutman [5, 8] have extracted a modern, basic model based on
phase-plane analytics for an elastic shaft with inner damping attached to a backlash.
The model has been generalized to cover the case of so-called versatile coupling, in
which rubber has filled part of the backlash space. Compared to simulations,
extensive tests on an industrial drive with a compact binding matched very well. The
classic dead-zone model provides an unphysical behavior of the dynamics with inner
damping, but the new model which they obtained converged to standard dead-zone
model as the damping happens to be zero [5, 8].

Haventon and Oberg [6] have applied the backlash estimating method as a control
module in the ABB System Builder Prototype Library, for PLC programming a
software program used in the ABB 800xA environment. They fulfilled industrial
field measurements to verify the robustness of the procedure at the end of their study.
The main purpose of their work is to expand the safety net to ensure that the
robustness of the backlash identification method. The aim of the safety net in their
study is to ensure that the estimation of backlash is only measured when the action of

the mechanism approaches backlash [6].

Brunton and Kutz [7] have studied on inverted pendulum on the cart in chapter 8 of
[7]. They applied a stabilizing controller to the system in order to consolidate the
opinion of optimum control. The stability of open-loop system has been verified by
checking the eigenvalues of system matrices. Then, they have checked the
observability and controllability and designed full-state feedback (LQR), full-state
estimation (Kalman Filter) and sensor-based feedback (LQG) solutions. These
variables have been designed for both pendulum up fixed point and pendulum down
fixed point. After completing these steps, for cost function, Brunton and Kutz [7]
have defined Q and R matrices and then developed the LQR controller gain matrix.



They have simulated their system by using computer simulation program at the end
of their study [7].

Lagerberg [9] has studied on control and estimation of powertrains in his another
thesis. In the first part of his study, an outline of possible control techniques is given.
He has divided the techniques into two categories as active and passive techniques,
based on the way the controllers treats the backlash. Some of the techniques such as
model predictive controllers and shifted linear controllers have been tested using
simulation in the powertrain implementation. The findings of simulation have
demonstrated that there is an ability of active non-linear controllers to enhance
backlash control. Lagerberg [9] has used optimum open-loop control in his study as a
means of identifying to determine theoretical limits for the efficiency of backlash
compensation. In the second part of the thesis, he has been studied on backlash size
and measurements of the current state of the powertrain in order to obtain controllers
with high-performance for backlash compensation. Two non-linear estimators which
one of them is for estimation of state and the other one for backlash size estimation
have been designed based on the principle of Kalman Filtering. Experimental
findings and results of simulation have indicated that resulting predictions are of

good quality [9].

Jukic and Peric [10] have described three distinct methods to compensate the effect
of backlash in the position-controlled mechanism. In the first method which is
cascade structured position controller with an internal torque control loop, the effect
of backlash have been compensated by the use of a powerful linear torque controller,
at the cost of acquiring to calculate the shaft torque. They have defined the backlash
model in method 2 as make it possible to compensate the effect of backlash by
superimposing the compensation signal. This approach is, however, more susceptible
to measuring noise. With input signal restrictions, in method 3 which is variable
structure controller has been proved to be fine. Jukic and Peric [10] have selected
these techniques since in the managed framework, they have considered most
suitable in terms of computational and structural constraints. In a laboratory model,
outstanding system actions have been experimentally tested while the suggested
control principles have been used [10].



Acho, Ikhouane and Puja [11] have overcome the issue of regulation in the face of
external disturbance by designing a strong feedback controller for backlash systems.
The non-linear issue has been stated in the linear H,, framework by referring to the
static dead-zone paradigm as a paradigm for backlash. They have performed an
industrial simulation experiment with backlash and they have obtained an

appropriate result [11].

Mola, Khayatian and Dehghani [12] have introduced a new technique for the
detection and adaptive location control of two-mass mechanisms with rough non-
linearity and undefined physical parameters of unknown backlash. Their
identification procedure is formed of two cascade blocks. The first block is a linear
system for parameters and the other one is an iterative method based on measuring of
shaft’s physical parameters. Based upon the Lyapunov principle, the dynamic
controller has been designed in order to control the location of the load. The findings
of simulation on the mechanism of two-mass model have demonstrated the efficacy

of algorithms for detection and control [12].

Reyland. Jr. and Bai [13] have designed a method to identify the linear component of
a block-oriented Wiener Model of the finite impulse response in their study. Non-
linear block is the function of common backlash with non-linear decreasing and
increasing functions. Just the crossing points of horizontal axis have been supposed
to be known as a priori. They have suggested an algorithm for identifying and then
developed identifiability. In addition, at the end of their study, the findings of the

simulation experiment have been presented and debated [13].

Tarbouriech, Queinnec and Prieur [14] have discussed the topic of stability
evaluation for linear construction in the loop with backlash and saturation. The
resulting model which is a dynamic system with saturation and backlash has been
regulated by static performance of feedback. Based on the stability properties of
open-loop scheme, universal ultimate boundary stability has been discussed in global
or local sense. They have defined appropriate regions of the state-space where orbits
of closed-loop could be captured, along with estimations of the attracting basin of
these regions. In order to provide a workable solution, they have suggested convex

optimization issues [14].



Sarkar, Ellis and Moore [15] have set out the requirement as a first step of modeling
for the usage of non-linear damping and elastic forces in the establishment of the
gear-tooth reaction force. In the second step of modeling, a comprehensive multi-
body simulation has been used to build and validate the efficacy of the proposed
identification strategy. They have tested the validity of the technique by experiments.
In the last stage, they have analyzed by the findings for testbed system and then it has
demonstrated that their technique could be beneficial for observing the state of

industrial mechanisms [15].

Barreiro and Banos [16] have aimed to research the reliability of systems with
backlash, through an input-output perspective point in their work. In the first section,
an overview of L, has been discussed. This overview has presented criteria for the
bounding of the loop signal and also helped for uniqueness and presence of solution
by using Schauder fixed point principle. They have analyzed the system by utilizing
the L, or the conical sector methodology in the second section. The graph of the
backlash has been restricted to some conical field, which has been shown to be
optimal. The conical inequality has triggered frequency conditions on the linear
component, which have been further eased by the implementation of dynamic
multipliers. In the last stage, both L., and L, approaches have been merged in order

to obtain a final requirement that results in a Popov-like state of stability [16].

Hovland, Hanssen, Moberg, Brogardh, Gunnarsson and Isaksson [17] have dealt with
the problem of automated backlash detection in robot transmissions in their study.
They have define a technique for identifying the backlash automatically by using the
measurements of torque and location in the robot transmissions. Therefore, in
automatic checks, only transmissions which have not met the backlash criteria

needed to be tested and manually changed [17].

Yumrukgal [18] has aimed to implement the necessity for a dynamic system of a gear
backlash in servo system that is to be utilized as a basis for controller creation.
Throughout his thesis study, he has defined an actual servo mechanism with a gear
backlash and a dynamic system of model has been created. In comparison of
simulation findings with the test outcomes derived from physical system, the
simulation findings for system model and the accuracy of the servo system with

different backlash limitations have been addressed [18].



Lagerberg and Egardt [19] have defined non-linear estimation techniques for
backlash location and size, all based upon principle of Kalman filtering in their
another study. The estimators of location and size have been merged and the result
has been an approximation of the backlash situation. This knowledge could be
utilized in rotating mechanism’s feedback control. Findings of simulation and
experiments have demonstrated that predictions have been good quality and stable

for modelling errors [19].

Tao and Kokotovic [20] have designed an adaptive control system for mechanisms
with uncertain backlash at the output of the plant. A backlash reversed controller has
ensured precise performance monitoring in the situation of a known backlash.
Adaptive regulations have been developed to modify the parameters of the controller
and to ensure the reliability of bounded input-output if the backlash parameters are
uncertain. Simulations have demonstrated that these adaptive reversed controller had

greatly improved the performance of the mechanism [20].

Tao and Kokotovic [21] have consolidated their recent findings in adaptive control of
models with unidentified non-linearities including hysteresis, dead-zone and
backlash parameters at the either input or output of linear modeling in their another
study. Their adaptive reversed method has used an adaptive controller configuration
composed of an adaptive reversed to eliminate the influence of an undefined non-
linearity and a rule of an adaptive control for both defined or undefined linear
dynamics. A linearly parameterized error mechanism has been designed for helping
them to construct reliable adaptive rules to adjust the variables of the controller in
order to guarantee boundedness of the closed-loop signal and enhance the efficiency
of system monitoring in spite of the bilinear dependency on the uncertain parameters
[21].

Cerone, and Regruto [22] have introduced a two-stage method in their study in order
to derive variables boundaries of linear structures including input backlash whenever
the calculation errors of the output have been limited. Firstly, they have constrained
closely the variables of the non-linear adaptive block by utilizing steady-state input
and output information. After that, Cerone, and Regruto [22] have tested close

bounds on the unquantifiable internal signal, that along with noisy output



calculations in order to restrict the variables of the linear adaptive model by giving
an appropriate PRBS series [22].

Papageorgiou, Blanke, Niemann and Richter [23] have discussed the issue of
measuring dead-zone width correctly in a singular axis mechanical powertrain
system in their article. They have utilized a method containing a sliding mode
monitor and a nonlinear dynamic optimization algorithm in order to evaluate the
backlash size of dead-zone model between motor side and load side. The efficacy of
the method has been showed by simulations [23].

Ruderman, Hoffmann and Bertrm [24] have provided a new method to the simulation
and detection of flexible robot joints including backlash and hysteresis in their study.
Their approach incorporates the dynamic responses of a rigid mechanical
manipulator with flexible joints. The system involves electromechanical subsystems
of gear and motor by which the relation between implemented torque and the joints
torsion is known. The friction action of both patterns of pre-sliding and sliding has
been incorporated by the Model of General Maxwell-Slip. Hysteresis has been
defined by an operator of Preisach. The variables of dispersed model have been
defined by using experimental data which collected from inner signal systems and
the outer angular encoders installed to the second joint of the 6-DOF robotic system.
The accuracy of the described model has been verified by its estimation agreement
with separate experimental evidence not previously utilized to identify the model.
The received model has provided a way for new sophisticated high precision robotic

manipulator mechanics control [24].

Wang, Su and Hong [25] have addressed dynamic control of a group of continuous
non-linear adaptive structures followed by an undefined dead-zone in their article. A
stable dynamic control system has been built without creating a reversed dead-zone
utilizing a new definition of the dead zone and trying to explore the features of this
dead-zone template instinctively and mathematically. The new control strategy has
guaranteed the global reliability of the dynamic system and obtained the desired
monitoring accuracy. Simulations done on a standard non-linear model have

explained and made clear the validity of their strategy [25].



Dong, Qmgyuan Tan and Yonghong Tan [26] have suggested a recursive approach
for identifying output backlash structures which could be defined by using pseudo-
Wiener model in their work. In this approach a new definition of the non-linear
component of the system, i.e., backlash has been created. The non-linear model has
been divided into a linear system which is piecewise in this situation. In order to
determine the variables of the suggested model, a modified recursive general
identification algorithm (MRGIA) then has been used. In addition, the integration of
the MRGIA for the pseudo-Wiener method including backlash has been studied. A

numerical illustration has been ultimately provided [26].

Cerone, Piga and Regruto [27] have introduced a method in order to derive
parameter boundaries of linear systems including output backlash while output
parameter errors have been limited. Firstly, the backlash parameters have been
constrained by utilizing steady-state input and output information. After that,
provided the expected unknown backlash and the output calculations gathered
exciting the mechanism with a Pseudo-Random Binary Sequence (PRBS),
boundaries have been measured on the unquantifiable internal signal. Ultimately,
these boundaries, along with the input series, have been utilized to bind the

parameters of linear block [27].

Dong and Tan [28] have suggested an on-line algorithm to define sandwich
structures including backlash in their article. In this approach, backlash sandwich
structures could be converted to a specific model in which all parameters of model
have been divided based upon the so-called theory of main term segregation. In this
situation, a piece-wise template has been achieved by linear coefficients coupling
with non-linear parameters. And, for estimating the parameters of suggested system,
an extended recursive recognition algorithm has been utilized. They have ultimately

provided the consequences of the modeling on an X-Y placement stage [28].

In his another study, VOros [29] has dealt with the simulation and recognition of non-
linear cascade and sandwich structures with backlash in which general slopes have
been taken into consideration, rather than straight lines defining the downward and
upward portions of the backlash characteristics. This has made mechanical

components’ modeling more accurate and increased the efficiency of control
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mechanisms. The analytical definition of the common backlash has contributed to
mathematical model of the cascade mechanism including output common backlash
and the sandwich mechanism including inner general backlash, in which all the
parameters of the system have been segregated. Therefore, the identification has been
resolved as a quasi-linear problem. Iterative methods have been suggested for
approximation of internal parameters and illustrative instances have been included
[29].

Lagerberg [30] has researched on backlash control in his another study and findings
have been grouped into a specified format, in which major groups are active and
passive non-linear and linear controllers. This research focuses on control methods
appropriate for implementations in automotive powertrain, however the findings
published are not restricted to this area. The findings reported are focused on
partially distinct system models, based upon how the backlash integrated into the
system. Various models of backlash have also been utilized. The study also includes

a portion that explains these variations as well [30].

Ezal, Kokotovic, and Tao [31] have compensated a mechanism including flexibility
and backlash by an optimum open-loop control rule coupled with the linear partial-
state feedback rule. The backlash compensation has been viewed as optimally
controlled rendezvous issue, whereas the linear flexibility controller has been
developed utilizing classic control theory and single disturbance theory methods.
Simulation findings have demonstrated substantial changes in the efficiency of

system monitoring when backlash compensation has been active [31].

Hé&gglund [32] has introduced a new approach for the identification and measurement
of backlash in control loops. The method for identification is based upon standard
operational data. It is not presumed that output from the backlash has been
calculated. His method is automated in in the sense which the user does not have to
supply any input to operate the method. As the method provides an estimation of the
dead-band induced by the backlash, the method provides all information necessary

for compensating the backlash [32].
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Grundelius and Angeli [33] have addressed two separate dynamic controllers which
one of them in discrete time and the other one in continuous time for mechanisms
including backlash operating on the input. Both systems have been based upon the
linear controller and a reversed backlash. Uncertain parameters of the system and
size of the backlash have been measured. The measured parameters have been
utilized for controller’s pole positioning design and for compensation of inverse
backlash. Some researches of the estimator convergence have been performed.
Simulations of the plant have demonstrated that both systems have good behavior
[33].

Angeli [34] has introduced a variety of adaptive strategies in his work for
compensating the backlash through a suitable feed-forward non-linear operation.
Simulations results have demonstrated positive behavior for both explicit and
implicit methods [34].

Merzouki, Davila, Fridman and Cadiou [35] have built second order sliding mode of
limited time convergence for an electromechanical device including backlash in their
article. As a result of the limited time integration, the sliding mode of control has
been utilized to implement the recognition algorithms to describe the backlash
phenomena. The magnitude of dead-zone and disturbing torque have been defined
asymptotically. Experimental testing and simulation have been implemented to an
electromechanical control module to help the theoretical development [35].

1.2 Objectives of the Thesis

The objective of this thesis has been set by simulation using computer programs. The

main purposes are listed below:

e The major goal of this thesis is to identify the backlash size in
electromechanical control systems for obtaining safety net to guarantee the
reliability, functionality and robustness of operating conditions.

e Another purpose is to create more suitable environment for compensating of

backlash and designing a control system in next stages.
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e The other aim is to eliminate the effects of backlash which limit the
performance of speed and position control in industrial, robotics, automotive

and other applications by identifying backlash size.

1.3 Method

Before attempting to characterize and identify mechanical backlash, it is important to
understand the effects of the backlash phenomenon on mechanical systems and
position control problems. Therefore, in order to study on identification of backlash,
the impacts of the backlash had to be understood first. At this point, simulation using
the computer programs is very important to achieve the goals. Process for estimation
of backlash has been investigated by starting to understand the idea of backlash. The
method used in this thesis study has been extensively analyzed before passing the
implementation of the work. It is basically depend on the computer programming

language.

1.3.1 Computer Simulation Program

The basis of simulation studies in this thesis is software programing platform.
Simulation could be defined as a graphical language of computer software program
and it is designed by block diagrams. This block diagram language method can be
used in a dynamic system for several purposes such as analysis, modeling and
simulation of the system. Achieving these purposes is very easy in simulation
program because the required components can be chosen from the library and these
selected components can be also combined to each other by the way of block
schedule. The library of computer simulation program includes a wide range of
components which are available for insertion into the model. Luckily, the backlash
block is one of these components. The backlash block as it is seen in Figure 1.3 has

been used throughout this thesis study by adding it to the system.
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Figure 1.3 Backlash block in computer simulation program

As it is mentioned above the library of simulation program has wide range
components to select. Various components of this library have been used in this
thesis study. There are given the components used through the study with their

purposes in Table 1.1.
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Table 1.1 Various components of the library of computer simulation program used

through this thesis study

HE:

Step signal has been used as an input signal

Step
b, }5’ b Backlash has been used as a disturbance in the system and
= it is the amount of the gap or play.
b e
¥ = CueDu State-Space Model
State-Space
.lrdu P .. . . . .
Band-Limited White Noise With Very Small Size
BandLimited (it has been chosen very small in order to observe backlash
White Moise effect)
1 b Kalman-Filter has been used for observing measurements
p over time(load position used in this thesis study) to
estimate unknown (backlash) parameter
Kalman Filter
o b
— Selector has been used for observing load position change
over time(there are six parameters)
Selector
4‘1— Linear Quadratic Regulator has been used as a feedback
-, controller
s
Scope has been used to see the variables on graph
Scope
:I> Mux which is also known data selector has been used for
the purpose of forwarding several input signals to a single
Musc output line in some cases of this thesis study
Function block has been used to calculate sum of the
1 4 P absolute value of the difference between load position with
fcn backlash and without backlash, in order to estimate
MATLAB Function backlash value and to obtain percent error estimation
D Constant has been used as actual backlash value in order to
Constant calculate percent error estimation
s ] Numeric display has been used to see some numerical
values such as actual backlash size and estimated backlash
Dizplay size
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Computer simulation program is not a real-time simulator [6]. It means that while the
mechanism or system is operating, there will be no interaction with the mechanism
because the time scale is altered. This creates generally a significant benefit since it
is possible to implement a simulation of very long time in a short time like under ten
seconds, although there could be some disadvantages for detection of backlash.

However, the disadvantages are observed rarely.

1.4 Structure of the Thesis

Chapter Il gives the general information about backlash system. Mathematical model
of backlash is illustrated. There are the meanings of each symbol which are used
through the thesis study. Simulation schematic of backlash identification is
demonstrated. In addition, three backlash models which are vibration-impact
backlash model, hysteresis model of backlash and dead-zone backlash model is

described in this chapter.

Chapter 111 is related with parameter estimation. The matrices utilized in state-space
model are introduced. The definitions of controllability and observability are given.
The methods for determining whether the system is controllable or not controllable
and whether the system is observable or not observable are explained. In this chapter,
how to design the Linear Quadratic Regulator (LQR) for the system is defined. Then,
augmented matrix is created and it is utilized for obtaining Kalman filter. This
chapter also gives the information about the ways in order to achieve the LQR and
Kalman filter design. The purposes of Kalman filter and LQR are explained here and
there is shown a graph which has been obtained to understand the aim of Kalman
filter.

In Chapter 1V, simulation studies are given. Function block in computer
programming platform is introduced here. After introducing Function block,
estimated backlash size is obtained thanks to this block. There are some simulation
graphs of estimated backlash sizes for several actual backlash sizes (these graphs
have been obtained during the study). Comparison of estimated backlash size with
actual backlash size and percent error estimation are shown in a table. The effect of

backlash in the system is also can be seen on the graphs in this chapter.
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Chapter V is related with the conclusion and recommendation of the thesis study and
discusses the developments basis of the results. Some suggestions are given for
future work in this chapter. What can be done after this thesis study and how to

improve this study also mentioned in this chapter as a continuation.
In Appendix A, some examples which have been obtained from this thesis work are

given. There is given a Curriculum Vitae (CV) and an article derived from the thesis

at the end of this thesis study.
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CHAPTER I
BACKLASH

There some significant non-linear effects that generally influence the control systems

in the real world. Some of these effects are [34];

e Friction

e Time delay

e Backlash

e Saturation

e Un-modeled resonances

e Noise

Several approaches can be implemented to these effects. The simple approach is to
ignore them. Another approach is that the effects could be included in the simulation
model of the system. Then, the simulation must be run until making sure that the
effects are negligible. If, contrarily, these effects result to in an important way the
performances of the control system, there are some general measures that can be
adopted, but the most appropriate remedies are usually tailored to the specific

parasitics [34].

Backlash is a quantity of “‘play’’ or motion which is triggered by a gap between the
components making contact with each other. The backlash is generally contained in
mechanical systems. Actually, if the load side (driven side) is not connected to the
motor side (driving side) directly, backlash can appear in all electromechanical
systems like this (see Figure 2.1). Gear boxes, hydraulic valves and ball screw are the
well-known examples [3]. When backlash exists in a mechanical system, it leads to

the system being unreliable and uncontrollable. Therefore, backlash can seriously
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restrict the efficiency of the control system. The motor side of the mechanical system
has been assumed to be continuous (constant) component in this thesis study since
the motor part is actuated by the step input signal. This input signal could be

considered as a mass torque.

Figure 2.1 Connection of driving member (motor side) and driven member (load
side) [35]

2.1 Sources of Backlash

There are several reasons of backlash. The important ones of these reasons will be
mentioned. Poor lubrication of the system is one of the significant reasons for
backlash. In order to obtain a well-built mechanism, the backlash should be reduced.
However, there must be a sufficient amount of backlash between the moving
components for enabling lubrication in order to protect the system against the
deformation, stuck and high temperature. Hence, the presence of the backlash is

usually a normal operating state for gears.
If the lubrication of the mechanism is not a good level or if the quality of the

lubrication is poor, the rubbing of the components causes unwanted clearance that

leads to adding backlash.
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Figure 2.2 Backlash in mechanical system

Another reason of the backlash is related with manufacturing phase of the gears.
Particularly, if the teeth of the gears are cut deeply at the beginning, it causes
backlash. The other reason for increasing the backlash could be given as that tear and
wear occurs as a result of backlash. This leads to larger backlash. Backlash also
increases because of the age of the mechanism.

2.2 Mathematical Model of Backlash

In order to facilitate the description, a schematic diagram of backlash is shown in
Figure 2.3 [3].

J 20 k i

m

0, WA o,
Driven 9 C - Load
Motor m 9 / Motor

Figure 2.3 Schematic diagram of backlash

20



In Figure 2.3,

k s the shaft stiffness [Nm/rad]

¢ isthe internal shaft damping [Nm/(rad/s)]

i isthe total gear ratio (including final gear)

J, isthe load inertia [kgm?]

Jm is the motor inertia [kgm?]

b, isthe load viscose friction coefficient [Nm/(rad/s)]

b, is the motor viscose friction coefficient [Nm/(rad/s)]

T istime delay [s]

T,y is the motor torque [Nm]

T; is the load torque [Nm]

6,, 1s the output displacement (position) of the servo motor side [rad]
6, is the output displacement (position) of the load side [rad]
Wy, 1S the speed of motor side [rad/s]

w; Iis the speed of load side [rad/s]

a s the size of half of the backlash gap [rad]

The following numerical values for some symbols which mentioned above have been

used through this thesis study.

( k =3300 Nm/rad

Jm = 0.4 kgm?

Ji=5.6 kgm?
i =3.984

4 r
c=1 Nms/rad

b,, = 0.1 Nms/rad

b =1 Nms/rad

\ 1=1 s J
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It is possible to obtain the gear ratio i as following [2]:

Wm

[ = o (2.1)

2
where w,, is motor speed and w; is load speed. To give an example, let us say motor

side has speed of 1000 rpm and load side has speed of 502 rpm. Then, the gear ratio

will be:

. 1000
| = =55 =3.984 (2.2)

The obtained gear ratio value 3.984 has been used through this thesis study.

2.3 Backlash Models

In reality, backlash could exist in different locations of the transmission system. The
non-linearity caused by backlash has various characteristics. When backlash appears,
the torque is not moved from one side of the backlash gap to the other side of the
backlash gap (input signal is assumed as torque in this study). The size of backlash
gap is generally expressed by 2« size as shown in Figure 2.3. There exists a negative
interaction when motor side and load side have an error of constant displacement
(position) angle as the position angle of the motor side lags the load side by - a. In
this case, negative torque only could be implemented throughout the drivetrain
system. On the other hand, when the position angle of the motor side leads the load
side by «a, there exists a positive interaction, and in this position, it permits merely
positive torque to be implemented through the system. When the position angle of
the motor side between a and —a;, interaction (contact) does not exist. Therefore, the
torque is not moved to the other side. Several models of backlash have been
analyzed. Backlash models which have been analyzed in this study are focused on
these assumptions. All symbols used in models are in Figure 2.3 and the meanings of

each symbol are written there.
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2.3.1 Vibration-Impact Model

The problems related with this model contain two non-linear backlash mechanical
models. One of these models is rigid impact model and the other one is elastic impact
model. This model suggests that the affecting object is rigid, which means that the
collision mechanism is instant, and it presents the coefficient of reflection in order to
describe the energy lost in the impacting process. On the basis of the conservation of
momentum, there are two equations [3] after impact as shown below. K is the

coefficient of reflection here.

O (t*) — 6,(t%) = —K[0,(t7) — 6,(t )] (2.3)
Jin[0m (€T = 0 ()] + 1[0 () — 6,(7)] =0 (2.4

The calculations in this model are simple. Therefore, it makes the solutions
analytically easier. This is the most important advantage of rigid impact model.
However, this model neglects the relationship between phase and displacement,

resulting in rigid impact method just matches the purely rigid frame.

Elastic impact model is another model of Vibration Impact problems. This model
presumes that the impacting material is elastic. As the elastic features of this model
could be linear, the features can be non-linear as well and duration of the collision
mechanism is certain. The coefficient of variable stiffness is presented in elastic
impact model on the basis of the errors in static transmission induced through

manufacturing error and the dead-zone model.

The elastic impact model of the backlash is generally utilized in the dynamic study of
the gear mechanism and this model is very complicated. Problems in the study of real
control system are hard. They cannot be solved quickly. For this reason, elastic

impact model is rarely utilized in the study of the driving control mechanism.

2.3.2 Hysteresis Model

The mathematical model for Hysteresis Backlash Model is mentioned below [3].

wl={a)m 0,=0,—a or 91=9m+a}

0 (2.5)
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If (2.5) is interpreted, it could be seen that the prediction of hysteresis backlash
model is: The load side is constant while the motor side of the system is in the
backlash zone. It could be split into two situations. The first case is that the load side
is stationary when the motor side goes through to the backlash because of large
damping. Backlash between the transmitting mechanism and the table of the system
is an example of this situation. The other case is that the damping of the motor side
and inertia moment is comparatively small. Therefore, the motor side can rapidly
splash over the backlash for contacting with load side. The load side could be
considered as stationary in this situation. The hysteresis backlash model is rarely
utilized since the prediction of this model cannot be fulfilled in the most applications.

A

WP

:

Figure 2.4 Hysteresis model of backlash

2.3.3 Dead-Zone Model

The representation of Dead-zone Backlash Model [3] mathematically is as follows.

My is torque and A8 = 6,,, — 6, here.

k(A8 —a) +c(6,, —0)) for AB>a
Mp = 0 for —a<A8=<a (2.6)
k(A8 + a) +c(6, +6,) for A< —a

Backlash between the transmission torque of the motor side and the load side of the

mechanism is defined by the non-linear dead-zone model. Relative displacement A6
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is used as input and M which is torque is used as output in this model. The dead-
zone model of backlash represents the relationship of the motor side and the load
side with torque transfer and the model also takes into account the effect of the

damping and stiffness of the mechanism.

Figure 2.5 Dead-zone model of backlash

The concept of the Dead-zone Backlash Model is more practical in real servo
systems since the entity surrounding backlash has two spinning inertias. Such a
mechanism or system is closer to the real case of the backlash non-linearity and the

research of non-linear backlash has more realistic importance.

2.4 Simulation Schematic of Backlash Identification

Input signal is step input signal in this study. Kalman filter has been used for
observing load positions with backlash and without backlash more accurately.
Selector has been used to choose load position parameter which is one of the six
measurements of the system. LQR is a feedback controller here. Band-Limited-Noise

is ignored (very small) to see the effect of backlash on the load position.
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CHAPTER 11

PARAMETER ESTIMATION

The given system dynamics can be expressed in state-space form for using

estimation of backlash parameters [1-2].

X =Ax + Bu (3.1)
y=Cx+Du (3.2)

Where u is the requested motor torque and the state vector has six parameters as

follows:

Xx=[0n wn 6, w T Tm]T (3.3)

Where the six states of this state vector are;
e x1 = motor position (displacement)
e x2 = speed of motor side
e x3 = load position(displacement)
e x4 = speed of load side
e x5 = load torque

e x6 = motor torque

The measurement vector has motor position and load position parameters as

follows:

y=1[6m 6] (3.4)
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According to system dynamics, the state-space has A and B matrices as

0 1 0 0 0 0 |
_ 'E*'bm
e -~
Jmi Jn Il Jml Jm
A 0 0 0 1 0 0
= k¢ koctb 1, (3.5)
Jil Jil Ji Ji JL
0 0 0 0 0
1
0 0 - =
L (g
1 T
B:[O 0 00O ——} (3.6)
T
And the matrices of C and D are as the following:
C=f 010 0 0] (3.7)

The motor position and the load position are measurable and C matrix takes the

form separately

Cn=p 0 0 0 0 0] (3.8)
for motor position and

c=[0 01 0 0 0] (3.9)

for load position. Then, the D matrix takes the form of

D—o 3.10
=10 (310)
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3.1 Controllability and Observability

In linear control theory, the degree of closed-loop feedback u = —Kx for controlling
system’s behavior in equation (3.1) should be known. The eigenvalues of unstable
backlash system could be modified through closed-loop feedback, leading to a new
system matrix (A — BK) containing stable eigenvalues. This part offers precise
conditions for when and how the dynamics of the system could be controlled via
feedback.

3.1.1 Controllability

The capability of constructing the closed-loop system’s eigenvalues through the
selection of K depends on the controllability of the system in equation (3.1). In order
to determine the controllability of a linear structure, the column space of the

controllability matrix C is used.

cC=[B AB A’B .. A"'B| (3.11)
If the matrix C has n linearly independent columns, then the system in equation (3.1)
is controllable [7]. In addition, the controllability of matrix C determines which state

vector directions could be manipulated by control.

In computer programming language, the controllability of matrix C can be obtained

by
> ctrb(A,B) .

And then it is possible to check the rank of the matrix in order to see whether it is

equal to n or not, by using
>» rank(ctrb(A, B)) .

The controllability of the system has been checked and it has been obtained in

computer programming language as in Figure 3.1.
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>» ctrb (A, B

ans =
1.0e+06 *
0 0 0.0000 -0.0000 -0.0012 0.01el
0 0.0000 -0.0000 -D,0012 0.01el 1.2942
0 0 0 0.0000 0.0004 -0.0027
0 0 0.0000 0.0004 -0.0027 -0.3933
0 0 0 0 0 0

0.0000 -0.0000 0.0000 -0.0000 0.0000 -0.0000

Figure 3.1 Controllability of the system

3.1.2 Observability

The system’s observability in equations (3.1) and (3.2) is almost similar to the
controllability of the system mathematically. However the physical understanding
varies slightly. If any state can be determined from the time history of the y(t)
parameters, this mechanism is observable. In order to determine the observability of
the mechanism, completely the row space of the O matrix which is observability
matrix of the system is used.

C
CA

CA?
o=| (3.12)

In computer programming language, the observability of matrix O can be obtained

by

> obsv(A4,C) .
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The behavior of a controllable mechanism can be changed, but if there are no full-
state parameters of x, we have to estimate x from the parameters. This can be
achieved if the system is observable. If the mechanism is observable, the eigenvalues
of the adaptive estimator system could be constructed with favorable features, such

as efficient noise attenuation and quick estimation.

It is important to note that the observability criteria is the dual criteria of the
controllability mathematically. The transpose of controllability matrix is equal to
the observability matrix (A7,CT) and it is achieved in computer programing

language by using

> 0 =ctrb(4',C")" .

In this thesis study, variable of C in observability matrix has taken as C,, for motor
side and it has taken as C; for load side. It has been seen that the constructed state-

space model is controllable and observable.

The observability of the system has been checked and it has been obtained in

computer programming platform as in Figure 3.2.

»» obsv(4,C)

ans =
1.0e+07 *

0.0000 0 0.0000 0 0 0

] 0.0000 0 0.0000 0 0

-0.0000 -0.0000 0.0001 0.0000  -0.0000 0.0000
0.0003 -0.0000 -0.0012 0.0001 -0.0000 -0.0000
0.0395 0.0005 -0.1573 -0.0013 -0.0000 -0.0001

-0.4478 0.0386 1.7832 -0.15&8 0.0002 0.0013

Figure 3.2 Observability of the system
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3.2 Linear Quadratic Regulator (LQR)

A significant objective of optimal control is choosing the right gain matrix K in
(3.13) to balance the system without spending too much effort for control. The

stability control law is given below.

u=—-Kx (3.13)

The expenditure of control must be taken into account in order to
e avoid over-reacting of controller to disturbances and high-frequency noise
e then, by doing this, the actuation does not surpass the permitted maximum

amplitudes

e and so that control is not extremely costly

Especially, the cost function [7] which is given below has a great importance to

balance the cost of state’s efficient regulation with the cost of control.
t
J(t) = Ix(r)*Qx(r)+u(r)* Ru(r)dr (3.14)
0

Respectively, the Q matrix is a measure of the cost of the state’s deviations from zero
and matrix R is a measure of the cost of actuation. These both matrices are always
diagonal and the diagonal components can be modified to adjust the relative value of
the control goals. Q is a semi-definite positive matrix and R is a definite positive

matrix. The Q matrix has been set as follows:

Q =eye(6) .

In other words,
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1 00 00O
010000
Q_001000 (3.15)
1000100 '
0 00010
0 0000 1]
And the R matrix has been set as follows:
R = 0.0001 (3.16)

The values of Q and R which are mentioned above have been used through this thesis

study. The control low of LQR is similar to the stability control law as seen in (3.17).

u=K.x (3.17)

This law is utilized to minimize | = tlim](t). Since it is a linear control rule

developed for a linear system in order to minimize the quadratic cost function, LQR

is so called and this regulates the system’s state as tlirnx(t) = 0.
—00

System

A1

i
EK = Ax + Bu

y =X

[ LOR
l u=-Kx

Figure 3.3 Schematic of the LQR for optimal full-state feedback [7]
K, is a constant gain and it could be achieved by using several methods, but in this
thesis there are two important methods. The first way is solving the Riccati algebraic

equation [7].

33



K, = R™'B*X (3.18)

X is the solution of the algebraic Riccati equation here.

A*X+XA—XBR1B*X+Q =0 (3.19)

By solving the Riccati equation in (3.19), X is obtained, so that constant gain matrix
K, is obtained. Another method for achieving constant gain K,. which has been used
in this thesis is computer programming language. K, has been used as K in this thesis

study. It has been obtained via
» K = (lqr(4',C',Q,R))".
LQR has been used as a feedback controller in this thesis study. The gain matrix K

for optimal system has been obtained in computer programming platform as in

Figure 3.4.

= E

1.0e+03 =

0.0758
4.4009
0.0868
-1.1837
—-0.1000
0.0106

Figure 3.4 Gain matrix K for optimal control

3.3 The Kalman Filter

Kalman filtering which is also known as linear quadratic estimation (LQE) is used
for observing measurements of a mechanical system such as inaccuracies, statistical
noise and backlash over time. Since the conflicting effects of these measurements are

optimally balanced by Kalman filter, it is the most widely utilized estimator of full-
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state. The state could be estimated from restricted noisy measurements of y, rather
than measuring full-state of x. Actually, estimation of full-state is possible

mathematically if the pair of (4, C) are observable.

System Outputs(Load Positions) With Backlash
and Without Backlash

m——System Output(Load Position) VWith Backlash
—System Output(Load Position) Without Backlash
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Figure 3.5 Observation of load positions by using Kalman filter: Black line: Load

position with backlash, Red line: Load position without backlash

In this paper, Kalman filter has been used for observing load position (one of the six
parameters) with backlash and load position without backlash more accurate. This is
the main way to see the changes of load positions to create an idea for mathematical
model. There is an example in Figure 3.5 which is taken from the simulation results.
In this graph, red line shows the change of load position over time when there is no
backlash in the system. On the other hand, the black line shows the change of the
load position over time. The difference between the systems when there is backlash
and when there is no backlash can be seen in this figure. The observation of the
backlash effect has been obtained thanks to using Kalman filter.

Full-state estimate might be obtained by using Kalman filter with LQR feedback law
which is optimal rule for estimation. Augmented system with backlash (disturbance)
and noise (ignored or very small) as shown in Figure 3.6 has been re-arranged for

deriving full-state estimator.
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Figure 3.6 Augmented system with disturbance (backlash) and noise

Throughout the study, noise has been neglected in order to observe the effect of
backlash (disturbance). Therefore, noise has been taken approximately zero in all

equations.

Xx=Ax+ Bu+V;d+ 0n (3.20)
y=Cx+Du+0d+Vn (3.21)

V,; is disturbance (backlash) covariance matrix and V, is measurement noise
covariance matrix here. V; and V,, are positive semi-definite matrices. A, B,C and D
matrices have been obtained from system model. Random numbers have been
created and they have been supposed to actual backlash size. V;, has been ignored for

all cases. V; measurement has been constructed for system with backlash as;

V4 = randnumber * eye(6) .

And V; has been constructed approximately zero for system without backlash as;

V,; = 0.00000001 * eye(6) .

Augmented inputs with disturbance (backlash) and noise has been developed as

below.
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BF =[B V, 0% B]

vy BF
B =
0 4.47 0 0 0 0 0 0
0 0 4.4875 0 0 0 0 0
0 0 0 4487 0 0 0 0
0 0 0 0 4.487 0 0 0
0 0 0 0 0 44873 0 0
1.0000 0 0 0 0 0 4,487 0

Figure 3.7 Augmented inputs with disturbence (backlash) and noise

There are again several methods for obtaining the filter gain K, but two important
similar procedures as in LQR will be explained. K; can be obtained by using the first
procedure which is solving Riccati equation and the other one is using computer
program language. In the first method, the estimation X of the full-state x can be
derived from input u and output y measurements by using dynamic system estimator

which is shown below [7].

S %= AR+ Bu+ K (y — ) (3.22)
9 =C%+ Du (3.23)

and K¢ is given by
Ke = YC*V, (3.24)

y gives the solution of Riccati algebraic equation in (3.25).

YA + AY —YC*VICY +V,; = 0 (3.25)
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The Kalman filter is generally referred to as this approach. The other procedure is

computer software language. The filter gain Ky has been defined for load position

with backlash in computer programming platform as Ky, and it has been obtained via

> Kfl = (lqr(A’, Cl,’ le VTL)), .

13.85596
-462.0474
214.2064
504.4727
—-211.8382

22.2870

Figure 3.8 Filter gain for load position with backlash

For load position without backlash, it has been defined as Ky, and it has been

obtained via

> Kflno = (lqr(A,: ClI: Vano Vnno)), :

»» Eflno

Eflno =

L1250
372.3904
100.6749

67.T7T1l36

-100.0000

10.444%5

kd

Figure 3.9 Filter gain for load position without backlash
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As observability and controllability are mathematically dual problems, optimal
estimation and control are also dual problems. Therefore, the filter gain for load

position with backlash, K¢, might be obtained by using LQE as:

> Kfl = lqe(A, le Cl)le Vn) .

And the filter gain for load position without backlash, K¢;,, might be obtained by
using LQE as:

> Kflno = lqe(A, V4, C1, Vanor Vano) -
The results of the parameters which are state-space system with backlash and
noise (sysCl), state-space system with backlash (sysKFL) and without

backlash (sysKFLNO) are given in Appendix A. These results have been achieved
during the thesis study.
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CHAPTER IV

SIMULATION STUDIES

A simulation program which is a graphical language based on a computer
programming platform [6] has been used in this study. This computer program has a
wide library and fortunately, backlash block is a component of this library. Backlash
block has been used through the article. By using this block, change of system output
(load position) with backlash and without backlash have been observed. Estimations
of backlash size have been tested in computer programing language and recorded for
several values of actual backlash sizes. The performance of simulation studies is
illustrated in the following examples. In the examples of ‘‘System Outputs (Load
Positions) With Backlash and Without Backlash’’, x coordinate of these graphs
represents ‘‘“Time’” and y coordinate of these graphs represents ‘‘System Outputs
(Load Positions)”’. In the examples of ‘‘Comparison of Estimated Backlash Value
with Actual Backlash Value’’, x coordinate of these graphs represents ‘“Time’’ and
y coordinate of these graphs represents ‘‘Actual Backlash Value and Estimated
Backlash Value’’. Simulation tests have been applied for a duration of 2 seconds
each.

4.1 Function Block and Backlash Size Identification

Function block allows us to use the computer programming platform for identifying
custom functionality in the models of simulation. By using function block, the
programming codes can be brought easily into the simulation part of the computer
program. When a model which includes function block is simulated, these codes are
integrated with the model. This block is used to study on identifying the class,

complexity and size of the variables.
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Backlash

€—— LOAD POSITION WITH BACKLASH

Figure 4.1 Function block in computer simulation
In order to get sum of the absolute value of the difference between load positions

with backlash and load positions without backlash and to create an equation based on
this sum for identifying backlash size, function block (see Figure 4.1) has been used.
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Example 1. System output (load position) with backlash and without backlash is
shown in Figure 4.2. Sum of the absolute value of the difference between load
positions have been calculated as 3.624 x 10~*. By using this result, the estimated
backlash size has been simulated on the basis of actual backlash size which is 1.2234
(see Figure 4.3) and Band-Limited Noise with zero mean. Estimated backlash size has
been identified as 1.183. The difference between actual backlash size and estimated
backlash size is 0.0404.

System Outputs(Load Positions) With Backlash
and Without Backlash

= System Output{Load Paosition) With Backlash
— System Output(Load Position) Without Backlash

System Qutputs(Load Positions)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time

Figure 4.2 System outputs (load positions) change: Black line: Load position with
backlash, Red line: Load position without backlash — Example.1

Comparison of Estimated Backlash Value
With Actual Backlash Value

= Estimated Backlash Value
= Actual Backlash Value
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|

Estimated Backlash Value
s R B

Actual Backlash Value and

1.973584 1.973586 1.973588 1.97359 1.973592
Time

Figure 4.3 Actual backlash size and estimated backlash size: Black line: Actual

backlash size, Red line: Estimated backlash size — Example.1
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Example 2. System output (load position) with backlash and without backlash is
shown in Figure 4.4. Sum of the absolute value of the difference between load
positions have been calculated as 8.781 x 10~*. By using this result, the estimated
backlash size has been simulated on the basis of actual backlash size which is 1.7309
(see Figure 4.5) and Band-Limited Noise with zero mean. Estimated backlash size has
been identified as 1.636. The difference between actual backlash size and estimated
backlash size is 0.0949.

System Outputs(Load Positions) With Backlash
and Without Backlash
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Figure 4.4 System outputs (load positions) change: Black line: Load position with
backlash, Red line: Load position without backlash — Example.2

Comparison of Estimated Backlash Value
With Actual Backlash Value
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Estimated Backlash Value
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1.948605 1.94861 1.948615 1.94862 1.948625
Time

Figure 4.5 Actual backlash size and estimated backlash size: Black line: Actual
backlash size, Red line: Estimated backlash size — Example.2
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Example 3. System output (load position) with backlash and without backlash is
shown in Figure 4.6. Sum of the absolute value of the difference between load
positions have been calculated as 1.287 x 1073. By using this result, the estimated
backlash size has been simulated on the basis of actual backlash size which is 2.3923
(see Figure 4.7) and Band-Limited Noise with zero mean. Estimated backlash size has
been identified as 2.354. The difference between actual backlash size and estimated
backlash size is 0.0383.

System Outputs(Load Positions) With Backlash
and Without Backlash
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Time

Figure 4.6 System outputs (load positions) change: Black line: Load position with

backlash, Red line: Load position without backlash — Example.3
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Figure 4.7 Actual backlash size and estimated backlash size: Black line: Actual
backlash size, Red line: Estimated backlash size — Example.3
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Example 4. System output (load position) with backlash and without backlash is
shown in Figure 4.8. Sum of the absolute value of the difference between load
positions have been calculated as 1.41 x 1073. By using this result, the estimated
backlash size has been simulated on the basis of actual backlash size which is 2.5718
(see Figure 4.9) and Band-Limited Noise with zero mean. Estimated backlash size has
been identified as 2.662. The difference between actual backlash size and estimated
backlash size is 0.0902.

System Outputs(Load Positions) With Backlash
and Without Backlash
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Figure 4.8 System outputs (load positions) change: Black line: Load position with

backlash, Red line: Load position without backlash — Example.4
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Figure 4.9 Actual backlash size and estimated backlash size: Black line: Actual
backlash size, Red line: Estimated backlash size — Example.4
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Example 5. System output (load position) with backlash and without backlash is
shown in Figure 4.10. Sum of the absolute value of the difference between load
positions have been calculated as 1.6 x 1073, By using this result, the estimated
backlash size has been simulated on the basis of actual backlash size which is 3.0394
(see Figure 4.11) and Band-Limited Noise with zero mean. Estimated backlash size
has been identified as 3.164. The difference between actual backlash size and
estimated backlash size is 0.1246.
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Figure 4.10 System outputs (load positions) change: Black line: Load position with

backlash, Red line: Load position without backlash — Example.5
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Figure 4.11 Actual backlash size and estimated backlash size: Black line: Actual
backlash size, Red line: Estimated backlash size — Example.5
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Example 6. System output (load position) with backlash and without backlash is
shown in Figure 4.12. Sum of the absolute value of the difference between load
positions have been calculated as 1.753 x 1073. By using this result, the estimated
backlash size has been simulated on the basis of actual backlash size which is 3.6988
(see Figure 4.13) and Band-Limited Noise with zero mean. Estimated backlash size
has been identified as 3.624. The difference between actual backlash size and
estimated backlash size is 0.0748.

System Outputs(Load Positions) With Backlash
and Without Backlash
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Figure 4.12 System outputs (load positions) change: Black line: Load position with

backlash, Red line: Load position without backlash — Example.6
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Figure 4.13 Actual backlash size and estimated backlash size: Black line: Actual
backlash size, Red line: Estimated backlash size — Example.6
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Example 7. System output (load position) with backlash and without backlash is
shown in Figure 4.14. Sum of the absolute value of the difference between load
positions have been calculated as 1.926 x 1073. By using this result, the estimated
backlash size has been simulated on the basis of actual backlash size which is 4.2952
(see Figure 4.15) and Band-Limited Noise with zero mean. Estimated backlash size
has been identified as 4.196. The difference between actual backlash size and
estimated backlash size is 0.0992.
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Figure 4.14 System outputs (load positions) change: Black line: Load position with

backlash, Red line: Load position without backlash — Example.7
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Figure 4.15 Actual backlash size and estimated backlash size: Black line: Actual
backlash size, Red line: Estimated backlash size — Example.7
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Example 8. System output (load position) with backlash and without backlash is
shown in Figure 4.16. Sum of the absolute value of the difference between load
positions have been calculated as 2.059 x 1073. By using this result, the estimated
backlash size has been simulated on the basis of actual backlash size which is 4.7684
(see Figure 4.17) and Band-Limited Noise with zero mean. Estimated backlash size
has been identified as 4.679. The difference between actual backlash size and
estimated backlash size is 0.0894.
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Figure 4.16 System outputs (load positions) change: Black line: Load position with

backlash, Red line: Load position without backlash — Example.8
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Figure 4.17 Actual backlash size and estimated backlash size: Black line: Actual

backlash size, Red line: Estimated backlash size — Example.8
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It is expected that there should be a delay when there exists backlash in
electromechanical system, but as it is seen in the graphs, the line of load position
without backlash (black line) is moving later contrary to expectations. The reason of
this delay in the system without backlash (black line) is noise. The size of noise
actually has been chosen very small to ignore the effect of noise. However, the
chosen value for noise size is not at the desired level. Therefore, the effect of the

noise is seen as delay in the system (black line) despite the small size of noise.

4.2 Comparison of Actual Backlash Size and Estimated Backlash Size

Estimated backlash sizes have been obtained for several actual backlash sizes in the
system. Table 4.1 shows the estimated backlash size, actual backlash size and the
difference between them. Percent error in backlash estimation is also presented in the
table as a percentage of the actual backlash size. The error changes between a
minimum of 1.87 per cent and a maximum of 5.48 per cent for various backlash

sizes.

Table 4.1 Difference between actual backlash size and estimated backlash size

The Difference
Example Actual Estimated Between Actual FI’Eert'gentt_Baclélash
Umber Backlash | Backlash Backlash Value and |; '_Tal 1on Error

Size (ag) Size (a,) Estimated Backlash (% %X 100%)
Value (Ja, — a.|) ¢

1 1.2234 1.183 0.0404 3.30%
2 1.7309 1.636 0.0949 5.48%
3 2.3923 2.354 0.0383 1.60%
4 2.5718 2.662 0.0902 3.51%
5 3.0394 3.164 0.1246 4.10%
6 3.6988 3.624 0.0748 2.02%
7 4.2952 4.196 0.0992 2.31%
8 4.7684 4.679 0.0894 1.87%

4.2.1 Mean Square Error

Mean square error has been calculated according to the values shown in Table 4.1

using the following formula:
MSE = %z (actual — es:timated)2 (4.1)
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For n = 8 different backlash sizes and their estimates, MSE value is computed in the

following manner.

(1.2234 — 1.183)%? = 1.63216 x 1073

(1.7309 — 1.636)% = 9.00601 x 1073

(2.3923 — 2.354)% = 1.46689 x 1073

(2.5718 — 2.662)% = 8.13604 x 1073

(3.0394 — 3.164)% = 0.01552516

(3.6988 — 3.624)% = 5.59504 x 1073

(4.2952 — 4.196)? = 9.84064 x 1073

(4.7684 — 4.679)% = 7.99236 x 1073

MSE = (1.63216 x 1073 + 9.00601 X 103 + 1.46689 x 1073
+8.13604 x 10~3 + 0.01552516 + 5.59504 x 1073
+9.84064 x 1073 + 7.99236 x 1073)/8

MSE = 0.0595543/8

MSE = 7.442875 x 1073

The value of computed MSE being in the order of 1073 in estimating a series of
backlash sizes changing approximately between 1.2 and 4.8 is a clear indication of

the success in backlash size estimation.

There are given only 8 examples of simulation results in Table 4.1. However, more
than 100 simulation tests have been done during this thesis study. For 100 of these
simulation tests average percent backlash estimation error has been obtained as
1.8925% and mean square error (MSE) has been obtained as 9.44395 * 1073, The

results of the studies in literature are mentioned below.

Lagerberg and Egardt [1, 9, 19] have described the estimators based on Kalman
filters for state and size of backlash in their studies. They have measured the
backlash size for three different sequences and the values of 0.025 rad, 0.026 rad,
0.027 rad have been obtained respectively. The difference between these sequences
is on the order of 5%. Then, Lagerberg and Egardt have compared the estimated
backlash size with 0.024 rad which is manually estimated value [1, 9, 19].
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Sainio [2] has fitted a powertrain model for a real vehicle and he applied grey-box
methods to identify the parameters. Then, several tests have been done with this real
electric vehicle. Joonas Sainio has obtained over 90% accuracy in his study when the

parametrized model compared to all measured datas [2].

Yang, Tang, Tan and Xu [3] have developed an identification method based upon the
integration of speed difference to detect the backlash amplitude automatically in
servo transmission system. They have verified the accuracy and effectiveness of the
method. In their experimental setup, the given backlash amplitude is 0.035 rad and
they have obtained 5.6 * 1e — 4 rad [3].

Papageorgiou, Blanke, Niemann and Richter [23] have presented a method to
estimate the dead-zone angle in a single-axis drive-train with backlash in their work.
They have tested the method in simulation and the convergence has been obtained in

less than 2 s with precision in the order of 1073 [23].

Dong, Qingyuan Tan and Yonghong Tan [26] have proposed a pseudo-Wiener model
with backlash. By proposing this model, they have aimed on-line identification of
dynamic systems with backlash. Ruili Dong, Qingyuan Tan and Yonghong Tan have

obtained 2.62 * 10~2 maximum relative error in their results [26].

Dong and Tan [28] have suggested an approach for online identification of the
sandwich systems with backlash in their study. They have carried out the proposed
method to the X-Y moving positioning stage model. After 900 steps, Dong and Tan
[28] have achieved the convergence. They have seen that the mean square error
(MSE) decrease sharply before 80 steps and then it converges to a constant 0.2
gradually. They have also observed that the maximum relative error is less than %10
[28].

Hégglund [32] has derived an estimation and detection method in order to obtain the
amount of backlash automatically by using normal operating datas. Several amounts

of backlash, varying from 1% to 10% have been obtained in the results [32].

When the obtained average percent backlash estimation error and mean square error
(MSE) for 100 simulation tests are compared with the results of the studies in
literature, it is seen that the results are close to each other in general.
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CHAPTER V

CONCLUSION AND RECOMMENDATIONS

Two feedback control system models, one of them being for a mechanical system
with backlash and the other one for a mechanical system without backlash, have been
developed by using computer simulation. The parameters used in state-space form
have been introduced and the state-space form has been designed. After designing
the state-space form, the augmented system matrix with disturbance (backlash) and
noise (ignored or very small size) has been obtained. The controllability and
observability of the system have been verified. The constant gain for LQR and the
filter gains for system with backlash and without backlash have been formed.
Kalman filter has been designed in order to see and understand the effect of the
backlash on the load positions more accurately. Sum of the absolute value of the
differences between load positions with backlash and load positions without backlash
has been obtained. In order to achieve the values of estimated backlash sizes, a
mathematical model which is directly proportional with the obtained sum results has
been formulated. These calculations and mathematical model have been obtained by
using function block in computer simulation library. Estimated backlash values have
been obtained by performing simulation experiments for different actual backlash

values and their accuracy has been verified.

Finally, percent estimation error has been calculated. The comparison of each
estimated backlash size with actual backlash size and percent estimation error for this
comparison of backlash sizes have been shown in a table. It has been observed that
the simulation study has good results when the values of the estimated backlash sizes
are compared with the values of the actual backlash sizes.
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Although, there are given a few examples of simulation tests in Chapter 1V, many
different simulation tests have been done and the average percent backlash
estimation error and mean square error (MSE) of these tests have been calculated.
When the average percent backlash estimation error and mean square error (MSE) of
these simulation tests have been compared with the results of the studies in literature,
it is observed that they are generally close to each other.

According to the results, the expected goals have been achieved, but there are some
other goals that can be achieved if we continue to work on this subject. For instance,
the backlash can be compensated and an experimental setup can be designed in a real
system. The presented simulation technique could be useful to create more suitable
environment for compensating backlash and designing a control system in future
studies. By identifying the backlash size, safety net has been guaranteed for the
reliability, functionality and robustness of operating conditions. Therefore, it can
eliminate the effects of backlash which limit the performance of speed and position
control in industrial, robotics, automotive and other applications. In addition, it can

be used for more complex systems with backlash.

5.1 Recommendations for Future Work

There are some recommendations for future work to strengthen the findings obtained
in this study. In this thesis study, backlash size has been identified by observing load
position based on Kalman filter method. In addition to the Kalman state observer,
there are also several methods can be used to identify the backlash size. The first
method is that backlash size could be obtained by integrating the speed difference.
The second method is quasi-stationary state identification method. Another method is
that backlash size can be identified based upon the increasing pulse of the torque.
One more method that can be used is similar to the previous one, where the backlash
size could be obtained by using the approach based on the small pulse of the torque

[3].
Backlash has an important role especially in the industrial sector in which there are

many mechanical systems. However, only the identification of the backlash size is
not sufficient. If the size and location of the backlash are not known when backlash
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exists in a mechanical system, the whole of the mechanism or system sometimes
needs to be replaced. Such a problem is seen generally in the industrial sector, which
results in a decrease of productivity. As an outcome of this thesis study, the size of
the backlash has been identified. If a method can be developed for determining the
location of the backlash, the problem could be solved. Instead of the whole
mechanism, only the backlash part of the mechanism will be sufficient to be
replaced. Thus, the negative effects of backlash on the productivity especially in the

industrial sector will be reduced significantly.

The identification of the backlash size has been discussed in this thesis study in
computer simulation environment. In order to obtain more realistic results, the same
study might be made by designing an experimental setup. After identifying the
backlash using the approach proposed here, some new methods could be developed
to compensate the active backlash as a continuation of this thesis study. Thus, the
effects which occur due to the backlash can be eliminated and the system

performances can be controlled and improved.

If the nature and effects of the backlash can be fully understood and represented with
all details and if the methods for identifying and compensating the backlash can be
developed at the desired level, significant improvements in efficacy of
electromechanical systems in the sectors of robotics, automation and industrial

production can be achieved.
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APPENDIX
PARAMETER ESTIMATION RELATED DATA

The parameters which are mentioned in Chapter 111 have been obtained via computer
programming language. There will be given the results of these parameters which are
state-space system with backlash and noise for load side (sysCl), state-space models
for Kalman filter with backlash (sysKFL) and without backlash (sysKFLNO).

The state-space system with backlash and noise(ignored or very small) for load side

has been obtained as:

sysCl = ss(A,BF,CL,[0000000V,])
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Figure A.1 State-space system with backlash and noise

(ignored or very small) for load side
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The state-space models for Kalman filter with backlash and without backlash have
been designed. The model with backlash has been obtained as follows:

sysKFL = ss(A — Kfl = CL,[B Kf1], eye(6), 0 [B Kfl])
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Figure A.2 State-space model for Kalman filter with backlash
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The state-space model for Kalman filter without backlash has been obtained as:

sysKFLNO = ss(A — Kflno * Cl,[B Kflno], eye(6), 0 x [B Kflno])
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Figure A.3 State-space model for Kalman filter without backlash
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