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Abstract

A STUDY ON DATA DRIVEN IMPEDANCE MATCHING IN

FOUR-CHANNELS BILATERAL TELEOPERATION

(Keywords:data-driven, model-free tuning, PID control, impedance matching,

fictitious signals )

A teleoperator system comprised of dual robots namely the master robot con-
trolled by the human operators, and remote slave robots which tracks the motion
of master, where it concurrently transmits the environment’s force back to the hu-
man operator. Problems arose when there exists a mismatch in terms of system
dynamics between master and slave manipulators, which consequently yields to a
distorted transparency between both sides of the systems. Therefore, there is a need
to overcome the said mismatch pattern in the overall closed-loop architecture. The
main objective of this research is to design and develop control algorithms to drive
both sides of the master and slave system to attain symmetrical impedance between
them. By ensuring that both sides are symmetry, a good transparency is feasible.
The proposed techniques was to introduce an equalizer or controller connected to
the master manipulator. Then, by utilizing the model-free approach, namely the
Fictitious-Reference-Iterative-Tuning (FRIT), the controller can then be properly
tuned to obtain a good control performance. This project focused on the compu-
tational modeling where the proposed impedance matching algorithms have been
investigated and analyzed utilizing the Matlab (Simulink) Software.

There are several possible applications that can employ the control algorithms
derived from this project. Obviously, underwater tele-robotics may find the pro-
posed technique is beneficial since the model-free approach which dealt mainly on
the measured input-output data in tuning procedure, can help to overcome the uncer-
tainty that exists in the underwater environment. Besides, we also had investigated
and analyzed the feasibility of this technique when working with multi-slave manip-
ulators configuration. Hence, this open the opportunity for applications that utilize
the multi-robots configurations such as in automotive or manufacturing industries.

In general, it was found that a symmetric impedance between the master and
slave manipulators attainable with the utilization of equalizer in the form of La-
guerre network connected in feedback-loop to the master manipulator. This was
also applicable for the case of single-master-multiple-slaves system, but additional
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passive decomposition algorithm must also be employed to treat the multi-slaves
manipulators into the Locked and Shape subsystems.
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Abstrak

A STUDY ON DATA DRIVEN IMPEDANCE MATCHING IN

FOUR-CHANNELS BILATERAL TELEOPERATION

Sistem teleoperator terdiri daripada dual robot iaitu robot induk yang dikenda-
likan oleh pengendali manusia, dan robot hamba jarak jauh yang mengesan perger-
akan tuan, di mana ia secara bersamaan mengirimkan kekuatan persekitaran kem-
bali kepada pengendali manusia. Masalah timbul apabila terdapat ketidakcocokan
dalam hal dinamika sistem antara manipulator induk dan hamba, yang mengaki-
batkan ketelusan yang terpesong antara kedua-dua belah sistem. Oleh itu, terdapat
keperluan untuk mengatasi pola ketidakcocokan tersebut dalam keseluruhan seni
bina gelung tertutup. Objektif utama penyelidikan ini adalah untuk merancang dan
mengembangkan algoritma kawalan untuk mendorong kedua-dua sisi sistem induk
dan hamba untuk mencapai impedans simetris di antara mereka. Dengan memas-
tikan bahawa kedua-dua belah pihak adalah simetri, ketelusan yang baik dapat di-
laksanakan. Teknik yang dicadangkan adalah memperkenalkan suatu penyama atau
pengawal yang disambungkan ke manipulator induk. Kemudian, dengan menggu-
nakan pendekatan bebas model, iaitu Fictitious-Reference-Iterative-Tuning (FRIT),
pengawal kemudian dapat ditala dengan sempurna untuk mendapatkan prestasi kawalan
yang baik. Projek ini memfokuskan pada pemodelan komputasi di mana algoritma
pencocokan impedans yang dicadangkan telah diselidiki dan dianalisis menggu-
nakan Perisian Matlab (Simulink).

Terdapat beberapa kemungkinan aplikasi yang dapat menggunakan algoritma
kawalan yang berasal dari projek ini. Secara nyata, telerobotik bawah laut mungkin
mendapati teknik yang dicadangkan itu bermanfaat kerana pendekatan bebas model
yang menangani terutamanya kepada data input-output yang diukur dalam prose-
dur penalaan, dapat membantu mengatasi ketidakpastian yang wujud di lingkungan
bawah air. Selain itu, kami juga telah menyelidiki dan menganalisis kemungkinan
teknik ini ketika bekerja dengan konfigurasi manipulator multi-hamba. Oleh itu,
ini membuka peluang untuk aplikasi yang menggunakan konfigurasi multi-robot
seperti dalam industri automotif atau pembuatan.

Secara umum, didapati bahawa impedans simetri antara manipulator master
dan slave dapat dicapai dengan penggunaan penyama dalam bentuk jaringan La-
guerre yang dihubungkan dalam suap-gelung ke manipulator induk. Ini juga berlaku
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untuk sistem satu-induk-multi-hamba, tetapi algoritma penguraian pasif tambahan
juga mesti digunakan untuk merawat manipulator multi-hamba ke dalam subsistem
Locked dan Shape.
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Chapter 1

Introduction

Teleoperation system extend the human operator’s capability to perform task at the

remote site. In general, the teleoperation system can be categorized into bilateral

teleoperation[5, 6] and multilateral teleoperation[7]. The bilateral teleoperation sys-

tem commonly consists of only a single master and single slave manipulators as part

of its basic structure. Meanwhile, the multilateral teleoperation system requires

more number of manipulators, either on the master side or slave sides.

Various studies that have been carried out on bilateral teleoperation focused on

the utilization of 4-channels structures. In [3, 8], it was emphasized that the proper

use of all four channels is of critical importance in achieving high performance of

teleoperation in the sense accurate transmission of task impedance to the operator.

Some instances of works on 4-channels structures are discussed in [2] where a po-

sition and rate control was proposed, and in [9] where the symmetric impedance

matched with tracking was designed. In [10], a nonlinear teleoperation system has

been considered. Other technique that also utilizes the 4-channels structure is the

wave-variable control as surveyed in [15]. The example of applications on wave

variable control especially in multilatel framework was discussed in [16].

Two main issues normally addressed in the research field of teleoperation: (1)sta-

bility, and (2)transparency. Considering the latter case, the transparency between
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CHAPTER 1. INTRODUCTION

the master-slave manipulators in a bilateral teleoperation system can be achieved

by having a matched impedance between both sides of the structures. In next sec-

tion, we elaborate further our problem formulation in improving the transparency

by considering both cases of bilateral and multilateral teleoperation .

1.1 Problem Statement

To establish a clear argument on the problem statement of our work, we provide

the general background of the overall teleoperation hereupon. The relation between

the master and slave in a bilateral teleoperation environment can be represented by

a two-ports network as shown in Fig. 1.1. It is desirable to obtain the transmitted

impedance Zt to be equal to the task impedance Ze, i.e.,

Zt = Ze. (1.1)

The two-ports network in Fig.1.1 can be further described by the general hybrid

matrix formulation given by

 Fh

ṗm

 =

 H11(s) H12(s)

H21(s) H22(s)

︸                  ︷︷                  ︸
H(s)

 ṗs

−Fe

 (1.2)

where Fh, Fe are the exerted human force and reflected environment force, respec-

tively. Meanwhile, ṗm, ṗs are the velocities of the master and slave manipulators.

The transfer function Hi j(s), i, j = 1, 2 is the component of hybrid matrix H(s) in

(1.2) to describe the relationship between Fh, ṗm with ṗs, Fe.

Further solving equation (1.2), the transmitted impedance in equation (1.1) can

2



CHAPTER 1. INTRODUCTION

Figure 1.1: General two-port model of a bilateral teleoperation system

be defined by

Fh = (H11 − H12Ze)(H21 − H22Ze)−1︸                                 ︷︷                                 ︸
Zt

ṗm (1.3)

Here, the fundamental insights that can be observed from equation (1.3) are as

follows[8]:

(a) Perfect transparency Zt ≡ Ze requires that H22 = 0,H21Ze = Ze(−H12), and

H11 = 0.

(b) As Ze → 0, the transmitted impedance is insensitive to Ze if H11 , 0, since Zt

depends only on the ratio H11H−1
21 .

(c) As Ze → ∞, the transmitted impedance becomes H12H−1
22 , which insensitive to

Ze if H22 , 0.

From the given insights, it can be seen that each Hi j parameters in equation (1.2)

is potentially affected by the mechanical dynamics of the master and slave, as well

as by the control architecture. Here, the condition (a) can be achieved if there

3



CHAPTER 1. INTRODUCTION

exists symmetric in the master and slave. This implies that by choosing identical

mechanical dynamics and control for both master and slave, we might obtain ideal

hybrid matrix in the form of

H =

 0 I

I 0

 (1.4)

where I is the identity matrix. Here, we call this condition as a matched impedance

(impedance matching between the transmitted impedance and the task impedance).

However, in term of actual system implementation, to satisfy the condition in

equation (1.4) is practically challenging. In practical sense, the dynamic of the

master and slave differs from one to the other (i.e.; a joystick as the master, and

robotic hand gripper as slave). Hence, it opens for the possibility that the symmetric

condition to be achieved by introducing an additional controller on the master side,

so that (1.4) is feasible.

1.2 Project Objectives

The objectives of this project are stated as follows

I) To design a controller/equalizer on the master manipulator utilizing the La-

guerre function in achieving a matched impedance between the master and

slave sides of the four-channels teleoperation system

II) To improve the existing Fictitious-Reference-Iterative-Tuning (FRIT) algo-

rithm for basis tuning of the Laguerre network implemented as the designed

controller structure.

4



CHAPTER 1. INTRODUCTION

1.3 Scope of Project

In this project, the focal point of the research work will be on formulating the al-

gorithms to attain symmetrical impedance in terms of mechanical dynamics be-

tween the master and slave sides of the teleoperation system. Hence, the numerical

analyses utilizing the Matlab Computation Tools were employed to investigate the

effectiveness of the proposed methods.

In designing the manipulators, we modeled our systems as comprising of a

simple-mass-damper structure. Two different cases had been considered in this

study namely: Case 1) single master - single slave systems, Case 2) single mas-

ter - multiple slaves systems. By limiting our analyses for the systems without time

delay, we assume that the information of forces and velocities were instantaneously

transferred between the manipulators.

1.4 Report Organization

This report is organized as follows. In chapter 1, we stated our problem formula-

tion, research objectives, and the scope of works in commencing this project. In

chapter 2, we presented the results extracted from our paper published in The 11th

National Seminar of Unmanned System (NUSYS2019) (DOI:10.1007/978-981-15-

5281-6 23). Meanwhile in chapter 3, we presented the results published in Indone-

sian Journal of Electrical Engineering 2018 (DOI:10.11591/ijeecs.v10.i2.pp713-

724). Chapter 4 contains the results that was published in Proceedings of the

5th International Conference on Electrical, Control & Computer Engineering (In-

ECCE2019) (DOI:10.1007/978-981-15-2317-5 5). Finally in chapter 5, we state

our general conclusion and suggestion for the future work.
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Chapter 2

Model-Free Tuning of Laguerre

Network for Impedance Matching in

Bilateral Teleoperation System

2.1 Introduction

A teleoperator system comprised of dual robots namely the master robot con-trolled

by the human operators, and a remote slave robot which tracks the motion of the

master, where it concurrently transmits the environment’s force back to the hu-

man operator. The teleoperation system extends the human operator’s capability

to conduct tasks remotely from a base station. Vast applications of teleoperation

systems can be found in the underwater explorations[11, 12], telesurgery[13], and

military[14].

Various studies had been carried out by researchers in the past focusing on the

four-channels architecture of bilateral teleoperation systems. The work in [3, 8] dis-

cussed some of the earlier ideas of the four-channels structure, and emphasized that

the proper utilization of all channels is crucial in achieving accurate transmission of

the task impedance to the operator. In [9], their work focused on designing symmet-
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CHAPTER 2. MODEL-FREE TUNING OF LAGUERRE NETWORK FOR IMPEDANCE
MATCHING IN BILATERAL TELEOPERATION SYSTEM

ric impedance matched with position tracking. Meanwhile in [15], the authors pro-

vide surveys on the implementation of the wave variable control in the four-channel

structure in bilateral teleoperation system. On the other hand, the work in [16]

considered the implementation of the wave variable control for four-channels archi-

tecture in the multilateral framework. To add further to the lists, our recent work in

[17] investigated the potential of introducing a controller connected in-feedback to

a single master manipulator, to attain a matched impedance with the Locked-system

derived from the multiple slave manipulators formed by multi-agents system.

In this chapter, we focus on obtaining a matched impedance between the master

and slave sides of a bilateral teleoperator system by using a model-free approach.

Assuming the human and the remote task at the environment to form two sides of

the divide, then by introducing a feedback controller to the master system, a sym-

metry between both sides can be established. For this purpose, a Laguerre network

structure is selected as the controller due to orthonormal properties filter, which

simplifies the tuning process to only finding the optimal values of the basis of the

filters. Here, the task of tuning the basis of the Laguerre network can be performed

by employing the Fictitious-Reference-Iterative-Tuning (FRIT) and Particle Swarm

Optimization (PSO) algorithms. The FRIT only requires a set of input-output data

acquired from a single-shot experiment to be used in tuning process[18]. Hence,

the mathematical modeling of the complex system which normally needed in the

conventional controller design can partly be eliminated through the employment of

FRIT.

The PSO, on the other hand, is a metaheuristic optimization technique of find-

ing the optimal solution from a predefined search space. First introduced by Kennedy

and Eberhart [19] in 1995, the algorithm mimics the behavior of swarm or flock of

fishes in minimizing or maximizing the specified fitness function. Our work focus

on implementing the algorithm in minimizing the cost function, formulated based

on the fictitious signals utilizing the recorded data.

8



CHAPTER 2. MODEL-FREE TUNING OF LAGUERRE NETWORK FOR IMPEDANCE
MATCHING IN BILATERAL TELEOPERATION SYSTEM

The organization of this chapter is as follows. In section 2.2, we provide the

problem formulation where the overview of the two-ports and basic teleoperation

structures are presented. In section 2.3, we discuss our proposed algorithm to

achieve impedance matching. Next in section 2.4, a numerical example to illus-

trate the effectiveness of proposed method is discussed. Finally, we conclude the

findings in section 2.5.

Mathematical Preliminaries: We denote R and Rn as the set of real numbers and

vectors with dimension respectively. Suppose v ∈ R , then the vector norm is

defined by ‖v‖ :=
√
vT v where T is the transposition. Meanwhile, the notation of

‖v(k)‖ = K2 implies

‖v(k)‖2K :=
K∑

k=1

‖v(k)‖2 = ‖v(1)‖2 + ‖v(2)‖2 + · · · + ‖v(K)‖2. (2.1)

Finally, we define 1m = [1, . . . , 1] ∈ R1×m as the m-dimensional row vector with all

elements equal to 1.

2.2 Problem Formulation

2.2.1 Overview of the two-ports network

The general model of two-ports network in bilateral teleoperation is depicted in Fig.

2.1. In the bilateral teleoperation mechanism, the operator’s force on the master fh is

transmitted to the remote task through the teleoperation system T , and at the same

time the environment force fe is transmitted back to the operator. Considering the

master velocity ẋm and the slave velocity ẋs , the perfect trans-parency is achieved

if fh ≡ fe for ẋm = ẋs . The relation between the forces and motions in bilateral

9
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Figure 2.1: General two-ports model of a bilateral teleoperation system [2]

teleoperation system can be generalized in the hybrid matrix [2] of

 fh(s)

ẋm(s)

 =

 h11(s) h12(s)

h21(s) h22(s)


 ẋs(s)

− fe(s)

 (2.2)

where hi j(s) is a SISO transfer function. From Eq. 3.4, it can be shown that

fh = (h11 − h12Ze)(h21 − h22Ze)−1︸                             ︷︷                             ︸
ZT

ẋm. (2.3)

To achieve a perfect transparency such that transmitted impedance ZT equals to the

environment impedance Ze , the necessary and sufficient conditions are h22 = 0 ,

h21Ze = Ze(−h12) , and h11 = 0. Hence, for an ideal case, a perfect transparency for

all frequencies implies

 h11 h12

h21 h22

 =

 0 −1

1 0

 . (2.4)

10
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2.2.2 Basic Structure of a Teleoperation System

We modelled the motion of the master manipulator by a simple mass-damper-spring

system given by

mm ẍm + dm ẋm + kmxm = fm + fh (2.5)

where mm, dm, km are the mass, damping factor, and spring constants, respectively.

Meanwhile, fm , and xm are the master’s exerted force and total displacement, re-

spectively. In the similar form, the slave manipulator is governed by the equation of

motion of

ms ẍs + ds ẋs + ksxs = fs − fe (2.6)

where ms, ds, ks are the mass, damping factor, and spring constants. The signals fs

and xs are the slave’s exerted force and the total displacement of the manipulator.

Figure 2.2 illustrates the general structure of a four-channels bilateral teleoper-

ation system. The total impedances of the human and environment are denoted by

Zh and Ze respectively. Meanwhile, Zm and Zs are the impedances of the master and

slave manipulators. The local controllers for both master and slave manipulators

are denoted by Cm and Cs . On the other hand, the controllers C1 to C4 are to dictate

the communication link between the master and the slave sides. Zhu and Salcudean

[2] reported that the perfect transparency can be achieved by properly designing C1

to C4 . For transparency under position control, a fully transparent teleoperator sys-

tem satisfies the condition given in equation (2.4) by the selection of C1 = Zs + Cs

, C2 = C3 = 1 , and C4 = −(Zm + Cm) . However, this control strategy requires

for acceleration measurement to implement C1 and C4 . As to overcome this issue,

the “intervenient impedance” was introduced to eliminate the need for acceleration

measurement[2]. With low-gain PD control of Cm and Cs , and with the selection

11
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Figure 2.2: Four-channels structure proposed by Zhu & Salcudean [2]

of C1 = Cs , C2 = C3 = 1 , C4 = −Cm , a nearly perfect transparency is achiev-

able when we have the master impedance identical to the slave impedance such that

Zm ≡ Zs . However, in most cases Zm . Zs . Hence, this chapter will discuss our

proposed method to reach to the similar behavior of Zm ≡ Zs .

2.2.3 Improvement to The Existing Structure

To improve the existing structure of the four-channel teleoperation system, Tsuji et

al.[4] introduced an additional equalizer or controller connected in-feedback to the

master manipulator. By using the same local controller Cm for both the master and

slave manipulators, the equalizer F can be properly tuned so that there exists sym-

metry between the impedance of the master and slave system. The new structure of

the four-channels teleoperation system is depicted in Fig. 2.3. With this implemen-

tation, the controllers C1 to C4 can be chosen as C=Cm , C2 = C3 , and C4 = −Cm.

Now, the aim is to design an optimal controller F to achieve ZF := Zm + F ≡ Zs.

In the next section, we present the structure of the Laguerre network as to form the

basic structure of F. Further more, the method of tuning where the metaheuris-

12
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Figure 2.3: Four-channels structure illustrating the additional equalizer F

tic optimization algorithm and fictitious-reference signal generation are also briefly

discussed.

Remark: Even though the modeling of manipulators is presented in this chapter, it

is not a necessity in implementing our proposed algorithm. It will be discussed

further in the next section to illustrate that only the recorded input-output data are

required in the process of tuning the controllers. Hence, this technique is totally a

model-free approach.

13
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2.3 Algorithm for Impedance Matching

2.3.1 Particle Swarm Optimization

The PSO is an optimization method based on the metaphor of social behavior of

flocks of birds or school of fish. First introduced by Kennedy and Eberhart[19] ,

the algorithm started with the initialization of the pools particles/agents with ran-

dom positions and velocities in multi-dimensional space. Let pi(k) ∈ R1×D and

qi(k) ∈ R1×D, i = 1, 2, . . . ,N , denote the position and velocity of each agent i in

D dimension at iteration k . Let the fitness function’s value associated with the po-

sition pi(k) is denoted by Fit ∈ R . Each of the agents is assumed to optimize the

fitness function Fit , by evaluating the best-value-so-far (pbesti ∈ R1×D ) and its cur-

rent position. The velocity of each agent i will be updated based on the following

equation

qi(k + 1) = ωqi(k) + η1r1(pbesti − pi(k)) + η2r2(gbest − pi(k)) (2.7)

where ω ∈ R is the weighting function, η1, η2 ∈ R are the weighting factors, r1, r2 ∈

R are the cognitive and social learning parameters generated randomly between 0

and 1. Meanwhile pbesti is the pbest value of agent i , and gbest ∈ R1×D is the best

value so far in the group among the pbests of all agents. The following function is

used to update the weighting function in equation (2.7):

ω = ωmax −

(
ωmax − ωmin

itermax

)
× iter (2.8)

where ωmax, ωmin ∈ R are the initial and final weights, itermax ∈ R is the maximum

number of iteration, and iter is the current iteration number. Thus, based on the

updated velocity in (2.7), each agent i will update its position such that

pi(k + 1) = pi(k) + qi(k + 1). (2.9)

14
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Figure 2.4: Structure of the Laguerre network

At the end of iteration, the agents shall all converge to the optimal position p∗ ,

where

p∗ := min
pi

Fit, ∀i. (2.10)

2.3.2 Equalizer F(z) in the form of a Laguerre Network

The discrete time SISO system can be approximated to use a series of Laguerre

filters of [20]

Li(z) =
√

(1 − a2)ts
(z−1 − a)i−1

(1 − az−1)i (2.11)

as to form y(z) = F(z)s(z) =
∑M

i=1 ciLi(z) as shown in Fig. 2.4. The parameter

a ∈ R is the pole of the Laguerre network, and 0 ≤ a < 1 for the stability of

the network[21], with ts as the sampling time. The input and output signals of

the network are denoted by s(k) = Z−1[s(z)] and y(k) = Z−1[y(z)] , respectively.

Here, we use Z[·] to denote the inverse z-transform operator. The parameters ci ∈

R, i = 1, . . . ,M are the coefficients that form the basis of the Laguerre network.

Meanwhile, the signal of li(k) ∈ R, i = 1, . . . ,M is the output of the th-order filter in

the Laguerre network. By this notation, the SISO state-space model of the overall
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network can be represented by

F(z) :


l(k + 1) = Al(k) + Bu(k)

y(k) = Cl(k)
(2.12)

where l = [l1, . . . , lM]T ∈ RM is the state vector, A ∈ RM×M is the system matrix,

B ∈ RM is the input matrix, and C = [c1, . . . , cM] ∈ R1×M is the output matrix. The

elements of A and B are given by

[A]i j :=


a if i = j

(−1)(i− j+1)a(i− j−1)(1 − a2) if i < j

0 otherwise

(2.13)

[B]i := (−a)(i−1)
√

(1 − a2)ts. (2.14)

2.3.3 Fictitious-Reference-Iterative Tuning

The equalizer F needs to be properly designed and tuned to attain ZF ≡ Zs . Sim-

ilar procedure of tuning as discussed in [4] was adopted in this work. Figure 2.5

illustrates the two-process of tuning which had been carried out to obtain the opti-

mal controllers. In the first process (see Fig. 2.5(a)), an equalizer H was first to be

determined to match the velocities ẋm and ẋs . Similar to our previous work in [17],

we selected H(z) := P(z)/Q(z) as a bi-proper transfer function in the form of

H(z) =
1 + â1z−1 + · · · + âpz−p

1 + b̂1z−1 + · · · + b̂pz−p
. (2.15)
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Figure 2.5: Two-steps of tuning:(a) to attain H∗, (b) to attain F∗

In the second process, a fictitious signal was formulated to utilize (2.15) (see Fig.

2.5(b)). The fictitious signal can be defined as

f̃s(k) = H∗(z)
(
u0(k) + F(z)ẋ0

m(k)
)

(2.16)

where H∗(z) is the transfer function of H(z) with the optimal parameters. Mean-

while, u0 and ẋ0
m are the recorded input-output data measured from the master’s

manipulator.

2.3.4 Attaining a matched impedance via PSO and FRIT

To obtain the optimal transfer function H∗(z) , we need to solve the constraint opti-

mization problem defined by

min
H(z)

JH, s.t.|z| ≤ 1 (2.17)
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where for the recorded initial data ẋ0
m(k) and ẋ0

s(k),

JH := ‖ẋ0
s(k) − H(z)ẋ0

m(k)‖2K . (2.18)

Meanwhile, to attain the optimal F∗(z) , we solve the second optimization problem

given by

min
F(z)

JF (2.19)

where for recorded initial data f 0
m(k) and f 0

s (k) ,

JF := ‖ f 0
s (k) − f̃s(k)‖2K

= ‖ f 0
s (k) − H∗(z)

(
u0(k) + F(z)ẋm(k)

)
‖2K

= ‖
(
H∗−1(z) f 0

s (k) − u0(k)
)
− F(z)ẋm(k))‖, (2.20)

u0(k) = f 0(m)(k) − F0(z)ẋm(k).

The following algorithm has been implemented to obtain the optimal controllers

H∗(z) and F∗(z) :

Step 1: Let the tunable parameters of the controller F(z) be defined as ρ = [a, c1, . . . , cM] ∈

R1×D1 . By arbitrarily selecting the initial value ρ0 , the set of data ẋ0
m, ẋ0

s , f 0
s

and u0 are then generated.

Step 2: First, we tune the equalizer H by employing the PSO algorithm. Let pi :=

[â1, . . . , âP, b̂1, . . . , b̂P] ∈ R1×D2 | pi ∈
[
pHmin , pHmax

]
),∀i. Initialize the posi-

tions of PSO agents in the specified search space. Define the fitness function

Fit for each agent according to equation (2.18), such that Fit = JH.

Step 3: Update the agents’ velocities based on equation (2.7) and agents’ positions

based on equation (2.9 at each iteration. At the final iteration time, all agents

18
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Table 2.1: Parameters values of the manipulator systems
Manipulator Mass (kg) Damper (Ns/m) Spring (N/m)
Master mm = 1.5 dm = 0.4952 km = 0
Slave ms = 3 ds = 2.4762 ks = 1.4621

shall converge to the optimal position of p∗ corresponds to optimization prob-

lem defined in equation (2.17). Assign the coefficients of transfer function in

(2.15) with p∗. Repeat from Step 2 if results are not satisfactory.

Step 4: Next, we tune the controller F by also employing the PSO algorithm. Let

pi := ρ ∈ R1×D1 | pi ∈
[
pFmin , pFmax

]
,∀i. Initialize the positions of PSO agents

in the specified search space. Define the fitness function Fit for each agent

according to equation (3.51), such that Fit = JF .

Step 5: Update the agents’ velocities based on equation (2.7)) and agents’ positions

based on equation (2.9) at each iteration. At the final iteration time, all agents

shall converge to the optimal position of corresponds to optimization problem

defined in equation (2.19). Assign ρ = p∗. Repeat from Step 4 if results are

not satisfactory.

2.4 Numerical Results and Analysis

To illustrate the effectiveness of our proposed method, we present an example in

this section. We conducted a numerical analysis employing the Matlab simulation

package to execute the developed theoretical models. The parameters used in the

teleoperation system are summarized in Table 2.1. The impedance of the human

operator was defined as Zh = s2 + 5s + 10. Meanwhile, the number of basis of

the truncated Laguerre filters was chosen as M = 10, and the sample time ts =

0.01 s. We assume there was no time delay in the communication link, and the

environment’s impedance was set to zero to imply that the slave manipulator moves
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Figure 2.6: Velocity matching through equalizer H(z)

freely without any attached load. The transfer function of the local controllers for

both master and slave were chosen as Cm = 2
(
1 + 1

100s + 0.2s
)
. Meanwhile, the

controllers C1 to C4 were selected based on the description provided in Section

2.2.3.

In Table 2.2, we provide the parameters of the PSO algorithm that were used in

the tuning process. For both procedures, we used the weighting factor η1 = η2 = 1.4.

Meanwhile, ωmin = 0.4 and ωmax = 0.9 , respectively.

Figure 2.6 illustrates the performance of the equalizer H(z) with p = 6 in equal-

izing the velocities between the manipulators. As presented in the figure, the ini-

tial recorded velocity signals of the master and slave manipulator are indicated

Table 2.2: Tuning parameters used in PSO algorithm
# of parameters # of agents Max iteration Min Range Max Range

D N itermax pmin pmax

Tuning D2 = 12 200 150 −1 1
H

Tuning D1 = 11 100 400 [0,−200 × 1M] [1, 50 × 1M]
F
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Figure 2.7: Convergence of the cost function JH

in the blue and red lines, respectively. It can clearly be seen that the velocity ẋ0
m

was matched with ẋ0
s through the equalizer H(z) (as indicated by the dashed-black

line). The convergence of the cost function (2.18) is exhibited in Fig. 2.7 where

JH = 7.8817 at the final iteration k = 150. Meanwhile, Fig. 2.8 indicates the loca-

tion of the poles and zeros of H(z) which all lie inside the unit circle to signify H(z)

and H(z)−1 are always stable.

The comparison of the positions, velocities and exerted forces of the master and

slave manipulators, before and after tuning are depicted in Figs.2.9(a) and 2.9(b)

respectively. From Fig.2.9(b), it can be observed that the trends of velocities of both

manipulators are almost identical for all time t. Except for the position of the master

manipulator where it was slightly lagging than the position of the slave. Similar

observation can be obtained from the exerted forces response of the manipulators.

Here, it could be seen that they have almost identical patterns. Additional result to

illustrate the convergence of the cost function (2.18) is provided in Fig.2.10. The

cost function value was obtained as JF = 30294.2498 at the final iteration time of

k = 400 .
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Figure 2.8: Location of poles and zeros of H(z)

2.5 Conclusion

In this chapter, the tuning algorithm based on a model-free approach to improve

transparency through impedance matching between the master and slave manipu-

lators of a bilateral teleoperation system has been demonstrated. By introducing a

controller connected in-feedback to the master manipulator, it provides the possi-

bility of obtaining a symmetric impedance between both sides of the teleoperation

system. Furthermore, the utilization of FRIT has eliminated the necessity of obtain-

ing the plant model through mathematical modeling in designing the controllers.

Hence, it is truly a model-free approach. Meanwhile, the implementation of the

PSO algorithm further simplified the process of obtaining the optimal controller

parameters. From the presented numerical results, it can be concluded that the

proposed algorithm exhibits promising results to achieve a matched impedance be-

tween the master and slave manipulators. However, the formulation of the cost

function warrants for further investigation to ensure ultimate convergence of its

value towards zero.
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(a) Before Tuning

(b) After Tuning

Figure 2.9: Performance comparison before and after tuning.
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Figure 2.10: Convergence of the cost function JF
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Chapter 3

Data-driven Impedance Matching in

Multilateral Teleoperation Systems

3.1 Introduction

Teleoperation systems extend the human operators’ capability to perform task at

the remote site. In general, the teleoperation systems can be categorized into bi-

lateral teleoperation[5, 22, 23] and multilateral teleoperation[16, 24]. The bilateral

teleoperation system commonly consists of only a single master and single slave

manipulators as part of its basic structure. Meanwhile, the multilateral teleopera-

tion system requires more number of manipulators, either on the master side or the

slave side.

To properly control the multilateral teleoperation system pose some challenge

especially when we consider a single master with multi-slaves configuration. Gen-

erally, there is inadequate degree-of-control on the master side to effectively ma-

nipulate the slave side, hence requires that the slaves to have a certain degree of

self-control. To address the issues related to the multilateral teleoperation, we focus

on two main questions:

• How can we treat a multilateral system as a bilateral system?
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• Is there any mechanism that can be implemented to improve the transparency

(i.e., a faithful transmission of force and velocity) between master and the

multiple-slave in a 4-channels structure?

The fact that many works have been done in the past focusing on the bilat-

eral teleoperations[25], then converting the multilateral teleoperation system to suit

the existing bilateral structure gives some advantages in terms of the controller de-

sign. Furthermore, as the total dynamics of slave manipulators can be changed

(i.e., adding (subtracting) slave manipulators, or establish new configuration on the

communication topology between agents), it is certainly cost inefficient if the dy-

namics of the master manipulator has also to be redesigned whenever the dynam-

ics of slave manipulators has changed. Therefore, by introducing a single tunable

equalizer to the master renders flexibility to adjust the overall dynamics of the mas-

ter to achieve symmetry between both sides of teleoperation. Moreover, by this

approach the system designer does not need to have exact knowledge on the dy-

namics of the newly-changed slave manipulators.

Various studies that have been carried out on bilateral teleoperation were focus-

ing on the utilization of 4-channels architecture. Lawrence[3, 8] emphasized that

the proper use of all four channels is of critical importance in achieving high per-

formance telepresence in the sense of accurate transmission of task impedance to

the operator. Some instances of works on 4-channels structure discussed in Zhu &

Salcudean[2] where they proposed a position and rate control, and Namerikawa

& Kawada[9] where they designed the symmetric impedance matched with po-

sition tracking. Other technique that also utilizes the 4-channels structure is the

wave-variable control as surveyed in Sun et al.[15] The example of application

on wave variable control in the multilateral framework was discussed in Kanno &

Yokokohji[16].

In this chapter, we focus on the passive decomposition technique[1] to convert

from multilateral teleoperation into a bilateral teleoperation. Since the whole tele-
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operation process can be separated into two operations, namely grasping and han-

dling, we use the sub-dynamics from the result of decomposition to determine the

time (or in our case, Ttele), that differentiate between them. In addition, we investi-

gate the potential of implementing an equalizer connected to the master manipulator

in order to achieve impedance matching between both sides of teleoperation. Due

to the orthonormal properties of the Laguerre function[26], the equalizer can be re-

alized by a Laguerre network of high order of moderately damped system [27]. In

most applications, the optimum structure of this network can be obtained by simply

selecting the optimal values for the basis of the Laguerre filters[28].

The equalizer should be properly tuned to improve the overall performance.

Hence, we adopted the so-called Fictitious-Reference-Iterative Tuning (FRIT) in

our problem formulation. Unlike other tuning algorithms which requires the math-

ematical model of the plant prior tuning, FRIT utilizes the recorded input-and-

output data to simultaneously attain the plant model and the optimum controller

parameters[18, 29]. Interestingly, it requires only a single-shot of measurement

data for this purpose[30, 31].

The motivation of this work is to extend the results of Tsuji et al.[4] to improve

transparency through impedance matching. To mention some of the key differences,

in Tsuji et al.[4] they considered a scalar case of a bilateral system and chose a

simple dynamics to form the equalizer. In our work, we considered a multilateral

teleoperation system and formed the equalizer by selecting a truncated Laguerre

network. Also, we utilized the data tuning in two-dimensional space.

The following sections are organized as follows. In Sect. 3.2, we provide basic

notations and brief theory on bilateral teleoperation. Section 3.3 presents the passive

decomposition technique and the estimation of teleoperation time. In Sect. 3.4 we

discuss our tuning algorithm. A numerical example is given in Sect. 3.5. Finally,

we conclude our finding in Sect. 3.6.
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3.2 Problem formulation

In this section, we present the notations and basic structure of a teleoperation sys-

tem.

3.2.1 Notations and graph theory

Let R and Rm denote the sets of real numbers and vectors of dimension m, re-

spectively. Let 1 = [1, . . . , 1]T be a vector with all elements of 1 and T is the

transposition. We use In ∈ Rn×n to denote the identity matrix. To denote the inner

and cross products for v, w ∈ Rp, we use 〈v, w〉 = vTw and v × w, respectively. The

vector norm is defined by ‖v‖ :=
√
vT v, and ‖v(k)‖2K implies

‖v(k)‖2K :=
K∑

k=1

‖v(k)‖2. (3.1)

For A = (ai j) ∈ Rn×m and B ∈ Rl×k, the Kronecker product A ⊗ B ∈ Rnl×mk is defined

by

A ⊗ B =


a11B . . . a1mB
...

. . .
...

an1B . . . anmB

 .

We call A = AT ∈ Rn×n positive definite if ∀x , 0, xT Ax > 0. To indicate

strict non-negativity, A � 0 implies A � 0 iff λmin(A) > 0. Also, A � 0, λmin = 0

implies its positive semi-definiteness. On the other hand, if A , AT ∈ Rn×n, then

A = Asym + Askew where Asym = 1
2 (A + AT ) and Askew = 1

2 (A − AT ), respectively.

For N number of agents, a graph G is built upon a finite set called a vertex set

mapped by V = {v1, v2, . . . , vN} and the edge set of E. We say vi, v j ∈ E if there is

a communication link between them. Additionally, Ni =
{
v j | vi, v j ∈ E,∀ j

}
is the

neighborhood set of vi. The relationship between vi, v j ∈ V for an undirected G is
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Figure 3.1: General two-ports model of a bilateral teleoperation system[3].

encoded by the adjacency matrixA(G) = [ai j] ∈ RN×N , where

ai j :=


1 if v j ∈ Ni

0 otherwise
(3.2)

The degree matrixD(G) ∈ RN×N is a diagonal matrix that isD(G) = diag{d1, . . . , dN} =

diag(A(G)1) with di := |Ni| =
∑N

j=1 ai j, and |Ni| is the cardinality ofNi. The Lapla-

cian matrix associated with G is defined by[32]

L(G) := D(G) −A(G) � 0. (3.3)

Definition 3.2.1. A graph G is said to be strongly connected if there always exists

path from vertex vi to v j, ∀ (i, j) ∈ V.

Definition 3.2.2. A graph G is said to be balanced if degi
in = degi

out, where degi
in is

the number of incoming links into the node vi, and degi
out is the number of outgoing

link from the node vi, ∀i.

3.2.2 Overview of the two-ports network

The general model of a two-ports network in bilateral teleoperation is depicted in

Fig. 3.1. In the bilateratel teleoperation mechanism, the operator’s force on the
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master fh is transmitted to the remote task through the teleoperation system T ,

and at the same time the environment force fenv is transmitted back to the operator.

Considering the master velocity qm = ṗm, and the slave velocity qs = ṗs, then a

perfect transparency is achieved if fh = fenv for qm = qs. The relation between

the force and motions in a bilateral teleoperation system can be generalized in the

hybrid matrix[3, 8] of

 fh(s)

qm(s)

 =

 h11(s) h12(s)

h21(s) h22(s)


 qs(s)

− fenv(s)

 . (3.4)

It can be derived that[3, 8] (dropping s for clarity)

fh = (h11 − h12Ze)(h21 − h22Ze)−1︸                                ︷︷                                ︸
ZT

qm. (3.5)

To achieve perfect transparency such that the transmitted impedance ZT equals to

the environment impedance Ze, it requires that h22 = 0, h21Ze = Ze(−h12), and

h11 = 0. Hence, in an ideal case, a perfect transparency for all frequencies implies

 h11 h12

h21 h22

 =

 0 −I

I 0

 . (3.6)

In this chapter, we assume that the effect of the time delay can be neglected.

3.2.3 Teleoperation architecture

We consider a simple agent governed by the equation of motion

mm p̈m = fm + fh. (3.7)
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as the master manipulator. Conversely, the slave manipulators depicted by a net-

work of agents such that each agent i moves dynamically through

mi p̈i = fi − fei ∀i ∈ G. (3.8)

The variables ml ∈ R, and pl ∈ R2 are the agent’s mass and position. The sub-

scripts l = m, i stand for the master and slave i manipulators, respectively. The

signals fm ∈ R2 and fh ∈ R2 are the exerted force of the master manipulator and the

corresponding applied force of the human operator. Similarly, the signal fi ∈ R2 is

the exerted force of each agent i. The force fei ∈ R2 is the estimated environment’s

force felt by each agent i at its position relative to the center-of-mass (CoM) of the

environment.

The object in the environment is considered to be a solid disk of radius R that

moves on a sliding flat surface. Assuming that all agents are friction-less (i.e., they

move on friction-less wheels), the friction force only exists between the contact of

the disk and the sliding surface. The desired final position of each agent i on the

environment is defined as

p̃i := R

 cosαi(t)

sinαi(t)

 , (3.9)

where αi(t) = α0
i + ϕ(t) is the desired angular position of i, and α0

i = 2π(i − 1)/N ∈

R, ∀i. Meanwhile, ϕ(t) is the environment’s nominal angular displacement used

in (3.10). For brevity, we drop the time notation (t) in most equations, but use so

whenever to emphasize its time-varying property. Defining F f as the friction force,

the dynamical equation of the object is denoted by


me p̈e =

N∑
i=1

f̃i − F f

1
2

meR2ϕ̈=
N∑

i=1
τ̃i.

(3.10)
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where me ∈ R and pe ∈ R2 are the mass and CoM’s position of the target/object,

respectively. The force f̃i ∈ R2 and torque τ̃i ∈ R in (3.10) are defined by

f̃i =


〈 fi,−p̃i〉

〈−p̃i,−p̃i〉
(−p̃i) if ‖pie‖ ≤ R

0 otherwise
(3.11)


0

0

τ̃i

 =



 p̃i

0

 ×
 fi − F f

0

 if ‖pie‖ ≤ R

0 otherwise.

(3.12)

where ‖pie‖ := ‖pi − pe‖.

Remark 3.2.1. The vector projection (3.11) can be regarded as the effective force

fi acting on the CoM of the environment while (3.12) is the tendency of fi to rotate

the object around its CoM.

3.3 Multilateral to bilateral teleoperation

The total dynamics of the slave agents and the passive decomposition technique[1]

to transform the multilateral teleoperation into a bilateral teleoperation are described

in this section. We assume that a specified time Ttele separates two main operations:

grasping, and handling.

3.3.1 Total dynamics of the slave agents

Following Kawakami & Namerikawa[33] and to use (3.9), we introduce a change

of variables as

p̂i = pi − p̃i. (3.13)
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The force fi in (3.8) can be separated into two control components depending on

the time interval, i.e., grasping and handling. We express

fi =


f f c
i , t < Ttele : (grasp)

f f c
i + f tc

i , t ≥ Ttele : (grasp + handle)
(3.14)

where f f
i and f tc

i are the formation and teleoperation control laws, respectively.

The consensus control law

f f c
i = γi

[
aie

{
−k( p̂i − pe) − b( ˙̂pi − ṗe)

}
+

N∑
j=1

ai j

{
−k(p̂i − p̂ j) − b( ˙̂pi − ˙̂p j)

}]
(3.15)

is used to achieve simultaneous grasping. Here aie = 1 if i can measure its relative

positions and velocity with respect to object’s CoM, and aie = 0 otherwise. The

gain ai j corresponds to the communication topology defined in (3.2). Meanwhile,

the variables k, b ∈ R are the control gains. The gain γi ∈ R is defined by

γi =
1

aie +
∑N

i=1 ai j
. (3.16)

Substituting (3.13) and (3.15) into (3.8) and since fei = 0 for t < Ttele, we now

rewrite the dynamics of agent i as

mi ¨̂pi = γi

[
aie

{
−k( p̂i − pe) − b( ˙̂pi − ṗe)

}
+

N∑
j=1

ai j

{
−k(p̂i − p̂ j) − b( ˙̂pi − ˙̂p j)

}]
.(3.17)

Assuming that the environment/object acts as the virtual (N + 1)th agents, then we

have pe = p̂N+1 = pN+1 − p̃N+1, with p̃N+1 = 0 and aie = ai(N+1). In addition,

the mass of the virtual agent is to take the average mass of all agents given by

mN+1 = 1
N

∑N
i=1 mi. By this, (3.17) can be written as

mi

γi

¨̂pi = −k
N+1∑
j=1

ai j( p̂i − p̂ j) − b
N+1∑
j=1

ai j( ˙̂pi − ˙̂p j). (3.18)
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The total dynamics consisting of N + 1 agents is given by

M ¨̂p + b(L̂ ⊗ I2) ˙̂p + k(L̂ ⊗ I2)p̂ =


0, t < Ttele

f − fe, t ≥ Ttele

(3.19)

where p̂ = [ p̂T
1 , . . . , p̂T

N+1]T ∈ R2(N+1), f = [ f tc
1

T , . . . , f tc
N+1

T ]T , fe = [ f T
e1
, . . . , f T

eN+1
]T ,

and

M := diag
(
m1

γ1
, · · · ,

m(N+1)

γN+1

)
⊗ I2. (3.20)

Furthermore, the Laplacian matrix defined by

L̂ =



N+1∑
j=1

a1 j −a12 . . . −a1(N+1)

−a21

N+1∑
j=1

a2 j −a23 −a2(N+1)

...
. . .

...

−a(N+1)1−a(N+1)2 . . .
N+1∑
j=1

a(N+1) j


∈ R(N+1)×(N+1) (3.21)

is composed of the assorted actual and virtual slave agents.

3.3.2 Passive decomposition[1] in handling

Introduce a new coordinate system in the form of

z = [zT
1 , z

T
2 , . . . , z

T
N+1]T := S p̂ (3.22)
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where S is the transformation matrix defined by

S :=



M̂1 M̂2 . . . M̂N M̂N+1

I 0 . . . 0 −I

0 I . . . 0 −I
...

. . .
. . .

...
...

0 0 . . . I −I


∈ Rn(N+1)×n(N+1), (3.23)

M̂i =
mi

mLγi
I2, i = 1, . . . ,N + 1, (3.24)

mL =

N+1∑
i=1

mi

γi
. (3.25)

The sub-coordinate z1 ∈ R2 corresponds to the Locked system’s coordinate. Ac-

cordingly, ze = [zT
2 , . . . , z

T
N+1]T ∈ R2N represents the Shape system’s coordinate[1].

Remark 3.3.1. The first row of S describes the weighted center average of the

agents’ formation. Menwhile, the rest of the rows provide the relative position error

between i and the environment’s CoM. The Locked system can be regarded as a

single slave manipulator in contact with the master manipulator to form the bilateral

teleoperation mode. Simultaneously, appropriate decentralized control strategies

are designed on the Shape system to maintain the desired formation between the

slave agents.

Substituting (3.22) into (3.19), we obtain the total dynamics in the new coordi-

nate system as

S −T MS −1z̈ + bS −T (L̂ ⊗ I2)S −1ż + kS −T (L̂ ⊗ I2)S −1z = S −T (f − fe). (3.26)
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In contrast to Lee & Spong[1], the S −1 in (3.26) is obtained as

S −1 =



I Φ2 Φ3 − I . . . ΦN+1 − I

I Φ2 − I Φ3 . . . ΦN+1 − I
...

...
...

. . .
...

I Φ2 − I Φ3 − I . . . ΦN+1

I Φ2 − I Φ3 − I . . . ΦN+1 − I


(3.27)

with Φi :=
(
1 − mi−1

γi−1mL

)
I2. However, similar results are observed in which the mass

matrix (3.20) is block-diagonalized such that

S −T MS −1 =:

 mLI2 0

0 M

 (3.28)

where M = M
T
� 0 ∈ R2N×2N . Similarly, the information graph (3.21) is decom-

posed to attain

S −T (L̂ ⊗ I2)S −1 =

 02×2 DT

0N×2 L

 . (3.29)

where the structures of D ∈ R2N×2 and L ∈ R2N×2N are identical to the one defined

by Lee & Spong[1].

The Locked and Shape systems of the total dynamics (3.19) as t ≥ Ttele are

obtained as

mLz̈1 + bDT że + kDT ze = fLc − f env
Lc (3.30)

Mz̈e + bLże + kLze = fS h − f env
S h (3.31)

where
[
f T
Lc, f T

S h

]T
= S −T f, and

[
f env
Lc

T , f env
S h

T
]T

= S −T fe. Notice that the Locked

system (3.30) is coupled with the Shape system (3.31) through D. In one ap-
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proach, Nam & Namerikawa[24] introduced a decoupling control input into the

system to eliminate the coupled term. However, Lee & Spong[1] emphasized that

D can be eliminated through proper selection of graph topology (3.3) to satisfy

Defs. 3.2.1 & 3.2.2. Hence, following this result the newly decoupled Locked sys-

tem is redefined as

mLz̈1 = fLc − f env
Lc . (3.32)

The following lemma provides the sufficient conditions for selecting gains k, b

to ensure that all slave agents simultaneously arrive to the intended final targets by

the consensus control law (3.15).

Lemma 3.3.1. Suppose for the total dynamics of the slave agents in (3.19) and t <

Ttele, there exist gains k, b > 0 to guarantee simultaneous asymptotic convergence

of all slave agents to their intended final positions on the environment/target iff the

following conditions are met

2b2Lsym − kM � 0 and Lsym � 0, (3.33)

where Lsym is the symmetric component of L.

Proof. We use a similar proof to Lee & Spong[1, Th.1]. As for t < Ttele, we have

fS h − f env
S h = 0. Hence, the sub-system (3.31) can be regarded as an autonomous LTI

system of ẋ(t) = Ax(t) where x = [żT
e , zT

e ]T ∈ R2N , and

A =

−bM
−1

L −kM
−1

L

I 0

 . (3.34)

Next, a Lyapunov function V : R2N → R is chosen as

V(x) :=
1
2

xT Px > 0, (3.35)
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where

P :=

 M k
bM

k
bM 2kLsym

 =: P
T
� 0 ⇐⇒ (3.33). (3.36)

Using the dynamic of ẋ = Ax, we can show the time derivative of the Lyapunov

function (3.35) as

V̇(x) =
1
2

ẋT Px +
1
2

xT Pẋ

=
1
2

xT (AT P + PA)x. (3.37)

Here, we choose a matrix Q such that

Q =

Q11 Q12

Q21 Q22

 = −
1
2

(AT P + PA), (3.38)

where

Q11 =
1
2

b(L + L
T
) −

k
b

M = bLsym −
k
b

M (3.39)

Q12 =
1
2

kL
T
−

1
2

(2k)Lsym +
1
2

kL = 0 (3.40)

Q21 = QT
12 = 0 (3.41)

Q22 =
1
2

k2

b
(L + L

T
) =

k2

b
Lsym. (3.42)

Therefore, we have V̇(x) < 0, ∀x , 0, because Q = Q
T
� 0 by (3.33). �

3.3.3 Tele-operation time Ttele

The estimation of Ttele is crucial since it is considered as the waiting time by the

master manipulator before a teleoperation session begins. This parameter is non-

unique since it depends on the positions and velocities of all slave agents at t = 0.
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Theorem 3.3.1. Suppose for any k and b satisfying Lem. 3.3.1, with any arbitrary

initial positions p(0) ∈ R2N and velocities ṗ(0) ∈ R2N of the agents, then the ap-

proximate “maximum” time Ttele taken by the agents to reach to the intended final

positions on the environment such that for a small scalar ε̃ > 0 , ‖x‖ < ε̃ for t > Ttele.

Proof. Suppose the matrix A defined in (3.34) is a stable matrix. Hence, there exist

ā > 0 and k̄ > 0 such that ‖eAt‖ ≤ k̄e−āt. Then,

‖x(t)‖ = ‖eAtx(0)‖ ≤ ‖eAt‖‖x(0)‖ ≤ k̄e−āt‖x(0)‖. (3.43)

Hence, when t >
1
ā

ln k̄‖x(0)‖/ε̃, ‖x(t)‖ ≤ ε̃. Therefore, Ttele =
1
ā

ln k̄‖x(0)‖/ε̃. �

In the next section, we present our approach to achieve impedance matching

between master and multi-slave manipulators. Consider the time interval t > Ttele,

and based on the block diagram in Fig. 3.2, the following control laws for the sub-

dynamics of (3.32) and (3.31) are used:

fLc = C1 ṗm −Cmż1 + C3 fh, (3.44)

fS h = f env
S h . (3.45)

3.4 Impedance matching by FRIT

In this chapter, we extend the work of Tsuji et al.[4] to improve transparency be-

tween the master and slave manipulators in the framework of multi-agents system.

Rewriting the dynamics of the master and slave (Locked) manipulators in terms of

their impedance yields us to

ṗm = Z−1
m fm and ż1 = Z−1

Lc fLc (3.46)
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Figure 3.2: General structure of teleoperation indicating the equalizer F and inter-
venient impedances, Cmc & Csc.

where Zm = Mms and ZLc = MLs, respectively. An equalizer is placed in the

feedback loop of the master manipulator. By optimally tuning this equalizer sym-

metrize the impedance in both sides of teleoperation. Contrary to Tsuji et al.[4], we

consider a special structure of F and the tuning procedure is carried-out using the

2-dimensional space data. Figure 3.2 illustrates the placement of the equalizer F in

the general structure of our teleoperation system. The control gains C1,C2,C3 and

C4 can be designed accordingly to form either “position-position”, “position-force”

or “optimized” teleoperation architectures[2, 3, 8]. To avoid acceleration measure-

ment, additional controllers Cmc and Csc (low-gain PD Control) are employed as the

intervenient impedance to the original systems[2]. Hence, (3.46) is rewritten as

ṗm = Ẑ−1
m fm and ż1 = Ẑ−1

Lc fLc (3.47)

where Ẑm = Zm + Cmc and ẐLc = ZLc + Csc.
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3.4.1 FRIT

FRIT is a simple yet powerful tuning algorithm in the sense that we require only

a single-shot of experimental data of the closed-loop system to obtain the opti-

mum controller parameters[18]. Figure 3.3 depicts the main concepts of impedance

matching using FRIT in Tsuji et al[4]. As illustrated in Fig. 3.3(a), the ultimate aim

of introducing the equalizer F is to achieve ẐF → ẐLc. However, before F can be

tuned, it is necessary to match the velocities of the master and the Locked system

throughH as depicted in Fig. 3.3(b). Hence, we solve the optimization problem:

min
H

JH, (3.48)

where for the recorded initial data ṗ0
m(k) and ż0

1(k),

JH := ‖ż0
1(k) −H(z)ṗ0

m(k)‖2K . (3.49)

Based on the optimalH(z), we solve the second optimization problem:

min
F

JF , (3.50)

where for the recorded initial data f 0
m(k) and f 0

Lc(k) when the initial equalizer F0(z)

is used,

JF := ‖ f 0
Lc(k) − f̃Lc(k)‖2K , (3.51)

and the fictitious reference signal is

f̃Lc(k) := H(z)
(
u0(k) + F(z) ṗ0

m(k)
)
, (3.52)

u0(k) = f 0
m(k) − F0(z)ṗ0

m(k). (3.53)
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Figure 3.4 delineates the main tuning-steps to obtain the optimal equalizer F.

(a) Impedance matching between master and
Locked systems.

(b) Velocities matching throughH .

Figure 3.3: Concept of impedance matching by FRIT.

Theorem 3.4.1. Suppose that H∗ := arg minH JH and F∗ := arg minF JF attain

JH = 0 and JF = 0, respectively. Then, if the signal ż0
1(k) is rich,

ẐF = Ẑm + F∗ = ẐLc. (3.54)

Proof. Since u0(k) = Ẑm ṗ0
m(k), when f 0

Lc(k) = f̃Lc(k),

ż0
1(k) = Ẑ−1

Lc f 0
Lc(k)

= Ẑ−1
Lc f̃Lc(k)

= Ẑ−1
LcH

∗(z)
(
u0(k) + F∗(z)ṗ0

m(k)
)

= Ẑ−1
LcH

∗(z)
(
Ẑm + F∗(z)

)
ṗ0

m(k)

= Ẑ−1
Lc

(
Ẑm + F∗(z)

)
H∗(z)ṗ0

m(k)

If ż0
1(k) = H∗(z) ṗ0

m(k),

ż0
1(k) = Ẑ−1

Lc

(
Ẑm + F∗(z)

)
ż0

1(k). (3.55)

Hence, if (3.54) is satisfied, (3.55) holds. Reversely, if the signal ż0
1(k) is rich, (3.54)

holds. �
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3.4.2 Laguerre network

We can approximate a discrete time SISO system to use a Laguerre function [34, 20]

Li(z) = β
(1 − αz)i−1

(z − α)i , (3.56)

as ŷ(z) = g(z)u(z) =
∑M

i=1 ciLiu(z) (Fig. 3.5). Here α := e−pT and β :=
√

(1 − α2)T .

The parameter p is determined by the system’s designer and T is the sample time.

Meanwhile ci ∈ R, i = 1, . . . ,M are the coefficients that form the basis of the

Laguerre network. Let li(k) ∈ R, i = 1, . . . ,M represents the output of the ith-order

filter in the Laguerre network. Then, the SISO state-space model is given by

g(z) :


l(k + 1) = al(k) + bu(k)

ŷ(k) = cT l(k)
(3.57)

where l = [l1, . . . , lM]T
∈ RM, a ∈ RM×M, b ∈ RM, c ∈ RM,

{a}i j :=


τ1 if i = j

(−1)i− jτ
i− j−1
2 (τ1τ2 + τ3)

T i− j if i > j

0 otherwise,

(3.58)

{b}i :=
(
−
τ2

T

)i−1
τ4 (3.59)

cT =

[
c1 . . . cM

]
. (3.60)

τ1 = e−pT , τ2 = T +
2
p

(e−pT − 1), (3.61)

τ3 = −Te−pT −
2
p

(e−pT − 1), τ4 =

√
2p
p

(1 − τ1). (3.62)

The MIMO transfer matrix G(z) = In ⊗ g(z) has a state-space representation
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given as

G(z) :


l(k + 1) = Al(k) + Bu(k)

ŷ(k) = CT l(k),
(3.63)

where l = 1n ⊗ l ∈ RnM, A = In ⊗ a ∈ RnM×nM, B = In ⊗ b ∈ RnM×n and CT =

In ⊗ cT ∈ Rn×nM.

(a) Step 1: TuneH (b) Step 2: Tune F

Figure 3.4: Two-steps of tuning[4] to obtain optimum F .

The appropriate design of the equalizer F can be obtained by assigning (3.63)

into F. To ensure faster rate convergence of the Laguerre network, Wahlberg[35]

suggested that the value of p should be chosen close to the inverse of the system

dominant time constant. However for our case, the parameter of p must be chosen

so that the designed equalizer will be in-sync with the Shape system (3.31). Hence,

the parameter p in (3.56) is to take parameter ā in (3.43) such that p = ā. Therefore,

we are left with the tuneable parameters of c, where the optimum equalizer F can

be obtained by simply tuning the basis (3.60).

On the other hand, the selection of the equalizer H requires H to be inverse-

able andH−1 is stable. Therefore, we select a biproper transfer function in the form

of

h(z) =
1 + a1z−1 + · · · + aPz−P

1 + b1z−1 + · · · + bPz−P
(3.64)

44



CHAPTER 3. DATA-DRIVEN IMPEDANCE MATCHING IN MULTILATERAL
TELEOPERATION SYSTEMS

to yield us a MIMO transfer matrix of H = In ⊗ h(z). The estimation of the coef-

ficients ai, bi in (3.64) can be obtained by minimizing (3.49) through least-square

method (LSM). Re-arranging data such that

ΨH =


ṗ0

m(P) · · · ṗ0
m(1) −ż0

1(P) · · · −ż0
1(1)

... · · ·
...

... · · ·
...

ṗ0
m(K − 1) · · · ṗ0

m(K − P)−ż0
1(K − 1) · · · −ż0

1(K − P)

 ,

ΥH =


ż0

1(P + 1) − ṗ0
m(P + 1)

...

ż0
1(K) − ṗ0

m(K)

 , and χH =



a1

...

aP

b1

...

bP



,

to give us a linear relation of

ΨHχH = ΥH, (3.65)

where ΨH ∈ Rn(K−P)×nP, χH ∈ RnP, and ΥH ∈ Rn(K−P). Then, the optimal coefficients

are obtained by

χH
∗ = arg min

χH
JH = ΨH

†ΥH (3.66)

where ΨH
† :=

(
ΨT

HΨH

)−1
ΨT

H is the Moore-Penrose pseudoinverse of ΨH in (3.65).

Next, we illustrate the tuning procedure to obtain the optimum equalizer F. The

cost function (3.51) is simplified to

JF =
∥∥∥ f 0

Lc −H
∗(u0(k) + F(z)) ṗ0

m(k)
∥∥∥2

K

=
∥∥∥∥(H∗−1 f 0

Lc(k) − u0(k)
)
− F(z)ṗ0

m(k)
∥∥∥∥2

K
(3.67)
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Figure 3.5: Structure of the Laguerre Network.

where H∗ is H with the optimized parameters obtained by (3.66). The overall

algorithm to obtain optimum F is summarized as following:

Step 1 : Set a Laguerre network F0(z) using (3.63) and C0 = In ⊗ c0 ∈ Rn×nM with

an appropriate initial c = c0 as

F0(z) :


l(k + 1) = Al(k) + B ṗm(k)

yL(k) = CT
0 l(k).

Step 2 : Perform an experiment to generate the initial data ṗ0
m, ż0

1, f 0
Lc and f 0

m.

Step 3 : Choose a bi-proper transfer function H , and minimize (3.49) by (3.66)

using data obtained in Step 2.

Step 4 : Using the optimally tuned H(z), find the minimizer F∗(z) to minimize the

cost function (3.67).

The sub-algorithm in Step 4 to tune F is as follows:

Step i : Generate the new data ỹ(k) = H∗
−1 f 0

Lc(k) − u0(k).

Step ii : Using ṗ0
m in Step 2, generate the state data l(k).
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Step iii : Find the minimizer c∗ of the constraint minimization

min
c

∥∥∥CT l(k) − ỹ(k)
∥∥∥2

K
+ η ‖c − c0‖

2

subject to CT = In ⊗ cT ∈ Rn×nM. (3.68)

This is equivalent to

min
c

n∑
i=1

∥∥∥cT l(k) − ỹi(k)
∥∥∥2

K
+ η ‖c − c0‖

2 . (3.69)

Then, the mininizer is obtained by

cT∗ = ΥFΨT
F(ΨFΨT

F)−1 (3.70)

where

ΨF =

[
l(P + 1) · · · l(K) l(P + 1) · · · l(K) · · ·

l(P + 1) · · · l(K)
√
ηIM

]
∈ RM×(n(K−P)+M)

ΥF =

[
ỹ1(P + 1) · · · ỹ1(K) ỹ2(P + 1) · · ·

ỹn(P + 1) · · · ỹn(K) cT
0

]
∈ R1×(n(K−P)+M).

Remark 3.4.1. Notice that in (3.68) we re-define the cost function (3.67) by intro-

ducing a multiplier constant η > 0 ∈ R and an additional cost function ‖c − c0‖.

Since the generated data in Step i) may lead to large value of c, then the second

term in (3.68) provides trade-off in seeking optimal solution between the original

cost function (3.51) and the initial parameters of c.

Remark 3.4.2. Note that we use the discrete-time domain on describing the struc-

ture of the Laguerre filter (3.56) and Laguerre network (3.57). Since the tuning

procedure involves utilization of the sampled data set, hence it is clearer to discuss

the algorithm in this domain.
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3.4.3 Selection of dynamics C1,C2,C3 and C4

From the structure of teleoperation in Fig. 3.2, defining Ω = C1+C3Ẑm+C3F+C3Cm

and Σ = Ẑm + F + Cm, the hybrid matrix (3.4) consists of

h11 = Σ ·Ω−1
(
ẐLc + Cm −C3C4

)
+ C4 (3.71)

h12 = −Σ ·Ω−1 (I −C3C2) −C2 (3.72)

h21 = Ω−1
(
ẐLc + Cm −C3C4

)
(3.73)

h22 = −Ω−1 (I −C3C2) (3.74)

To use the Transparency-Optimized architecture[3, 8] and towards attaining sym-

metry between the master and slave sides, we choose

C1 = Cm, C2 = I, C3 = I, C4 = −Cm. (3.75)

Since C2 = C3 = I, we obtain h22 = 0 and h12 = −I. Next, the properties of the

dynamics h11 and h21 are stated in the following lemma.

Lemma 3.4.1. If the equalizer F is properly tuned and we can use (3.75), then

h21 = I, and

h11 = Ẑm + F∗, (3.76)

Proof. By optimally tuned equalizer F, we reach to Ẑm + F∗ = ZLc. Substituting

C3,C4 into (3.73), and to use Ω = Ẑm + F∗ + 2Cm = ẐLc + 2Cm, hence obviously

h21 = Ω−1Ω = I. �

Remark 3.4.3. For h11 , 0, the transmitted impedance is insensitive toZe asZe →

0 due to ZT depends only on the ratio h11h−1
21 [8]. However, Zhu & Salcudean[2]

pointed out that a complete transparency might not be desirable since for infinitely

stiff and weightless mechanical manipulators would drift around if they are not con-
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nected to any load and an operator. Hence, (3.76) is sufficient in our case. For this

condition, the total impedance felt by the human operator will include the master

impedance and equalizer such thatZT = Ẑm + F∗ +Ze.

Figure 3.6: Communication topology between agents (No. 6 is the virtual agent
representing the target object).

3.5 Numerical example

A numerical example to illustrate the effectiveness of our approach is presented

in this section. Let the slave manipulators comprised of N = 5 agents with their

communication topology as shown in Fig. 3.6. The dashed-arrow indicates that

only agent 4 can measure the position and velocity of the target object (indicated

by virtual agent 6). The mass of the master, slave agents and the environment were

chosen as [mm,mi,me] = [2.0, 0.5, 10] kg,∀i. Meanwhile, the radius of the target

object/environment was chosen as R = 1m. To satisfy Lem. 3.3.1, the spring and

damping constants in (3.17) were selected as [k, b] = [1200 N/m, 500 Ns/m]. With

this selection, the dominant eigenvalue of the Shape system (3.31) has been obtained

as λtele = λmin = 2.4029. For ease of analysis, we assume that the friction force,

F f = 0.
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The initial positions of the master manipulator and the C.O.M of the target(environment)

were set at (0, 0) and being stationary at t ∈ [0, Ttele). Meanwhile, the slave

agents’ positions pi(0) ∈ R2,∀i were initialized around the target in the region

[−10, 10] × [−10, 10] ⊆ R2, with zero velocity at t = 0 i.e., ṗi(0) = 0,∀i. In

Fig. 3.7(a), the agents’ initial positions and trajectories towards their intended final

positions on the object for t ∈ [0, Ttele) are illustrated. Subsequently, Fig. 3.7(b)

depicts the trajectory of Shape system’s velocity and position. It is clearly observed

that the trajectories of the Shape system were asymptotically converging such that

limt→Ttele ze = limt→Ttele że = 0. The estimated teleoperation time based on the given

initial positions were obtained as Ttele = 4.1331 s.

The equalizerH(z) with order P = 5, has its poles and zeros as p = 0.9689,−0.0989±

j0.4221,−0.3925,−0.0299, z = 0.5025 ± j0.4343, 0.8725, 0.5767 ± 0.2256, which

all lie inside the unit circle indicates that the tuned system is stable. Correspond-

ingly, the velocity matching performance betweenH ṗm(k) and ż1(k) as presented in

Fig. 3.8 verifies that there existH such that the cost function (3.49) is minimized.

For the selection of the equalizer F(z), a truncated Laguerre network of size M =

50 was chosen. The parameters τ1, τ2, τ3 and τ4 used in (3.58)-(3.59) were obtained

as 0.8868,−0.0442, 0.0499, and 0.1033, respectively. In Fig. 3.9, we exhibit the

comparison between f 0
Lc(k) and the response of fictitious signal (3.52) when the

equalizer F with optimally tuned parameters was applied. It can be shown that

these two signals were almost identical in both x and y directions in the sense that

‖ f̃Lc(k) − f 0
Lc(k)‖ is minimized.

To further illustrate the intelligibility of our approach, we present the signal

comparison on positions, velocities, and exerted forces, for the master and the

slaves (Locked) manipulators before and after tuning. Clearly as can be seen in

Fig. 3.10(a) that prior tuning, the transparency between master and slave was slug-

gish. As we performed the tuning procedure, the transparency has significantly

improved. Therefore, from Fig. 3.10(b) it is observed that the (Locked) manipula-
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(a) Agents’ trajectories (numbered cir-
cles : initial positions at t = 0, arrowed-
line : trajectories as t → Ttele, red dash
: target’s circumference with radius R)

(b) Velocity and position of the Shape system (solid : x-direction, dash : y-direction)

Figure 3.7: Asymptotic convergence of the agents onto their intended final positions
on the target object as t < Ttele, with ϕ(0) = 0.

tor asymptotically tracked the master manipulator in both positions and velocities

as well as the exerted force signals.

Notice that on the time interval t ∈ [4.35, 4.45] s, the exerted forces fm and fLc

were slightly larger as compared to the other time intervals. For t ≤ Ttele, the master
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Figure 3.8: Velocity matching through gainH(z).

manipulator and the target object were both stationary. Therefore in the handling

operation (t > Ttele), to move the manipulators from the stall positions requires for

extra exerted forces than when the manipulators were already in motion.

In this example, we used of the intervenient impedances Cmc = I2 ⊗

(
2 +

20
s

)
,

Csc = I2⊗

(
20 +

6
s

)
, the controller Cm = I2⊗

(
100 +

1
s

)
,Zh = I2⊗

(
0.5s + 70 +

2000
s

)
,

η = 0.1, and Tsim = 30[sec], respectively.

3.6 Conclusion

In this chapter, we have proposed tuning algorithm to improve transparency through

impedance matching between master and slave manipulators in the multilateral tele-

operation system. The passive decomposition technique has provided substantial

approach to convert the total dynamics of a multi-slave system into the bilateral tele-

operation architecture so that the existing bilateral control technique can be used.

Subsequently, from the result of decomposition and the initial states of all slave

agents, the teleoperation time, Ttele that separated the two operations (grasping and

teleoperation) has been estimated. In terms of equalizer tuning, we conclude that

FRIT provides powerful algorithms since only a single-shot of measurement data
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Figure 3.9: Comparison of optimized fictitious signal (3.52) with the initial fLc.

was required. The overall performance and comparison presented through numeri-

cal example has illustrated the applicability of the proposed tuning method.
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(a) Before tuning

(b) After tuning

Figure 3.10: Signals comparison for positions, velocities and forces.
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Chapter 4

A Fictitious Reference Iterative

Tuning Method for Buck

Converter-Powered Motor Control

System

4.1 Introduction

The usage of a DC motor system can be found in many applications such as home

appliances[36], robotics[37], industrial machinery and equipment[38, 39]. There

were many studies have been conducted by researchers to design an effective and

efficient mechanism to control this system. In general, the commonly used meth-

ods for controlling the speed of the motor shaft of a DC motor can be divided into

two approaches. For the first approach, the studies focus on the investigation of

the topologies of the buck-converter design. For instances, Ortigoza et al., [40] and

Beevi & Noufal [41] proposed the hierarchical control of the buck converter. Mean-

while, a bidirectional DC/DC buck converter system that will allow the motor shaft

to rotate in both directions was considered in [42]. For the second approach, the
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studies are intensified on identifying the control algorithms to efficaciously control

the switching signals of the buck converter circuit. One way of achieving this is by

controlling the Pulse Width Modulation (PWM) signals, where PWM works in re-

ducing the average power delivered by the electrical signal, by effectively chopping

it up into discrete parts.

Having said that, the second method of controlling the DC motor by controlling

the PWM signal is more prominent. This is due to the simplicity of the buck-

converter structure, and the ease implementation of the control algorithm where

only the duty ratio of PWM is to be manipulated. Some related studies that focus

on designing the control algorithm to control the duty cycle of PWM switching can

be found in [43] where the authors proposed PI-type Fuzzy Logic Control structure;

in [44] where the sliding mode controller was investigated; and in [45] where the

neural network control structure has been considered. However, these model-based

methods require accurate modeling of the plant for controller design.

A model-free or data-driven approach in controller design, on the other hand,

has recently attracted the interest of the researchers in the field of control theory.

Since the model-based controller design may not work well if the plant model does

not fall into the assumed model, there is an added advantage if the modeling require-

ment can be eradicated in the design procedure. Some of the model-free design

techniques found in the literatures are the simultaneous-perturbation-stochastic-

approximation (SPSA) methods[46], model-free adaptive control (MFAC)[47], un-

falsified control(UC)[48], iterative-feedback tuning (IFT)[49], and virtual-reference-

feedback tuning (VRFT)[50]. To add further to the list, the fictitious-reference-

iterative-tuning (FRIT) also falls into the category of the model-free design ap-

proach. First introduced by Kaneko et. al[51], FRIT only requires the set of

recorded input-output data in designing the fictitious reference signals, which availed

in formulating the cost function for optimization. Comparing FRIT to VRFT, the

key difference between them is that the cost function to be minimized in FRIT fo-
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cuses on the output while that in VRFT focuses on the input. Therefore, FRIT is

more intuitively understandable than VRFT from a practical point of view. Some

examples of the FRIT applications are the controller design for a non-minimum

phase system[31], and impedance matching in multilateral teleoperation system[17].

In these works, they had considered the utilization of FRIT in tuning the Laguerre

expansion network which forms part of the controller. In [52], the authors provided

detail surveys on the comparison between the model-based control and data-driven

control.

In this work, we employed the Simulated Kalman Filter (SKF) algorithm[53]

in minimizing the formulated cost function to obtain the optimal PID controller’s

parameters. The SKF is an estimation-based metaheuristic optimization algorithm

which relies on the collection of agents to look for the near optimum solution within

a reasonable computational effort[54]. By parameterizing the controller and assign-

ing the agents’ position as the controller’s gain, the algorithm seeks for the best

solutions which correspond to the global minimum of the fitness function.

The rest of the chapter is organized as follows. In Section 4.2, we discuss our

problem formulation and the modeling of the buck converter-powered DC motor

system. Meanwhile, in Section 4.3 we elucidate our proposed methods. A numer-

ical example is presented in Section 4.4. Finally, our main conclusion is drawn in

Section 4.5.

Mathematical Notation: Let R and Rn denote the set of a real number and real

vector with dimension n respectively. We denote the vector norm as ‖v‖ =
√
vT v

and ‖v(k)‖2K implies ‖v(k)‖2K :=
K∑

k=1
‖v(k)‖2.
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Figure 4.1: Block diagram of the closed system

4.2 Problem Statements

Consider the block diagram of the closed system of a buck converter-powered DC

motor control system shown in Fig. 4.1. The design objective is to obtain the

optimal PID controller Gc(s) such that for any set point reference input r(t), the

angular velocity of is able to track the trajectory of r(t) in minimizing the error e(t)

, to satisfy the condition lim
t→∞

e(t) = 0,∀t. Practically, this can be achieved by having

the dynamic of the closed system T (s) to be identical to the desired model Td(s).

Let ωrated ∈ R is the maximum attainable speed when the control input u(t) = 1

is applied. This is considered as the saturation point of the angular velocity and

is needed to ensure that the error signal fed into the controller will be bounded

between 0 to 1.

The saturation block takes the input u(t) to satisfy

DR =


1 u(t) ≥ 1

u(t) 0 < u(t) < 1

0 u(t) ≤ 0,

(4.1)

where DR ∈ R is the duty ratio to control switching of the PWM output signal δ(t) ∈

R . The chosen PID controller structure is defined by Gc(s) = K
(
1 + 1

Ti
+ Td

1
1+ 1

N f
s

)
where K ∈ R, Ti ∈ R, Td ∈ R and N f ∈ R are the proportional gain, the integral
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time constant, the derivative time constant and filter coefficient, respectively.

To achieve T (s) ≡ Td(s), the controller Gc(s) must be properly tuned. This

implies that there exist optimal values of K, Ti, Td and N f such that the cost function

J1 =
1

t f − t0

∫ t f

t0
e2(t) dt =

1
t f − t0

∫ t f

t0
(Td(s)r(t) − ω(t)) dt (4.2)

is minimized.

4.2.1 Buck-converter powered dc motor model

This section provides a brief description of the modeling of the buck-converter-

driven DC motor system which forms the basis for the simulation analysis pre-

sented in this paper. Figure 4.2 delineates the schematic diagram of the DC motor

system fed by a buck converter (as indicated in the blue box model in Fig. 4.1). The

dynamic of the overall system can be described as follows [40, 41]

L
di
dt

= − v + Eδ(t) (4.3)

C
dv
dt

= i − ia (4.4)

La
dia

dt
= v − Raia − Keω (4.5)

J
dω
dt

= Kmia − Bω − TL (4.6)

where i is the converter input current, ia is the DC motor armature current, v is the

converter output voltage, ω is the motor angular velocity, TL is the load torque, Km

is the torque constant, KE is the back-emf constant, J is the moment of inertia, and

B is the coefficient of friction. Meanwhile La , Ra , and L , R are the armature

inductance & resistance and converter inductance & resistance, respectively. The

signal δ(t) is the control input which takes the form of the PWM signals based on

the duty ratio of equation (4.1).

Remark 1: It should be noted that even though the mathematical modeling of the
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Figure 4.2: Schematic of the buck converter powered DC motor system

system is provided in this paper, it is not a necessity as our proposed method

requires only the input-output data of the plant for controller tuning. The modeling

is supplied to provide insights and for results comparison between the model-based

technique and our proposed solutions in controller design.

4.3 Algorithm for Controller Tuning

4.3.1 A brief review of SKF algorithm

In this section, we provide a brief review of the Simulated Kalman Filter (SKF)

algorithm which was used in obtaining the optimal controller parameters. First

introduced by R.E Kalman in 1960[55], the Kalman Filter is a well-established state

estimation method of a dynamic system that is excited by a stochastic process and

measurement noise. Improvised by Ibrahim et.al.,[53, 54], SKF algorithm consists

for three main stages namely, Stage 1: Initialization, Stage 2: Fitness Evaluation,

and Stage 3: Predict, measure and Estimate.

In the initialization stage, the algorithm starts with random initialization of

agents’ estimated state, x(0) ∈ RN , within the search space. At the same instant,

the initial value of error covariance estimate, P(0) ∈ R , the process noise, Q ∈ R,

measurement noise, R ∈ R and the maximum number of iterations, tMax are all to be
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initialized. As reported in [54], the best values of P(0), Q and R are 1000, 0.5 and

0.5, respectively.

Next, in the second stage, the iteration begins with the fitness calculation of ith

agent, f iti(x(t)). The xbest(t) ∈ R is updated to satisfy the following minimization

problem of

xbest(t) = min
i∈1,2,,N

f iti(x(t)). (4.7)

Then, the true value, xtrue ∈ R which represents the best solutions-so-far will be

updated. This value is updated if there exists a better solution, i.e. xbest(t) < xtrue.

Finally, in the third stage, the SKF search strategy implements three simple

steps; predict-measure-estimate. In the prediction step, the time update equations

are used to obtain a priori estimates for the next time step. After the measurement

process, measurement-update equations are used to obtain improved posterior es-

timates. The prediction of the state and error covariance estimates given the prior

estimated are updated based on the following time-update equations:

xi(t | t + 1) = xi(t) (4.8)

P(t | t + 1) = P(t) + Q. (4.9)

The next step is the measurement, which acts as a feedback to the estimation pro-

cess. The measurement of each individual agent is simulated based on the following

equation:

zi(t) = xi(t | t + 1) + sin(rand × 2π) × |xi(t | t + 1) − xtrue|. (4.10)

The final step is the estimation. Here, the Kalman gain K(t) is computed based
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on the following equation:

K(t) =
P(t | t + 1)

P(t | t + 1) + R
. (4.11)

Then, the following measurement-update equation are used to improve a posteriori

estimates form a priori estimates:

xi(t + 1) = xi(t | t + 1) + K(t) × (zi(t) − xi(t | t + 1)) (4.12)

P(t + 1) = (1 − K(t)) × P(t | t + 1). (4.13)

Each agent updates the optimal estimate for that corresponding iteration based on

the measured position which was used as feedback and influenced by the gain

value, K(t). The iteration continues until the maximum number of iterations tMax is

reached. Further details on the algorithm can be found in [54].

4.3.2 Fictitious Reference Iterative Tuning

The FRIT technique only utilizes the recorded input and output data of the plant

to obtain the optimal parameters of the controller. Hence, this approach eliminates

the needs of the mathematical model of the plant, as commonly practiced by the

model-based control designer. Thus, the FRIT is totally a model-free approach.

Reconsider the closed loop block diagram shown in Fig. 4.1. Suppose the

PID controller can be parameterized in ρ such that Gc(ρ). Redefine the controller

gains as Gc(s) = Kp + Ki
s + Kd

1
1+ 1

N f
s

where Kp = K, Ki = K/Ti and Kd = KTd,

respectively. The initial arbitrary controller values are first to be selected, i.e. ρ0 :=

[K0
P,K

0
i ,K

0
d ,N

0
f ] ∈ R4. Then, the one-shot of experiments has to be performed, in

which the input data u0 and ω0 are measured and recorded. These recorded data

can then be used to design and formulate the fictitious refer-ence input signal. In

Fig. 4.3, we illustrate the general concept of defining the fictitious signal where the
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Figure 4.3: Fictitious signal r̃(k) derivation

signal is formulated as follows:

r̃(k) = ωratedGc(ρ)−1u0(k) + ω0(k). (4.14)

Here, u0(k) and ω0(k) are the recorded input-output data at the time-instant k, and

Gc(ρ)−1 = 1/Gc(ρ). Note that in formulating the fictitious signal (4.14), the subsys-

tems consist of the PWM, buck converter and DC motor (as indicated in the dashed

box of Fig. 4.3), are no longer required for signal generation.

By the selection of the fictitious signal (4.14), the optimization problem can be

re-formulated. Instead of minimizing the cost function of equation (4.2), we can

now define a new cost function of

J2 =
1
M
‖e(k)‖2M =

1
M

∥∥∥Td(s)r̃(k) − ω0(k)
∥∥∥2

M

=
1
M

∥∥∥∥Td(s)
(
ωratedGc(ρ)−1u0(k) + ω0(k)

)
− ω0(k)

∥∥∥∥2

M
, (4.15)

where M is the total number of sampled-data taken from the time interval t ∈ [t0, t f ].

Thus, the new control objective is to find a set of optimal parameters such that

ρ∗ = arg min
ρ

J2. (4.16)
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The following algorithm has been implemented in our work to attain the optimal

parameter ρ∗.

Step 1 : By arbitrary selection of ρ0, run one-shot experiment to generate the input-

output data of u0 and ω0 .

Step 2 : Initialize the SKF agents’ position, x(0) within the search space. Then, as-

signing ρ :=
[
Kp,Ki,Kd,N f

]
= x.

Step 3 : Assigning the cost function J2 of equation (4.15) as the SKF fitness function

in equation (4.7).

Step 4 : Iterate the SKF algorithm till tMax to attain xtrue.

Step 5 : Assigning the final value of xtrue at tMax as the optimal parameters. This im-

plies ρ∗ := xtrue = arg min
ρ

J2.

Step 6 : Validate the performance of the closed-loop system. If the results are unsat-

isfying, repeat the procedure from Step 2.

4.4 Numerical Example

To demonstrate the effectiveness of our proposed method, we present a numerical

example and the related results. The Matlab Simulation package has been utilized

to perform the simulation analysis. We use the same parameters reported in [46] as

follows:La = 8.9 × 10−3 H, Ra = 6 Ω, KE = 0.0517 Vs/rad, KM = 0.0517 Vs/rad,

J = 7.95 × 10−6 kgm2, R = 0.2 Ω, L = 1.33 × 10−6 H, C = 470 × 10−6 F, and

E = 24 V. Meanwhile, the rated speed is obtained wrated = 464.22. As reported in

[46] and [43], we use a similar desired trajectory reference signal given by

r(t) = 75 (tanh(30(t − 0.1) + 1)) . (4.17)
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The dynamic model of the desired transfer function was chosen as a first order

system of Td(s) = 1
0.01s+1 . The PWM frequency was set to 1 kHz, with the select-ed

sample-time ts = 0.1 ms. The initial controller gains ρ0 = [0.5, 1.0, 0.25, 0.5] were

used in generating the initial input-output data u0 and ω0. Figure 4.4 depicts the

angular velocity and duty cycle of the untuned system when we use the gain ρ0.

These data were then adopted to form the fictitious reference signal r̃(k) of (4.14).

Apart from the parameter setting of the buck-converter power DC motor system,

the parameters of the SKF algorithm used in this work are as follows. The best val-

ues of P, Q and R as suggested in [54] are 1000, 0.5, and 0.5 respectively. Whereas,

the number of agents is selected as N = 1000, which are bounded in the region

of x ∈ [1, 100]. Figure 4.5 illustrates the convergence of the cost function (4.15)

when we run the SKF algorithm with a maximum number of iterations tMax = 300.

It can be seen that the cost function already converged to 0.0751 when k = 100

and remained on this value for the rest of iterations. The optimal parameters that

minimized J2 were obtained ρ∗ = [1.3983, 96.0201, 1.0158, 1.0578]. This implies

the optimal PID parameters were K∗ = 1.3983, T ∗i = 0.0146 s, T ∗d = 0.7265 s and

N∗f = 1.5078, respectively.

For performance comparison with a model-based controller, let the plant of the

buck converter powered DC motor system be denoted as

Gp(s) =
ω(s)
u(s)

:=

 A B

C D

 (4.18)

where A =



0 − 1
L 0 0

1
C 0 − 1

C 0

0 1
La
−

Ra
La
−

Ke
La

0 0 Km
J − B

J


, B =

[
1
L 0 0 0

]T

C =

[
0 0 0 1

]
, and

D = 0. By choosing a State Feedback Controller with Integral Control (SFCI) in

the form of u(t) = −KX(t) + Kn

∫
e(t), where X(t) := [i(t), v(t), ia(t), ω(t)]T are the

65



CHAPTER 4. A FICTITIOUS REFERENCE ITERATIVE TUNING METHOD FOR BUCK
CONVERTER-POWERED MOTOR CONTROL SYSTEM

Figure 4.4: Angular velocity and duty responses for ρ0 = [0.5, 1, 0.25, 0.5] captured
in a time interval t0 = 0 s and t f = 0.3 s.

Figure 4.5: The convergence of the cost function J2.

state variables, KT ∈ R4 is the state feedback gain, Kn ∈ R is the integral gain, and

e(t) = r(t) − CX(t) is the error. We employed the pole-placement method based on

Bass & Gura’s approach as discussed in [56] to obtain the controller gains K and

Kn. It is worth mentioning that since the desired transfer function Td(s) was chosen
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Figure 4.6: Performance comparison between the model-free design (PID controller
tuned with FRIT and SKF) and model-based design (SFCI controller designed by
pole-placement method).

as a first-order dynamic, slight modification has been per-formed to ensure the suit-

ability of the selected model in obtaining the state feed-back gains. By doing so,

the desired pole locations were chosen as the roots of the denominator polynomial

of the transfer function T̃d(s) = Td(s) (s+1000)4

(s+1000.01)4 . It can be clarified that the order

of the desired model is raised from first order to the fifth order, but the dynamic of

the output response is retained. With this ap-proach, we obtained the values of the

gains of the SFCI controller as [K,Kn] = [4.5564, 1.3839, 6.0122, 1.0745, 85.5526].

Figure 4.6 exhibits the output responses of the closed system, utilizing the PID

controller tuned by SKF and the SFCI controller designed by the pole placement

method. Meanwhile, Fig. 4.7 depicts the comparison of the duty ratio output be-

tween the two controllers. Evidently, it can be observed that the output response of

the PID controller tuned by FRIT and SKF exhibited better and faster perfor-mance

as compared to the SFCI controller. This yields to the cost values J1 of 0.1703 and

3.3659 for PID and SFCI controllers, respectively.
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Figure 4.7: Performance comparison in terms of duty ratio between the two con-
trollers.

4.5 Conclusion

In this chapter, we present the PID controller tuning method employing FRIT and

SKF algorithm. Our presented model-free technique only utilized the set of input-

output data to design the fictitious reference signal for the cost function minimiza-

tion procedure. The performance of the controller has been investigated and vali-

dated through numerical simulation on a buck converter-powered DC motor system.

A simple comparison with a state feedback controller designed using a model-based

approach was also presented. It can be concluded that the PID con-troller tuned us-

ing the FRIT and SKF exhibits a better angular velocity trajectory tracking response

as compared to the SFCI controller designed using the pole placement method. Fur-

thermore, this approach is superior since it eliminates the needs for the mathemat-

ical modeling of the system-to-be-controlled in contrast to model-based controller

design.
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Chapter 5

Conclusion and Future Work

This project focus on investigating the feasible control techniques to attain a dy-

namical symmetric between the master and slave manipulators of a teleoperation

systems. By introducing an equalizer or controller connected in-feedback loop to

the master manipulator, it was found that a matched impedance between both sides

of the system can be achieved. It was proposed that the Laguerre network structure

to be chosen as the feasible controller, since it requires tuning only on the coeffi-

cients that formed the basis of the network.

Two different cases had been investigated in this project. For the first case where

we aimed to attain a matched impedance between a single-master and single-slave

manipulator, the Particle Swarm Optimization and FRIT had been utilized in tuning

the chosen controller. Then in the later case, we considered the teleoperation sys-

tem comprised of a single-master and multi-slave manipulators. Here, the passive

decomposition and least square technique were the main findings in our work.

As for the current studies, we limit our investigation on the teleoperation system

without the time delay. Since from practical point-of-view, there always exist some

delays in the transmission of information from one subsystem to another. Hence,

the effects of the time delay shall be taken into account in the future as part of the

continuation of work from this project.
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