
Academic Editor: Cecilio Angulo

Received: 27 May 2025

Revised: 20 June 2025

Accepted: 24 June 2025

Published: 27 June 2025

Citation: Yang, B.; Liu, C.; Zhang, L.;

Teng, L.; Tian, J.; Xu, S.; Zheng, W.

Novel Design of Three-Channel

Bilateral Teleoperation with

Communication Delay Using Wave

Variable Compensators. Electronics

2025, 14, 2595. https://doi.org/

10.3390/electronics14132595

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Novel Design of Three-Channel Bilateral Teleoperation with
Communication Delay Using Wave Variable Compensators
Bo Yang 1 , Chao Liu 2,*, Lei Zhang 3, Long Teng 4 , Jiawei Tian 5 , Siyuan Xu 6 and Wenfeng Zheng 1

1 School of Automation Engineering, University of Electronic Science and Technology of China,
Chengdu 611731, China; boyang@uestc.edu.cn (B.Y.); winfirms@uestc.edu.cn (W.Z.)

2 Department of Robotics, LIRMM, University of Montpellier—CNRS, 34095 Montpellier, France
3 euroDAO SAS, 34095 Montpellier, France; lei.zhang@eurodao.com
4 Department of Industrial and Systems Engineering, The Hong Kong Polytechnic University, Hong Kong,

China; eric-long.teng@polyu.edu.hk
5 Department of Computer Science and Engineering, Hanyang University, Ansan 15577, Republic of Korea;

tianjiawei@hanyang.ac.kr
6 Department of Electrical and Computer Engineering, Texas A&M University, College Station, TX 77843, USA;

siyuanxu@tamu.edu
* Correspondence: chao.liu@lirmm.fr or chao.liu@cnrs.fr; Tel.: +33-4-6741-8678

Abstract

Bilateral teleoperation systems have been widely used in many fields of robotics, such as
industrial manipulation, medical treatment, space exploration, and deep-sea operation.
Delays in communication, known as an inevitable issues in practical implementation,
especially for long-distance operations and challenging communication situations, can
destroy system passivity and potentially lead to system failure. In this work, we address the
time-delayed three-channel teleoperation design problem to guarantee system passivity and
achieve high transparency simultaneously. To realize this, the three-channel teleoperation
structure is first reformulated to form a two-channel-like architecture. Then, the wave
variable technique is used to handle the communication delay and guarantee system
passivity. Two novel wave variable compensators are proposed to achieve delay-minimized
system transparency, and energy reservoirs are employed to monitor and regulate the
energy introduced via these compensators to preserve overall system passivity. Numerical
studies confirm that the proposed method significantly improves both kinematic and force
tracking performance, achieving near-perfect correspondence with only a single-trip delay.
Quantitative analyses using Root Mean Square Error (RMSE), Mean Absolute Error (MAE),
and Dynamic Time Warping (DTW) metrics show substantial error reductions compared
to conventional wave variable and direct transmission-based three-channel teleoperation
approaches. Moreover, statistical validation via the Mann–Whitney U test further confirms
the significance of these improvements in system performance. The proposed design
guarantees passivity with any passive human operator and environment without requiring
restrictive assumptions, offering a robust and generalizable solution for teleoperation tasks
with communication time delay.

Keywords: bilateral teleoperation; three-channel architecture; wave variable; energy reservoir;
passivity; transparency

1. Introduction
The first modern bilateral teleoperation system was developed in 1949 by Goertz [1]

to handle radioactive materials in nuclear facilities. Over the decades, teleoperation tech-
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nology has undergone significant advancements, evolving from basic unilateral control
mechanisms to sophisticated systems integrating haptic feedback for enhanced user in-
teraction. A typical bilateral teleoperation system consists of a master controller and a
remote robotic manipulator, enabling operators to perceive and respond to the physical
conditions of a remote environment in real time. This capability has made teleoperation
indispensable in a variety of critical applications, including bomb disposal, underwater
exploration, minimally invasive surgery, and the operation of unmanned aerial and ground
vehicles [2–5].

For bilateral teleoperation system, there are two important performance evaluation
indices: stability and transparency [6]. As in other control systems, stability is always the
primary objective to achieve and guarantee. However, in the communication channel of
bilateral teleoperation system, it is inevitable to contain certain time delay, which will
destroy the passivity of the teleoperation system and thus cause potential threats to the
operation stability and safety. Therefore, how to deal with the time delay and maintain the
system stability has been a key issue in the research of bilateral teleoperation system. For
constant time delays, scattering theory has been instrumental in ensuring system passivity
and stability. Anderson and Spong [7] introduced a control law utilizing passivity and
scattering theory to stabilize bilateral teleoperators under time delays. Niemeyer and Slo-
tine [8] further developed this approach by introducing wave variables to handle arbitrary
time delays in teleoperation. Numerous research works have been carried out to guarantee
teleoperation system stability with constant communication time delay based on these tech-
niques ever since. Alise et al. [9] explored the enhancement of the wave variable method
by generalizing it to include a broader family of impedance matrices for multiple degrees
of freedom (DOF) systems. Polushin [10] proposed a generalized scattering framework
that was designed in order to enhance flexibility in control design while maintaining sta-
bility in teleoperation systems with constant communication delays. Najafabadi et al. [11]
proposed a synchronization control approach combined with a novel disturbance observer
tailored for nonlinear passive bilateral teleoperation systems with constant time delays by
consolidating unknown dynamic factors into a single disturbance signal to enhance system
stability and performance. In [12], a comprehensive overview of discrete-time control meth-
ods for bilateral teleoperation systems with communication time delays was presented,
evaluating existing techniques like passivity and wave variable methods and emphasizing
their stability and transparency in teleoperated environments. Recent research efforts have
been made to address the problem of variable communication time delays due to factors
such as fluctuating network traffic, dynamic routing decisions, and varying levels of con-
gestion in communication channels. Numerous research results have been obtained using
various control techniques like adaptive wave variable control [13], time-varying passivity
control [14], Lyapunov–Krasovskii functionals [15], predictive adaptive control [16], robust
control [17], etc. Notably, new neural network and learning-based methods have been used
to address the variable time delay issue. For example, in [18] a long short-term memory
(LSTM)-based Bilateral Active Estimation Model (BAEM) is proposed for estimating the
time delay in both directions of the teleoperation system. In [19], an adaptive fixed-time
control strategy has been proposed for a class of nonlinear bilateral teleoperation systems
with variable time delays, and radial basis function neural networks (RBFNNs) were uti-
lized to estimate uncertainties in the teleoperation systems. Dao et al. [20,21] proposed
novel Robust Integral of the Sign of the Error (RISE)-based reinforcement learning (RL)
and actor–critic reinforcement learning algorithms for the optimal effectiveness of bilateral
teleoperators with variable communication delays and uncertain dynamics.

On the other hand, transparency is used as another important performance evalu-
ation criterion to measure the perception capability of the master operator to the slave
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environment in a bilateral teleoperation system. It is well known that “passivity and
transparency are conflicting objectives in teleoperator system design” and perfect passivity
and transparency can only be realized with four-channel architecture in idea case with-
out presence of communication time delay [6]. In practice, trade-off between passivity
and transparency is always necessary for a bilateral teleoperation design. While keeping
system stability, researchers have worked towards improving transparency in bilateral
teleoperation. Coelho et al. [22] investigated how wave variable transformations impact
human haptic perception, and they revealed that, while the generalized wave variable
approach generally outperforms the original in rendering mass and stiffness, both methods’
effectiveness diminishes as time delays increase, making accurate perception challenging
during dynamic interactions. In [23], a novel control framework was proposed to directly
compensate for time delays in bilateral teleoperation systems while maintaining stability
and transparency through combining direct delay compensation with predictive control
techniques. Chen et al. [24] introduced an enhanced four-channel control architecture that
integrates wave variable transformations and aimed to improve transparency by effectively
compensating for the adverse effects of communication delays, thereby enhancing the oper-
ator’s perception and control of the remote environment. Balachandran [25] introduced a
nonlinear gain for local force feedback control and discussed ensuring passivity through
model-dependent and model-independent methods, along with proposing a passive ref-
erence coupling (PCR) method in order to improve the haptic feedback performance of
teleoperation systems, particularly under conditions of large and time-varying delays.

According to the number of communication channels or type of signals exchanged be-
tween the master and slave of the bilateral teleoperation system, the teleoperation structures
can be divided into four-channel control structure (4CH), three-channel control structure
(3CH), and two-channel control structure (2CH). 4CH structure was proposed and analyzed
in detail by Lawlrence in 1993 [6] and this control structure includes transmission of all
four signals between master and slave, namely bidirectional force and motion (velocity
or position). Later on, Hashtrudi-Zaad et al. improved the 4CH structure by adding local
force feedback controller and local position controller so that the system could achieve
perfect transparency under the ideal condition without a time delay [26]. Moreover, 4CH
architectures, though capable of achieving ideal transparency under ideal conditions, are
more complex and difficult to implement in practice, especially in the presence of communi-
cation delay. In reality, the 2CH structure has been employed in many practical applications
due to its minimum number of communication channels needed, which can greatly reduce
the control design effort and hardware cost compared to the 4CH control structure. Many
bilateral teleoperation systems in the recent literature are based on the 2CH architecture,
including most of the aforementioned works, particularly those involving neural network
and learning-based approaches. The simple configuration of the 2CH system facilitates
the control design to guarantee system stability, together with position/velocity tracking
with and without communication delay, but on the other side, transparency, as a con-
flicting objective, is often neglected or sacrificed due to the limited feedback signals and
control design freedoms. Recent works continue to advance passivity-based control for
delay-affected teleoperation, such as robust nonlinear controllers under varying delays
and loads [27], hybrid delay-mitigation strategies combining wave variable and predictive
elements [28], and hardware-validated passivity control frameworks [29]. However, these
studies remain confined to 2CH architectures. To our knowledge, no learning-based or
data-driven methods have been developed for 3CH configurations. The 3CH structure
can be seen as a balanced compromise between the 4CH and 2CH structures. It offers
an additional degree of freedom for control design compared to the 2CH structure while
maintaining a lower implementation cost than the 4CH structure. In [30], Albakri et al.
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evaluated the stability and transparency of all four possible three-channel control structures
without a time delay in the context of medical applications, which provides a design frame-
work for telesurgery and recommends the P-PF (Position, Position-Force) configuration
as the most suitable 3CH solution. While 3CH architectures offer a practical compromise
between 2CH simplicity and 4CH performance, they remain underexplored and lack robust
methods to ensure passivity and high transparency simultaneously without restrictive
assumptions. To our knowledge, no learning-based methods have been developed for
3CH configurations in literature either. In [26], the stability and transparency of two 3CH
teleoperation configurations under constant communication delay were studied through a
characteristic equation analysis. The authors derived conditions for achieving stable and
optimally transparent control, but these results were limited to specific classes of human
operators and environments that satisfy complex and non-trivial constraints. Building on
this, ref. [31] introduced wave variable-based 3CH teleoperation designs following the
conventional framework in [8] to preserve system passivity under delay. However, this
approach incurred a significant reduction in transparency due to signal distortion, making
it more suitable for scenarios involving asymmetric dynamics, such as a heavy master or
heavy slave device.

In this work, we propose a 3CH teleoperation system design that can guarantee
absolute stability and, meanwhile, maximize system transparency in the presence of com-
munication delay. We focus on constant communication delays, as this study is tailored to
robotic surgery in a practical operating room (OR) environment. Our previous research
on the wireless teleoperation of miniaturized surgical robotic instruments has shown that
wireless Zigbee communication within the OR remains stable, exhibiting a variance of only
±0.2 ms [32]. Given this consistency, assuming a constant time delay is both reasonable
and reflective of real-world surgical applications. In order to achieve this objective, we first
reformulate the 3CH to its equivalent 2CH-like form to facilitate the control design using
wave variable technique, ensuring system passivity against time delay and leveraging its
wide applicability to all passive operators and environments. To remedy the bias terms
introduced via conventional wave variable design that significantly degrades system trans-
parency, two wave variable compensation terms are proposed to improve the kinematic
and impedance tracking performances. Energy reservoirs are constructed to monitor and
handle potential extra energy caused by the two wave variable compensators and guarantee
overall system passivity. This proposed method provides a new wave variable perspective
for 3CH teleoperation system design with the presence of a communication delay and
enables further studies of 3CH teleoperation using wave variable-relevant techniques in
the literature.

In summary, the main contributions of this paper are as follows:

• A novel wave variable compensator-based design is proposed for three-channel (3CH)
bilateral teleoperation systems that ensures both delay-compensated stability and
high transparency.

• A two-step controller design framework is established, which first reformulates the 3CH
system into a passive two-port network and then designs the wave variable compen-
sators, together with energy reservoirs, to ensure passivity under communication delay.

• The effectiveness of the proposed method is validated through structured numerical
comparisons against the conventional wave variable approach [31] using quantitative
metrics including Root Mean Square Error (RMSE), Mean Absolute Error (MAE),
Dynamic Time Warping (DTW), and the Mann–Whitney U test.

• The proposed framework is theoretically extendable to other three-channel teleopera-
tion configurations, offering a scalable and modular foundation for future develop-
ments in transparent and stable teleoperation under communication delay.
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The rest of the paper is organized as follows: Section 2 briefly presents the funda-
mentals of three-channel bilateral teleoperation structure and traditional wave variable
transformation. In Section 3, the wave variable compensator-based 3CH teleoperation
system is proposed with detailed analysis of its transparency and the energy reservoirs
designed to guarantee system stability. The numerical studies carried out to verify the
effectiveness and advantages of the proposed method over conventional methods through
comparisons are presented in Section 4, and finally, the conclusions are drawn in Section 5.

To improve the paper’s readability, a list of abbreviations is provided below in Table 1.

Table 1. List of abbreviations.

Abbreviation Description

3CH Three-Channel Teleoperation
4CH Four-Channel Teleoperation
2CH Two-Channel Teleoperation
P–PF Position–Position Force control structure
F–PF Force–Position Force control structure
PF–P Position Force–Position control structure
PF–F Position Force–Force control structure
WVC Wave Variable Compensator
WV Wave Variable
HIL Hardware-in-the-Loop

RMSE Root Mean Square Error
MAE Mean Absolute Error
DTW Dynamic Time Warping
DOF Degree of Freedom
OR Operating Room

PRC Passive Reference Coupling
RL Reinforcement Learning

LSTM Long Short-Term Memory
BAEM Bilateral Active Estimation Model

RBFNNs Radial Basis Function Neural Networks
PID Proportional–Integral–Derivative controller

2. Fundamentals of Bilateral Teleoperation System with Time Delay
2.1. 4CH Teleoperation System with Time Delay

The structure of a four-channel (4CH) bilateral teleoperation system with a time
delay [26] is shown in Figure 1, where F∗

h and F∗
e denote the operator and environment

exogenous force inputs, Fh and Fe denote the operator force on the master device and the
feedback force from interaction with the remote environment, vm and vs are velocities of
master device and slave robots, and Zh, Ze, Zm, and Zs represent the impedance of the
operator arm, environment, master device and slave robot. T denotes the time delay in
communication channel. Ci (i = 1, ..., 6) and Cm, Cs represent the controllers, where C5

and C6 are known as local force feedback controllers, and Cm and Cs are known as local
position controllers.
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Figure 1. Four-channel teleoperation structure with time delay [26].

2.2. 3CH Teleoperation System with Time Delay

The three-channel (3CH) teleoperation structure is a structure that eliminates one
channel on the basis of the 4CH structure to simplify the design and implementation of
bilateral teleoperation system. By eliminating different channels, there are four possible
configurations of three-channel teleoperation systems: the Position–Position Force control
structure (P-PF), the Force–Position Force control structure (F-PF), the Position Force–
Position control structure (PF-P), and the Position Force–Force control structure (PF-F) [30].

The study on bilateral teleoperation system in this paper is mainly dedicated to medical
applications, such as robot-assisted remote surgery and remote ultrasonic diagnosis. In
such application scenarios, the stiffness and damping parameters of environment are
smaller than those of the operator in general. In this work, we adopt the P-PF structure
that transfers motion (P) command signal from master to slave and feedbacks both motion
(P) and force (F) signals from slave to master, as shown in Figure 2. This choice has
been justified in our previous work in [30]. The P-PF structure is also referred to as the
Environment-Force-Compensated (EFC) three-channel control architecture in [26] and is
suitable for operations in which the operator is heavier, stiffer, and more damping than
the environment.

Figure 2. P-PF 3CH teleoperation structure.

2.3. Wave Variable Transformation Method

Communication delays are well known to break the passivity of bilateral teleoperation
systems, potentially leading to instability and unsafe interactions. To address this issue, the
wave variable method was introduced as a passivity-preserving approach that reformulates
power variables (e.g., velocity and force) into so-called wave variables before transmis-
sion [8]. By transforming the communication channel into a lossless two-port network, the
method guarantees that the energy exchanged through the channel remains non-negative,
even in the presence of a constant time delay. This ensures that the delayed communication
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link does not generate energy and thus preserves overall system stability. The formulation
of the wave variables is shown in Figure 3.

One of the key advantages of the wave variable approach is its generality that allows
stability to be maintained for arbitrary passive operators and environments, without
requiring specific model assumptions. The method has become a foundational tool in
teleoperation control design, and it serves as the basis for the proposed system developed
in this work.

Figure 3. Standard wave variable formulation.

Following the wave variable formulation, as shown in Figure 3, the relationship
between the power variables and the wave variables can be expressed as in the following:

Um(t) =
1√
2b

(N2(t) + bM1(t)) (1)

Vs(t) =
1√
2b

(−N1(t) + bM2(t)) (2)

Us(t) =
1√
2b

(N1(t) + bM2(t)) (3)

Vm(t) =
1√
2b

(−N2(t) + bM1(t)) (4)

where b is wave impedance, and Ui and Vi (i = m, s) represent the wave variables. It should
be noted that Mi and Ni (i = 1, 2) are used to denote the generalized power variables on
the master and slave side to facilitate the development for 3CH structure in next section.
For a 2CH bilateral teleoperation system, Mi denotes the master and slave velocity vm, vs,
and Ni denotes the environment interaction force Fe and feedback force to the master Fm,
for i = 1 and 2, respectively.

Considering the communication delay, the relationship of the wave variables on both
sides of the communication channels can be described as follows:

Us(t) = Um(t − T) (5)

Vm(t) = Vs(t − T) (6)
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And from Equations (1)–(4), M1, M2, N1, and N2 in Figure 3 can be expressed equiva-
lently in the form of wave variables as follows:

M1(t) =
1√
2b

(Um(t) + Vm(t)) (7)

N1(t) =
b√
2b

(Us(t)− Vs(t)) (8)

M2(t) =
1√
2b

(Us(t) + Vs(t)) (9)

N2(t) =
b√
2b

(Um(t)− Vm(t)) (10)

Following such a formulation, the energy flow of the 2-port communication network
can be derived as follows [8]:

E(t) =
∫ t

0
(N2(τ)M1(τ)− N1(τ)M2(τ))dτ

=
1
2

∫ t

t−T
(UT

m(τ)Um(τ) + VT
s (τ)Vs(τ))dτ ≥ 0 (11)

which shows that the wave variable method can passivate the system against the commu-
nication delay. But on the other side, it comes at the cost of sacrificing the transparency in
terms of force and motion tracking performances, as seen in the following equations:

M2(t) = M1(t − T) +
1
b
(N2(t − T)− N1(t))︸ ︷︷ ︸

bias

(12)

N2(t) = N1(t − T) +b(M1(t)− M2(t − T))︸ ︷︷ ︸
bias

(13)

where the second terms on the right side of both equations are the bias terms that dis-
tort the transmitted signals and cannot be removed following the conventional wave
variable method.

If these bias terms can be eliminated, then the power variables transmitted to the other
side of the communication network will show phase lag of only one single time delay,
T, which represents the delay-minimized tracking performance achievable without the
delicate employment of predictors.

3. Wave Variable Compensator-Based 3CH Teleoperation System
3.1. Reformulation of the P-PF 3CH Teleoperation Structure

Inspired by the result in [31], in this work, the three communication channels of the
P-PF structure are firstly reformulated to form a 2-port communication port, as illustrated in
Figure 4, to facilitate the implementation of the wave variable technique to handle the time
delay in communication. The reformulated structure possesses a 2CH-like architecture.
It should be noted that, in this case, the generalized power variables M1 and N1 are
composed of

M1 = C1vm (14)

N1 = C4vs + C2Fe (15)

where M1 represents the master velocity command going through controller C1; N1 is the sum
of the slave velocity and force signals going through controller C4 and C2. And M2 = M1e−Ts

and N2 = N1e−Ts are, respectively, their delayed generalized power variables.
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The reformulated structure suffers from the same problem as conventional 2CH
structure: if the power variables are transmitted directly through the communication
channel the system passivity will be destroyed due to the time delay. Therefore, the wave
variable technique is employed to passivate the overall teleoperation system.

Figure 4. The reformulated P-PF teleoperation structure.

3.2. Wave Variable Compensator Approach to 3CH Teleoperation
3.2.1. Wave Variable Compensator Design

A straightforward implementation of the wave variable method leads to the bias
problem, as shown in Equations (12) and (13) of last section. In order to improve the
tracking performance, two wave variable compensation terms are proposed in this section.
These compensators aim to mitigate the degradation in transparency caused by round-trip
time delay. Instead of waiting for signals to travel back and forth, the proposed design
operates with single-trip delayed signals to preserve responsiveness.

As explained, “optimal" performance can be achieved if the bias terms are removed
from the transmitted generalized power variables so that{

M2(t) = M1(t − T)
N2(t) = N1(t − T)

(16)

To achieve this, the wave variables transmitted in the communication channels should
be modified. First of all, from Equations (7) and (9), and the above Equation (16), it has

M2(t) =
1√
2b

(Us(t) + Vs(t))

= M1(t − T)

=
1√
2b

(Um(t − T) + Vm(t − T)) (17)

which can be expressed with only wave variables as

Us(t) + Vs(t) = Um(t − T) + Vm(t − T) (18)

so it has
Us(t) = Um(t − T) + Vm(t − T)− Vs(t)︸ ︷︷ ︸

∆u

(19)

Then, Equations (8) and (10) are substituted into

N2(t) = N1(t − T)
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and similarly, we can get

Vm(t) = Vs(t − T) + Um(t)− Us(t − T)︸ ︷︷ ︸
∆v

(20)

To derive these compensators, we analyze the mismatch between delayed incoming
and outgoing wave variables and introduce correction terms that compensate for this delay.
Therefore, if the original wave variables Us and Vm are modified with the compensation
terms (or compensators) ∆u and ∆v as{

∆v = Um(t)− Us(t − T)
∆u = Vm(t − T)− Vs(t)

(21)

and then, the optimal transmission of power variables between the master and slave sides,
as in Equation (16), can be realized.

Following this design, the modified wave variable structure with the two proposed com-
pensators is illustrated in Figure 5, where the compensation term ∆v(t) = −∆v1(t−T)+∆v2(t)
and ∆u(t) = ∆u1(t − T)− ∆u2(t). After the rearrangement of the elements, an equivalent
but much more concise form can be obtained, as shown in Figure 6.

Figure 5. The modified wave variable structure with compensators.

Figure 6. Equivalent structure.

Although optimal power variable tracking can be achieved through the introduction
of the wave variable compensators ∆u and ∆v, their use may potentially inject additional
energy into the communication channel. This energy injection can violate the passivity
condition of the overall system if left uncontrolled, thereby compromising stability.

To address this risk, energy reservoirs are introduced to dynamically monitor and
regulate the energy flow associated with the compensators. The reservoirs accumulate
the difference in wave energy between the sending and receiving ends over time, as
defined by Equations (22) and (23). When excess energy is detected, i.e., when the reservoir
values increase beyond a safe threshold, the influence of the compensators is gradually
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reduced using exponential damping functions, as shown in Equations (24) and (25). This
mechanism ensures that the compensators do not amplify the system’s energy beyond
acceptable limits, thus preserving passivity at all times. In essence, the energy reservoirs
serve as a passive safeguard that enables the use of aggressive compensators for enhanced
transparency while still maintaining guaranteed system stability in the presence of constant
communication delay.

The corresponding energy reservoirs are designed as follows:

E
′
s(t) =

∫ t

0
(U2

m(t − T)− V2
s (t))dt (22)

E
′
m(t) =

∫ t

0
(V2

s (t − T)− U2
m(t))dt (23)

With the energy reservoirs, the designed wave variable compensation terms can be
modified as follows:

∆u
′
= α

[
1 − e−βE

′
s(t)

]
∆u (24)

∆v
′
= α

[
1 − e−βE

′
m(t)

]
∆v (25)

where α and β are parameters to regulate the compensation terms. As can be seen from
Equations (24) and (25), the effect of the wave variable compensators will be reduced if extra
energy is indeed introduced due to the compensation, i.e., E

′
m(t), E

′
s(t) ̸= 0, so that the

system passivity can be always reserved. In the extreme situation where E
′
m(t) = E

′
s(t) = 0,

the compensation terms will be chocked off and the modified wave variable structure will
change back to the conventional wave variable structure which will still be passive.

3.2.2. Transparency Analysis

In addition to stability, transparency is another critical performance metric in bilateral
teleoperation. It refers to how accurately the forces and motions perceived at one side
reflect the environment at the other side, even under communication delays. To study the
transparency of the proposed 3CH teleoperation system, the kinematic correspondence condition

vm = vs (26)

and the impedance matching condition

Zto = Ze or Zte = Zh (27)

are to be evaluated. Zto and Zte represent the transmitted impedance to the operator and
environment, respectively, and they can be defined as follows:

Zto =
Fh
vm

|F∗
e =0, (28)

Zte =
Fe

vs
|F∗

h =0. (29)

The proposed wave variable compensator modifies the transmission dynamics, such
that the transmitted power variables align more closely with their delayed counterparts,
improving both force and velocity tracking across the delay. The proposed teleoperation
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structure can achieve the optimal tracking performance, as indicated in Equation (16).
When Equations (14) and (15) are substituted into (16), it has

M1 = C1vm (30)

M2 = M1e−Ts = C1e−Tsvm (31)

N1 = C4vs + C2Fe (32)

N2 = N1e−Ts = C4e−Tsvs + C2e−TsFe (33)

Meanwhile, from the variable formulations in Figure 4, we have

M2 = (1 + C5)Fe + (Zs + Cs)vs

= (1 + C5)Fe + Zcsvs (34)

N2 = (1 + C6)Fh − (Zm + Cm)vm

= (1 + C6)Fh − Zcmvm (35)

where Zcs = Zs + Cs and Zcm = Zm + Cm are the lumped slave and master impedance.
Now, from Equations (31), (34), (33), and (35), it has

C1e−Tsvm = (1 + C5)Fe + Zcsvs (36)

C4e−Tsvs + C2e−TsFe = (1 + C6)Fh − Zcmvm (37)

Towards meeting the kinematic correspondence and impedance-matching conditions
as in (26), from above Equation (36), the controllers can be designed as{

C1 = Zcs

C5 = −1
(38)

so that we can obtain the following optimal, although not perfect, kinematic correspondence
due to the time delay in communication as follows:

vs = vme−Ts. (39)

Next, the impedance matching condition is to be evaluated. First of all, by using
Equations (36), (39), (37), and (38), we have

Zto =
Fh
vm

=
ZcmZcs + C1C4e−2Ts

(1 + C6)Zcs
+

C2Zcs

(1 + C6)Zcs
e−Ts Fe

Vm

=
ZcmZcs + C1C4e−2Ts

(1 + C6)Zcs
+

C2C1

(1 + C6)Zcs
e−2TsZe

=
Zcm + C4e−2Ts

1 + C6
+

C2

1 + C6
e−2TsZe (40)

By setting the controllers {
C2 = 1 + C6,
C4 = −Zcm

(41)
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the above equation can be further written as

Zto =
Zcm

C2
(1 − e−2Ts) + e−2TsZe. (42)

By setting a large enough C2, Zto can be obtained from (42) as

Zto ≈ Zee−2Ts (43)

which means that the transmitted impedance from the environment to the operator closely
matches the true environment impedance except a phase lag of 2T (round-trip communica-
tion delay).

From (39) and (43), it can be concluded that improved transparency in terms of
kinematic correspondence and impedance matching is achieved for the time delayed 3CH
teleoperation with the proposed wave variable compensator design as follows:{

vs = vme−Ts

Zto ≈ Zee−2Ts (44)

Furthermore, from (44) and the definition of Zto and Ze, as in (28) and (29), it can be
obtained that

Fh ≈ Fee−Ts (45)

which means that the feedback force to the master device closely reflects the contact force
on the environment with only a single-trip phase delay.

Remark 1. It is interesting to note that the transparency conditions derived through this study
are the same as in the work [26], where the power variables are transmitted directly through the
communication channels with time delay. However, in [26], the kinematic correspondence condition
“whether vm equals vs” was not evaluated, and more importantly, the result obtained in that work
only applies to a limited range of passive operator and environment due to the stability issue caused
by time delays. Comparatively, the proposed method in this study can always guarantee the passivity
of the communication channel with time delay while providing improved tracking performances,
thanks to the novel wave variable compensators and energy reservoirs used, and thus, it achieves
absolute stability [7]. As a result, the overall system remains passive as long as both the human
operator and the remote environment are themselves passive, regardless of their specific model details
or parameter values. This means that our proposed approach does not rely on the precise modeling
of the operator or environment, and its stability is inherently robust to variability in human or
environmental dynamics.

3.3. Controller Design Procedure Summary

To assist readers in understanding the controller design process, we provide a step-by-
step summary of the methodology developed in this section. The complete controller is
constructed through a sequence of systematic steps, including wave variable reformulation,
compensator integration, and stability assurance via energy reservoirs. The following Table 2
outlines the key design stages, decision points, and mathematical formulations involved.

This modular design flow ensures that transparency and stability are co-optimized
and allows generalization to other 3CH teleoperation structures, as discussed in the follow-
ing remark.
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Table 2. Summary of controller design steps for the proposed 3CH teleoperation system.

Step Description Key Equations

1 Select 3CH configuration (e.g., P–PF) and define
master/slave signals

Based on system setup
(Section 2)

2 Reformulate system as two-port network using
exchanged velocity and force signals Equations (10)–(12)

3 Apply wave variable transformation to encode
transmitted signals Equation (13)

4 Design wave variable compensator using delayed
local variables Equations (17)–(21)

5 Define energy reservoir functions to accumulate
compensation-induced energy Equation (22)

6 Modulate compensator terms using
reservoir-dependent exponential scaling Equation (24)

7 Analyze system transparency under delay and
assess tracking quality Equations (25)–(27)

Remark 2. In this work, we focus on the P–PF configuration, one of the four possible three-channel
(3CH) teleoperation structures, with the others being F–PF, PF–P, and PF–F. Theoretically, our
proposed wave variable compensator-based design can be generalized to these alternative configura-
tions by following the same two-step design framework. First, the three communication channels
of any 3CH structure can be reformulated into a two-port network representation, allowing the
power signals (force and velocity) to be encoded into wave variables, as described in Section 3.1.
Second, the same wave variable compensator design can be applied to achieve single-trip delay of
wave variables, as outlined in Section 3.2. Since the compensator and energy reservoir components
are structure-independent, the stability analysis would remain unchanged across different configura-
tions. However, the transparency analysis differs significantly, as each 3CH configuration encodes
different signal pairs in its wave variables. This variation affects how controller components are
designed to recover motion or force information and achieve high transparency. From a practical
standpoint, other 3CH structures pose greater implementation challenges. For instance, F–PF struc-
tures require force commands from the master side, which is less intuitive and harder to control than
motion-based inputs. Additionally, PF–P and PF–F configurations rely on accurate measurement of
human-applied forces, which are typically more prone to noise and harder to acquire reliably. Due to
these challenges and differing transparency trade-offs, we reserve the theoretical development and
experimental evaluation of the remaining 3CH structures with our proposed compensator framework
for future work.

4. Numerical Studies
This section presents the numerical studies that were carried out to verify the effec-

tiveness of the proposed wave variable compensator-based 3CH teleoperation architecture.
Comparative studies with a 3CH teleoperation system adopting the conventional wave
variable technique [31] and a 3CH teleoperation system with direct signal connections were
also performed to illustrate the advantages of the proposed approach.

All numerical simulations presented in this study were conducted using MAT-
LAB/Simulink R2023b on a personal computer running Windows 11 Pro, equipped with
an Intel Core i7-1185G7 processor (3.00 GHz) (Santa Clara, CA, USA) and 32 GB of RAM. A
fixed-step solver with a time step of 1 ms was used throughout the simulations to ensure
numerical stability and sufficient resolution for the dynamic behaviors of the teleoperation
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system. No hardware-in-the-loop (HIL) or real-time interfacing was used in this stage; all
results were obtained in a purely software-based simulation environment.

4.1. System Setup

For simplicity but without a loss of generality, the master device and slave robot are
modeled as of 1 DoF pure mass of M kg, such that their impedances are Zm = Zs = Ms.
The environment is modeled as a spring-damper system as follows:

Ze =
ke

s
+ be (46)

where ke and be are the stiffness and damping parameters of environment. α, β, E
′
m(0), and

E
′
s(0) represent the parameters used for the design of energy reservoirs. In the numerical

studies, the exogenous human force F∗
h and the operator arm impedance Zh are not con-

sidered, as they are not covered in this work and only need to be assumed as passive, and
hence, only the net external force Fh on the master device is considered and set to behave in
a time-varying and sinusoidal manner.

To ensure the realism and reproducibility of the simulation setup, all key system
parameters were selected based on established literature and practical considerations as
shown in Table 3. Both the master and slave devices are modeled as unit masses (1 kg), a
standard simplification in teleoperation studies that isolates control behavior from platform-
specific dynamics [33,34]. The environment model, representing soft biological tissue,
adopts a stiffness of 300 N/m and damping of 10 Ns/m, values within the range identified
in in vivo studies on human skin biomechanics [35,36]. The round-trip communication
delay is set to 200 ms, reflecting experimental measurements of ZigBee-based wireless
communication delay in a medical simulation context [32]. The wave variable compensator
parameters α and β are both set to 1 to maintain unmodified compensator behavior under
low or no injected energy. The initial energy reservoirs E′

m(0) and E′
s(0) are set to 6000 J,

a value chosen empirically to provide sufficient margin for tolerating transient energy
disturbances while avoiding premature compensator activation. These settings ensure that
the simulation reflects realistic conditions and allows a meaningful evaluation of system
stability and transparency.

Table 3. Simulation parameters.

Parameter Value Unit

α 1 –
β 1 –

E
′
m(0) 6000 J

E
′
s(0) 6000 J

Mm, Ms 1 kg
ke 300 N/m
be 10 N· s/m

As in practical implementation, the master and slave local controllers Cm and Cs are
chosen of PID control form, as shown in Table 4. Then, according to the controller design
guidelines derived in this study, as in Equations (38) and (41), controllers C1 − C6 can be
chosen as shown in Table 4.



Electronics 2025, 14, 2595 16 of 26

Table 4. Controller design.

Controller Expression

Cm 100 + 10/s
Cs 100 + 10 s + 10/s
C1 Zs + Cs
C2 2
C3 0
C4 −Zm − Cm
C6 1
C5 −1

4.2. Results of Wave Variable Compensator-Based 3CH Teleoperation

Through the numerical study, the velocities of the master device and the slave robot
(vm, vs) can be compared to evaluate their kinematic correspondence. However, the
impedance, Z, in the Laplace domain is difficult to plot to illustrate the impedance matching
and thus the transparency of the proposed 3CH teleoperation architecture. As an alternative
solution, force tracking performance between Fh and Fe can be studied to evaluate the force
correspondence. In the time domain, an equivalent transparency evaluation criterion can
be used: “both the position responses xm and xs, and the force responses Fh and Fe by the
operator’s input τop (exogenous force F∗

h ) are identical respectively” [37].
Figure 7a shows the velocity performances of both the master device and the slave

robot. As can be seen from this figure, in both transient and steady operation phases, the
slave robot velocity tracked closely the one of master device with a constant delay in the
phase. The recorded positions of both the master and slave, as shown in Figure 8a, exhibit
the same motion-tracking performance.

(a)

(b)
Figure 7. Velocity−tracking performance. (a) Overall velocity—tracking performance. (b) Zoomed—
in tracking performance (93−95 s).
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(a)

(b)
Figure 8. Position—tracking performance. (a) Overall position—tracking performance.
(b) Zoomed−in tracking performance (93−95 s).

A careful examination of the tracking performance (93–95 s) finds that the delay in
motion tracking is around one single-trip communication delay, T = 200, ms as can be seen
in Figures 7b and 8b, in line with the kinematic correspondence analysis (44). To better
illustrate this point, the velocity and position signals of the master device have been shifted
backwards by one single trip time (200 ms) and then compared with the signals of the slave
robot. The shifted tracking results are shown in Figures 9a and 10a. And the tracking errors
after shifting can be seen from Figures 9b and 10b, which show the zoomed-in details of
the shifted tracking performances. It can be seen form these figures that the master and
slave motion signals after the phase shift are almost identical.

Force-tracking performance, as the other important time domain performance index to
evaluate system transparency, has also been studied, with the result shown in Figure 11a. As
indicated in the transparency analysis by (45), similar to motion tracking, the operator hand
force to the master device Fh also showed one round-trip delay (T = 200 ms) difference in
phase from the environment force Fe, as can be seen in Figure 11b, which is confirmed by
shifting Fe by 200 ms, as shown in Figure 12a, with zoomed-in details shown in Figure 12b.

To quantitatively evaluate the tracking performance of the proposed wave variable
compensator-based 3CH teleoperation method, we computed three commonly used met-
rics: the root mean square error (RMSE), the mean absolute error (MAE), and dynamic
time warping (DTW). RMSE and MAE were used to assess the average deviation between
the master and slave signals for velocity, position, and force tracking, as shown in Table 5.
RMSE emphasizes larger errors due to its quadratic nature, while MAE provides a more
uniformly weighted error measure, making them complementary for performance evalua-
tion. DTW, on the other hand, was applied to assess the time-aligned similarity between the
master and slave trajectories, accounting for slight phase shifts or temporal misalignments.
Lower values in all three metrics indicate better tracking fidelity.
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(a)

(b)

Figure 9. Shifted velocity—tracking performance. (a) Velocity—tracking with shifted Vm(t − T).
(b) Zoomed—in shifted tracking performance.

(a)

(b)

Figure 10. Shifted position—tracking performance. (a) Position—tracking with shifted Xm(t − T).
(b) Zoomed—in shifted tracking performance.
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(a)

(b)

Figure 11. Force responses. (a) Overall force responses. (b) Zoomed—in force responses.

(a)

(b)

Figure 12. Shifted force responses. (a) Force responses with shifted Fe(t − T). (b) Zoomed—in shifted
force responses.
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Table 5. Quantitative analysis of motion- and force-tracking errors.

vm, vs xm, xs Fe, Fh vm(t − T), vs xm(t − T), xs Fe(t − T), Fh

RMSE 5.4173 × 10−4 4.7875 × 10−4 0.1476 1.0075 × 10−5 1.2209 × 10−5 0.0892
MAE 2.5623 × 10−4 4.0856 × 10−4 0.1293 5.1280 × 10−6 9.4375 × 10−6 0.0451
DTW 0.0241 0.0916 15.7646 0.0032 0.0061 10.6624

When seeing the phase lag T between the slave velocity vs and master velocity vm, and
between the hand force to master Fh and the environment force Fe in the study results, it
can be concluded that delay-minimized kinematic and force correspondences are satisfied
with the developed 3CH teleoperation structure in the presence of communication time
delay, following the definition in [37]. This qualitative observation is further confirmed
through quantitative analysis using RMSE, MAE, and DTW metrics. The proposed method
exhibits very low tracking errors across velocity, position, and force signals. More notably,
after compensating for the single-trip delay via signal shifting, RMSE and MAE values
for velocity and position tracking are reduced by over one order of magnitude, while
force tracking errors are reduced by at least 39% compared to the unshifted case. DTW
results also show significantly improved trajectory alignment. These findings demonstrate
that the proposed wave variable compensator-based design achieves high transparency
with minimal delays, making it an effective solution for bilateral teleoperation under
communication constraints.

4.3. Results of Comparative Studies

To demonstrate the advantages of the proposed wave variable compensator-based
teleoperation structure, numerical studies were also conducted with conventional 3CH
teleoperation systems.

Firstly, the reformulated 3CH teleoperation structure using the conventional wave
variable technique [31], as shown in Figure 4, was studied. The system setup and the
controllers were chosen to be identical to that in the first study, and the obtained system
performances are illustrated in Figure 13. The results show that the teleoperation system
remained stable with the presence of communication delays. However, despite the similar
force responses shown in Figure 13a, both velocity- and position-tracking performances
showed considerable mismatches, as can be seen in Figure 13b,c. The motion-tracking
mismatches can be explained by the direct implementation of conventional wave variable
technique and consequently its inherent drawback of bias in the transmitted signals, as
shown in Equations (12) and (13). In this situation, the system transparency was signifi-
cantly degraded.

Then, the directly connected 3CH teleoperation structure, as shown in Figure 2, was
studied with the same system setup and the controller configurations, and the system
performances are shown in Figure 14. It is seen that the teleoperation system became
unstable, which is consistent with the theoretical analysis and practical observation that
time delays in direct power signals (velocity, position, and force) transmission cause
instability of bilateral teleoperation systems. Figure 14d clearly demonstrates that the
systems exhibited tendency of instability from the very beginning.

In addition to the qualitative time-domain comparisons, we also performed a quanti-
tative analysis of the tracking performance for the conventional wave variable-based 3CH
teleoperation method [31] using the RMSE, MAE, and DTW metrics, as shown in Table 6.
These evaluations were conducted on the same velocity, position, and force signals used for
the proposed method in the previous section, Section 4.2. For the direct signal-connected
3CH structure, which exhibited instability from the beginning of the simulation, such a



Electronics 2025, 14, 2595 21 of 26

quantitative analysis was not meaningful and was, therefore, omitted. The results show that
our proposed wave variable compensator-based method achieves significantly lower RMSE
and MAE values for both velocity and position tracking compared to the conventional
wave variable approach. While the force-tracking errors between the two methods are
relatively close, the DTW value for our proposed method is notably lower, indicating better
temporal alignment and improved perceived transparency. To statistically validate these
differences, we conducted Mann–Whitney U tests on the tracking error distributions. The
results yielded very low p-values for velocity−tracking error (p = 0.0039 ≪ 0.05) and
position−tracking error (p = 3.0691 × 10−6 ≪ 0.05), as shown in Figure 15a and b, respec-
tively, confirming a statistically significant improvement in motion-tracking performance
of the proposed method over wave variable-based method under comparison. In contrast,
the p-value for force-tracking errors was 1, as shown in Figure 15c, indicating no significant
difference in force tracking accuracy between the two methods. However, the lower DTW
value obtained for the proposed method suggests better temporal alignment of the force
signals. This highlights that, beyond point-wise error magnitude, the proposed method
improves the overall shape fidelity and responsiveness of force feedback, which represents
an essential aspect of perceived transparency in teleoperation.

(a)

(b)

(c)

Figure 13. Wave variable reformulated 3CH teleoperation. (a) Force responses. (b) Velocity—tracking
performance. (c) Position—tracking performance.



Electronics 2025, 14, 2595 22 of 26

(a)

(b)

(c)

(d)

Figure 14. Directly connected 3CH teleoperation. (a) Force responses. (b) Velocity—tracking
performance. (c) Position—tracking performance. (d) Zoomed—in position-tracking performance
(0–10 s).
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Table 6. Quantitative comparison between the proposed and conventional methods.

Proposed WVC Method Conventional WV Method [31]
vm, vs xm, xs Fe, Fh vm, vs xm, xs Fe, Fh

RMSE 5.4173 × 10−4 4.7875 × 10−4 0.1476 0.0012 0.0058 0.1444

MAE 2.5623 × 10−4 4.0856 × 10−4 0.1293 0.0011 0.0049 0.1210

DTW 0.0241 0.0916 15.7646 0.3084 1.6541 29.9781

(a)

(b)

(c)

Figure 15. Statistical performance difference analysis using Mann—Whitney U test. (a) Velocity—
tracking errors: p = 0.0039 ≪ 0.05. (b) Position—tracking errors: p = 3.0691 × 10−6 ≪ 0.05.
(c) Force—tracking errors: p = 1 > 0.05.
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The comparative studies confirm that the proposed wave variable compensator-based
approach not only eliminates the risk of instability caused by communication delays but also
significantly enhances the kinematic correspondence and improves the overall transparency
of the 3CH teleoperation system compared to conventional methods. Quantitative results
based on the RMSE, MAE, and DTW metrics demonstrate substantial reductions in velocity-
and position-tracking errors, with statistical significance supported by low p-values from
the Mann–Whitney U test. Although the force-tracking errors are similar in magnitude to
those of the conventional wave variable-based method, the lower DTW value achieved
by the proposed method indicates better temporal alignment and more consistent force
feedback. As a result, the proposed approach not only guarantees stability under time delay
but also delivers high-fidelity motion and force tracking, leading to improved transparency
in bilateral teleoperation.

5. Conclusions
In this paper, we have proposed a novel three-channel teleoperation structure employ-

ing wave variable compensators to achieve delay-minimized transparency and guaranteed
system passivity in the presence of communication delay. The key contributions of this
work include the reformulation of the three-channel teleoperation into a two-channel-like
architecture, the introduction of two wave variable compensators to significantly reduce
transmission biases inherent in conventional wave variable methods, and the implemen-
tation of energy reservoirs to rigorously maintain overall system passivity. Numerical
simulation studies confirmed that the proposed approach substantially improves both
kinematic and force tracking performances compared with conventional wave variable
techniques. Specifically, quantitative evaluations demonstrated reductions in tracking
errors, with the root mean square error (RMSE) improved by at least 54.8% and the mean
absolute error (MAE) improved by at least 76.7% for velocity and position tracking. Dy-
namic time warping (DTW) analyses further illustrated enhanced similarity between master
and slave trajectories, especially in force tracking. The statistical significance of these im-
provements was validated using the Mann–Whitney U test, clearly indicating superior
performance of the proposed method over conventional approaches.

Despite these promising results, the current study faced certain limitations, notably
the absence of experimental validation and potential sensitivity of the proposed method to
variations in hardware implementation. To address these limitations, our immediate next
step is to implement the proposed method on a physical teleoperation setup. Moreover,
while the proposed method has shown strong performance in simulations, we recognize
that physical implementation in teleoperation systems, e.g., medical applications such as
telesurgery, introduces additional challenges not fully captured in numerical studies. These
include potential deviations due to sensor noise, actuator latency, and communication
jitter, as well as practical constraints such as limited onboard computational resources and
real-time safety requirements. To address these concerns, we plan to apply filtering and
signal pre-processing to reduce noise, enforce safety thresholds in haptic feedback, and
optimize the control implementation for execution on embedded or real-time platforms.
A hardware-in-the-loop (HIL) simulation setup is currently under development to serve
as an intermediate step before the method is deployed on physical robotic systems. This
platform will allow us to evaluate robustness, responsiveness, and transparency under
realistic operating conditions while ensuring safety and controllability. Subsequent full-
scale experiments will then validate performance improvements demonstrated through
our simulation results and confirm practical feasibility in real-world conditions, especially
medical applications like teleoperated needle insertion tasks.
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Future research will also extend the proposed wave variable compensator method to
additional teleoperation configurations beyond the P–PF structure investigated in this paper.
Moreover, the current study considered only constant communication delays, and future
studies will explore robustness of the proposed method under time-varying or stochastic
delay conditions. These efforts aim to enhance the generalizability and applicability of our
approach to practical teleoperation scenarios for delicate tasks in medical teleoperation
such as robotic-assisted surgery and remote medical diagnostics.
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