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ABSTRACT 

Teleoperation involves using robots to explore or manipulate 

objects in dangerous and inhospitable environments. From search 

and rescue operations here on Earth to space exploration on Mars, 

robots play a pivotal role in accessing environments that might be 

considered difficult or impossible for humans to enter. Our 

research focuses on bilateral teleoperation, which provides the 

operator with force feedback through the local device when the 

remote robot comes in contact with an object in its environment. 

This force feedback provides the operator with a sense of 

familiarity with the remote environment rather than depending on 

just visual or auditory cues. Unfortunately, time delay across the 

communication link between the local device and remote robot 

can result in unstable behavior. The wave variable method has 

been previously applied in bilateral teleoperation to prevent 

instability in the presence of time delay. Unfortunately, the 

performance of the system deteriorates if the apparent impedance 

associated with the wave variable does not match the impedance 

of the environment resulting in wave reflections. To prevent 

damage on the remote robot due to wave reflections, we propose 

adding a controller capable of switching from position to force 

control on the remote robot to alleviate the effect of the wave 

reflections. The controller will be capable of position control in 

free space using the user command as a reference, and force 

control during contact using a desired force independent of the 

user command. Using a desired force independent of the 

operator’s command will isolate the remote robot from the wave 

reflections. By applying the wave variable method in conjunction 

with the proposed position/force switching controller, it will 

enhance performance and promote safer interactions between the 

remote robot and the environment. We implement the wave 

variable method in simulation showing results and also initial 

results of our proposed controller. 
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1. INTRODUCTION 
Remote teleoperation has been used in applications that involve 

accessing dangerous environments and assisting humans in 

difficult tasks. Some of the applications involve search and 

rescue, handling of toxic and harmful materials, space 

exploration, decontamination of nuclear facilities, and even 

robotic surgery just to name a few. As mentioned earlier, it is 

common for the operator to use a master input device/robot to 

control the remote robot. There are two major remote 

teleoperation schemes – unilateral and bilateral teleoperation. In 

unilateral teleoperation, no feedback force is available to the 

operator, although other sensory feedback like auditory and visual 

cues may be available to give the operator a sense of the remote 

environment and monitor interactions. In contrast, bilateral 

teleoperation allows the user to feel feedback forces from the 

remote environment on the master input device. The introduction 

of feedback forces during teleoperation allows the user a better 

feel for the environment and control of how much force is applied 

to the environment. Unfortunately, fidelity of this feedback force 

is compromised in the presence of time delay across the 

communication channel. Studies have shown even small amounts 

of time delay could lead to instability during teleoperation [1]. 

To stabilize bilateral teleoperated systems in the presence of 

time delay, a passivity based technique known as the wave 

variable method was introduced [2]. Although the wave variable 

method guarantees stability, performance begins to degrade when 

the robot makes contact with the environment due to mismatched 

impedance, causing wave reflections. These reflections could 

result in mischaracterization of the feedback force by the operator, 

causing unsafe and potentially damaging interaction forces 

between the remote robot and the environment. To alleviate this 

issue, we intend on incorporating a controller capable of switching 

from position to force control with existing wave variable scheme 

to improve performance and safety when the remote robot is in 

contact with the environment. 

In this paper, we present our work on bilateral teleoperation 

using the wave variable method and introduce a position/force 

switching control strategy that protects the remote robot against 

wave reflections during interaction with the environment. In 

section 2, we will provide some background on the wave variable 

method and highlight previous research in this area. In section 3, 

we will discuss our proposed position/force switching control 

strategy. Section 4, will showcase simulation results of our 

implementation of the wave variable method and initial results of 

our proposed controller. Finally we will conclude by discussing 

potential future work.  

2. WAVE VARIABLE METHOD 
Wave variables were introduced by Niemeyer and Slotine in [2], 

based on preliminary work by Anderson and Spong [3] who 

applied passivity and scattering theories on bilateral teleoperated 

systems. The wave variable method involves transmitting wave 

variables u and v, given by equation (1) and (2), instead of 

traditional power variables, like force and velocity.  

 

                 𝑢𝑚 =
𝑏𝑥 𝑚+𝐹𝑚

 2𝑏
, 𝑢𝑠 =

𝑏𝑥 𝑠𝑑+𝐹𝑐

 2𝑏
                    (1) 

 

                 𝑣𝑚 =
𝑏𝑥 𝑚−𝐹𝑚

 2𝑏
, 𝑣𝑠 =

𝑏𝑥 𝑠𝑑−𝐹𝑐

 2𝑏
     (2) 
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where, subscripts m represents variables related to the master, s 

represents variables related to the slave, 𝑥 𝑚  is the master velocity, 

Fm is the force received on the master side, 𝑥 𝑠𝑑  is the delayed 

slave velocity, b is the wave impedance, and Fc is the feedback 

force output from the controller. Fig. 1 is a system diagram 

illustrating the wave variable transformations. These transforms 

are solely for the case of a single degree-of-freedom system, the 

equations were generalized to multiple degrees of freedom in [4]. 

 

 

Fig. 1. Bilateral teleoperation with wave variable transformations. 

 

Applying the wave transformation, allows the system to 

remain passive and stable in the presence of constant time delay 

across the communication medium, this is shown in the following 

analysis. When the communication channel transmitting the wave 

variables has a constant time delay T, the following relationship 

holds: 

 

 𝑢𝑠 = 𝑢𝑚 (𝑡 − 𝑇),     𝑣𝑚 = 𝑣𝑠(𝑡 − 𝑇)           (3) 

 
Therefore, the input power for the 2-port system without time 

delay is given as: 

 

𝑃𝑖𝑛 = 𝑥 𝑚
𝑇 𝐹𝑚 − 𝑥 𝑠𝑑

𝑇 𝐹𝑐 =
1

2
 𝑢𝑚

𝑇 𝑢𝑚 − 𝑣𝑚
𝑇 𝑣𝑚 − 𝑢𝑠

𝑇𝑢𝑠 + 𝑣𝑠
𝑇𝑣𝑠       (4) 

 
By substituting equation (1) – (3) in (4) the energy stored during 

the wave transmission is given by: 

 

 𝐸 𝑡 =
1

2
  𝑢𝑚

𝑇 𝑢𝑚 + 𝑣𝑠
𝑇𝑣𝑠 

𝑡

𝑡−𝑇
𝑑𝜏 ≥ 0       (5) 

 
Equation (5) shows that the system remains passive even in the 

presence of a constant time delay across the communication 

channel, therefore, guaranteeing stability. Although stability is 

guaranteed using the wave variable method, the wave impedance 

b can have a significant effect on the performance of the system.  

A mismatch in the wave impedance and the impedance of the 

slave or master site can result in wave reflections during 

transmission. The mismatch in impedance is more evident when 

the remote robot transitions from free space to contact with the 

environment, since this causes a change in the impedance of the 

remote plant. The reflections affect the transient performance of 

the system. To improve performance and alleviate wave 

reflections during transmission, Niemeyer and Slotine in [5] 

proposed an impedance matching technique which employed an 

impedance controller on the remote robot. The parameters of the 

impedance controller could be tuned based on the environment. 

Another solution introduced in [6], involved using wave filters in 

the communication line, which act as low pass filters and 

eventually suppress the wave reflections. 

Other research contributions in improving the performance of 

wave variable teleoperation include using wave predictors to 

improve performance. This was first introduced in [2], and then 

implemented in [7]. This architecture provided impressive results 

for free space teleoperation provided the delay and slave site are 

modeled accurately. However, when the environment undergoes 

unknown changes, the system suffers wave reflections. Issues 

relating to position drift during wave variable teleoperation were 

also studied in [8] and it was proposed that the wave integrals 

were also transmitted. The wave integrals are simply integrals of 

the wave variables. 

 

3. PROPOSED POSITION/FORCE 

SWITCHING CONTROLLER 
A simple wave variable scheme usually consists of a PD position 

controller at the remote robot that ensures position tracking of the 

master robot as shown in Fig. 2. Where Fh is the human applied 

force, Fe is the environment force, and 𝑥 𝑎  is the actual velocity 

from the remote robot. All other variables are equivalent to those 

in Fig. 1. 

 

 

Fig. 2. Wave variable based teleoperation scheme with PD 

position controller. 

 

As seen in Fig. 2, the wave signal is first decoded after it is 

received at the remote site to obtain the delayed velocity. The 

received velocity signal is compared to the actual velocity of the 

remote robot; the position error is then fed into the PD position 

controller. The output from the PD position controller is sent to 

the remote robot and back to the operator as the feedback force. 

Ideally, when the remote robot comes in contact with the 

environment, the feedback force from the PD position controller 

will increase proportionally if the operator keeps commanding the 

master robot. As stated earlier, due to mismatched impedance 

when contact is made with the environment, wave reflections can 

corrupt the feedback force signal resulting in poor performance 

and mischaracterization of the feedback force by the operator. 

Due to the wave reflections we cannot guarantee proper control of 

the system by the operator. 

To protect the remote robot from potential damage due to 

wave reflections during teleoperation, we have proposed a 

controller capable of switching from a PD position control to a 

force controller on the remote robot end. When the measured 

contact force exceeds a set threshold we switch from the position 

controller to a force controller. The force controller guarantees 

that the force is regulated and does not exceed a desired contact 

force using a PID controller.  
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Fig. 3. Illustration showing only the slave side of the bilateral 

teleoperation using the proposed position/force switching 

controller. The master side is equivalent to that of Fig. 2.  

 

Prior to making contact, the remote robot is controlled by the PD 

position controller. This allows the remote robot to track the 

master robot in free space. The contact threshold block in Fig. 3, 

constantly monitors the environment force (contact force) to 

determine when contact is made and when the contact force 

exceeds a certain threshold. When the threshold is exceeded, the 

system transitions to a PID force controller. The PID force 

controller is independent of the user input and uses a desired 

force, Fd, as its reference signal. This shields the remote robot 

from wave reflections, which are notoriously noticeable when 

contact is made with the environment, as shown in Fig. 6. 

 

4. SIMULATION RESULTS 
To demonstrate the capability of the wave variable method of 

maintaining stability during delay across the communication 

channel, we simulated a single degree-of-freedom bilateral 

teleoperator system with no wave variable implemented. The 

bilateral system was simulated with the remote robot in free space 

and a roundtrip delay of 400ms applied to the communication 

channel. Fig. 4 shows the step response of this system. The 

system becomes unstable and unable to track the position, 

velocity and torque. Applying the wave variable transformation 

with the PD position controller to the bilateral system, under 

identical conditions i.e. free space, produces a stable response. 

The step response is shown in Fig. 5. 

When the remote robot is in contact with a stiff environment 

and the bilateral system is simulated with the wave variable and 

PD position controller in place, wave reflections become apparent 

as shown in Fig. 6. These wave reflections are evident when 

contact with the stiff environment occurs at about 10 seconds into 

the simulation. From our simulation results these reflections do 

not dissipate till about 35 seconds into the simulation, as 

mentioned earlier this could damage the remote robot and/or the 

environment. After applying the controller developed we were 

able to get rid of the wave reflections after contact was made and 

therefore protect the remote robot from the transient reflections as 

shown in Fig. 7. The desired contact force was set to 3 N and the 

system achieved steady-state just over 5 seconds after contact was 

initially made. 

 

Fig. 4. Position, velocity, force, position error, and velocity error 

of master and remote robot with a communication roundtrip delay 

of 400ms without the wave variable transformations implemented 

(free space). 

 

 

Fig. 5. Position, velocity, force, position error, and velocity error 

of master and remote robot with a communication roundtrip delay 

of 400ms with the wave variable transformations implemented 

(free space). 

 

Fig. 6. Contact force between remote robot and environment when 

using the wave variable method and the traditional PD position 

controller. 
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Fig. 7. Contact force between remote robot and environment when 

using the wave variable method and the proposed position/force 

switching controller. 

 

5. CONCLUSION & FUTURE WORK 
We set out to highlight the results of the wave variable method in 

stabilizing bilateral teleoperation systems with a constant time 

delay across the communication channel and also propose 

incorporating a position/force switching controller capable of 

protecting the remote robot and/or the environment from 

reflections common with wave variable systems due to 

mismatched impedance. The controller proposed is capable of 

switching from a PD position control with input from the human 

operator to an autonomous force controller after a threshold 

contact force is exceeded. This would make sure that when 

contact is made and wave reflections become apparent, a smooth 

control signal without wave reflections is fed to the remote robot. 

Although our proposed controller protects the remote robot 

from wave reflections, the reflections will still be felt by the 

operator on the master end and can be a nuisance to the operator. 

To resolve this issue, we propose adding an adaptive filter in the 

future. The filter will be capable of removing reflections from the 

signal being feedback to the operator. We also plan on 

implementing the control strategy developed on an actual robot, 

adding a proximity sensor that would help anticipate contact with 

the environment and improve performance. 
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