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Abstract 
 

This paper presents an energy-bounding approach for robustly stable bilateral teleoperation over a communication channel with severe 

variable time delays and packet drops. We extend the energy-bounding algorithm (EBA) for haptic interaction with virtual environments 

to bilateral teleoperation with remote environments by using an analogy between haptic interaction and teleoperation controls. Robust 

stability is achieved by both restricting the extra energy that is generated by the sample-and-hold to within the consumable energy in the 

master device or slave robot and passifying the communication network. Theoretical analyses of transparency are performed for both 

position and force tracking aspects. Comprehensive test results for various free and contact motions subsequently show that the proposed 

bilateral EBA can ensure robust stability against fairy large constant/variable round trip time delays (tested for up to 5 sec for free motion 

and 600 msec for contact motion within the device workspace) as well as for packet losses of up to 90 % during data transmission.   
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1. Introduction 

In teleoperation, a human operator controls a master ma-

nipulator during interaction with a remote environment via a 

slave robot. Teleoperation systems then allow remote robots to 

conduct difficult and hazardous tasks in undersea environ-

ments, outer space, nuclear plants, micro/nano worlds, or in 

the medical arena. There are a number of publications related 

to teleoperation. For a detailed review, Refs. [1, 2] provide 

well-organized overviews and outline major challenges in 

teleoperation control. 

In bilateral teleoperation systems, there are two main re-

quirements: stability and transparency. Transparency is 

needed to provide a realistic feeling—as if the user is working 

directly at the remote site. It is also essential to ensure robust 

stability of the whole system regardless of human operator, 

sampling operation, communication channel (delay, jitter, 

loss), or remote environment. In these systems, the operators 

and remote environments are typically considered to be pas-

sive. Thus, the sampling operation and communication chan-

nel are considered as the primary sources of instability be-

cause of the inevitable time delays and data losses incurred 

during data transmission. 

Various control strategies [2] have been proposed to deal 

with the time delay and data loss problems. Among them, 

passivity-based approaches have provided a systematic 

framework for analyzing complex teleoperation systems and 

establishing control laws. A passivity theorem is based on the 

input-output point of view and deals with the stability problem 

in both linear and nonlinear systems. Passive systems cannot 

generate energy, which therefore guarantees a stable behavior 

of those systems. Moreover, passivity can ensure stability 

without requiring the exact knowledge of operator and envi-

ronmental models. For this reason, it has been used exten-

sively for the analysis of coupled stability problems in robotics 

[3, 4], haptic [5-8] and teleoperation systems [9-24]. 

Anderson and Spong [9] proposed a scattering theory to 

maintain stability in a force-reflecting bilateral teleoperator in 

the presence of a constant time delay. Neimeyer and Slotine 

[10] (see Ref. [11] for a recent survey in wave-based teleop-

eration) then proposed a wave variable formulation for a con-

stant time delay extended from the scattering theory. They 

defined wave variables (U and V) and transmitted these vari-

ables instead of the position/velocity or force to make the 

communication channel passive. However, a steady-state error 

was observed due to the variable time delay between the mas-

ter and the slave, referred to as position drift. To cope with this 

problem, additional control methods such as virtual time delay, 
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drift compensation, wave prediction, and explicit position data 

transmission through additional paths have been proposed 

[12-16]. A time domain passivity algorithm, initially proposed 

for stable haptic interactions [7] and was later extended to 

telepresence systems with constant time delays by Artigas et 

al. [17-19], ensures stability based on a passivity observer and 

a passivity controller. This algorithm was further extended to 

variable time delays by Ryu and Preusche [20]. Meanwhile, 

Lee and Spong [21] proposed a passive bilateral teleoperation 

control framework using a PD controller and a dissipative 

term for nonlinear robotic teleoperators with large constant 

time delays, which prevents position drift. Later, Nuno et al. 

[22] confirmed the global stability of the PD-like schemes of 

Lee and Spong [21]. 

This paper proposes an energy-bounding approach (EBA) 

for bilateral teleoperation systems having severe variations in 

time delays and data losses. The proposal is an extension of 

the EBA for stable haptic interactions in virtual environments 

[7] to bilateral teleoperation systems, since a teleoperation 

system can be viewed as a combination of two haptic interac-

tion systems. The main objective of this paper is to robustly 

stabilize the bilateral teleoperation system with time delays by 

applying the EBA bilaterally. Robust stability means that the 

EBA can ensure stability of the bilateral teleoperation system 

regardless of the time delay magnitude and its variation, as 

well as packet dropouts. The basic concept and feasibility tests 

of the proposed bilateral EBA were presented in Refs. [23, 24] 

without any theoretical explanation. This paper, therefore, 

presents theoretical development of the control laws based on 

the passivity theory for the proposed bilateral EBA. Moreover, 

it presents theoretical analyses of transparency for both posi-

tion and force tracking aspects. Finally, the paper presents 

comprehensive experimental results for both free and contact 

motions to show its effectiveness. 

The remainder of this paper is organized as follows: Section 

2 presents theoretical extension of the haptic EBA to bilateral 

teleoperation. Section 3 analyzes both position and force 

tracking performance. Comprehensive experimental results for 

teleoperation systems with significant variable time delays and 

data losses are then shown in Section 4. Next, Section 5 dis-

cusses a qualitative comparison with other existing research 

results and the performance of the proposed bilateral EBA. 

Finally, conclusions and future works are presented in Sec-

tion 6. 

 

2. EBA for bilateral teleoperation 

This section presents a theoretical framework for the pro-

posed bilateral EBA highlighting how the haptic EBA [7] can 

be extended to the bilateral teleoperation system for robustly 

stable operation. A teleoperation system is composed of a 

human operator, a master device, a communication block, a 

slave device, and a remote environment. A bilateral teleopera-

tion system can be viewed as two separate haptic interaction 

systems, as shown in Fig. 1, where mx , sx , mF , and sF  

are the positions and forces of the master and slave devices, 

respectively; se  denotes relative position between the de-

layed master position sdx  and the slave position sx . hF  

and envF  denote the forces of a human operator and a remote 

environment. h
mF  and h

sF  are held master and slave forces 

passed through zero-order holder (ZOH). Looking from the 

master site (Fig. 1(a)), the configuration of the teleoperation 

system may be considered as that of a haptic interaction sys-

tem [7] because the subsystem [dotted box (A)] from the 

communication channel to a remote environment can be re-

garded as a time-delayed virtual environment. In the figure, 

the master position mx  is delivered to the slave site, and 

mdF  is the delayed slave force transmitted to the master. 

Similarly, looking from the slave site (Fig. 1(b)), on the other 

hand, the subsystem [dotted box (B)] may be regarded as a 

time-delayed virtual environment. In the figure, the slave force 

sF  is transmitted to the master site and sdx  is the delayed 

master position transmitted to the slave. Note that dotted box-

es (A) and (B) are similar with the backward and forward 

networks in Ref. [17]. The following subsections explain the 

theoretical details of the two proposed EBAs. 

 

2.1 Slave EBA (sEBA) 

In the case of a haptic interaction system, a human operator 

(a) Regarding the slave site as a virtual environment in haptic simulation 
 

(b) Regarding the master site as a virtual environment in haptic simulation 
 

Fig. 1. Network representation for bilateral teleoperation. 
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touches a virtual object using a haptic device. The contact 

force veF  is then determined by the penetration depth 

( d ox x− ) in the virtual object as 

 

( )ve o d oF K x x= −  (1) 

 

where oK , dx , ox  are the stiffness of a virtual object, the 

haptic device probe position and the virtual object position, 

respectively. When a fixed virtual object is touched, this pene-

tration depth is governed only by the absolute motion of the 

haptic device ( dx ) due to fixed virtual object position ( ox ). 

On the other hand, when a moving virtual object is touched, 

the penetration depth is influenced by movements of both dx  

and ox . In the proposed bilateral teleoperation, the master 

device can be considered as a virtual object that is moving 

relative to a slave device when viewed from the slave site. 

Therefore, the slave ( sx ) and delayed master ( sdx ) positions 

can be respectively corresponded to the positions of the haptic 

device and the moving virtual object in the aforementioned 

haptic interaction system. 

Fig. 1(b) shows the typical force-position architecture (ad-

mittance display) of the haptic interaction system with a vir-

tual environment. In this architecture, the slave force sF  is 

transmitted to the virtual environment (dotted box B) while 

the delayed master position sdx  is displayed back to the 

slave. 

Since the admittance display requires an expensive 

force/torque sensor, another impedance display is used for the 

slave site in the proposed bilateral teleoperation. In the pro-

posed impedance display mode, the relative position of the 

commanded master with respect to the actual slave position is 

given to a virtual environment (dotted box B) while the output 

force sF  from a slave position controller is fed back to the 

slave. In this architecture, the force sF  commanded to the 

slave site is then computed by the relative position between 

sx  and sdx . Note that in order to define a passivity condition, 

a power ( P F v= ⋅ ) that is a multiplication of an effort vari-

able (force) and a flow variable (velocity) is needed. Then, 

se&  ( s sdx x= −& & ) becomes a flow variable and sF  becomes 

an effort variable in the network representation in Fig. 1(b). 

Similar to the haptic EBA derivation in Ref. [7], assuming a 

passive remote environment, the passivity condition can then 

be written in terms of its relative position se  from the net-

work representation of the bilateral teleoperation system that 

is composed of SCM (Sample-and-hold + master control + 

Communication channel + Master sites) subsystem, slave 

device, and remote environment in Fig. 1(b) as 

 

[ ] [ ] [ ]
1

,0

0

1 0

n

SD s s S

k

E n F k e k ε
−

=

+ Δ + + ≥∑  (2) 

 

where ,0Sε  is the initially stored energy at 0t =  in the 

system and s s sde x x= − . { [ ] [ ]1s se k e k+ − } is represented 

by [ ]1se kΔ +  for simplicity. Note that the first term 

[ ]SDE n  is the energy flow into the slave device over 

0 t nT≤ <  and is derived as 

 

[ ] ( ) ( ) ( ) ( ){ }
0

.
nT

h
SD env env s sE n F t x t F t e t dt= −∫ & &  (3) 

 

The second term in Eq. (2) is the energy flow into the one-

port SCM subsystem in Fig. 1(b) over 0 t nT≤ <  and is 

derived as 
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Note that [ ]sF k  can be put outside of the integral because it 

is held to be a constant value over ZOH. 

Both the time delays in the communication channel and the 

sample-and-hold operator are energy-generation factors be-

cause of their nonzero phase lag, which is the major source of 

energy generation in the sampled-data system. From Eq. (2), 

a passivity control law may be devised such that the energy 

dissipation capability in the slave device (i.e., in SDE ) may be 

utilized to consume the excessive energy that may be gener-

ated from ZOH and the communication channel. One control 

method is to restrict the generated energy to within the energy 

limit that is consumable by the slave device in order to satisfy 

the passivity condition in Eq. (2). Therefore, similarly to the 

haptic interaction control [7], the slave EBA (sEBA) has the 

following control and bounding laws: 

 

Control Law: 
 

[ ] [ ] [ ] [ ]1s s s sF k F k k e kβ= − + Δ  (5) 

 

where 
 

[ ] [ ] [ ]
[ ] [ ]_ 1

 for 0
s desired s

s s

s

F k F k
k e k

e k
β

− −
= Δ ≠

Δ
 (6) 

 

and [ ]_s desiredF k  is an originally commanded slave force 

sF  before applying the EBA as shown in Fig. 2.  

 

Bounding Laws: 

 

[ ] [ ] [ ] [ ],max ,maxif   then ,s s s sk k k kβ β β β> =  (7) 

[ ] [ ] [ ] [ ],min ,minif   then s s s sk k k kβ β β β< =  (8) 

 

where [ ] [ ]( ),max 1 ,maxmin ,  s s sk c kβ γ=  and 
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[ ] [ ],min ,min ,s sk kβ γ=
 

 

[ ] [ ]
[ ]

[ ]
[ ]

2

2
,max 2 2

1 1
,

s s
s s s

s s

F k F k
k c c

e k e k
γ

⎛ ⎞− −
= − + + ⎜ ⎟⎜ ⎟Δ Δ⎝ ⎠

 (9) 

[ ] [ ]
[ ]

[ ]
[ ]

2

2
,min 2 2

1 1
,

s s
s s s

s s

F k F k
k c c

e k e k
γ

⎛ ⎞− −
= − − + ⎜ ⎟⎜ ⎟Δ Δ⎝ ⎠

 (10) 

 

and where 1sc  and 2sc  are positive constants, details of 

which are in Ref. [7] and omitted in this paper. 

Note that the multiplication of sampling time T  with 1sc  

is an equivalent physical damping parameter of the slave de-

vice, as it represents the energy dissipative capability of the 

slave device ( SDE ). 

 

2.2 Master EBA (mEBA) 

Fig. 1(a) shows the typical position-force architecture (im-

pedance display) of the haptic interaction system with a virtual 

environment. In this architecture, the master position mx  is 

transmitted to the virtual environment (dotted box A) while 

the delayed slave force mdF  is displayed back to the master. 

Therefore, master EBA (mEBA) in the proposed bilateral 

teleoperation system is exactly the same as that in a haptic 

simulation system. By assuming a passive human operator 

[25], the passivity condition can then be derived as in Ref. [7]. 
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where ,0Mε  is the initially stored energy at 0t =  in the 

system and [ ] [ ] [ ]1m m mx k x k x kΔ = + − . [ ]MDE n  is the 

energy flow into the master device over 0 t nT≤ <  and is 

derived as 
 

[ ] ( ) ( ) ( ) ( ){ }
0

.
nT

h
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Similarly, the second term in Eq. (11) is the energy flow 

into the one-port SCS (Sample-and-hold + slave control + 

Communication channel + Slave sites) subsystem over 

0 t nT≤ <  and is derived as 
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(13) 

Then, similar to the slave control, mEBA has the following 

control law: 

 

Control Law: 

 

[ ] [ ] [ ] [ ]1m m m mF k F k k x kβ= − + Δ  (14) 

 

where 

 

[ ] [ ] [ ]
[ ] [ ]1

 for 0.
md m

m m

m

F k F k
k x k

x k
β

− −
= Δ ≠

Δ
 (15) 

 

Bounding laws are similar to those in Eqs. (7)-(10) should 

then be applied to the master control law. 

 

2.3 Comments 

Note that mEBA is exactly the same as the haptic interac-

tion EBA in Ref. [7], and sEBA is almost the same, with only 

a slight modification to replace [ ]x kΔ  with [ ]e kΔ . The 

controllers in Eqs. (5) and (6) satisfy the passivity condition 

of Eq. (2); likewise, the controllers in Eqs. (14) and (15) 

satisfy the passivity condition of Eq. (11). The detailed proofs 

are shown in the Appendix. 

The main differences of the proposed EBAs from the exist-

ing bilateral teleoperation control algorithms are that the pro-

posed EBAs neither feed additional damping to the system as 

in Ref. [21] nor monitor the energy behavior as in Refs. [17-

20]. Moreover, the proposed EBAs do not transform any vari-

ables, as in Refs. [9-16]. It only restricts the excessive energy 

to the energy limit that can be consumed by the energy dissi-

pation capability in the system. Moreover, it can be applied to 

multi degrees-of-freedom systems by implementing the EBA 

to each axis with the same control and bounding laws as had 

been discussed for haptic interaction in Ref. [8]. 

One important advantage of the proposed bilateral EBA is 

that it is robust against nonlinear communication channel 

characteristics because it is not dependent on the magnitude 

and variability of time delays or packet losses, as shown in the 

above equations. Thus, the proposed EBA does not need to 

adjust 
1c , 

2c  parameters according to time delays unlike 

other algorithms—e.g., characteristic impedance b  in wave 

variable approach [10-16] and dissipation gain dK  in Lee 

and Spong’s framework [21]. This advantage is demonstrated 

in Section 4 through a series of experiments with severe time-

varying delays and packet losses. 

 

3. Transparency analysis of the proposed EBA 

The proposed bilateral EBA always guarantees stable inter-

action but compromises on transparency. This is a typical and 

unavoidable tradeoff between stability and transparency for 

any control system. This section then analyzes the transpar-

ency of the proposed bilateral EBA in terms of position and 

force tracking responses. Transparency can be said to be per-
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fect if the impedance that is displayed to the operator side is 

the same as the environment impedance [26] or if both the 

position responses mx  and sx , and the force responses mf  

and sf  are respectively identical [27].  

 

3.1 Position tracking responses 

Transparency in terms of the position tracking response in 

the slave site can be analyzed by Fig. 2. 

If [ ]s kβ  of Eq. (6) is not bounded, then [ ]sF k =  

[ ]_s desiredF k  holds from Eqs. (5) and (6), which means that 

the position tracking performance is entirely governed by the 

PD controller. If [ ]s kβ  is assumed to be upper-bounded by 

,maxsβ , then from Eqs. (5) and (6), 

 

[ ] [ ] [ ] [ ]{ },max1 1 .s s s s sF k F k e k e kβ− − = − −  (16) 

 

Then by using the z-transform, 
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This implies that the combination of a PD controller with 

sEBA creates a proportional controller (with a gain of ,maxsβ ), 

which may degrade the position tracking performance. In 

other words, the slave robot may not perfectly follow the mas-

ter command in order to satisfy the passivity condition in Eq. 

(2). 

 

3.2 Force tracking responses 

Transparency in terms of the force tracking response in 

the master site can be analyzed as follows. If [ ]m kβ  of Eq. 

(15) is not bounded by the bounding laws, i.e., if 

,min ,maxm m mβ β β≤ ≤ , then [ ] [ ]m mdF k F k=  holds from Eqs. 

(14) and (15). This means that the force transmitted from the 

slave site can be transparently displayed to the human operator 

without any magnitude reduction by mEBA. If bounded, how-

ever, the magnitude of [ ]mdF k  cannot be fully displayed but 

is reduced to the bounded force [ ]mF k . In this case, the 

amount of transparency degradation can be computed in terms 

of displayable impedance as  
 

( ),  ,unbounded ,maxm lost m mZ T β β= −  (18) 

 

where , m lostZ  is the amount of impedance degradation when 

mβ  is bounded to ,maxmβ  by mEBA, T  is the sampling 

time, ,unboundedmβ  is the calculated mβ  from Eq. (15) be-

fore applying the bounding laws, and ,maxmβ  is the upper 

bounding value of mβ . 

Note that master site transparency may also be defined in 

the time-domain in terms of transient response matching. For 

example, the human operator may want to feel contact tran-

sients when contacting or grasping a remote object. In this 

case, a force magnitude reduction by the proposed mEBA 

might not be a significant problem as long as the reduced 

force magnitude can be felt by the human operator. 

 

4. Experiments 

In order to show the effectiveness and robustness of the 

proposed EBA for bilateral teleoperation having significant 

time delays and data losses, comprehensive experiments were 

conducted for motion tracking scenarios such as sinusoidal 

and abrupt motions in free space, as well as for rigid wall con-

tact operation. Generally, free and contact motion tests in bi-

lateral teleoperation are performed as benchmark tests to show 

performance. Ideally, in free space motion, the slave should 

follow the master without error, while an operator must not 

feel any force in free space. In contact tasks, however, the 

operator should feel contact forces when contacting a remote 

object. Several communication channels were tested for short, 

very long constant, and variable time delays, as well as cases 

of severe data loss. 

The experimental setup is shown in Fig. 3. Two similar 

PHANToM
TM

 devices [28] (SensAble Technologies, Inc.) 

were used: a PHANToM
TM

 Premium 1.5/6DOF as a master 

and a PHANToM
TM

 Premium 1.5/3DOF as a slave. In the 

slave site, a PD controller was used for position tracking such 

that 
 

s p s d sF K e K e= + &  (19) 

 

where pK  (0.05 N/mm) and dK  (0.0001 Ns/mm) are the 

proportional and derivative gains, respectively, used in the 

experiments. 

The same value of 
1c  ( 1 1c = ) was used for both 1mc  and 

1sc  because the two PHANToMs were very similar; if differ-

ent devices are used, different 1mc  and 1sc  values may be 

used. The parameter product 
1Tc , which has the meaning of 

physical damping of the haptic device, 
1c  could easily be 

determined through the passivity criterion 2b KT>  [5], 

 

Fig. 2. Block diagram for the slave control. 

 

Fig. 3. Experimental setup. 
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where b  is the physical damping of the haptic device, and 

K  and T  are the stiffness of a virtual wall and sample pe-

riod, respectively. Through the virtual wall tests, it was ob-

served that the PHANToM device could stably simulate vir-

tual wall stiffnesses up to 2 N/mm at a 1 kHz control rate. 

Therefore, the value of 
1c  was selected to be 1 N/mm. Both 

2mc  and 2sc  values are selected as the same value of the 

proportional gain ( pK ) of the PD controller in the experi-

ments. 

We then implemented the proposed bilateral EBA using 

Microsoft Visual C++ 6.0 in Windows XP to control the 

teleoperation system and simulate the time delays. Note that 

even when using a Windows operating system with no real-

time control, the proposed EBA could robustly guarantee pas-

sivity regardless of the time delay magnitude and its variation 

(jitter), since time delay is not explicitly included in the con-

trol and bounding laws, nor in the proofs. 

For data communication, the UDP protocol was selected 

and a buffer was used to simulate various time delays, which 

emulated possible communication scenarios. Note that in the 

variable delay simulation, we treated out-of-sequence (late 

arriving) packets as lost packets due to jitter; therefore, no 

packet disorder occurred. To deal with this data loss, however, 

data from the previous position was held until a new packet 

was successfully transmitted. In this paper, only representative 

results for severe cases are presented; for other experimental 

results, see previous studies [24]. 

 

4.1 Tracking in free motion 

In the free motion tracking tests, we changed the time de-

lays from 100 msec to 2500 msec (round trip time: 200-5000 

msec), and no loss of data was considered in these experi-

ments. The sinusoidal position histories in Fig. 4 show that the 

system tended to be unstable without the EBA, even for a 

small 100 msec constant time delay. The corresponding force 

histories in Fig. 4 show that the master force is saturated since 

the maximum force of the PHANToM is 8.5 N. Meanwhile, 

the EBA system in Fig. 5 displayed a stable behavior even for 

a larger 2500 msec variable delay. Fig. 5 also shows a dis-

torted sine curve in the slave motion due to lost data that is 

lately arrived by jitter. Consequently, the slave motion is not 

smooth; this distortion can potentially deteriorate the opera-

tor’s experience. However, stability is still sufficient, as shown 

in the figures. 

For the free abrupt motion change responses (not shown in 

this paper) for variable time delays using the proposed bilat-

eral EBA, the slave position also stably follows the master 

position despite the abrupt changes [24]. These results clearly 

show that the proposed EBA can ensure robust stability of 

bilateral teleoperation against significant constant or variable 

time delays as well as for various motion commands in free 

motion. In fact, the system may be stable without EBA for 

lower P-gain values, though it may incur bad position tracking 

performance. When we increase the P-gain value for better 

position tracking performance, the system becomes unstable 

unless the EBA is applied; then, stable behavior with better 

position tracking performance can be achieved, which has 

been investigated in Ref. [23]. 

 

4.2 Tracking in contact motion 

Experiments also investigated wall contact motions with 

time delays, using a steel plate (about 200 N/mm) as the wall. 

For a single wall contact motion without EBA, Fig. 6 shows 

the unstable behavior for a constant 100 msec one-way time 

delay. For repeated contact motions with the proposed bilat-

eral EBA, Fig. 7 shows stable behavior even for variable 300 

msec one-way time delays. Note that for time delays greater 

than 300 msec (round-trip of 600 msec), the operator could 

0 1 2 3 4 5 6 7 8 9 10
-400

-200

0

200

400

Master and Slave Position (X
m

 & X
s
)

[m
m

]

time(sec)

 

 

X
m

X
s

0 1 2 3 4 5 6 7 8 9 10
-40

-20

0

20

40

Master and Slave Force (F
m

 & F
s
)

[N
]

time(sec)

 

 

F
m

F
s

 

Fig. 4. Free sinusoidal motion responses for short constant time delay 

( 1 2 100τ τ= = msec) without EBA. 
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( 1 2 2500τ τ= = msec) with EBA. 
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not feel the contacted wall if he/she moved the master device 

relatively quickly during the time delay because the master 

device reached the end of the limited workspace before con-

tact information arrived to the master. For large delays, there-

fore, the operator needs to manipulate slowly because contact 

information arrive late. 

 

4.3 Data loss 

During teleoperation over some networks, some packets 

may occasionally be lost during data transmission [29]. To 

handle this loss, the strategy of holding previous data was 

used; if a packet was lost, the previous packet was used until 

new position data was delivered. In fact, a packet loss is 

equivalent to an increment on the sampling time. Fig. 8 shows 

the results for a loss rate of 90%; this rate indicates that 90% 

of the data was dropped, i.e., that on average, only 100 out of 

every 1000 packets were received at each second. However, 

even in a case of such severe data loss, the slave followed the 

master, although the transparency was somewhat lost, as was 

seen in more oscillations. These results show that the pro-

posed bilateral EBA can robustly stabilize the system, even for 

severe data loss. For the contact cases, data losses were not 

considered problematic under previous data holding strategies 

because the position and force maintained constant values 

during the contact. 

 

5. Discussions 

5.1 Qualitative comparison 

A direct and quantitative comparison with other approaches 

is not easy because other algorithms cannot be exactly imple-

mented within the same experimental setup. A qualitative 

comparison, however, may be conducted for similar kind of 

task scenarios. The wave variable approach generates a posi-

tion drift problem in the time-varying delay cases as shown in 

Fig. 6(a) in Ref. [13]. In the time domain passivity algorithms, 

high frequency oscillation occurs in position and force histo-

ries as shown in Fig. 13 in Ref. [17] and Fig. 11 in Ref. [20] 

due to the activation/deactivation nature of the passivity con-

trollers. In Lee and Spong’s framework [21], unwanted force 

peaks as shown in Figs. 2-4, 6 and 7 are observed before and 

after contact with a wall due to the added dissipation term. In 

order to take into account those problems, additional ap-

proaches such as a wave predictor [14, 15], drift compensation 

[15], or reference energy following [18], have been proposed. 

The experimental results of the EBA, however, show none of 

the aforementioned drawbacks of other approaches. Therefore, 
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Fig. 6. Single contact motion responses without EBA, 1 2 100τ τ= =
msec (constant). 
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Fig. 7. Multiple contact motion responses with EBA 1 2 300τ τ= =
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the proposed bilateral EBA does not need any additional con-

trol algorithm. However, the proposed EBA may show degra-

dation of the position tracking performance because the slave 

EBA may limit the position gain as discussed in Section 3.1. 

Optimal gain tuning for best possible performance may be 

needed in future research. 

 

5.2 Transparency 

As shown in the experiments, transparency may be de-

graded due, in part, to both the time delay and data loss. Fig. 7 

shows that the magnitude of the reflected force mEBAF  for the 

contact scenarios is smaller than that of the slave force sF  

due to the proposed energy-bounding action—a typical and 

unavoidable tradeoff between stability and performance. The 

magnitude reduction of the reflected force, however, may not 

be a critical factor in detecting a contact situation as long as a 

magnitude of about 2 N is perceivable by the human operator. 

Moreover, degradation such as position trembling due to 

data loss can be partially overcome by using intelligent net-

work-based transmission methods, including forward error 

correction (FEC) for packet loss recovery, packet reordering, 

and buffering for jitter. In other words, degradation can be 

overcome by increasing the reliability of the transmission and 

improving the quality of service (QoS) [29]. These efforts, 

however, have the effect of increasing the time delay in the 

viewpoint of the control because it takes time to process these 

additional services. 

To improve transparency, the proposed bilateral EBA needs 

accurate information of the physical damping parameters ( 1mc  

and 1sc ) for both the master and the slave devices. Different 

physical damping values may be used for dynamically dis-

similar master and slave devices as well as at different poses. 

In any case, the larger the physical damping parameter, the 

better the performance in terms of stably displayable imped-

ance range. One simple way of improving transparency is to 

adjust the physical damping of the master and slave systems 

as suggested by Refs. [30, 31]. 

 

5.3 Robust stability 

Other than the transparency degradation as discussed in the 

previous subsection, the main importance of the proposed 

bilateral EBA may lie in the fact that the proposed algorithm 

is very robust against the amount and variability of time delay 

and the amount of data losses in the transmitted data over the 

network because the proposed bilateral EBA is not dependent 

on those parameters. Moreover, the passivity framework guar-

antees passivity regardless of the human operators and types 

of remote environments (linear, nonlinear, time-varying etc.) 

as long as the remote environments are passive, because the 

second conditions in the master and slave EBA passify them. 

Therefore, the proposed bilateral EBA may be applied to 

many classes of remote environments. 

 

6. Conclusions and future works 

This paper extended the haptic EBA to bilateral teleopera-

tion, and then confirmed its effectiveness in the sense of ro-

bust stability through a series of comprehensive experimental 

trials. The transparency analyses of the slave control showed 

that the slave might not perfectly follow the master com-

manded position due to the energy-bounding action. On the 

other hand, the transparency analyses for the master control 

showed that only magnitude reduction occurred when the 

mEBA was applied to the master force reflection. The pro-

posed EBA ensured, however, robustly stable bilateral teleop-

eration for a large amount of constant/variable time delays and 

packet drops as well as for any passive operators and envi-

ronments. Meanwhile, the proposed EBA may be conserva-

tive in terms of the stably displayable impedance range com-

pared to other approaches. However, the transparency may be 

good enough to track the commanded position and feel the 

environments in terms of contact detection etc. as was verified 

by the real experimental setup. Although the proposed bilat-

eral EBA achieved robust stability of the bilateral teleopera-

tion system, more studies remain such as i) further improve-

ment of transparency, ii) practical applications to stiffness 

discrimination or contact surface identification, and iii) scaled 

teleoperation. 
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Appendix 

A.1 Proof of the master EBA for the bilateral teleoperation 

The proof of the proposed bilateral EBA for the master sys-

tem is exactly the same as that of the EBA for the stable haptic 

interaction 0. 

For the master EBA, the passivity condition in Eq. (11) 

can be divided into Conditions 1 and 2 as follows: 

Condition 1: 
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Condition 2: 
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where ,0MDε  is the initial energy stored in the master device 

and ,0CSε  ( [ ] [ ]0 0m mF x= Δ ) is initial stored energy at 0t =  

in the CS (communication channel plus slave site) subsystem. 

,0 ,0 ,0M MD CSε ε ε= + . 

 

<Proof of Condition 1> 

Lemma I: The inequality condition in Eq. (A.1) with the 

control law given by Eq. (14) can be satisfied if there exists a 

positive constant 1mc  such that [ ]m kβ  is upper bounded as 

[ ] 1m mk cβ ≤ . 

 

Proof: 

By applying the control law in Eq. (14), the left-hand side 

of Eq. (A.1) can be rewritten as 
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If the computed [ ]m kβ  is chosen to be upper bounded by 

a positive constant parameter [ ]( )1 1 1m m mc c kβ≥ +  for all 

k  and n , Eq. (A.3) can be rewritten as 
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Therefore, in order for the right-hand side in Eq. (A.4) to 

be positive, 1mc  should be chosen such that 

 

[ ]( ) [ ]
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2
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c E n x kε
−

=

≤ + Δ +∑  for all n . (A.5) 

 

Since [ ]( ),0MD MDE n ε+  is positive and the denominator is 

also positive, we can always find at least a positive constant 

value of 1mc  parameter for all n  in Eq. (A.5).  ■ 

 

<Proof of Condition 2> 

Lemma II: Condition 2 in Eq. (A.2) can be satisfied if the 

following inequality holds true: 
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where 2mc  is positive. 

 

Proof: 
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Lemma III: The inequality condition in Eq. (A.6) with the 

control law given by Eq. (14) can be satisfied if [ ]m kβ  is 

bounded as: 

 

[ ] [ ] [ ],min ,max .m m mk k kγ β γ≤ ≤  (A.8) 

 

Proof: 

Inserting the control law in Eq. (14) into Eq. (A.6) gives 
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Rearranging Eq. (A.9) gives the following equation: 
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This can be rewritten as 
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Note that [ ] 0mx kΔ = , meaning no motion, makes the 

equality condition. 

In order for Eq. (A.11) to yield real solutions for [ ]m kβ , 

the following inequality condition should be satisfied: 

 

[ ] [ ]( ) [ ] [ ]( ),max ,min 0m m m mk k k kβ γ β γ− − ≤  (A.12) 
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where 
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Both Condition 1 and Condition 2 are, therefore, satisfied if 

 

[ ] [ ] [ ],min ,maxm m mk k kβ β β≤ ≤  (A.15) 

 

where  
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A.2 Proof of the slave EBA for the bilateral teleoperation 

Similarly, for the slave EBA, Conditions 1 and 2 are ob-

tained from Eq. (2) as follows: 
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Condition 2: 
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where 
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,0SDε  is the initial energy stored in the slave device and 

,0CMε ( [ ] [ ]0 0s sF e= Δ ) is initial stored energy at 0t =  in the 

CM (communication channel plus master site) subsystem. 

,0 ,0 ,0S SD CMε ε ε= + . 

The proof procedure is exactly the same as in the master 

EBA except that sF  and seΔ  are used instead of mF  and 

mxΔ , respectively. 

In summary, a positive constant parameter 1sc  can be se-

lected as follows: 
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