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ABSTRACT:

We propose a new impedance control algorithm for delayed linear bilateral teleoperation systems. In the presented
control strategy, with regard to a preferred impedance model for the master and slave robots, a special dynamic feature
at the human and the master robot along with the slave robot and environment interface is proposed. In addition,
external forces signals including operator and remote environmental forces are used in the controller to attain desired
impedance model. A force estimation scheme is presented to remove measurement of external forces. Then, the
desired impedance model is located into an appropriate sliding-mode control scheme to compensate the parameters
uncertainties emerged by external force estimation errors. Then, the absolute stability criterion is used to investigate
the stability of the closed-loop teleoperation system along with transparency. Consequently, the control strategy is
implemented on 1-DOF robotic system as the master and slave robots. Simulation results verify the effectiveness of

the presented impedance controller by using estimated external forces.
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1. INTRODUCTION

In teleoperation applications, slave robot usually
interacts with remote environment which is far from the
operator in the master side. Therefore, an external force
is exerted on the slave which is inevitable. These
external exerted forces can dampen teleoperation
system. In many cases, to reduce damping, the
excessive forces occurred between the slave robot and
remote environment should be prevented. It is obvious
that avoiding any excessive forces makes proper
tracking during free motion.

2. LITERATURE REVIEW

As mentioned in many previous researches, one of
the main alternatives to decrease damping is using
impedance control for teleoperation systems [1-3].
Impedance control strategy often controls the relation
between applied external forces and velocity, therefore,
it can be successfully utilized for teleoperation systems
which are dealt with different environments [4-6].
Therefore, many previous researchers have employed
impedance controller for teleoperation tasks due to this
advantage. In [4], variable damping and stiffness have
been used to reduce impact forces and boost tracking

performance. In [5], in order to improve system
stability, a controller has been presented to adaptively
vary preferred impedance. In addition, in [6], the
master robot workspace was initially constrained by
employing an impedance model, and then to avoid
operators fatigue operation, an adaptation was done on
damping ratio of the master side. In addition, with
regard to distance between the remote environment and
the slave robot, the stiffness of the slave impedance has
been modulated. Since the human and environment
energetically work together with the master robot and
slave robots respectively, therefore they affect the
closed-loop system stability. However, operator and
environment model have not been considered during
stability analysis. Moreover, another significant point
in teleoperation system is time delay which marks
impact on the closed-loop system stability, but this
issue has not been considered as well. It has been
proved that a small time delay can cause unstable
teleoperation systems, therefore this issue must be
taken into account correctly [7].

Moreover, as presented in the above researches, the
measurement of external forces is a key point to
identify remote environment behavior. Then, according
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to this identification, desired impedance parameters are
proposed. Since external force measurement is really
tough in different applications particularly medical
ones, therefore several force estimations have been
proposed to overcome this issue [8-12]. The proposed
force estimation strategies could estimate forces
properly; however, it was needed to identify system
dynamic parameters correctly. Therefore, it is obvious
that the presented force estimation algorithms are not
robust against adverse uncertainties.

In this work, we propose a robust impedance
control for a linear teleoperation system under presence
of time delay between communication channels along
with uncertainties in dynamic model. According to the
desired impedance, the controller is proposed. To
verify robustness of the linear teleoperation system
against uncertainties, a sliding mode controller is
presented as well. Moreover, a force estimation
strategy is designed to get rid of external force
measurement directly. Consequently, a stability
condition for the closed-loop system including
master/slave robots along with operator in the master
side and remote environment in the slave robot side is
presented. The absolute stability criterion is employed
to study the stability of teleoperation system.

3. MATERIAL AND METHOD

In this section, initially the system dynamic model
and some other items are defined. Then, an impedance
control scheme for macro-micro teleoperation systems
is proposed. A force estimation approach is designed to
cope with direct measuring of external forces.
Consequently, an absolute stability criterion is used to
analyze closed-loop macro-micro teloperation system.

3.1. Model Definition

In this section, we present some definitions
employed in the control strategy. The master and slave
robots are chosen one degree of freedom to make
simpler the control process and the stability study. It
should be noted that, the presented algorithm will be
also related for system with n-degrees of freedom.
Moreover, force and position scales factors are
employed in the analysis and designing process, in
order to use the obtained results in many various kinds
of the teleoperation and related applications. The time
delay has been taken into account constant.

3.2. Dynamic Model for the Master and Slave
Robots
We choose dynamic model for teleoperation system
including the master and slave robots as a mass-
damper system:
1)

mmjém(t) + CpXom ) = Tm(t) + fr(t)
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msXs(t) + csxs(8) = 75(8) — fe () 2

Where, in the above equations X, Xn, Xs, X are
acceleration signals, velocities of the master and slave
robots; in addition, f,,f, are the human force and the
force exerted on the environment by the slave robot
respectively, and t,,, T, represent the controllers for the
master and slave robots; moreover, m,, m are defined
as the master and slave robots mass, respectively. c,,, cs
show the master and slave viscous, respectively.

3.3. Delayed Signal and Scale Factors

We present a block diagram for the proposed
teleoperation system in Fig. 1. As shown this figure,
force and position of the master are sent to the slave
robot and the environmental force exerted on the slave
robot transmitted to the master robot through the
communication channels. The delayed signals
transmitted through the communication channels have
been represented as follows:

XTm(t) = Xy (t—Ty)
).(Ts (1) =%(t—Ty)
’fTe (t) = ’fe(t - TZ)

XTm (t) = Xm(t - Tl)'
XTS (t) = Xs(t - TZ)'

fTfh (= K(t—Ty)

Where, xT,,(t), X", (t), and T, (t) are defined as
velocity and position of the master as well as the
estimated operator external force. xT4(t), xT¢(t) and
fT.(t) are defined as the position and velocity of slave
robot as well as the estimated force applied on slave by
the remote environment transmitted to the master robot.
Consequently, T, and T, are defined as time delays
between communication channels.

Communication

channels
Master X, g Slave
Ken : ; i,
Local f § Tl ; £ Local
site : b site
i

Fig. 1. A block diagram of teleoeration system.

The delayed signals after crossing of the
communication channels are then scaled up/down by
defined proper factors depend on special applications.
Employing the mentioned scale factors, the position
and velocity signals to the slave and the external force
signal to the master side are used as follows:

Xg = kpXE’l! fh = kffg

Where, k¢ and k, are force and position scale
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factors, respectively.

3.4. Control Design

We initially propose a force estimation strategy for
the operator and environmental forces. The proposed
force estimation approach is based on the disturbance
observer [9].

3.5. Force Estimation Strategy for the Master and
Slave Robots

Based on the equation (1), we propose a new
definition for the operator force as follows:

fh(t) = mmkm(t) + Cm).(m(t) - Tm(t) (3)

Thus, a force estimation approach as follows is
proposed [9]:

£,() = —Lfy + Ly (R (©) + Emkin (©) (4)
— Tm (t))

Where, 7 denotes the nominate value of the mass
and damping coefficient. In addition, f, and L, are
defined as the estimated operator force and force
estimation gain, respectively.

The significant drawback of the mentioned strategy
is to measure acceleration signal directly. Due to the
presence of noise, deriving acceleration from velocity
by getting differentiation is not usually possible as
well. Therefore, we define a proper auxiliary variable
to disregard measurement of acceleration signal
directly:

2, () = B () — P () (5)
SULLBN NG ©

By taking derivation of the equation (5) and
employing the equation (6), the new force estimation is
reached:

Zp(t) = —Lpz + Ly CnXm () — T (D) (7)
= P (Xm))

Now, we consider the force estimation stability.
Initially, the observer error is specified:

ey = fh — ’fh (8)

According to (5), (7), (8), the dynamic error of
observer is given by:
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dP, (Xm) 9)

- Lh(fﬁmim(t)
+ TmXm (D)
= fi, — Luen
- Lh(ﬁlmxm(t)
+ EnXm(1))

Where, f,, = m, — M, and¢, = c, —¢,. We
present a Lyapunov function as follows to take into
account the force estimation stability:

10
Vh =Eeh2 ( )

By taking derivative of the presented candidate
lyapunov function and based on the equation (9), V,
would be as:

Vh = —Lheh2 + fheh (11)
— ep Lp (M Xm (1)
+ CmXm ()

The variation rate of f;, and presented (%, (t) +
CmXm () are bounded:

EIYm >0 |fh| + |fﬁmkm(t) + em)‘(m(t)l < Ym
vt>0
Resulting:
Vi, < —Lpen? + ymlenl (12)

= —Ly(1 — 0)ey?
— LpBen? + ymlep|

Where, 6 € (0,1). Thus:

Vi < —Ly(1 —0)ep? Vel = Y (13)
L,0
Regarding to [12], it is resulted that:
lenl (14)

Ym_

<o ! <oc2 (Lhe

)) for Ve, (0) and Vt

=T,

Note that, we use the presented force estimation
strategy for the slave side as well:

fe(t) = _msis(t) - Csxs(t) + Ts(t) (15)
f‘e(t) = _Le?e + Le(_fﬁsks(t) - esxs(t) (16)
+1,(1)
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3.6. Sliding-mode Impedance Controller for the
Master

Dynamic actions between master and operator can
be specified employing impedance control strategy. In
the master side, impedance control strategy is specified
by the model-based computed torque method. Now, it
is supposed that the preferred impedance controller for
the master robot is considered as follows:

M Xm (1) + TnXim (©) 4 KX () (17)
= i (t) — kefa (©)

m,,, €, and k., are defined as desired inertia,
damping coefficient and stiffness, respectively and k¢ is
also force scale factor. This control scheme does a
force control in the master side to return the
environmental force at the slave side to the operator in
the master side.

As mentioned before, there are parameters
uncertainties in the dynamic model which should be
considered in the proposed control strategy. Initially, it
is assumed that the dynamic model is perfect, therefore,
the following control scheme is proposed:

m m N 18
m

m

1) PO
- m—i{kffg + kmx}

m,, and ¢, are the estimation of m, and c,
respectively. Now, we design a sliding mode control
scheme in order to this fact that the desired impedance
control scheme is the same as the sliding surface.
Therefore, it could be stated that we have obtained a
robust control scheme. With regard to the defined
desired impedance model, the sliding surface is as:

1t 19

sm(®) = m—mfo [, (t) dt (19)
Where I¢(t) is defined as:

In = rTlmj&m(t) + mem(t) + l_(me(t) (20)

— fu (O + kefe (V)

The system trajectories in the master side will desire
to the sliding surface, if the sliding condition of
SmSm < —Umlsm| is satisfied, where u,, is positive
constant. We add a discontinuous term to the control
input in order to satisfy the desired sliding surface in
the presence of uncertainties in the system. The control
input with discontinuous term is as:
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Sm(t)> (21)

Tmz = Tm1 — Kgm- sat(

- m—:{kf?;f — kpx}
Sm(t))

Pm

— Kgm- sat(

Where, Kgp, and ¢, are defined as the nonlinear
gain as well as boundary layer thickness.

3.7. Sliding-mode based Impedance Control
Strategy for the Master and Slave Robot

The proposed controller in the slave side is similar to
the master side to a great extent. In the slave robot side,
position tracking in the free motion as well as slave
contact stability is affected by a preferred impedance
model. Consequently, a desired impedance model for
the slave robot would be:

MX(t) + TX(t) + kX(t) = —f.(t) (22)

Where, ms, T, and kg are defined as the desired
inertia, damping coefficient and stiffness, in addition
X = x5 — Kpxih.

We design the control scheme for the slave like the
master side. Initially, we assume that the plant models
are perfect, therefore:

L Mg\ Mg (23)
Ts1 = (Cs - ﬁ_cm) Xs — —KmXs

S

Where, fIT = fT(t — T,) = f,(t — T, — T,); M, and
¢, are the estimation of mg and cg, respectively.

We design a sliding-mode control scheme which by
using it, the desired impedance control is the same as
the sliding surface, therefore, it can be stated that we
have reached a robust impedance control scheme. By
employing the preferred impedance of the slave robot,
the sliding surface is as follows:
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1 [t 24

5,(t) = m—j; 1,(t) dt o
Where I(t) is:

I(t) = MmX(t) + cX(t) + keX(1) (25)

- (=fe ()

Note that $(t) has not have any adverse term since
the defined sliding surface is the integration of I (t).
Note that while the dynamic model is completely
known and the system is kept in the sliding mode, the
system state remains completely on the sliding surface,
and the slave robot demonstrates the desired behavior.
When the wanted system is in the sliding mode
condition, the sliding surface will be satisfied s(t) = 0
[11]. To solve s(t) =0 for the input control, the
equivalent control would be as:

Teq = — 2—2 {EX(® + k&(®) + F.(1) )
+eks(0) + F.(0)
+ kp Mgk (V)

Equation (26) is similar to the equation (23), the
acceleration signal is omitted employing the dynamics
of the master robot. The system trajectories will desire
to the sliding surface, if the presented sliding condition
of $gs¢ < —pglsg| is occurred, where p is positive
constant. A discontinuous term is added to the
controller in order to satisfy the desired sliding surface
under presence of uncertainties in the system. The
controller with discontinuous term is as:

Ss(t)> (27)

Ts2 = Teq — Kgs- sat( "

Where, Kgs and ¢, are defined as the nonlinear gain
as well as boundary layer thickness.
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3.8. Stability Analysis

We utilize absolute stability criterion to analyze
closed-loop system embracing operator in the master
side, remote environment and communication channels.
This concept is extensively employed to consider
stability of the two-port teleoperation system which
includes passive human and remote environment.

3.9. Stability Analysis of the Linear Teleoperation
system

By substituting the proposed control input for the
master robot (equation (21)) into the master robot
dynamics and presenting these terms of s, (t):

m
— Afy
— {ke(f, — Afe) + KX}

mm
— Afy | — Afy, + —Af;
h] nht . h

M (©) + G () + K. sat (S(";—“)) _o @
Where:
oy (1) = Acy Xy, (D) (29)
Amg,
+ [—%m (D + ()

A

Amy, = my, — My,; Acy, = ¢y — Cp

With regard to the mentioned uncertainties in
equation (25), the boundary of the presented nonlinear
gain, Kgp,which satisfies the sliding condition, would
be obtained as:

Kgm = My, (Mm + [an (O (30)

Based on the nonlinear gain K, which satisfies
equation (26), therefore the master state could be kept
in the presented sliding surface. Thus, the master robot
represents the desired impedance characteristic (I, =
mpy,s = 0) [14].

For the slave side, by substituting the proposed
control input for the slave robot (equation (27)) into the
slave robot dynamics and presenting these terms of
s,(t), as follow:

50) (31)

S

mgSs(t) + as(t) + Kgs. sat<

Where,
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A (t) = AcsXpy (t) (32)

Am
> [kpXm (DM,

+ —
my
— X (D) — k()

1
- fe{(_Afe)}] - k_Afh
f
mm
kfrﬁm
Amg = mg — fiig; Acg = ¢g — G

+

Af,

Therefore:
Kgs = mg(ps + |as (D)) (33)

Now, we must represent the closed-loop
teleoperation system in the two ports to use absolute
stability concept. This intended two-port network
includes two inputs as well as outputs. The defined
inputs are defined as (X, %) and the outputs are
defined as (fy, f.). There is matrix which represents the
relationship between inputs and outputs of the two-port.
The attained desired matrix so-called hybrid matrix is
shown as follows:

R |4 -

It cannot utilize absolute stability concept directly
because of this fact that the estimated forces are used in
the controller. Consequently, according to the presented
force estimation strategy, a relationship between f and
f in the case of Laplace transform is derived as follows:

o LpFy (35)
Fh=——
s+ Lh
N L.Fe
F. =
¢ s+l

By substituting equation (35) into closed-loop
dynamics, it can be derived, as a hybrid matrix, as
follows:

iy h12] (36)
h21 h22

_ _ L km _
TS + Cn + == Lokpe™T2* ]I

= s
l —Lpkye ™ ————— J
Mgs? + Cs + kg

The sufficient and necessary conditions to analyze
stability based on absolute stability concept are as
follows [13]:

e h;; and h,, should not include poles in the
right half plane.

e Any poles of the h;, and h,, should be simple
with real and positive residues on the
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imaginary axis.
e For every real values of w:
R.[hi1] = 0,R.[h;] =0
R.|h{{IR.|h
f(w) = —cos(2hqy3hy,) + ZM > 1

|h12h21| -

These mentioned conditions are called Liewellyn's
stability conditions as well. Therefore, if the presented
h-parameters related to hybrid matrix can satisfy
Liewellyn's stability criterion, the closed-loop linear
bilateral teleoperation will be absolute stable.
Regarding to equation (36), the desired impedances and
force estimation gains should be chosen to satisfy
Liewellyn's stability conditions.

4. EXPERIMENTAL RESULTS

We have done several simulations in the
MATLAB/Simulink in order to evaluate the presented
control scheme. We implement the control strategy on
one DoF robots as the master and slave robots. Note
that, the performance of the force estimation algorithm
and the impedance control scheme is evaluated under
presence of parameters uncertainties in the master and
slave robots’ dynamics model. The block diagram of
the designed control strategy has been presented in the
Fig. 2.

Environment

Master Slave

Fig. 2. A block diagram of the control scheme.

We have determined impedance parameters and
force estimation gains before simulation process.

As mentioned in the last section, we must choose
these parameters to satisfy absolute stability conditions.
Therefore, the impedance parameters and force
estimation gains are used as illustrated in Table 1:

Table 1. Impedance parameters and force
estimation gains for master and slave robots.

Master robot Slave robot
k, =0.2 ks = 20
Cn =05 ¢, =0.7
M, = 0.1 mg = 0.0125
L, = 10 L, = 10

We initially generate a desired path at the master
robot side for comparison of two controllers (nominal
impedance controller and sliding-mode one in the
presence of estimated external forces) (Fig. (3)).
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|
| :
Free motion Free motion
) :
) |
! h
i '

1.5

' 1
0.5 | Slave (nominal)
: i ]

Position (Rad)

Master

i
0 10 20 30 40 50 60
Time (s)

Fig. 3. Master and slave position.

As illustrated in Fig. 3, free motion occurs between
10 to 18 sec, then slave robot contacts with the hard
environment between 18 to 38 sec, consequently free
motion occurs again between 38 to 50 sec. it means that
a hard environment has been put in 1.5 rad. It is
observed that during free motion, the slave robot
follows the master one properly.

To evaluate sliding-mode impedance controller,
different parameter uncertainties has been considered in
the mentioned mass and even the viscous coefficient of
the slave robot. Simulations are performed for
overestimated and underestimated cases along with
nominal one as:

Table. 2. The coefficients of the mass and viscous for

the slave.
Mass viscous
Overestimated Mg = 3mg ¢s = 3¢
Underestimated ms = 0.5mg és = 0.5¢
Nominal Mg = myg Cs = Cg

It can be observed that the closed-loop linear
teleoperation in the absence of sliding-mode based
control strategy is illustrated in following figures.

Position (Rad)

0 10 20 30 40 50 60
Time (s)

Fig. 4. Slave position in the presence of nominal
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impedance control.

nominal
¢, =0.5%c,
¢, =3 Xc
m, =0.5xXmy
— M, =3 xXmy

Position (Rad)

0 10 20 30 40 50 60
Time (s)

Fig. 5. Slave position with the sliding mode based
impedance control.

In the Figs. 4 and 5, the associated results with
impedance control and the sliding-mode based
impedance control strategy have been presented,
respectively. Slave outputs of every case have been
superposed on another one at the same Fig in order to
clearly compare them.

As shown in Fig. 4, tracking performance is not
achieved properly in free motion when there are
uncertainties in the slave dynamic model. Note that by
increasing the difference between nominal defined
parameter and determined parameter in the controller,
the tracking error between other cases and nominal
slave trajectory is grown to a great extent. In addition,
there is an unstable contact in the dynamic model in the
presence of parameter uncertainties. On the other hand,
the slave robot has reliable outputs for all cases by using
the sliding-mode impedance control scheme. Thus, as
shown in Fig. 5, it is obvious that the presented control
scheme will be completely robust against the parameter
uncertainties. Finally, the operation on the remote
environment in the slave side is performed properly
when the human in the master robot side is sent
command to the slave robot.

The performance of force estimation strategy is
presented in the Fig. 6.

— Human

E

- Estimated Human

7

10 0 30 40 50 60
Time (s)

Force (N)
[ =J

.- =

=

Fig. 6. Force estimation results
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It is shown that force estimation strategy
performance is proper and it could estimate external
force reliably.

5. CONCLUSION

In this research, a new robust control scheme based
on the sliding- mode has been presented for the bilateral
linear teleoperation system in the presence of time delay
between communication channels. In the master side, a
sliding-mode based impedance control scheme which
can tune the master maneuverability with its desired
impedance model has been designed. In the slave side, a
sliding-mode based impedance control scheme has been
proposed to cope with the uncertainties on the dynamic
model. In addition, a force estimation strategy has been
presented in order to eliminate measuring external
forces directly. Consequently, employing absolute
stability concept, stability analysis of the bilateral linear
teleoperation including operator in the master side and
remote environment has been derived. Finally, through
several simulations, it has been observed the sliding-
mode controller is completely robust against adverse
parameter uncertainties and has reliable performance. In
addition, force estimation algorithm estimates external
forces properly as well.

REFERENCES

[1] Hogan N "Impedance Control: An Approach to
Manipulation:" parts I-Ill. Journal of Dynamic
Systems, Measurement and Control 1985107(1), pp.
1-24, 1985.

[2] Uddin R and Ryu J "Predictive Control Approaches
for Bilateral Teleoperation™ Annual Reviews in
Control 42, pp. 82-99, 2016.

[3] Sharifi M, Salarieh H, Behzadipour S and Tavakoli M
"Tele-echography of Moving Organs using an
Impedance-controlled  Telerobotic ~ System",
Mechatronics 45, pp. 60-70, 2017.

[4] E. Clarke, Circuit Analysis of AC Power Systems,
Agand P, Motaharifar M and D. Taghirad H D
""Decentralized Robust Control for Teleoperated
Needle  Insertion with  Uncertainty and
Communication Delay." Mechatronics, 46, pp. 46-

42

Vol. 14, No. 2, June 2020

59, 2017.

[5] Kumar N and Ohri J "Design of Haptic Interface
Controller under Noise Uncertainty and Delay
Condition" Procedia Computer Science, 70, pp. 793-
800, 2015.

[6] Uddin R and Ryu J "'Predictive control Approaches
for Bilateral Teleoperation™ Annual Reviews in
Control 42, pp. 82-99, 2016.

[7]1 Agand P, Motaharifar M and D. Taghirad H D
""Decentralized Robust Control for Teleoperated
Needle  Insertion with  Uncertainty and
Communication Delay" Mechatronics, Vol. 46, pp.
46-59, 2017.

[8] Chan L, Naghdy F and Stirling D, "Position and
Force  Tracking for  Nonlinear = Haptic
Telemanipulator under Varying Delays with an
Improved Extended Active Observer' Robotics
and Autonomous Systems, Vol. 75(PB), pp. 145-160,
2016.

[9] Amini. H, Dabbagh. V, Rezaei. S.M, Zarenejad. M,
Mardi. N. A and Sarhan. A. A,""Robust Control-
based Linear Bilateral Teleoperation System
without Force Sensor', Journal of the Brazilian
Society of Mechanical Sciences and Engineering,
Vol. 37(2), pp. 579-87, 2015.

[10] Azimifar F, Abrishamkar M, Farzaneh B, Sarhan A.
D, Amini H, "Improving Teleoperation System
Performance in the Presence of Estimated
External Force,” Robotics and Computer -
Integrated Manufacturing, Vol. 46. Pp. 86-93, 2017.

[11] Amini H, Farzaneh. B, Azimifar. F and Sarhan. A. A,
""Sensor-less  Force-Reflecting Macro-Micro
Telemanipulation  systems by  Piezoelectric
actuators", ISA Transaction, Vol. 64, pp. 293-302,
2016.

[12] Khalil HK, *Nonlinear Systems™ 3rd edition.
Prentice Hall, 2002.

[13] Cho HC, Park JH ""Impedance Controller design of
Internet-Based Teleoperation using Absolute
Stability Concept." In: Proceedings of IEEE/RSJ
International Conference on Intelligent Robots and
Systems, Switzerland. 2256-61, 2002.

[14] Slotine JJE, Li W "Applied Nonlinear Control."
NJ: Prentice-Hall, 1991.


https://www.sciencedirect.com/science/article/pii/S136757881630089X
https://www.sciencedirect.com/science/article/pii/S136757881630089X
https://www.sciencedirect.com/science/journal/13675788
https://www.sciencedirect.com/science/journal/13675788
https://www.sciencedirect.com/science/article/pii/S0957415817300661
https://www.sciencedirect.com/science/article/pii/S0957415817300661
https://www.sciencedirect.com/science/journal/09574158
https://www.sciencedirect.com/science/article/pii/S0957415817300806
https://www.sciencedirect.com/science/article/pii/S0957415817300806
https://www.sciencedirect.com/science/article/pii/S0957415817300806
https://www.sciencedirect.com/science/journal/09574158
https://www.sciencedirect.com/science/article/pii/S1877050915032834
https://www.sciencedirect.com/science/article/pii/S1877050915032834
https://www.sciencedirect.com/science/article/pii/S1877050915032834
https://www.sciencedirect.com/science/journal/18770509
https://www.sciencedirect.com/science/article/pii/S136757881630089X
https://www.sciencedirect.com/science/article/pii/S136757881630089X
https://www.sciencedirect.com/science/journal/13675788
https://www.sciencedirect.com/science/journal/13675788
https://www.sciencedirect.com/science/article/pii/S0957415817300806
https://www.sciencedirect.com/science/article/pii/S0957415817300806
https://www.sciencedirect.com/science/article/pii/S0957415817300806
https://www.sciencedirect.com/science/journal/09574158
https://link.springer.com/journal/40430
https://link.springer.com/journal/40430

