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Abstract— This paper presents a novel sensorless force con-
trol algorithm for Multi-degree-of-freedom flexible systems
which enables controlling the interaction forces with the en-
vironment without using force sensors. The coupled nature of
flexible system dynamics makes it possible to estimate externally
applied forces or torques that arise due to system’s interaction
with the environment.

Disturbance and flexibility are simultaneously utilized to
estimate system parameters, dynamics and externally applied
forces or torques. The interaction torque estimate is then used
to accomplish sensorless torque control assignment. This paper
attempts to keep the flexible plant free from any measurement
while performing a torque control assignment. However, actu-
ator’s parameters and variables are assumed to be available.

I. INTRODUCTION

Grasping, assembly, machining and many other applica-

tions necessitate controlling task space forces which in turn

necessities the utilization of force sensors to provide the con-

trol system with the necessary force feedback information.

However, force sensors extremely increase the initial cost

of the system along with the sophisticated hardware they

add in terms of additional electronic setups and wirings.

Therefore, interest of sensorless force control techniques is

ever-growing due to the simplicity they impose to the system,

the lower cost they help to achieve and avoidance of sensor

noise that causes degradation of the control performance.

The narrow bandwidth, signal noise and colocation prob-

lems were avoided in [1]-[2], where force sensor is replaced

with sensorless control system based on a reaction torque

observer. Force error observer was proposed in [3] and

enabled to realize the force control without force sensor by

only using the velocity information. Similarly, the reaction

force is calculated from the estimated disturbance torque and

the robot inverse dynamics to realize the sensorless force

control [4]-[5].

Unlike the previous disturbance observer based techniques

[6], vision is used by many researchers to extract force infor-

mation out the captured images taken from objects subjected

to externally applied forces. Interaction forces between the

end effector and flexible objects were estimated using visual

feedback by mapping the flexible object deformation to the

end effector forces [7].

In addition, micro manipulation used in variety of appli-

cations such as micro surgery and cells manipulations that

necessitates using micro force sensors that in turn increases
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the process sophistication. Pushing was utilized by some

authors in order to manipulate objects in micro scale by

using piezoresistive micro cantilever with lightly doped strain

gages that is utilized as force sensor [13].

This paper attempts to achieve sensorless control tasks

using multi-degree-of-freedom flexible systems by taking

two measurement from the actuator while keeping the flexi-

ble plant free from any attached sensors. Disturbance and

flexibility are combined to formulate force estimation al-

gorithm based on the fact that disturbance is a rich piece

of information that contains system parameters, dynamics

and interaction forces in a coupled fashion. In addition,

disturbances can be estimated from system’s boundaries at

which actuator is located. Therefore, actuator’s variables are

used to estimate this coupled reflected disturbance from the

flexible plant.

Despite of the coupled nature of the disturbance signal,

plant flexibility [8][9] can be used as an efficient tool to de-

couple each piece of information out of the total disturbance.

Strictly speaking, flexible systems have different behavior

along their frequency range, rigid behavior can be observed

at their low frequency range. While flexible behavior is

expected if any of their flexible modes is excited. Moreover,

at certain frequencies some lumped masses of the flexible

multi-degree-of-freedom system are not moving at all. There-

fore, system flexibility makes it possible to minimize number

of coordinates describing the motion of the system, which in

turn implies the capability of eliminating number of unknown

coordinates. Consequently, the coupled disturbance signal

is simplified as many unknown coordinates are dropped at

these particular frequencies, namely natural frequencies of

the system.

In this paper, Actuator variables are measured and used

to estimate disturbances. Then reflected load from the plant

to the actuator is decoupled out of this disturbance. A low

pass or notch filter is then designed to excite certain modes of

the flexible plant to estimate its uniform parameters. Flexible

motion of the system is then observed by a chain of recursive

observer that depends on the estimated reflected load along

with the estimated parameters. Eventually, the previous es-

timated dynamics are used to extract the externally applied

forces on the plant from the disturbance signal.

This paper is organized as follows, velocity and distur-

bances are estimated then reflected load from the plant is

decoupled In section II. Plant dynamics and externally ap-

plied torques due to system interaction with the environment

are included in section III. Eventually, section IV includes

the experimental results along with conclusions and final



remarks.

II. SENSORLESS ESTIMATION ALGORITHM

The following estimation process is based on two mea-

surement from the actuator. Namely, actuator current and

velocity, that are required to be measured along with the

knowledge of actuator’s nominal parameters. The process

can be implemented on both distributed and lumped flexible

systems, this paper is concerned with the later however

the next subsection presents a sensorless method to control

forces at the end of a flexible cantilever beam that can be

used in micromanipulation processes.

A. Distributed Flexible Systems

Flexible beam is modeled using the following partial

differential equation

EIyxxxx + cyt +ρAytt = f (x, t) (1)

where E, I, ρ , A and c are modulus of elasticity, Inertia,

density, cross section area and damping coefficient of the

beam respectively. f (x, t) is the external applied force while

y(x, t) is the beam’s lateral displacement. The flexible beam

is subjected to bending moment that can be expressed as

M(x, t) = EIyxx (2)

therefore M(x, t) can be shown to be

M(x, t) =
1

2
[ f (x, t)− cyt −ρAytt ]x

2 + c1x+ c2 (3)

where c1 and c2 are integration constants that depends on

the beam’s boundary conditions, this bending moment is

equivalent to a twisting torque on the actuator. Therefore,

the actuator’s mechanical equation of motion is

Jmθ̈m +Bθ̇m = imkt +M(x, t) (4)

the previous equation along with (3) indicate that beams

dynamics in the motion level yt , in the acceleration level ytt ,

beam’s damping coefficient c and externally applied force

f (x, t) are reflected on the actuator side through the coupled

term M(x, t). Considering the variation in the actuator’s

inertia Jm and torque constant kt , 4 can be rewritten as

(Jmo +ΔJm)θ̈m +Bθ̇m = (kto +Δkt)im +M(x, t) (5)

rearranging the terms

Jmoθ̈m = ktoim +M(x, t)−ΔJmθ̈m +Δkt im −Bθ̇m (6)

where Jmo and kto are the nominal actuator inertia and

torque constant, while ΔJm and Δkt are the variation between

nominal and actual actuator’s inertia and torque constant. The

last four terms of the right hand side of (6) can be considered

as disturbance on the actuator

d = M(x, t)−ΔJmθ̈m +Δkt im −Bθ̇m (7)

that can be estimated through a first order low pass filter as

follows

d̂ =
gdist

s+gdist

[gdistJmoθ̇m + ktoim]−gdistJmoθ̇m (8)

where gdist is the low pass filter corner frequency or the pos-

itive observer gain. Replacing the actual with the estimated

disturbance (7) can be written as follows

M̂(x, t) = d̂ +ΔJmθ̈m −Δkt im +Bθ̇m (9)

where M̂(x, t) is the bending moment estimate. In order to

determine M̂(x, t) from (9) the last three terms have to be

determined to decouple the bending moment out of the total

disturbance d̂. They are inherent properties of the actuator

therefore they can be determined by an off line parameter

identification experiment that is explained in the following

sections. Using (2) along with the bending moment estimate

of (9) we can show the following equation for a beam with

a fixed end boundary condition

ŷ(x, t) =
1

EI
[M̂(x, t)(

x2

2
− lx+

l2

2
)] (10)

where ŷ(x, t) is the estimate of the beam’s lateral dis-

placement, l is beam’s length. Equation (10) represent a

position observer for any point x on the beam that can be

obtained without taking any measurement from the flexible

beam. Consequently, beam dynamics in both acceleration and

velocity levels can be obtained by proper differentiation of

(10) that is valid when the beam’s tip interacts with the

environment. In other words, (10) is valid for a fixed end

beam’s boundary condition that is perfectly suitable for an

application such as micro manipulation of micro objects and

biological cells, where a cantilever beam is used to orient

these objects. Clearly, as soon as the cantilever interacts with

the environment, the free end turns into fixed end boundary

condition. Therefore, (10) can be used to estimate dynamics

on configuration level, then acceleration can be obtained and

used to estimate the interaction forces at the beam’s tip.

B. Lumped flexible Systems

1) Disturbance estimation: The actuator’s mechanical

equation of motion when its connected to a multi-degree-

of-freedom flexible system with n degrees of freedom is

(Jmo +�Jm)θ̈m = (kto +�kt)im − τre f (11)

τre f � B(θ̇m − θ̇1)− k(θm −θ1)− fc

re-arranging the terms and neglecting the coulomb friction

fc

Jmoθ̈m = ktoim − τre f −�Jmθ̈m +�kt im (12)

Where, �Jmθ̈m and �kt im are the actuator’s varied self-

inertia torque and actuator’s torque ripple. Therefore, the

disturbance on the actuator side is

d = −τre f −�Jmθ̈m +�kt im︸ ︷︷ ︸ (13)

which indicates that disturbance on the actuator side is

composed of two components. The last two terms of the right

hand side of (13) represents the first disturbance component

that is related to the actuator parameters’s variations. While

the second disturbance component τre f is due to the attached

system to this actuator. Therefore, disturbance d has to be



estimated then reflected torque load has to be decoupled out

of it.

From (11) disturbance d can be computed as follows

d = Jmo

d2θm

dt2
− ktoim (14)

or estimated through a low pass with a corner frequency gdist

[6]

d̂ =
gdist

s+gdist

[Jmoθ̈m − imkto] (15)

Therefore, the estimation error is

d̃ = d̂ −d (16)

introducing (14) and (15) into (16)

d̃ = [Jmoθ̈m − imkto]
gdist

s+gdist

− Jmθ̈m + imkt (17)

multiplying (15) by (s + gdist) and making the following

definition

ξ � gdist�Jθ̈m − sJmθ̈m +gkt im + simkt

we obtain the following differential equation

d

dt
d̃ +gdist d̃ = ξ (18)

which describes the estimation error dynamics and has the

following solution

d̃(t) = e−gdist t

∫ t

o
egdist τ ξ (τ) dτ + ce−gdist t (19)

Therefore, the estimation error will exponentially decay

and changing the observer gain controls the speed of the

estimation convergence.

t �−→ ∞ =⇒ d̃ �−→ 0

d̃ �−→ 0 =⇒ d̂ �−→ d

The direct differentiation of the velocity signal can be

avoided by using the following observer configuration to

keep the noise amplification level as low as possible [2]-[5].

d̂ =
gdist

s+gdist

[Jmoθ̇m + ktoim]−gdistJmoθ̇m (20)

2) Torque load decoupling: Disturbance estimate ob-

tained using (13), can be written as follows

τ̂re f = −d̂ −�Jmθ̈m +�kt im︸ ︷︷ ︸ (21)

which indicates that in order to decouple the reflected load

τ̂re f out of the estimated disturbance, the self varied-inertia

torque and actuator’s torque ripple have to be determined

first. Hence, variation between the actual and nominal ac-

tuator’s parameters are inherent properties of the actuator.

In other words, they are independent to the plant connected

with the actuator. Therefore, they can be estimated from the

unloaded actuator and in this case the reflected torque wave

is eliminated from equation (11).

(Jmo +�Jm)θ̈m +Bθ̇m = (kto +�kt)im (22)

Jmoθ̈m = ktoim +dpar (23)

where dpar is the actuator’s parameters variation disturbance

dpar = �kt im −�Jmθ̈m −Bθ̇m (24)

that can be estimated using the actuator’s current and velocity

through a low pass filter as follows

d̂par =
gdist

s+gdist

[Jmoθ̇m + imkto]−gdistJmoθ̇m (25)

equation (24) becomes

d̂ par = −B θ̇ m +�kto im −�Jm θ̈ m (26)

where, d̂ par is the estimated parameters’s disturbance vector

data point, while θ̇ m, θ̈ m and im are data points vectors of
actuator’s velocity, acceleration and current. Putting (26) in
the following matrix form

[
�kt −B −�Jm

]⎡
⎣ im

θ̇ m

θ̈ m

⎤
⎦

3×m

=
[

d̂par

]
(27)

where m is the number of data points of each vector.

H �

⎡
⎣ im

θ̇ m

θ̈ m

⎤
⎦

3×m

Data matrix H can be obtained from the actuator side by measuring
it’s current and estimating it’s velocity and acceleration. Indeed,
obtaining the acceleration signal will result in high amplification of
the noise level. However, an appropriate differentiation techniques
can be used in this level [10].

Equation (27) represents an over determined system, and it’s
solution has to minimize norm square of errors to obtain optimum

values of �̂kt and �̂Jm.[
�̂kt −B̂ −�̂Jm

]
= H†

[
d̂par

]
(28)

where H† is the pseudo-inverse of H. �̂kt and �̂Jm are the
estimated actuator’s torque ripple and varied self-inertia torque,
respectively.

Rewriting (21) and replacing the actual parameter variations with
the estimated ones, we get the estimated reflected torque load as
follows

τ̂re f = �̂kt im −�̂Jm θ̈m − d̂ (29)

The direct differentiation of the velocity signal can be avoided by
using the following observer’s structure

τ̂re f = G(s)[im�̂kt − d̂ +gre f �̂Jmθ̇m]−gre f �̂Jmθ̇m (30)

G(s) =
gre f

s+gre f

where gre f is reflected torque observer’s constant gain.
3) Parameters estimation: Since system’s stiffness and damp-

ing are inherent properties of the system. In other words, they are
independent of the external applied torques. We assume that flexible
system is free from external torques. Therefore, (11) can be written
as

τ̂re f =
n

∑
i=1

Jiθ̈i = B(θ̇m − θ̇1)+ k(θm −θ1) (31)

This assumption is made to determine the system parameters
through an off-line experiment. Then, the estimated parameters
along with the estimated dynamics will be used in order to estimate
the external torques/forces. However, determination of the system’s
uniform parameters k and B from (31) requires measuring the
first mass’s position. Surprisingly enough that if system’s flexible



modes are not excited, a single generalized coordinate is enough
to describe motion of the flexible system that is no longer flexible.
Therefore, we can write

θ1(t) = θ2(t) = θ3(t) = . . . = θn(t) = θ(t) (32)

this equality is valid if and only if the control input is filtered such
that it contains zero energy at the system’s resonance frequencies
[12] or Fourier synthesized to guarantee that its frequency content
at the system’s resonances is zero. Moreover, shaping the input
by this way makes it possible to estimate the rigid motion of the
flexible system by the following equation

θ̂(t) =
1

∑n
i=1 Ji

∫ t

o

∫ t

o
τ̂re f dτdτ + c1t + c2 (33)

where θ̂(t) is the rigid motion position estimate. equation (33) is
only valid through a narrow region of the flexible system’s fre-
quency range. Therefore, within this frequency range the parameters
estimation process has to be performed.

Rewriting (31) and using θ̂(t) instead of θ1(t)

τ̂re f = B(θ̇m − ̂̇θ)+ k(θm − θ̂) (34)

then defining

ξ � (θm − θ̂) , η � (θ̇m − ̂̇θ)

where ξ and η are vectors of data points, Similarly, τ̂re f is the
estimated reflected torque data point vector, rewriting (34) in the
following matrix form

[
ξ η

]
n×2

[
k
B

]
2×1

=
[

τ̂re f

]
n×1

(35)

G �
[

ξ η
]

solving (35) for the system parameters vector we obtain

[
k̂

B̂

]
= G†

[
τ̂re f

]
(36)

Where G† is the pseudo inverse of G. k̂ and B̂ are the estimates
of the system’s uniform stiffness and damping coefficients, re-
spectively. The previous procedure is considered as an off-line
parameters estimation experiment that is performed in a certain
system’s frequency range to estimate flexible system’s uniform
stiffness and damping.

III. EXTERNAL TORQUE ESTIMATION

In the presence of externally applied torque due to system
interaction with the environment, (31) can be rewritten as follows

τ̂re f =
n

∑
i=1

Jiθ̈i −
n

∑
i=1

τexti (37)

where, τexti is the externally applied torque on the ith lumped mass.
Therefore, in order to extract the interaction torque information
from (37), acceleration level dynamics of the flexible plant have to
be available.

A. Sensorless States Estimation

Equation (33) is valid in narrow region of the system’s frequency
range. In addition, it estimates the motion of the flexible system
when its rigidly behaving. Therefore, (33) is not enough to estimate
the flexible system’s motion, where the amplitude ratios between
the masses are no longer unity and masses are no longer in phase.

Recalling (31) and replacing the actual parameters with the
estimated ones, we obtain the following differential equation

B̂θ̇1 + k̂θ1 = B̂θ̇o + k̂θo − τ̂re f (38)

solving the first order differential equation for θ1(t) that can be

denoted as θ̂1(t) since it depends on observed variable τ̂re f and

estimated parameters k̂ and B̂.

θ̂1(t) = e
− B̂

k̂
t
∫ t

o
βe

B̂

k̂
τ
dτ + e

− B̂

k̂
t
c1 (39)

β �
α

B̂
, α � B̂ θ̇o + k̂ θo − τ̂re f

θ̂1(t) is the position estimate of the first mass and (39) is valid
through the entire system’s frequency range regardless to the
frequency content of the forcing function.

Recalling the first flexible system’s equation of motion and
replacing the first mass position with its estimate we obtain

B̂ θ̇2 + k̂ θ2 = J1
̂̈θ 1 − B̂(θ̇o −

̂̇θ 1)− k̂(θo −θ1)+ B̂ ̂̇θ 1 + k̂ θ̂1 (40)

solving for θ̂2(t) we obtain

θ̂2(t) = e
− k̂

B̂
t
∫ t

o
ζ e

k̂

B̂
τ
dτ + e

− B̂

k̂
t
c2 (41)

ζ �
γ

B̂
, γ � J1

̂̈θ 1 − B̂(θ̇o −
̂̇θ 1)− k̂(θo −θ1)+ B̂ ̂̇θ 1 + k̂ θ̂1

In general, the position estimate of the ith lumped mass is

θ̂i(t) = e
− k̂

B̂
t
∫ t

o
Ω e

k̂

B̂
τ
dτ + e

− B̂

k̂
t
ci (42)

Ω �
Ψ

B̂
, Ψ � g(Ji−1, θ̂i−1,

̂̇θ i−1,
̂̈θ i−1, k̂, B̂)

Equations1 (42) can be considered as a set of position observers
that are recursively estimating positions of system’s lumped masses.
Surprisingly enough that if a proper differentiation technique [10]
is used, dynamics in both velocity and acceleration levels can be
obtained without taking any measurement from the flexible plant.

B. Compensation Function

Its obvious that each state observer (42) includes an integrator
to compute estimate of each lumped mass position. The integration
process however will magnify any initial error with time, results
in divergence of the estimates from the actual values. Therefore, a
compensation function is added to prevent accumulation of error
during the integration process.

Assuming that we have a plant with the following structure

Jmθ̈(t) = im(t)kt (43)

where Jm and kt are plant parameters, while im(t) is a time varying
signal. Solving for θm(t) we obtain

θm(t) =

∫ t f

to

∫ t f

to

kt

Jm
im(τ) dτ dτ (44)

1These recursive equations are estimating position of each lumped mass
but they do not guarantee the convergence of the estimates to the actual
values, however the compensation function presented in the section B can
be used to prevent divergence of the estimated states.
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Fig. 1. Error Compensation Results

which cannot be used to compute the signal θm(t) as the single
or double integration action will accumulate any initial error with
time . Fig.1.a illustrates the divergence of θm(t) from the actual one
due to the double integration action of (44), making the following
definition

Γ �
kt

Jm

where Γ represents the parameter ratio

Γ = Γo +ΔΓ (45)

Γo is the actual parameters ratio, while ΔΓ is the deviation from
the this ratio. The double integration action acts on the product of
the constant ΔΓ with the time varying signal im(τ) results on the
divergence illustrated in Fig.1.a. No matter how small the initial
error ΔΓ is, multiplication with a time varying signal along with
the integration will definitely results in a divergence of the position
estimate.

Indeed, estimating some states and proving their convergence
to the actual values requires taking some measurements from the
system to be used as basis of the estimation process, however
this work attempts to keep the plant free from any measurement.
Therefore, the single integration action of (42) is investigated to
demonstrate whether it can be used as an observer. Using the
linearity principle of integration, (44) can be rewritten as follows

θm(t) =
∫ t f

to

∫ t f

to

Γo im(τ)dτdτ +
∫ t f

to

∫ t f

to

ΔΓ im(τ)dτdτ (46)

where the second term of (46) is the accumulated error. Surprisingly
enough that this term is mainly depending on the time varying
signal. In other words, the time varying signal has the largest
contribution on the accumulated error unlike the constant ΔΓ that
indicates the difference between the actual and nominal parameters.
Introducing the following compensation function

�(t) = Λ

∫ t f

to

∫ t f

to

im(τ)dτdτ (47)

where, Λ is an uncertainty factor that depends on the closeness of
the actual and nominal parameters. In other words, if the system
parameters are already known beforehand, then Λ = 0. The actuator
position estimate can be obtained using the following formula

θ̂m(t) =
∫ t f

to

∫ t f

to

Γ im(τ)dτdτ −�(t) (48)

Fig.1.b-c illustrates the result of (48). It turns out that the com-
pensation function eliminates the divergence of the estimate from

the actual value2, however there exists a steady state error in the
final response. Fig.2 illustrates the block diagram implementation
of (48).

Fig. 2. Double integration with compensating function

C. External Torque Estimation

Fig. 3. Overall Torque estimation scheme

Since the flexible system’s dynamics can be estimated using (42)
along with the reflected torque load (21) , equation (37) can be used
in order to estimate the externally applied torques due to system’s
interaction with the environment as follows.

τ̂ext =
n

∑
i=1

Ji
̂̈θ i − τ̂re f (49)

Where τ̂ext is the estimate of the external applied torques on the
plant.

The sensorless torque estimation process is illustrated in Fig.3.
Indeed, the word ’Sensorless’ is not precise, since one must sense
or measure some variable to obtain some information as a basis
of estimating the unknown variables. In this context the word
’sensorless’ refers to the flexible plant that is kept free from any
measurement and only two measurement are required from the
actuators side as shown in Fig.3. Where actuator’s current and

2It is important to emphasize that convergence of the estimated values to
the actual values are not possible due to the open loop kind of structure,
however the compensating function prevents the divergence of the estimates.
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Fig. 4. External torque estimation

TABLE I

EXPERIMENTAL PARAMETERS

Parameter Value Parameter Value

J1 5152.9 gcm2 J3 6192.7 gcm2

J2 5152.9 gcm2 f1 1 rad/sec
f2 2 rad/sec f3 3 rad/sec
f4 4 rad/sec kto 40.6 mNm/A

kb 235 rpm/v Jmo 209 gcm2

gdist 100 rad/sec gl p f 100 rad/sec

velocity are measured and used to estimate the total disturbance,
then the reflected torque wave is decoupled out of this disturbance
and used as an input for a chain of flexible motion observers that
provide (42) with the necessary entries to estimate the external
torque. The previous procedure requires performing a couple of
off-line experiments based on actuator’s current and velocity. The
first experiment is performed to estimate the parameters variation
disturbance in order to decouple the reflected torque load out of
the total disturbance, while the second experiment is performed in
order to estimate the system’s uniform parameters.

D. Experimental Results

Estimating the external torque applied on the flexible system
using (49) requires estimating the flexible system’s dynamics and
estimate of the reflected torque wave. Experimentally a sinusoidal
torque disturbance is added to the flexible system and simply
measured and compared with the estimated one. Experimental
parameters are included in Table.I. The frequency of the externally
applied sinusoidal torque was varied between 1-5 rad/sec. Fig.4-
a shows the estimated and actual torque of 2 rad/sec frequency,
while Fig.4-c illustrates the same result when the external torque’s
frequency is 4 rad/sec.

IV. CONCLUSION

This paper introduces an algorithm for estimating the externally
applied disturbance due to flexible system’s interaction with the
environment and consequently controlling torques at system’s task
space without using any force sensor.

The proposed algorithm is treating the disturbances and system’s
flexibility differently. Disturbance is not only used as a step toward
accomplishment of robust motion control system but treated as

coupled signal that contains information about system’s parameters,
dynamics and external forces/torques. In addition, flexibility is
treated as an efficient tool by shaping the control input to obtain
certain behavior of the multi-degree-of-freedom system. In other
words, making it possible to minimize number of generalized-
coordinates describing flexible system’s motion, that in turn makes
it possible to determine system parameters easier as too many
unknowns are dropped.

The reflected mechanical waves are decoupled out of the total
disturbance and proved to contain enough information about the
dynamical system. Then, system is rigidly excited with a pre-filtered
control input to estimate system’s rigid motion. Moreover, rigid
system’s position is used along with reflected torque wave estimate
to estimate the uniform system’s stiffness and damping with less
than 5 percent error when compared with the actual parameters that
are known before hand. Then, the estimated parameters are used
along with the reflected mechanical waves and actuator parameters
to design a chain of flexible motion observers that are recursively
estimating flexible motion of each lumped mass of the system.
Proper differentiation of the position estimates makes all system’s
dynamics available. Eventually, the estimated dynamics along with
the reflected torque waves are used to estimate the externally applied
torque. Experimental results show the validity of the algorithm
that can be used in order to accomplish a sensorless force control
assignments.
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