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This study presents a cost-eﬀective sensorless whole-body compliance control strategy for collaborative manipulator. The control
strategy realizes decoupled adjustable compliant eﬀects, namely, stiﬀness, damping, and inertia controls, under a single control
framework. The inherent position controller is retained, which ensures a smooth transition between normal position operation
and compliance control. The two features can greatly simplify the customization of collaborative manipulator control algorithms.
A modiﬁed sensorless disturbance observer based on generalized momentum is used to estimate the external torque, and this way
eliminates the dependence on the force/torque sensors. Only basic motor position sensors are required. The compliant trajectory
generated by the external torque is suﬃciently smooth owing to the haptic ﬁlter. Various experiments prove that the modiﬁed
sensorless disturbance observer is eﬀective. The necessity of using the position servo loop for sensorless compliance control is
discussed through a comparative experiment. The proposed compliance control strategy is further veriﬁed using sensorless and
sensor-based disturbance observers.

1. Introduction
The application of robot manipulators outside the traditional
industrial ﬁeld has been increasing rapidly in the past few
decades. The manipulators are required to interact with the
changing environment and human in many conditions.
Meanwhile, the compliance eﬀects have gradually shifted
from local compliance (only end-eﬀector sensitive), such as
polishing [1] and teaching [2, 3], to whole-body compliance
(sensitive at any location of the manipulator), such as
physical collision reaction [4] and collision reaction [5].
Many newly developed collaborative manipulator products
are equipped with whole-body physical interaction capability, such as KUKA iiwa, Universal Robots, and YUMI.
Some research adds passive elastic mechanical structure
such as series elastic actuator into robot manipulator [6, 7] to
realize compliant interaction, but this way complicates the
design of the manipulator. Some researchers achieve good
physical interaction performance by using various torque/
force sensors, such as joint torque sensors [8], tactile skin [9],
force-sensitive end eﬀector [10], and inertial measurement

unit [11]. However, the cost of hardware increases at the
same time. Therefore, the research on sensorless whole-body
compliance control is important in developing a costeﬀective collaborative manipulator.
External force feedback is essential for compliance
control. The motor current also couples with external force
information when no sensors are used. An external force
estimator based on disturbance observer is proposed in [12].
An estimation method that compares actual force calculated
by the dynamics model with demanded force is proposed in
[13]. The two methods eliminate the dependence on sensors
but utilize joint acceleration signal that results in great noise.
A real-time sensorless external torque estimator based on
momentum observer was proposed by de Luca in [14] and
proven in [15]. Fast and accurate joint space external
torque estimation is realized only by torque command and
joint velocity, without using acceleration signals. Kalman
ﬁlter is combined with the momentum observer to estimate
Cartesian external force in [16, 17]. The momentum observer and its variants have been veriﬁed in considerable
literature [18–21].

2
The study on compliance control has received considerable attention. Active compliance control is an eﬀective
way to realize interaction function while keeping the mechanical modiﬁcation of manipulator at the lowest level.
Impedance control proposed by Hogan is a classical algorithm to achieve compliance behavior [22]. Compared with
other traditional control algorithms, such as hybrid force/
position control [23, 24], and parallel force/position control
[25], impedance control has better robustness and does not
require force measurement [26]. The controller receives
position and outputs force. Applying force controller brings
inconvenience in that the force controller is not always
supported on manipulator products [27]. Admittance
control considered as the inverse of impedance control
converts external force into motion. Impedance control is
realized while the low-level position controller is retained. In
[28], momentum observer is combined with admittance
control on a dual-arm robot to achieve sensorless compliance behavior. An adaptive neural network controller is used
as low-level controller. In [29], a sensorless adaptive admittance controller is designed for industrial robots. The
inherent low-level position controller is sustained, which
helps the manipulator keep a consistent control structure
with normal trajectory tasks. Other control methods such as
sliding mode control techniques [30] and neural-networkbased adaptive control techniques [31] have been proposed
by mainly focusing on the model uncertainties. A new integral sliding mode control strategy that can completely
reject matched perturbation while not amplifying the unmatched one is proposed in [32]. This approach has a great
potential in model uncertainty rejection.
Admittance control aims to control the impedance between the robot and the environment. Impedance consists of
stiﬀness, damping, and inertia in general. Most studies on
compliance control have applied second-order impedance
that includes all three eﬀects [28, 33–35]. The dynamics of
the robot system can be manipulated at combined target
stiﬀness, damping, and inertia eﬀects. Other research on
ﬁrst-order impedance regarded as damping control (accommodation control) with stiﬀness and damping eﬀects
can be found in [36, 37]. Zero-order impedance regarded as
stiﬀness control with only stiﬀness eﬀect is studied in [38],
and it mostly aims at various stiﬀness controls. Pure
damping control and inertia control (only damping or inertia is considered) have rarely been studied [27]. However,
the two control methods have a great potential in physical
interaction. As the inertia eﬀect relates force and acceleration, pure inertia control makes the manipulator a ﬂoating
mass body, which has a great potential in physical interaction, such as contact and collision simulation under zerogravity environment or aerospace noncooperative target
capturing [39]. Pure damping control can quantiﬁcationally
regulate velocity according to the contact force, which is
helpful in precise velocity control during hands-on manipulation. Notably, a multifunctional compliance controller under admittance control structure can be realized
using diﬀerent components of the impedance.
On the basis of the idea discussed above, a cost-eﬀective
compliance control method for collaborative manipulators
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is proposed in this study. The strategy realizes three wholebody compliance control eﬀects, namely, stiﬀness, damping,
and inertia controls, under admittance control structure.
The joints are approximated to quantiﬁcationally adjustable
torsion spring, rotary damper, or rotary inertia. Only motor
position sensors are required for acquisition of the joint
space external torque owing to the momentum observer. No
extra force/torque sensors are needed. A haptic feature ﬁlter
is introduced to provide a smoother interaction experience
and judge the convergence speed of the compliance controller. The control algorithm is studied in simulation environment and on a 2-DOF manipulator.
The rest of the paper is organized as follows. Section 2
discusses the whole control strategy, including design of
sensorless momentum observer and the design and analysis
of the stiﬀness, damping, and inertia control algorithm.
Section 3 proposes a simulation analysis of the compliance
control strategy. Section 4 describes the veriﬁcation results
of sensorless and sensor-based momentum observer, as well
as the proposed compliance control strategy. The defect of
using torque controller for sensorless compliance control is
also discussed. Conclusions and brief discussion of implementation complexity are presented in Section 5.

2. Compliance Control Strategy
2.1. Framework of Control Strategy. As shown in Figure 1,
the general control strategy is to map estimated external
torque onto trajectory command without changing the inherent position controller. However, unlike traditional admittance control, the external contact force is not directly
used to generate reference trajectory. Instead, we introduce a
haptic ﬁlter to smoothen the estimated external torque ﬁrst.
Then, we map the ﬁltered torque to the desired joint position, velocity, and acceleration features. After that, the
reference trajectory commands are generated. In this way,
the aforementioned spring, damper, and inertia haptic
features can be achieved, respectively, through three control
modes named stiﬀness, damping, and inertia controls. The
manipulators can be abstracted as a series of torsion springs,
dampers, and masses. Therefore, an appropriate design of
the ﬁlter structure is required to represent the control eﬀects
and ease their tuning according to actual demands.
The joint space external torque is estimated by momentum observer, which ensures the global sensitivity of the
robot manipulator. The active joint torque, which is an input
of the momentum observer, can be obtained by using either
torque sensors or motor current commands. Therefore, the
compliance control strategy can be realized in either way.
2.2. Estimation of Joint Space External Torque. Sensorless
estimation of joint space external torque is proposed based
on the momentum observer in the previous work of De Luca
et al. [14, 15]. The momentum observer is modiﬁed using
complete arm-plus-actuator dynamics in this study.
2.2.1. Dynamics Modeling with Actuator Dynamics. We
consider the serial manipulator with n rigid joints and deﬁne
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Figure 1: Sensorless compliance control strategy based on position controller. qd , q_ d , q€d are the desired joint position, velocity, and
acceleration, qr is the reference trajectory, ic is the current command, qa , q_ a are the actual joint position and velocity, τtf is the total friction
compensation term, τm is the motor-side torque obtained from current command, and τext , τext are the actual value and the estimation of
external torque.

n-dimensional vector q as link-side position. The link-side
dynamics of the manipulator can be written as
_ q_ + g(q) + Vq_ + f � t + τext � τtot , (1)
M(q)q€ + C(q, q)
where M(q) is the symmetric positive deﬁnite inertia matrix,
_ is the Coriolis and centrifugal term, g(q) is the
C(q, q)
gravity term, and Vq_ + f is the link-side friction including
viscous term Vn×n q_ and Coulomb term f, where Vn×n is the
diagonal matrix of viscous friction coeﬃcient. On the right
side of the equation, τtot is the total active torque vector
acting on the manipulator including the driving torque term
τ and the external torque term τext .
Most manipulator joints are equipped with harmonic
reducer. The reducer magniﬁes motor torque and motorside inertia, and friction between link and motor side is

introduced, as shown in Figure 2. The dynamics of motor
side can be described as
Jm €θ + Vm θ_ + f m + H− 1 τ � τm ,

where H is an n × n diagonal matrix of the reduction ratio,
Jm represents the inertia of motor rotor and wave generator
in harmonic drive, τ m is the motor torque, Vm θ_ + f m is the
motor-side friction including viscous and Coulomb terms,
Vm is an n × n diagonal matrix of motor side viscous friction
coeﬃcient, and θ is the motor-side position vector:
θ � Hq.

(3)

The dynamics considering actuator dynamics can be
modeled as follows:

2
_ q_ + g(q) + V + H2 Vm θ_ + f + Hf m  � Hτm + τext .
M(q) + H Jm q€ + C(q, q)

Remark 1. Reason of considering actuator dynamics. External contact information is transmitted to motor current
through the reducer, which adds interference information.
The inﬂuence of the reducer in active control and back driving
is diﬀerent. In active control, joint motor torque does work to
the manipulator and the environment, and the actuator is the
motor. At this time, the reduction ratio H reduces the inertia
and viscous friction of the system and plays a positive role in
the active control. For back driving, however, the external
force does work on the manipulator. The eﬀect of actuator
dynamics is ampliﬁed when the external force acts as the
driving force. As shown in the system dynamics (4), the motor

(2)

(4)

inertia Jm and motor-side viscous friction Vm θ_ are ampliﬁed
by squared reduction ratio, and motor-side Coulomb friction
f m is also ampliﬁed. The inﬂuence is greater when the reduction ration is larger. Therefore, if motor current command
is used for estimating external torque, then the inﬂuence of
actuator dynamics cannot be ignored, especially for the
manipulator with high reduction ratio.
2.2.2. Momentum Observer Based on Current Command.
The generalized momentum of the manipulator is deﬁned as
_
p(t) � M(q)q.

(5)

Here, we deﬁne the n-dimensional system inertia
matrix as
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Figure 2: Robot joint with harmonic reducer.

(6)
B(q) � M(q) + H2 Jm .
The generalized momentum involved total system inertia
comes to
_
pB (t) � B(q)q.
(7)
The motor torque τ m is associated with motor current;
that is,
τm � k τ i m ,

(8)

where kτ is an n × n diagonal matrix of motor torque
constant and im indicates the motor current. However, the
motor current is usually diﬃcult to measure and ﬁlter.
Fortunately, the performance of current loop of commercial
drivers can be suﬃciently accurate that the actual motor
current can be replaced by the motor torque command
generated by the servo algorithm. That is,
im � cA ic ,

(9)

where ic is the current command vector given by the controller and cA is an n × n diagonal matrix of the scale factor
between the controller and the servo driver. The current
command is often mixed with considerable noise. Therefore,
real-time ﬁltered current command ic is used. From the
above, the motor torque is obtained by
τm � kτ cAic .

(10)

The total friction term is represented by
τtf � V + H2 Vm θ_ + f + Hf m .

(11)

The n-dimensional residual vector r of momentum
observer deﬁned in previous research [14, 15] is modiﬁed as
r(t) � KI ΔpB − Hkτ cAic + CT qa , q_ a q_ a − g qa  − τtf + rdt,

feedback is actually required; no more force/torque sensors
are needed. According to the skew symmetry of
M(qa ) − C(qa , q_ a ), we can derive that
_ qa  � C qa , q_ a  + CT qa , q_ a .
M

(13)

Using (4)–(6) and (13), the derivative of pB (t) is
p_ B � CT qa , q_ a q_ a + Hτm + τext − g qa  − τtf .

(14)

With (14), the dynamics of r is
r_ � KI τext − KIr.

(15)

The Laplace transformation of (15) for each joint is
ri �

KiI
s + KiI

τ iext ,

i ∈ {1, . . . , n}.

(16)

Therefore, the vector r is essentially a ﬁrst-order ﬁltering
of external disturbance on each joint. When the gain KI is as
large as possible, the residual approaches the external torque
as
r ≈ τext ⇒τext � r.

(17)

For manipulators equipped with joint-side torque sensors, the actuator dynamics need not be considered given
that external information is directly detected by the sensors.
With direct access to link side torque τ, the momentum
observer becomes
r � KI Δp − τ + CT qa , q_ a q_ a − g qa  + rdt.

(18)

This method involving torque sensors is also suitable for
our control framework. However, it is used in our experiments as the comparison with sensorless method to evaluate
the performance of sensorless control strategy.

(12)
where ΔpB � pB (t) − pB (0), and KI is a diagonal gain
matrix. The momentum observer (12) only needs motor-side
information including actual joint position qa , joint velocity
q_ a , and current command ic . Only a basic motor position

2.3. Design of Compliance Control Algorithm
2.3.1. Methodology. The three haptic features essentially
abstract three physical models into control eﬀect. For a
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rotatory joint, the haptic features become the torsional
spring with stiﬀness k, the rotational damper d, and the
moment of inertia J. The physical properties are

determine the relationships between applied disturbance
torque and joint angular displacement, velocity, or acceleration, respectively.

τ � kΔq,
_
τ � dq,

(19)

τ � J€q.
Inspired by equation (19), three control algorithms map
the joint external torque onto desired joint position, joint
velocity, and joint acceleration to generate reference trajectory, as shown in Figure 1. The mapping algorithms can
be written as
Δqd � P(s) τ ext ,
q_ d � Q(s) τ ext ,

(20)

qd � R(s) τ ext ,
where P(s), Q(s), R(s) are three ﬁlters called haptic ﬁlters.
τ ext is the observed external torque, and Δqd , q_ d , €qd are the
desired trajectory characteristics.
Position servo control system of manipulators has been
well developed today. Most of the commercial drivers can
conduct accurate real-time trajectory tracking. At this point,
we assume that the low-level position controller of the
manipulator has a perfect performance which leads to a
negligible error of trajectory tracking. Thus, the actual
trajectory is equivalent to the reference trajectory. That is,
q a � qr ,
q_ a � q_ r ,

(21)

€qa � €qr ,
where qa , q_ a , €qa are the actual trajectories.
The external disturbance torque is obtained by the
momentum observer in Section 2.2. On the basis of former
research [40], we assume the observing error is negligible.
The observed disturbance torque can be considered the real
disturbance torque. That is,
τ ext � τ ext ,

(22)

where τ ext represents the real disturbance torque arising
from external contacts. Therefore, the mapping algorithm
comes to
Δqd � P(s)τ ext ,
q_ d � Q(s)τ ext ,

(23)

€qd � R(s)τ ext .
Therefore, the haptic ﬁlters represent the relationship
between actual disturbance and trajectory.
In physical models, the three characteristics are constant;
if the amplitude and phase frequency characteristics of
P(s), Q(s), R(s) are close to those of constants, then
P(s), Q(s), R(s) could be viewed as stiﬀness, damping, and
inertia. Then, we can deﬁne P(s), Q(s), R(s) as virtual rotary
stiﬀness, damping, and inertia of robot joint, which

2.3.2. Haptic Filter. The observed external torques are
coupled with considerable noise, especially when motor
current is used as the signal input. Direct mapping with a
gain will lead to vibration and discontinuity of trajectory.
Therefore, a haptic ﬁlter is introduced to ﬁlter the noise and
enhance the interaction experience. For uniformity and
simplicity of the control algorithm, three haptic ﬁlters have
the same structure as follows:
⎪
⎧
pP ω2nP
⎪
⎪
P(s)
�
K
� KP FP (s),
⎪
P
2
2
⎪
⎪
s
s
+
p
+
2ζ
ω
s
+
ω



⎪
P
P
nP
nP
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨
pQ ω2nQ
Q(s)
�
K
� KQ FQ (s),
Q
2
2
⎪
⎪
s + pQ s + 2ζ Q ωnQ s + ωnQ 
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
pR ω2nR
⎪
⎪
R(s)
�
K
� KR FR (s),
⎪
R
2
⎩
s + pR s + 2ζ R ωnR s + ω2nR 
(24)
where KP , KQ , KR are scale factors. Applying such structure
makes the generated trajectory present third-order derivative characteristic. Thus, for the worst cases, the position,
velocity, and acceleration commands are all smooth curves.
Accordingly, acceleration discontinuity will be eliminated.
The haptic ﬁlter is essentially a low-pass ﬁlter. Appropriate
bandwidth will help eliminate the noise of the observed
disturbance torque τ ext . The convergence speed of compliance controller refers to the respond speed of compliant
behavior to the external torque. Given that the low-level
position controller can achieve natural high bandwidth, the
bandwidth of haptic ﬁlter determines the convergence speed
of the desired trajectory command. Thus, the cutoﬀ frequency of the ﬁlter (24) should be set to an appropriate value
to balance the ﬁltering and the response speed. A higher
bandwidth will lead to a faster convergence speed but will
bring more noise from the external torque signals.
2.4. Compliance Control Law. Here, the single-joint control
methodology is extended to an n-DOF robot manipulator
control. We deﬁne n × n diagonal matrix of haptic ﬁlters
P, Q, R for three haptic features as
⎪
⎧
P(s) � diag K1P FP (s) K2P FP (s) · · · KnP FP (s)  � FP (s)KP ,
⎪
⎪
⎪
⎨
Q(s) � diag K1Q FQ (s) K2Q FQ (s) · · · KnQ FQ (s)  � FQ (s)KQ ,
⎪
⎪
⎪
⎪
⎩ R(s) � diag K1 F (s) K2 F (s) · · · Kn F (s)  � F (s)K .
R
R
R R
R R
R R

(25)
The parameters of FP (s), FQ (s), FR (s) are consistent for
each joint in one control method. KP , KQ , KR are diagonal
matrices of scale factors, and their components are

6

Mathematical Problems in Engineering

adjustable for each joint. By combining the haptic ﬁlter
matrix with the mapping algorithm, we have
qd � Pτext � FP (s)KP τext ,
⎪
⎧
⎪
⎨
q_ d � Qτext � FQ (s)KQ τext ,
⎪
⎪
⎩
€d � Rτext � FR (s)KR τext ,
q

(26)

where qd , q_ d , q€d represent n-dimensional desired joint
space position, velocity, and acceleration vectors. The
desired trajectory characteristics qd , q_ d , q€d are used to
generate the reference trajectory. For each joint of manipulator, we have
 
1  i 
⎪
⎧
τ i  � 1
⎪
qd ⇔τ � kΔq,
⎪


ext
⎪
i
⎪
KP |F(jω)|
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
1
1  i 
⎨  i 
τ ext  � i
q_ d ⇔τ � dq_ ,
⎪
KQ |F(jω)|
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
 
⎪
1
1  i 
⎪
 i 
⎪
⎪
⎩ τ ext  � Ki |F(jω)| €qd ⇔τ � J€q.
R

Remark 3. In stiﬀness control mode, the rigid manipulator
joint becomes elastic joint, and the joint elasticity is conﬁgurable. This mode is suitable for variable stiﬀness control
for the manipulator with rigid joints. Damping control
method makes the joint velocity proportional to joint external torque, which can be applied to physical hands-on
driving tasks. Inertia control adjusts joint acceleration
proportionally to external force. In this control mode, the
manipulator joint will keep moving in constant velocity
when no external disturbance exists. When external contact
occurs, the robot arm will accelerate in the same direction
with external force. This control scheme can be used for
dynamics simulation in aerospace such as spacecraft docking
operation.

3. Simulation of Control Strategy
i ∈ {1, . . . , n},

(27)
According to equation (27), the trajectory characteristics
of the ith joint |qid |, |q_ id |, |€
qid | are proportional to the ith
i
external torque |τ ext |. Therefore, 1/KiP |F(jω)| indicates the
virtual joint stiﬀness k of the ith joint, 1/KiQ |F(jω)| is the
virtual joint damping d, and 1/KiR |F(jω)| represents the
virtual joint inertia J. As the parameters of F(s) are set, the
virtual joint haptic features can be linearly tuned by
adjusting scale factors 1/KiP , 1/KiQ , 1/KiR , which are independent between each joint.
Remark 2. The independent adjustability of joint space
characteristics can make the adjustment of haptic features
more ﬂexible. The virtual characteristics can be distributed
to the joints in diﬀerent values. For example, the virtual
stiﬀness values of joints near robot base are set larger than
those of the other joints. This way makes the base of robot
arm harder to push, but much softer near the end-eﬀector.
Other conﬁgurations can also be set depending on the
users.
The reference trajectory qr of three control schemes is
generated by the desired trajectory characteristics qd , q_ d , q€d
as follows:
qr � qd � F(s)KP τext ,
⎪
⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨ qr � 1 q_ d � 1 F(s)KR τext ,
s2
s2
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
1
1
⎪
⎪
⎩ qr � 2 q
€d � 2 F(s)KR τext .
s
s

(28)

The observed external torque τext is devised by the
momentum observer discussed in the following section.

The control strategy is prevalidated by simulation before
conducting any experiments. A 2-DOF manipulator model
is built, and its parameters are set as in Figure 3. The control
system is built based on the control strategy in Figure 1.
During the simulation, an external force F will act along
Fext 2 and then along Fext 1 . The results of the three control
methods are presented in Figure 4. The observed external
torque and joint trajectory curves of the two joints are
plotted.
The parameters of stiﬀness feature ﬁlter P(s) are set as
follows: KP � 0.0035, p1 � 7000π, ωn � 2000π, and ζ � 0.6.
The gain of momentum observer KI � 500. External force
F � 150 N. As shown in Figure 4(a), when the manipulator
ﬁrst interacts with Fext 2 acting on link 2 during 0.5–2.5 s,
two joints detect external torque, and joint positions react
to the external torque proportionally. When the manipulator is interacting with Fext1 acting on link 1 from 3 s to 5 s,
only joint J1 detects external torque, and only joint J1
reacts. The joint positions react proportionally to joint
space external torque. The manipulator presents spring
feature and sensitivity to the external force acting on the
whole arm.
The parameters of damping feature ﬁlter Q(s) are set
diﬀerently as follows: KQ � 0.1, p1 � 1000π, ωn � 1000π,
and ζ � 0.9. The gain of momentum observer KI � 500.
External force F � 10 N. The simulation result is illustrated
in Figure 4(b). When the manipulator interacts with external
force, the joint position is nearly a ramp function with a
constant derivative. This condition means the joint velocity
is proportional to joint space external torque. The manipulator shows damper feature and global sensitivity.
The parameters of inertia feature ﬁlter R(s) are
KR � 0.003, p1 � 1000π, ωn � 1000π, and ζ � 0.9. The gain
of momentum observer KI � 500. External torque F � 10 N.
Simulation results are shown in Figure 4(c). When external
force acts on the manipulator, the joint velocity is a ramp
function and the joint position is quadratic curve, which
means the joint acceleration is a constant. As shown in the
ﬁgure of joint 1 (the upper ﬁgure of Figure 4(c)), the slope of
joint velocity curve is unsurprisingly proportional to observed external joint torque. Therefore, the joint acceleration
is nearly proportional to external torque.
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Figure 4: Continued.
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Figure 4: Simulation results of three control methods on 2-DOF robot structure. (a) Stiﬀness control, F � 150 N. (b) Damping control,
F � 10 N. (c) Inertia control, F � 10 N. The simulation results show that the compliance control strategy is eﬀective.

4. Experiments
This part took a 2-DOF robot as an example to verify the
eﬀectiveness of the control strategy. First, the design of the
experimental platform was introduced. Then, the performance of the modiﬁed momentum observer was veriﬁed.
The three control schemes would be validated by comparison experiments using sensor-based and sensorless momentum observers.
4.1. Development of Robot Experiment Platform. As shown in
Figure 5, the 2-DOF experiment platform consisted of two
typical robot joints composed of BLDC motor and harmonic
reducer. The joint position was acquired by motor-side highresolution incremental encoder and reduction ratio.
Meanwhile, joint torque sensors were also equipped on the
link side to measure actual torque for comparison experiments. The control system used a widely used commercial
controller and servo drives to ensure control performance.
The dynamics of the experiment platform was ﬁrst built
using CAD and components parameters from the manufacturers. The friction compensation was conducted as

follows. First, motor currents were recorded when the joints
move at a group of constant joint velocity. The motor-side
torque was obtained according to equation (8) and then
ampliﬁed into the driving torque by the deceleration ratio.
The measured actual torque was subtracted from driving
torque to obtain friction term. By quadratic ﬁtting the
diﬀerence values under diﬀerent velocities, the ﬁtting curves
of joint positions were obtained and ﬁnally applied to the
dynamic model. The low-level position controller was executed every 0.5 ms. The high-level control loop was executed every 4 ms. The refresh period of the momentum
observer was 1.22 ms.

4.2. Validation of Sensorless Momentum Observer. In this
part, the eﬀectiveness of the observer was veriﬁed by
comparing the estimated external torque with the actual
external torque measured by the torque sensors. Both
momentum observers based on torque sensors and current
command were validated. As shown in Figure 6(a), the
manipulator moved along a set trajectory under position
control. We deﬁned the horizontal posture as the initial
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Figure 5: Experimental platform. (a) Sectional view of a single robot joint and selected components. (b) Single joint of the platform and its
components. (c) 2-DOF rigid manipulator experiment platform equipped with high-resolution motor encoders and joint torque sensors.
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Figure 6: Experimental process for validation of (a) momentum observer in Section 4.2 and (b) compliance control in Section 4.4. A force
sensor is equipped to record human behavior. Lifting and pushing forces are positive and negative, respectively.

point, that is, (q1 , q2 )T � (0, 0)T , and upward movement was
deﬁned as positive direction. The manipulator reciprocated
along a trajectory from (0, 0)T to (π/2, −π/2)T , with a velocity of 5.8°/s for each joint. The gain for each joint was set
as K1I � K2I � 100. During the motion, the external force was
applied to the upper and lower points of the two links. The
actual external torque used for comparison was measured by
the torque sensor as follows. The joint torque with external
contact and without external torque was recorded separately
in two motion cycles. The diﬀerence between the two was the
actual external torque.
The comparison results are presented in Figure 7. For
momentum observer based on joint torque sensor (18), the
noise of joints 1 and 2 without external force were within 1
and 0.5 Nm, respectively. When external force was applied,
the estimation errors of external torque were both close to
0.3 Nm for two joints. Biases were observed in Figures 7(a)
and 7(b), and they were mainly caused by modeling errors.
For the momentum observer based on current command
(12), the tracking errors of joints 1 and 2 were within 2 and
0.5 Nm, respectively, when no contact on the robot was
considered. With external contacts, the error of observer was
approximately 20% of the actual external torque of joint 1
and 0.5 Nm of joint 2. Here, the error was mostly caused by
electrical noise and the modeling errors.
Remark 4. The results show that both methods responded
rapidly to external disturbance. The accuracy of the sensorless momentum observer was a bit lower than that of the
sensor-based method but was still suﬃciently accurate for
external torque estimation. The tracking error most likely

caused by the modeling uncertainty was within an acceptable
range. In general, the momentum observer based on current
command was proven to be eﬀective. A small sacriﬁce of
estimation accuracy brought the beneﬁt of not relying on
force/torque sensors.
A peak of observed external torque of joint 2 was found
at the moment of changing motion direction (Figure 6(a)).
The reason is the inaccuracy of the joint friction modeling at
the static point, namely, the stiction. In fact, the stiction is
related to many uncertain factors, such as robot posture,
temperature, and hysteresis. Accurate modeling is very
diﬃcult, which is beyond the scope of this research.
4.3. Limitation of Applying Sensorless Momentum Observer to
Torque Servo. During our early research, reﬂex torque reaction control [15] was investigated using the sensorless
momentum observer, and a defect was found in control
eﬀects. This method maps estimated external torque obtained by momentum observer on joint torque command
with gravity compensation, and the control law is
τcommand � g(q) + KRr,

(29)

where g is the compensation of gravity term and KR is the
scale factor diagonal matrix. In the experiment of [15], link
side torque sensor signal was assumed as commanded
torque, and good control eﬀect was achieved.
To achieve sensorless control, we reproduced the experiments of reﬂex torque control strategy, and both sensorand current-based momentum observers were utilized. As
presented in Figure 8, collision detection was triggered as
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Figure 7: Performance of momentum observer using the torque sensor ((a), (b)) and the current command ((c), (d)) on two joints. The
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Figure 8: Collision detection and physical human-robot interaction using reﬂex torque reaction control.

soon as one of the estimated joint external torque exceeds
the detection threshold. Then, operation mode was immediately switched to safe mode, namely, reﬂex torque reaction
strategy. Then, a human-robot interaction experiment in
safe mode was conducted.
The detection threshold of the sensor-based momentum
observer was set to (2.5 Nm, 0.8 Nm) which is (6.83%, 5.64%)
of the maximum output of joints 1 and 2. A higher threshold

(4.5 Nm, 2 Nm), i.e., (12.30%, 14.09%) of the maximum
output, was set to cover the noise of the current-based
observer. From the results in Figure 9, both methods successfully triggered collision detection when external contact
occurred. The detection threshold of the sensor-based
momentum observer on LWR-III was set to 10% of max
joint output [15]. Although the proposed current-based
momentum observer needed slightly higher thresholds for
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Figure 9: Results of reﬂex torque reaction. (a) Sensor-based momentum observer. (b) Sensorless momentum observer.

collision detection, the dependence of torque sensors was
eliminated.
The physical human-robot interaction experiment was
conducted after collision detection. The result in Figure 9(a)
shows that the operator experienced a smooth interaction
using the sensor-based observer. As shown in Figure 9(b),
the estimated external torque jumped as the motion direction changed when the current-based observer was applied. This condition indicates that the operator felt
discontinuous haptic feeling during the interaction. The
reason is the active motor torque and stiction were balanced
near the zero-velocity point when the robot was in current
control mode. The stiction is greater than sliding friction.
Thus, the operator needed to overcome greater friction to
transmit the interaction force to the motor side [41].
Therefore, for sensorless momentum observer, directly
reﬂecting the estimated torque on joint torque command is
not a proper strategy for physical human-robot interaction.
This shortcoming can be alleviated through our proposed
algorithm based on the idea of admittance control, which is
discussed in Section 4.4.
4.4. Validation of Compliance Control Strategy.
Compliance control methods were validated using sensorbased observer (18) and current-based observer (12). A force
sensor was equipped at the end of the manipulator to record
human behavior and external force. As shown in Figure 6(b),
the compliant behavior was triggered, and observed joint
torque and joint trajectory were recorded by pushing and
pulling the force sensor.

The parameters of the haptic ﬁlters were chosen as
pP � pQ � pR � 1000π, ωnP � ωnQ � ωnR � 1000π, and
ζ P � ζ Q � ζ R � 0.9. For stiﬀness control in Figures 10(a) and
10(d), joint scale factors were set as K1P � K2P � 1.0; for
damping control in Figures 10(b) and 10(e), the scale factors
were chosen as K1Q � K2Q � 1.0; and for inertia control in
Figures 10(c) and 10(f), the scale factors were set as
K1R � K2R � 0.3. The parameters of the momentum observer
were set as before. As shown in Figure 10, the actual joint
trajectory including joint position, velocity, and acceleration
followed joint space external torque obtained by sensor-based
momentum observer. This result indicates that the compliance control strategy is eﬀective in sensor-based and sensorless way. The ﬁlter caused a slight hysteresis, but it did not
aﬀect the overall operating experience. Using the stiﬀness
control method, the joint exhibited a torsion spring eﬀect. The
position responded proportionally to estimated joint external
torque. For the damping control, joint velocity was positively
correlated to estimated joint external torque, like a rotary
damper. For the inertia control, the joint position was generated from acceleration which is proportional to estimated
external torque. The manipulator felt similar to a ﬂoating
mass in a zero-gravity environment. Although the sensorless
observer had higher noise than the sensor-based observer, the
performance of compliant behavior was not aﬀected. The
trajectory shows that the compliance control is very smooth.
A small hysteresis was introduced due to the haptic ﬁlter.
We can imagine the third-order haptic ﬁlter as a soft body
sandwiched between the human hand and the robot body,
which acts as a buﬀer for external contact. The buﬀer gives
the operator a smoother haptic perceptron during operation
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Figure 10: Normalized experiment results of stiﬀness, damping, and inertia controls based on momentum observer using torque sensors
and current command on the 2-DOF manipulator. The normalization parameters are force: 20 N; torque: 12 Nm; position: 1 rad; velocity:
0.5 rad/s; and acceleration: 0.6 rad/s2.

and adjusts the convergence speed of compliance controller.
For stiﬀness control, the response time of the actual position
to the external torque was 0.6 s. For damping control, the
response time of the actual velocity to the external torque
was 0.5 s. For inertia control, the response time of the actual
acceleration to the external torque was 0.4 s. The response
time is within an appropriate range.
The shortcoming of applying torque servo control for
sensorless compliance control discussed in Section 4.3 was
also eliminated by applying the position servo loop. Although the current-based observer brought errors of stiction, the mapping strategy reﬂected the error to joint

motion. Therefore, the robot joint was always in slight
motion (see example in Figure 10(e)), which changed the
stiction state to the sliding state. Sliding friction is much
lower than stiction. Thus, the external information was
easier to be transmitted to the motor side. The operator did
not have to overcome a large resistance to actuate the
manipulator.
Experiments for three control methods were produced
under diﬀerent scale factors. The scale factors were set as
KiP � 0.1, 0.3, 0.5, 1.0 (i � 1, 2) for stiﬀness control; KiQ � 0.3,
0.5, 1.0, 1.5 (i � 1, 2) for damping control; and KiR � 0.1, 0.3,
0.5, 1.0 (i � 1, 2) for inertia control. Figure 11 presents the
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Figure 11: Virtual characteristic of three control methods based on sensor-based momentum observer and current-based observer under
diﬀerent characteristic scale factors.

virtual characteristics under diﬀerent scale factor values.
Linear ﬁtting was produced to obtain the relationship
between external torque and the recorded trajectory. The
slope of ﬁtted lines represented the virtual joint characteristics, including virtual stiﬀness, damping, and inertia, as
shown in Figure 12. The previous discussion of equation

(27) was proven. The virtual compliance characteristics
were proportional to 1/KP , 1/KQ , and 1/KR , and linear
tuning was achieved by adjusting the scaling factors KP ,
KQ , and KR . This feature of quantitative adjustability in
joint space gave the manipulator a wide adjustable range on
a single virtual feature.
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Figure 12: Virtual compliance feature under diﬀerent scale factors. (a) Virtual stiﬀness. (b) Virtual damping. (c) Virtual inertia.

5. Conclusion
We propose a cost-eﬀective whole-body compliance control
scheme based on sensorless torque estimation and haptic
ﬁlter. This strategy has a great potential in industrial low-cost
collaborative manipulators. A modiﬁed sensorless momentum observer using motor current command is realized
on the premise of considering manipulator-with-actuator
dynamics. This observer is applied in the joint space compliance control. Virtual spring, damper, and inertia features
can be achieved by stiﬀness, damping, and inertia control
algorithm, which eliminates the necessity of using multiple
control algorithms for collaborative robotic arms. The linear
adjustment of each virtual haptic feature can be easily
achieved by tuning a scale factor.
The eﬀectiveness of the sensorless momentum observer
and compliance control strategy is validated through
comprehensive experiments. The performance using the
current command is proven to be similar to the performance

using the torque sensor. Other ﬁndings of experiments are as
follows: (a) the stiction modeling aﬀects the performance of
the sensorless momentum observer when joints are under
static status. (b) Direct mapping of current-based torque
estimation on torque command causes unsmooth contact
force during physical human-robot interaction, which is due
to the uncertainty of stiction. Our experimental data support
that the operator can still feel a natural haptic perception
even if the friction compensation is not so rigorous by using
the position controller in combination with the haptic ﬁlter.
The proposed algorithm can be applied on any kinds of
rigid manipulator in theory as long as the robot dynamics
are available. For the manipulators without torque sensors,
only motor-side position feedback and back-drivability are
required. For the manipulators with torque sensors, backdrivability can be ignored. The current control methodology
has ignored model uncertainty that may lead to small
inaccuracy on external torque estimation. The dynamic
model of robot manipulator is a coupled nonlinear system.
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Thus, sliding mode control technique can be used to deal
with the model uncertainty in the proposed controller
[32, 42]. The combination of proposed compliance control
with integral sliding mode control to reject model uncertainties will be studied in the future. Furthermore, the
friction model accuracy slightly aﬀects the performance of
sensorless control, especially when the joint velocity is low.
We will focus on the study of friction identiﬁcation and
compensation for sensorless compliance control on the basis
of the results of this research.
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