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Abstract—Precise force control is essential for contact-intensive
tasks such as robotic polishing, as it directly affects surface
quality under uncertain environments. Insufficient force reduces
material removal efficiency, while excessive force may damage
the workpiece or compromise operational safety. To overcome the
limitations of conventional admittance control in such scenarios,
this paper proposes an improved strategy that introduces a
tracking differentiator to smooth step force commands, thereby
mitigating overshoot during initial tool–workpiece contact. In
addition, an adaptive damping regulation mechanism is designed
to enhance steady-state force tracking under environmental
disturbances. The stability and convergence of the proposed
scheme are rigorously analyzed. The effectiveness of the method
is validated in both simulation and physical experiments. In
experiments conducted on an FR5 robotic arm, the proposed
approach reduces the steady-state tracking error from 1.2 N
to 0.2 N and suppresses the initial contact overshoot from
16 N to approximately 12 N. The results demonstrate that
the proposed method effectively reduces steady-state error and
contact overshoot, providing a reliable solution for high-precision
force control in robotic polishing applications.

Index Terms—force track, admittance control, tracking differ-
entiator, adaptive control, robotic polishing.

I. INTRODUCTION

Robotics has evolved from primarily non-contact applica-
tions to complex, contact-intensive operations requiring so-
phisticated interaction control [1]. Robotic polishing, illus-
trated in Fig. 1, a representative example of these operations,
has become an essential component of modern automated
production [2].

Effective motion control in interaction tasks relies on com-
prehensive and precise execution strategies, which in turn
require accurate models of both the robot and its environment,
along with well-defined parameters. While robot models can
typically be established with sufficient precision, accurately
modeling the environment remains challenging. Inaccuracies
in the environmental model can cause the robot’s actual
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Fig. 1. Robotic polishing applications.

trajectory to deviate from the desired path. In contact tasks
involving high-stiffness objects, even small deviations may
induce substantial contact forces. As a result, relying solely
on position control is often impractical. Therefore, achieving
high-quality automated robotic polishing requires precise and
smooth contact force control.

Generally, force control approaches are classified into pas-
sive and active methods. Passive force control depends on
external devices, while the robot itself usually operates under
position control. In contrast, active force control modifies
the robot’s internal control algorithms, enabling it to directly
achieve force servoing.

Impedance control is a typical active force control method,
first proposed by Hogan in 1985 [3], that models the robot as
a virtual spring–mass–damper system. Admittance control is a
position-based approach to implementing impedance control.
This method endows the robot with compliance and signifi-
cantly improves force control during physical interaction [4].
By tuning parameters such as stiffness, inertia, and damping,
it enables compliant interaction with the environment and
improves force tracking performance during contact-rich tasks.

While impedance control is widely adopted for robotic tasks
involving physical interaction with the environment, its force-
tracking accuracy is frequently compromised by uncertainties
in environmental stiffness and position data [5]. To improve



force tracking performance, various advanced strategies - such
as fuzzy control [6], adaptive control [7], and robust control
[8] have been integrated into conventional impedance control
frameworks. Past research has largely focused on mitigating
tracking errors during continuous contact, the initial contact
force overshoot often remains a persistent challenge. This
overshoot, though transient in nature, can severely compromise
system stability and potentially damage either the robot or the
workpiece.

This paper aims to enhance force tracking performance in
robotic polishing by addressing two key challenges: initial
contact overshoot and steady-state tracking errors. The main
contributions of this work are as follows:

• A tracking differentiator is employed to smooth the step-
like desired force profile during initial contact, effectively
suppressing overshoot.

• An adaptive control scheme is proposed to enhance
system responsiveness and reduce steady-state tracking
errors.

The remainder of this paper is organized as follows. Section
II reviews the environmental dynamic model and the baseline
admittance control framework. Section III details the design
of a tracking differentiator to smooth the step-like desired
force input during transient contact. Section IV proposes an
adaptive impedance control scheme to compensate for external
disturbances, accompanied by detailed stability and conver-
gence analyzes. Section V provides simulation and experimen-
tal validation, comparing the force tracking performance of
conventional admittance control, adaptive admittance control,
and the proposed method. Section VI concludes the paper.

II. SYSTEM MODELING AND ADMITTANCE CONTROL
ANALYSIS

A. Contact Force Analysis in the Polishing Process

The robot’s contact with the workpiece evolves through
three sequential states. Initially, in the free state (before t1),
no contact has been made. During the subsequent transition
state (t1 to t2), contact is initiated, and the force progressively
increases from zero. Finally, the interaction reaches the steady
state (after t2), where the contact force stabilizes. The force
profile and robot configuration for each state are depicted in
Fig. 2 and Fig. 3, respectively.

Fig. 2. Contact force profile during the contact process.

Fig. 3. Three states of Robot–Environment contact.

Fig. 4. The scheme of admittance control.

B. Admittance Control Framework

Impedance control can be performed in two main forms:
force-based impedance control and position-based impedance
control (Admittance Control). Force-based impedance control
relies on real-time joint torque feedback, increasing hardware
complexity and cost. In contrast, position-based impedance
control is generally considered more practical and is widely
used in industrial applications.

Fig. 4 illustrates the scheme of admittance control, which
employs a dual-loop control architecture. In this structure, the
outer loop generates motion position commands designed to
achieve the desired admittance characteristics. The inner loop
then functions as the robot’s position controller, responsible
for tracking the commands issued by the outer loop.

For analytical simplicity, the environmental mass Me and
damping Be are neglected in the dynamic model. The envi-
ronment is thus modeled as a pure stiffness element:

Fe = Ke (Xe −X) (1)

Here, Ke denotes the environmental stiffness, X represents
the current Cartesian position of the robot, Xe is the environ-
ment’s equilibrium position, and Fe is the interaction force
between the robot and the environment.

This interaction is commonly described by the following
second-order differential equation:

Fe−Fd = M(Ẍc− Ẍd) +B(Ẋc− Ẋd) +K(Xc−Xd) (2)

Here, Xd, Ẋd, and Ẍd denote the desired position, velocity,
and acceleration, respectively; Xc, Ẋc, and Ẍc represent the
position, velocity, and acceleration commands of the robot.
M , B, and K are the virtual mass, damping, and stiffness



coefficients, respectively; Fe is the actual contact force, and
Fd is the desired contact force.

Let the trajectory correction term be E(t) = Xc −Xd, and
the controller’s transfer function be K(s) = 1/(Ms2 +Bs+
K). Then the actual position command sent to the robot is
Xc = Xd + E = Xd +∆F ·K(s).

C. Performance Analysis of Admittance Control

Conventional admittance control for constant force tracking
usually employs fixed parameters for stiffness, mass, and
damping. This strategy is inherently limited, as key environ-
mental properties like position and stiffness are difficult to
determine accurately in advance. Any mismatch between the
preset model and the actual interaction thus degrades force
tracking performance, leading to inevitable steady-state errors
during the stable contact phase[9, 10].

For ease of analysis, this paper considers single-dimensional
force tracking as an example. The force tracking error ∆f can
be expressed as:

∆f = fe − fd = ke(xe − xc)− fd

= kexe − ke(xd + k(s)∆f)− fd
(3)

By substituting K(s) into Equation (3), we obtain:

∆f(ms2 + bs+ k + ke) =

(ms2 + bs+ k)[ke(xe − xd)− fd]
(4)

The steady-state error of the system ∆fss is calculated using
the Final Value Theorem as follows:

∆fss = lim
s→0

(
ms2 + bs+ k

)
[ke (xe − xd)− fd]

ms2 + bs+ k + ke

=
k

k + ke
[ke(xe − xd)− fd]

(5)

To ensure the steady-state error approaches zero, we must
guarantee that:

xd = xe −
fd
ke

(6)

or
k = 0 (7)

Accurately estimating xe and ke is often difficult in practice,
making direct compensation based on these parameters im-
practical. To overcome this, setting k = 0 allows for accurate
tracking of the desired force:

më+ bė = ∆f (8)

In robotic control, servo-based motion tracking systems and
force sensors are susceptible to transmission delays, control
latency, and measurement noise. Furthermore, uncertainties in
dynamic model parameters exacerbate force tracking errors.
These challenges, largely unaddressed in prior analyses, im-
pede the achievement of high-precision force tracking.

III. DESIGN OF TRACKING DIFFERENTIATOR

Precise control of contact force necessitates a delicate
balance between a rapid response and minimal overshoot.
While traditional linear filters can smooth the command signal,
they introduce a detrimental trade-off: their inherent phase lag
sacrifices system speed and stability for the sake of overshoot
suppression.

To resolve this conflict, this work employs a Tracking
Differentiator (TD), which functions as a nonlinear trajectory
generator rather than a conventional filter.

The TD proactively plans an optimal, smooth transition
profile toward the desired force setpoint. Its crucial advantage
is achieving this with negligible phase lag, thereby enabling
the mitigation of excessive force overshoot during initial
contact without compromising the system’s rapid transient
response [11].

In this paper, the Tracking Differentiator is designed as
follows: 

f0 = fhan [v1(k)− fd(k), v2(k), r0, h]

v1(k + 1) = v1(k) + hv2(k)

v2(k + 1) = v2(k) + hf0

(9)

where f0 = fhan(x1, x2, r0, h1),

d = r0h

d0 = hd

y = x1 + hx2

a0 =
√

d2 + 8r0|y|

a =

x2 +
a0 − d

2
sign(y), |y| > d0,

x2 +
y

h
, |y| ≤ d0

fhan = −

{
r sign(y), |a| > d0,

r0
a

d
, |a| ≤ d0

(10)

Where fd is the desired force input, v1 is the smoothed
output, and v2 is its smoothed derivative. The parameter r0
governs the transient response speed and is selected based on
system performance requirements, while h denotes the control
step size. In this simulation, the control step is set to h = 0.01,
with fd = 10N , and r0 taking values of 10, 100, and 1000.
The corresponding tracking differentiator outputs are shown
in Fig. 5.

Fig. 5. Simulated response of the tracking differentiator for different values.



IV. CONTROLLER DESIGN AND STABILITY ANALYSIS

A. Adaptive Admittance Controller Design

In practical grinding scenarios, the environmental position
xe is often difficult to obtain accurately. Therefore, the concept
of an estimated environment is introduced, where the estimated
environmental position is defined as the sum of the actual
position xe and a disturbance term δxe, x̂e = xe + δxe.
Therefore, Equation (8) can be rewritten as:

∆f = m¨̂e+ b ˙̂e = m(ë− δẍe) + b(ë− δẋe) (11)

To compensate for disturbances, an adaptive control al-
gorithm is introduced, which adjusts the damping parameter
online based on the historical data of the contact force tracking
error. The adaptive admittance control law is expressed as
follows:

fe(t)− fd(t) = m¨̂e(t) + (b+∆b(t)) ˙̂e(t) (12)

where ∆b(t) represents the adaptive compensation compo-
nent, which is designed as follows:{

∆b(t) = b
˙̂e(t)

ϕ(t)

ϕ(t) = ϕ(t− λ) + σ fd(t−λ)−fe(t−λ)
b

(13)

The initial state ϕ(0) = 0 , where λ represents the control
period of the system, and σ denotes the update rate. The
fundamental concept is to compensate for the tracking error
caused by the aforementioned factors within the damping term.

B. Stability and Convergence Analysis

In the previous section, the control law of the adaptive
admittance control was provided. In this section, the stability
of the system is analyzed and the corresponding constraint
conditions are given. Substituting equation (13) into equation
(12), we obtain:

më(t) + bė(t) + bΦ(t− λ) + σ[fd(t− λ)− fe(t− λ)]

− [fe(t)− fd(t)] = −mδẍe(t)− bδẋe(t)
(14)

According to the environmental stiffness model, substituting
equation (1) into equation (14) yields:

−mf̈e(t)− bḟe(t) + bkeΦ(t− λ)− ke[fe(t)− fd(t)]

+ σke[fd(t− λ)− fe(t− λ)]

= −mkeδẍe(t)− bkeδẋe(t)

(15)

Let: 
f̂e(t) = keδẋe(t)

c(t) = fd(t)− fe(t)

r(t) = fd(t)− f̂e(t)

(16)

Equation (15) can be rewritten as:

mc̈+ bċ+ bkeΦ(t− λ)+

σkec(t− λ) + kec = mr̈ + bṙ
(17)

According to the Laplace transform property:L[f(t − λ)] =
e−λsF (s), Applying the Laplace transform to equation (17),
we obtain:

c(s)

r(s)
=

ms2 + bs

ms2 + bs+ ke + σke(e−(n+1)λs + · · ·+ e−λs)
(18)

The characteristic equation of the system is:

ms2 + bs+ ke + σke(e
−(n+1)λs + · · ·+ e−λs) = 0 (19)

Under the assumption that n is a sufficiently large number, it
can be expressed as:

∞∑
n=1

e−λns =
e−λs

1− e−λs
(20)

When the sampling rate λ is sufficient, the delayed term can be
approximated as e−λs ≃ 1−λs by Taylor expansion.Equation
(19) can be written as:

λms3 + λbs2 + keλ(1− σ)s+ σke = 0 (21)

According to the Routh stability criterion, the constraint
conditions for the system stability can be derived as:

0 < σ <
λb

m+ λb
(22)

For a stable system, the steady-state error can be calculated,
and the system’s steady-state error ess is given by:

ess = lim
t→∞

e(t) = lim
s→0

sE(s) = lim
s→0

s(c(s)− r(s)) =

lim
s→0

s
[ ms2+

ms2 + bs+ ke+
→

← bs

σke(e−(n−1)λs + · · ·+ e−λs)
r(s)− r(s)

] (23)

When the system input is a unit step signal, r(s) = 1
s , we can

calculate:
ess = lim

s→0
s(c(s)− r(s)) = −1 (24)

Therefore, we can obtain:

lim
t→∞

c(t) = 0 (25)

From equation (25), we observe that as t → ∞, fe → fd,
indicating that force tracking of the desired force can be
achieved.

V. SIMULATION AND EXPERIMENTAL VALIDATION

A. Simulation Validation

To validate the effectiveness of the proposed algo-
rithm, comparative simulations were performed in MATLAB
Simulink between admittance control (AC), adaptive admit-
tance control (AAC), and the method proposed in this paper
(TD+AAC). The simulations were conducted under three
distinct environmental conditions: plane, slope surface and sine
surface. To evaluate system performance, experiments were
performed under varying environmental conditions. The slope
surface and sine surface simulate disturbances resulting from



Fig. 6. The environmental positions of the plane, slope surface and sine
surface.

environmental position variations, while the introduction of
time-varying environmental stiffness accounts for disturbances
caused by fluctuations in stiffness.

The workpiece stiffness was set as ke = 6000+200 sin
(
πt
4

)
N/m. The admittance controller parameters were set to m = 1,
b = 125, and k = 0. The adaptive compensation parameter σ
was set to 0.002.The desired contact force was set to 50 N.
The environmental position settings for the three experiments
are illustrated in Fig. 6.

1) Force Tracking On Plane: When the contact surface is
a plane, ẋe = 0 and ẍe = 0, meaning there is no disturbance
in the environmental position. The force tracking results of
the three control methods are shown in Fig. 7. Admittance
control can achieve effective force tracking on plane, assuming
no positional disturbances. However, when adaptive control
is integrated, its aggressive response to a step-like desired
force signal, aiming for rapid error compensation during initial
contact, often induces noticeable overshoot. Introducing a
tracking differentiator allows the step-like desired force signal
to ramp up smoothly. This approach significantly reduces
the initial contact overshoot and also effectively diminishes
steady-state tracking error.

2) Force Tracking On Slope Surface: When the contact
surface is an inclined plane, ẋe ̸= 0 and ẍe = 0, indicating
the presence of environmental position disturbances. The force
tracking result is shown in Fig. 8.
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Fig. 7. Result of force tracking on plane.
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Fig. 8. Result of force tracking on slope surface.
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Fig. 9. Result of force tracking on sine surface.

Compared with admittance control, adaptive admittance
control effectively reduces the steady-state tracking error but
tends to introduce increased overshoot. The method proposed
in this paper can effectively reduce the steady-state tracking
error while also mitigating the overshoot caused by excessive
velocity during the initial contact phase.The steady-state error
was reduced from approximately ±1.2N to approximately
±0.01N.

3) Force Tracking On Sine Surface: When the contact
surface is a sine surface, ẋe ̸= 0 and ẍe ̸= 0, indicating
the presence of environmental position disturbances with in-
creased complexity. The force tracking result is shown in Fig.
9. It can be observed that, under significant environmental
disturbances, conventional admittance control exhibits large
tracking errors. The proposed method can effectively reduce
the steady-state tracking error while also limiting the large
overshoot caused by disturbance compensation during the
initial contact phase. The steady-state error was reduced from
approximately ±4N to ±0.7N.

B. Polishing Experiment

The experimental setup consisted of an FR5 robotic ma-
nipulator equipped with a six-axis force/torque sensor and
a polishing end-effector. After gravity compensation, force
tracking experiments were carried out on a steel workpiece.
The desired contact force was set to −10N.



Fig. 10. Polishing experimental apparatus.
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Fig. 11. Result of force tracking on polishing environment.

The admittance controller parameters were configured as
m = 5 and b = 50. The adaptive parameter factor was chosen
as σ = 0.002, and the differential tracker parameter was set
to r0 = 0.05. The experimental system is shown in Fig. 10,
and the corresponding force tracking results are presented in
Fig. 11.

Admittance control exhibits considerable steady-state force
tracking errors. By incorporating adaptive admittance control,
the steady-state error is significantly reduced from 1.2 N to 0.3
N. However, this improvement is accompanied by an increased
force overshoot during the initial contact phase. To address this
issue, the proposed method integrates a tracking differentiator
into the adaptive admittance control framework, which not
only further reduces the steady-state error but also effectively
suppresses the initial overshoot from 15.8 N to 12 N thereby
demonstrating enhanced force control accuracy and system
stability.

VI. CONCLUSION

Consistent contact force is paramount for high-quality
robotic polishing, making accurate force tracking critical. This
study proposes an adaptive admittance control to manage
uncertainties in polishing environments. Our method dynami-
cally adjusts admittance parameters against tracking errors and

employs a tracking differentiator to suppress initial contact
overshoot, significantly improving both transient and steady-
state performance. Simulations and experiments confirm high-
precision force tracking with greatly reduced overshoot during
polishing. The framework’s robust generalizability suggests its
potential for broader contact-intensive tasks requiring precise
force control.
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