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Abstract: High-precision and low-overshoot force control are important to guarantee the material
removal rate and surface quality of robot grinding. However, traditional force control methods are
subjected to positional disturbance, stiffness disturbance, contact process nonlinearity, and force-
position coupling, leading to difficulties in robot constant force control. Therefore, how to achieve
smooth, stable, and high-precision constant force control is an urgent problem. To address this
problem, a dual PID adaptive variable impedance control is established (DPAVIC). Firstly, PD control
is used to compensate for the force error, and PID is used to update the damping parameters to
compensate for the disturbance. Secondly, a nonlinear tracking differentiator is used to smooth
the desired force and reduce the contact force overshoot. Then, the stability, convergence, and
effectiveness of the force control algorithm are verified via theoretical analysis, simulations, and
experiments. The force tracking error and overshoot of a conventional impedance controller (CIC),
adaptive variable impedance control (AVIC), and DPAVIC are analyzed. Finally, the algorithm is used
in grinding experiments on a thin-walled workpiece. The force tracking error is controlled within
£0.2 N, and the surface roughness of the workpiece is improved to Ra 0.218 um.

Keywords: robot grinding; constant force control; dual PID control; adaptive variable impedance

1. Introduction

In the manufacturing process of molds, aircraft panels, sculptures, etc., grinding and
polishing are used to reduce the surface roughness and improve the machining accuracy [1,2].
However, most grinding and polishing operations are still performed manually, result-
ing in low manufacturing efficiency, poor workpiece surface quality, and worker health
problems [3,4]. The automatic grinding and polishing processes represented by computer
numerical control machine tools (CNCs) and industrial robots have become the main so-
lutions [5,6]. CNCs not only have excellent stiffness and high precision positioning, but
can also concurrently control trajectory, pose, and force [7]. However, the grinding space
of CNCs is small, they have poor flexibility, and the machine tools need to be designed
individually for large-scale special-shaped surfaces, which limit the application [8]. Robots
have the advantages of a large working range, high flexibility, and have gradually become
a research hot-spot in the field of grinding and polishing.

Robot grinding is a typical constrained operation. According to Preston’s law, the
amount of workpieces removed increases monotonically with the increase in grinding force,
tool speed, and residence time, the most important of which is the control of the grinding
force [9]. Therefore, controlling the robot end contact force is of great significance to improve
the surface quality [10,11]. However, applying position-based industrial robots directly to
grinding and polishing processes involving contact motion is not straightforward [2,12].
An accurate and smooth contact force control method is the key to realize high-quality
automatic grinding and polishing of robots.

Appl. Sci. 2023, 13, 11635. https:/ /doi.org/10.3390 /app132111635

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app132111635
https://doi.org/10.3390/app132111635
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3451-7732
https://doi.org/10.3390/app132111635
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app132111635?type=check_update&version=3

Appl. Sci. 2023,13, 11635

2 of 21

Robot end contact force control methods are mainly divided into passive force
control [13,14] and active force control [15,16]. Passive force control is achieved through en-
ergy absorption or the storage of the auxiliary flexibility mechanism, and the robot is still in
position control mode [17,18]. Typical force control devices mainly include voice coil motor
actuators [19,20], parallel mechanism actuators [21,22], pneumatic actuators [23-25], me-
chanically flexible structures [26-29], force control joints [30], etc. Chen et al. [31] adopted
a dual force sensor to decouple the dynamics between the macro robot, micro robot, and
workpiece to achieve high-precision force control. However, passive force control requires
the installation of an actuator at the robot end, which puts forward higher requirements
for the design of the end actuator in the case of a limited end load of the robots. Therefore,
active force control is more feasible.

Active force control is the use of designed control strategies to actively control force
through the feedback of contact force information [32]. In the aspect of force control
algorithms, the design of the force controller is the most important, and the common force
control algorithms are impedance control [33,34] and hybrid position/force control [35,36].
For uncertain environments, that is, when the stiffness and position of the environment
are unknown, it is difficult to obtain an accurate model, which makes it difficult to achieve
high-precision force tracking. There are three main solutions: (1) Indirect adjustment of the
reference trajectory: the basic method is to identify environmental information, including
stiffness and position [37,38]. (2) Direct adjustment of the reference trajectory: the basic
method is to update the reference trajectory with prior information [39,40]. However, this
method ignores the dynamic physical characteristics of the robot and the environment and
usually results in a large force tracking error. (3) Adaptive variable impedance control:
this method adaptively adjusts the controller parameters according to force feedback
information [41-43]. To improve the accuracy of force tracking, the researchers combined
the adaptive algorithm with other force control methods to obtain better force control
results [44]. Examples include fuzzy logic control [45], robust force control [46], optimal
control [47], etc. Therefore, the key to establish a force tracking controller is to compensate
for environmental disturbance, which is oriented to practical applications, and the control
method should not be too complicated.

Force overshoot usually occurs when the robot end effector touches the workpiece.
Although this problem only occurs in a short time, it will lead to poor system stability
and low surface quality. Therefore, it is extremely important to ensure the stability of
the system [15]. The nonlinear feedback control method is used to plan the trajectory
and contact force simultaneously to reduce the force overshoot [48]. Roveda et al. [49]
adopted an impedance shaping method to reduce the influence of force overshoot on
system stability and achieve stable contact state transition. These methods usually require
accurate estimates of the environmental position and stiffness, and this approach is difficult.

In this work, a dual PID adaptive impedance control method is proposed to achieve
smooth, stable, and high-precision robot end contact force control. PD is used to compensate
for the force error, and PID is used to update the damping parameters to compensate for
the environmental uncertainty. A nonlinear tracking differentiator is used to reduce the
impact of the transitional contact state. The interference term of the end 6-Dof force sensor
is compensated using the least square method to ensure the accuracy of force control. The
stability, convergence, and effectiveness of the force control algorithm are verified with
theoretical analysis, simulations, and experiments. Furthermore, the thin-walled workpiece
is used in a robot grinding experiment to verify the accuracy of force control.

The remainder of this paper is organized as follows: In Section 2, a nonlinear tracking
differentiator is used to stabilize the contact transition state. In Section 3, a position-
based dual PID adaptive impedance control method is established to compensate for
the uncertainty of environment. In Section 4, the interference term of the 6-Dof force
sensor is compensated for. The proposed method is verified in MATLAB/Simulink in
Section 5. In Section 6, the effectiveness of the method is verified via force control and
grinding experiments.
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2. Modeling of Grinding System and Suppression of Contact Force Overshoot

A grinding robot system is established, as shown in Figure 1. A 7-Axis Franka
Emika Panda robot is used; a Dynpick 6-Dof force sensor (Type: WEF-6A200-4-RC24,
the force measurement range is £200 N and the moment measurement range is =4 Nm.
Manufacturer: WACOH-TECH. City: Tokyo. Country: Japan.), an analog 10 module (Type:
NET6043-S, 8-Channel 0-10V analog input module with resolution of 16-Bit. Manufacturer:
HKTECH. City: Zhengzhou. Country: China.) and a grinding tool are installed at the end
of the robot.

Simulink Controller

c ] N G,

.

Figure 1. Robot grinding force control system.

As shown in Figure 2, with the robot and the workpiece set as a spring-damp-mass
system, the contact process between the robot and the workpiece can be divided into three
stages [50]. Figure 2a shows that the robot does not have contact with the workpiece,
and Figure 2b shows the critical point of contact between the robot and the workpiece;
the contact force is 0 N, and Figure 2c shows the full contact between the robot and
the workpiece. In Figure 2d, From O to #; the contact force between the robot and the
environment is 0. From t; to #,, after a collision process, the contact force tends to be stable,
but the collision process is short and nonlinear.

Workpiece

force A

Steady
contact

Contact

Free-space -
transition

(d)

Figure 2. Contact behavior between robot and external environment. (a) No contact. (b) Critical
point of contact. (c) The contact state. (d) The contact force during the contact process.
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From Figure 2d, it can be found that the oscillation of the robot from the free state to
the contact state is inevitable. Smooth adjustment of the robot grinding force will improve
the stability and grinding quality. According to the design principle of ADRC, a nonlinear
tracking differentiator (NTD) is used to smooth the step signal of the desired force signal in
the transition stage. The control mode is shown in Figure 3.

Xr 4o Xe Inverse 9r 4+ 9c Position | Grinding |9m_ Forward Xz
+ Kinematics F™'(x) > Controller " | Robot " | Kinematics F(x)
ox i

Af ot Je

Impedance Workpiece
Controller % Stiffness

NTD

1

Figure 3. Robot end-contact-force transition state control.

Consider a two-order integrator series system:

{ 1= 1)

Xo=u,|ul <r

where x is the target transition signal, x is the differential signal of the transition signal, r
is the model parameter, and r > 0. If the control rate of the control parameter u is set as a
nonlinear function, a nonlinear tracking differentiator can be obtained:

u(x1,xp) = —rsign <x1 + x22:2|) ()
Considering that the control period of the grinding robot is 1 ms, NTD in discrete form
is adopted:
fh = fhan (x1(k) —vo(t), x2(k), 7, h)
X1 (k + 1) = X1 (k) + tst(k) (3)
XZ(k + 1) = Xz(k) + tsth

where ¢, is sampling time. The fhan function is as follows:

d = ri?

ap = ]’lX2

y=Xx1+4ag

a1 = +/d(d + 8ly|) @)

ay = ag +sign(y)(ay —d)/2

a = (ao +y) fsg(y, d) + az(1 — fsg(y,d))
fhan = —r(4) fsg(a,d) — rsign(a)(1 — fsg(a,d))

where fsg(x,d) = (sign(x +d) —sign(x — d)) /2, h is the filter factor, and h is slightly larger
than the sampling time f;.

To verify the NTD smoothing effect, we set the parameters of the impedance controller
tom =1kg,b =50N/(m/s), and k = 50 N/m. The external environment stiffness was
set to 2000 N/m. In NTD, r = 500, i = 0.01, and the simulation time was 4 s. In Figure 4a,
the 0-2 s desired force is —3 N, and the 2—4 s desired force is —5 N. In Figure 4b, after NTD
smoothing, the overshoot of the force is significantly reduced. The overshoot is reduced
from 18.57% to 0.25% in 0-2 s. The overshoot is reduced from 5% to 0.2% in 2—4 s. It is found
that the response time is slightly increased, but the system stability is enhanced, which
is of great significance for the improvement of workpiece processing quality and system
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stability. It is verified in the force control system shown in Figure 1; the experimental results
are basically consistent with the simulation results, as shown in Figure 4c.
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Figure 4. Simulation and experimental results of robot end contact state transition.

3. Position-Based Adaptive Impedance Control
3.1. Dual PID Adaptive Variable Impedance Control

Since industrial robots generally only open a position loop, it is difficult to obtain
accurate values of workpiece stiffness and position. Therefore, position-based impedance
control avoids the consideration of dynamics. According to the target impedance to
calculate the position deviation, compensating for the reference position achieves accurate
force control. The contact state of the robot is shown in Figure 5.

% B
&

Xe al/

Figure 5. The state of contact between the workpiece and the end effector.

The position-based impedance control strategy is shown in Figure 3, where X;, X,
and X, are represented as reference trajectory, command trajectory, and robot end output
trajectory, respectively. Assume that the robot’s controller performs well, namely, X, = X;.
The contact position between the end and the environment is E = X, — X, = X, — X,.
The contact environment stiffness is K,; the desired contact force is F;. The contact force
between the end of the robot and the environment can be simplified as F, = K¢(X, — X;) =
K¢(X, — X;). Then, the end contact force error is:

AF=F —F (5)

In general, the impedance model is represented by a second-order transfer function

K(s), K(s) = m. The dynamic relationship between force error AF and position
disturbance E is as follows:
d?E(t) = _dE(t)
B KE(t) = AF(t

where M is the mass of the target impedance, B is the damping of the target impedance,
and K is the stiffness of the target impedance. Thus, the reference position can be modified
by position perturbation E:

X, = X, + E = X, + AF - K(s) @)
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In the robot grinding process, only one dimension of the end is considered. Therefore,
we rewrite Equation (6) as:

Af = fo— fa=ke(xe — xz) — fa = keXe — ke(xr +k(8)Af) — fa (8)

where Af is the force error of one dimension. f, is the contact force of one dimension. f;
is the desired force of one dimension. k, is the environmental stiffness of one dimension.
X is the environmental position of one dimension. x; is the output position of the robot
end in the force control direction. x, is the reference position of one dimension. k(s) is a
second-order transfer function in one dimensional direction.

Then, Equation (8) can be rewritten as:

ms? + bs + k

Af: mSz—FbS—Fk—l—kg[kE(xg_xr)_fd] (9)

The steady-state force tracking error Afs; is obtained as follows:

Afss = Af = k%]—(ke ke (xe — xr) — f4] (10)

s—0

If the force tracking error converges to 0 under steady-state conditions, the following
conditions need to be met:

k=0, or,xr:xg—ﬁ (11)

According to Equation (11), the steady-state error of 0 can be satisfied under the condi-
tion that the environmental position x, and the contact stiffness k. are known. However,
in the robot grinding process, accurate x, and k. values are not easy to obtain. Therefore,
setting the stiffness term of the impedance controller to 0 can compensate for the envi-
ronmental uncertainty. Since the position of the environment is replaced by the initial
environmental position x, instead of the reference position x,, the position disturbance is
e =X;— X!

Equation (8) can be expressed as:

Af = fo— fy = mé+ bé (12)

where é = ¥, — ¥, and é = X, — X,

Through the above analysis, if it is flat grinding, namely, ¥, = ¥, = 0, then Afss = 0.
However, when grinding a non-flat surface, namely, X, # 0 or X, # 0,%, # 0, which
needs to estimate the environmental position £.. The relationship between the estimated
environmental position £, as the reference position x, and the estimated deviation £, can
be expressed as:

A

Xo = xp — O0%% (13)
Thus, the estimated position disturbance é is:
é=e+ %, (14)
Substituting Equation (14) into Equation (12):
Af = mé+bé = m(é+ %) + b(é+ %) (15)

In Equation (15), é and ¢é are time-varying parameters, first-order and second-order
differentiation for the estimated position disturbance, respectively. To achieve a steady
state quickly and a simple control strategy, adaptive impedance control can eliminate
steady-state errors. However, if modifying the mass parameter, the system may oscillate,
so the damping parameter can be adjusted according to the force tracking error.
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Adaptive impedance controller control law is:
Af =mé(t) + (b+ Ab(t))é(t) (16)

Ab(t) can be expressed as:

_ _ b

Ab(t) = mf(t) o a7

T(t) = T(t — t;) + o Lelte) ot
where t; is the sampling time, ¢ is the parameter update rate, and 0 < ¢ < 1, which plays a
decisive role in the stability and force tracking effect of the adaptive impedance controller.
When ¢ is too large, the system will overshoot or oscillate, and ¢ is too small to track
environmental disturbances and cannot achieve the desired force tracking. A = 0.1 is the
adjustment factor, which ensures that Ab(t) does not oscillate or tend to infinity because
the denominator is too small.

Although NTD is used to mitigate the end overshoot of the robot, it can be found from
Figure 4 that there is still overshoot, and improper parameter selection of the adaptive
impedance controller will also affect the stability and tracking effect of the system. When
the selected mass parameter and stiffness parameter are too large, it will lead to system
oscillation, which seriously impede the stability of this system. Moreover, when the stiffness
parameter is selected, it will lead to a lower accuracy of the system force control, and it
is difficult to ensure that the system’s steady-state error converges to 0. Therefore, PD is
used to reduce force tracking, and PID is used to adjust the adaptive update rate. They are
real-time synchronous control. The control strategy is shown in Figure 6, and Equation (16)
is rewritten as:

mé(t) + (b+ Ab(£))é(t) = kpAf(t) +kgAf(t) = Afpp(t) (18)

where k, and k; are the coefficients of the PD controller, respectively.
Equation (17) is rewritten as:

: : [ sz(t)[ prpavic  |Afep ()

|
PD Af(t) +fe (t)| Workpiece
Equation (18) Regulation ®_ ; Stiffness
+Ap 0) NTD

PID Regulation Af(t)
Equation (19)

e(t)+A _ - (19)
F(t) _ F(t _ ts) B O_kpAf(t—ts)+def(t—ht5)+k,- Jo P Af(r)dr
T, (t) "’®$c (t) Inverse 9qr ® Position | 9¢ | Grinding | 9 Forward L (t — 1)
h Kinematics F'(x)] +<£  |Controller Robot Kinematics F(x) .

I'I===========-==+=== _______________ I
1%4) [

&, (1)) . | !

f ®* 2 | i

:: + 6$(t - 1) | Dual PID adaptive variable :

0 ' : impedance control |
G s(t—1) be(t—1) |
I+ :
|
|
|

l | Equation (20)

| v
|
|
|
|
|

Figure 6. Dual PID adaptive variable impedance control.
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To facilitate the control of robots, Equation (18) can be converted into a discrete format:

55(1) = m (A fon (1) — (b+ Ab(1)5x(t — 1)]
Sx(t) = 8x(t — 1) + 5%(t) - £
. (20)
Ox(t) =0x(t—1)+ox(t) - ts
xe(t) = xp(t) + Ox(t)

3.2. Stability and Convergence Analysis

To ensure the stability of the controller, the steady-state error of the force tracking
converges to zero. Here is the proof.
Substituting Equation (19) into Equation (18):

kpAf(t) +kaAf(t) = mé(t) + bé(t) + bI (t — ts) — a(Af(t —ts) + Af(t—ts) + ki /OHS Af(r)dr) (21)
Leté = e+ 8%, Af(t) = fo(t) — fa(t),
kp(fe(t) = fa(t)) + ka(fe(t) — fa(t)) = m(&(t) + 6% (t)) +b(e(t) + 8% (t)) + T (t —t5)—

U(Af(t—ts) +Af(t—ts) +ki /OHS Af(T)dT) @
where e = x; — X¢, fo = ke(xe — x2) = —kee, é = _%'é = _ch%
_mfek(:) _bfek(:) FB(t—t) — (Af(t—ts) +Af(E—ts) +k; /ti ) —kp(feD) —fa)=

ka(fe(t) — fa(t)) = —moZe(t) — boxo(t)

Let fu(t) = kebxe(t), 0xe(t) = 50 6%, (1) = 0 53, (1) = £,

m(fa(t) — fe(t)) +b(fa(t) — fe(t)) + kDT (t ( f(t—ts) +Af(t—ts) + ki /t b TMT)_
(24)
kpke(fe(t) = fa(t)) = kake (fe() = fa()) = m(fa(t) = fo(t) ) +b(fult) = (1))
Let (t) = fa(t) — fe(t), @(t) = fa(t) — fe(t):
. ) . bt _
m(t) 4+ bp(t) 4 kb (t — ts) — ok, (Af(t —t5) + Af(t—ts) + K /0 Af(T)dT> + kpketp(t) + kakeip(t) 5)
= m®(t) + bd(t)

According to the dispersion principle, the n-th element in I' can be expressed as:
bI(t—ts) =bI(t— (n+ 1)ts) + op(t — (n+ 1)ts) + - - - + op(t — 2¢5) (26)
Supposing the initial value I is 0, namely, I'(t — (n + 1)t ), substituting Equation (26)

into Equation (25):

P(s) _ ms? + bs 27)

D(s) g2 4 bs+ kpke + kgkes + ok, (e*(””)tss 4o et femtsss 4 %ki)

The characteristic equation in Equation (27) is:

ms? + bs + kpke + kgkes + oke <e<”“>fss 4o el pesSs 4 :kl) =0 (28)
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eftss

e}
Supposing 7 is large enough, it can be represented as } e "5 = Furthermore,

T 1—etsst
n=1
when the sampling time ¢, is small enough, Taylor expansion is used so that e~ s* ~ 1 — t,s.
The system characteristic Equation (28) is simplified as:

ts(m — okets)s® + ts(b + kgke 4 oke)s* + t (kpke — oke)s + oke + oketsk; =0 (29)

The Routh table is obtained according to Routh criterion:

53 ts (m — U'kets) ts (kpke - Uke)
§%  ts(b+ kgke + oke) oke + oketsk;
1 ket (kp=0) (b+kke+oke) —ake (m—okets) (1-+t5k;) (30)
§ (D kgko+ke) 0
O ok, + ok,tsk; 0

Then, the sufficient and necessary condition for the stability of the system is that all
coefficients of the characteristic equation are positive and the first column of the Routh
table is positive, so:

ts(m — okets) >0
kets(k,.—(r)(b-&-kdkg-i-(fkg)—ng(m—(rkets)(l-i-tski)
(b+kgke+oke)
ts (kpke — oke) > 0
ke + oketsk; > 0

>0 1)

If the controller parameters are within the range given by Equation (31), the system is
stable, and for stable systems, the steady-state error ess can be obtained.

ess = lim e(t) = imsE(t) = lims(y(s) — P(s)) (32)

t—oc0 s—0 s—0

To verify the stability of the system, the input signal is a step signal, namely, ®(s) = 1.

lim s(y(s) — @(s)) = 1 33)
Then,
lim s(9(5)) = 0,lim(()) = 0 (34)

Therefore, under the influence of external interference, the force tracking error con-
verges to zero.

4. 6-Dof Force Sensor Gravity Compensation Strategy

The gravity of the grinding tool generates components of force and moment in the
sensor coordinate system. The force and moment F;, measured with the 6-Dof force sensor
include: The grinding force F, between the grinding tool and the workpiece, the gravity
of the grinding tool Fg, the inertial force F; generated by the grinding tool because of the
movement (since the feed speed of the grinding tool changes very little, so that F; = 0), and
the sensor zero drift Fy:

*Fu=°Fe+°Fs +°F+°F (35)

where the superscript °e indicates that the reference coordinate system of the force is in the
sensor coordinate system {S}.

Figure 7 shows the relationship between the world coordinate system {D}, the robot
base coordinate system {B}, the end flange coordinate system {E}, the force sensor co-
ordinate system {S}, and the grinding tool coordinate system {T}. The barycenter of
the grinding tool is represented as °0(x,y,z) in the {S} system. Using pins to maintain
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the parallel relationship between the axes of the {S} and {E} system, the homogeneous
transformation matrix 5T from {S} to {B} is:

BR Bp
Br = [ SO 51 ] (36)

where 5R is the rotation matrix and 2P is the vector of the sensor origin in the {S} system.

m barycentre
><4\‘y %o (z,y,z)
p4

Figure 7. Gravity compensation modeling.

When there is no contact between the grinding tool and the workpiece, the sensor
output signal is composed of the tool gravity and the sensor zero drift:

sme = SFGx+Fx0

(37)

where SF,y, ° Fny, SFpz, S M, S My and S M,z are the force and moment signals of the
6-Dof force sensor, respectively.

Using the tool gravity and barycenter to obtain the torque that acts on the {S} system
of the force sensor:

SMyx = Sszy _ SmeZ + Myo + Fyoz — Fooy
SMmy = SmeZ - Sszx + MyO + F,ox — Fyoz (38)
SMuyz = SPmyx - Smey + Mo + Fxoy — Fyox

Rewriting Equation (38) in matrix form:
SMy, =5F,, - A (39)

ay = Myo + Fyoz — Foy
/§ @2 = Myo+ Fox — Fxoz ,
az = My +Fx0y - Fy()x
0 SFnz  —5Fwy 1 0 0
SFn=| —%Fu: 0 SFmx 0 1 0
SFmy —Fux 0 0 0 1

where A = [x,y,z,a1, 4z, 673]T



Appl. Sci. 2023,13, 11635 11 of 21

Selecting N different poses of the robot and using the least squares solution:
-1
A= (SF,}; : SFm) SET . SM,, (40)

The coordinate value x,y,z of tool barycenter and constant a1, 4y, a3 in {S} system
is obtained.

To obtain the component of the grinding tool in the {B} system, it is necessary to
consider the relationship between the {B} system and the {D} system. When the {B}
system rotates around the z axis of the {D} system, there is no effect on the force sensor
output. Consider that the {B} system rotates around the x-axis and the y-axis of the {D}
system. Then, the rotation matrix §'R between the {B} system and the {D} system is:

1 0 0 cost, 0 sin6,
PR=1]0 cos; —sinb; |- 0 1 0

0 sinf; cosH; —sinf; 0 cos6;

(41)

where 61 and 6, are the angle around the x-axis and y-axis of the {D} system, respectively.
The component force of the grinding tool gravity G in the {S} system can be repre-
sented by the robot homogeneous transformation matrix:

SFay G cos 67 sin 6,
5G=| SFg, | =3RPRPG =3R —Gsinb, (42)

—G cos 67 cos 6,

by = —Gsin b,
b, = —Gcos 67 cos 6,
According to Equation (37) and Equation (42):

Sme SFGx FxO bx Fx()
SEmy | = | SFgy |+ | Fpo | =5R"| by |+ | Fpo (43)
Ssz SFGz FzO bz FzO

Rewriting Equation (43) in matrix form:

by = G cos 6 sin 6,
Let

by
b
Sme by
z

Fmy | =[ERTIT ]| p (44)
SF x0
mz Fyo
FZO

Taking N different poses, we use Equation (44) to construct the equations and rewrite
them as:
SFn=ER;-B (45)

The least square solution of Equation (45) can be obtained as:
-1
B= (8RTER)) -ER]-5F, (46)

Then, the constant value of by, by, bz, Fxo, Fyo and F is solved and, combined with
Equation (39), the torque zero drift values SMyxo,° My and SM,z0 of the 6-Dof force
sensor can be obtained.

The gravity of the grinding tool is as follows: G = /b3 + b3 + b2.
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The angle value between the {B} system and the {D} system is as follows:

0 = arcsin(f%), 0, = arcsin(f%’z‘ .

The identification results in Tables 1 and 2 were obtained by selecting 10 groups of
poses. The true gravity of the grinding tool is 8.542 N, which is only 0.414 N different
from the identification result. We selected a trajectory and performed real-time gravity
compensation. Figure 8 shows the compensation results; the maximum disturbance after
compensation is less than 0.1 N and 0.03 N-m, which verifies the accuracy and effect of

gravity compensation.

Table 1. The result of end effector gravity identification.

Gravity (N) x (m) y (m) z (m) 61 (°) 02 ()
8.956 —0.0020 —0.0053 0.0455 0.8052 1.8096

Table 2. The result of sensor zero drift identification.

Zero Drift Exo (N) Fyo (N) E, (N) My Nm) My (Nm)  M;o (Nm)
Value 0.6382 —0. 4779 0.5209 0.0295 0.0134 —0.0379
. F, F, M, — M, — M,
Fex - Fey - Fez Mex - Mey - Mez
10 0.3
8 0.2t
£
6 £ 0.1 A
£ 2 00p=~wzsrzsme=re=
g 4 - 2
LICL_) 2 E. /lf""'l.‘m‘ N Eo _0 . 1
] 02
eSS 03
o 1 2 3 4 b o 1 2 3 4 5
time (s) time (s)
(a) Gravity components (b) Gravity moment components

Figure 8. Comparison of sensor signals before (F., M,) and after (F,e, Mce) compensation.

5. Controller Simulation Verification

Constant impedance control (CIC), adaptive variable impedance control (AVIC), and
DPAVIC algorithms were used to verify the superiority and feasibility of the methods. The
simulation system was established in MATLAB R2022b/Simulink, and the robot toolbox
was used to establish the dynamics model of Franka Emika Panda. Table 3 shows the
simulation parameters.

Table 3. Simulation parameters.

Parameters Value
m(kg) 1.0
b(N/(m/s)) 50
k(N/m) 0
ke(N/m) 2000
ts(ms) 1

The force control simulation was performed on the curved surface shown in Figure 9a.
In the force controller, k, = 0.6,k; = 0.4,k; = 0.01,0 = 0.01,7 = 500,k = 0.01, and the
desired force is f; = —5N. As can be seen in Figure 9b, the force tracking errors of CIC
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and AVIC both exceed the range of 0.2 N. DPAVIC shows superior performance in the
force tracking effect, and the force tracking error is within the range of +0.2 N. Because the
force overshoot is suppressed by NTD and PD in force tracking controllers, the overshoot
of force is reduced from 52.34% to 8.3% compared with that in CIC. The force control effect
is also simulated when the workpiece stiffness due to disturbance, as shown in Figure 10a,
and it can be found from Figure 10b that both CIC and AVIC have large force fluctuations,
while the force error of the method proposed in this paper is stable within the range of
£0.2 N. Therefore, the DPAVIC method can effectively compensate for the force tracking
errors caused by position and stiffness disturbance.

0.484 . , T 0 —
',

0.480| =22 f\
z ‘8’ | 5o e smema
:0476 -4 '5'%)_'?1/) 08 12 16
.S L
80.472} 26 . froc

o
0 468 v 8 fe-AVIC -0 = fe-DPAVIC
00 1 2 3 4 0 1 2 3 4
time (s) time (s)

(a) Contact Position (b) Contact force response

Figure 9. Force tracking results of curved surface.

—= 2.0 . . : 0 ' ' '

£ w

E 1.8} i 5 | 4.9

3 z" o '

= 1.6}, 13 t !

_&‘% 1.4} / §_4 B T s v T

mt,’ 1.2} ] §_6 fy focc ]

g 1 0 ’3 8 fe-AVIC - = fe-DPAVIC

S*% 1 2 3 4 S0 1 2 3 4
time (s) time (s)

(a) Contact Stiffness

(b) Contact force response

Figure 10. Force tracking results with the stiffness disturbance.

6. Experimental Study

To verify the performance of the proposed control strategy, a robot force control
platform is established, as shown in Figure 11. Programming is performed in a MAT-
LAB/Simulink environment using Simulink S-function block. The robot control frequency
is 1IKHz. The HKTECH NET6043-S analog 10 module is connected to the robot controller
through cables, the grinding force is read through the Simulink UDP module of the In-
dustrial Personal Computer, and the grinding force signal is fed back to the robot control
algorithm. Multiple groups of force control experiments are carried out on a flat surface,
slope surface, and large curvature surface, respectively, as shown in Figure 12. Finally, the
grinding experiment is carried out on a thin-wall aluminum alloy 7050-T6 workpiece. The
results of CIC, AVIC, and DPAVIC on the end force tracking are discussed.
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Figure 11. Experimental setup for robot grinding force control.

(a) Flat surface

Figure 12. Force control platform.

6.1. Flat Surface Constant Force Control

The force control experiment was carried out on a flat surface, as shown in Figure 12a.
The end of the robot moved 0.3 m in the x direction, and the force control direction was in
the z direction of the end effector. The desired force was set as f; = —5 N, and the running
time was 10 s. The control parameters of CIC, AVIC, and DPAVIC were set as follows:

CIC:m=1,b=10,k=0.

AVIC:m =1,b =8,k =0,0 = 0.003.

DPAVIC: m = 1,b = 5,k = 0,0 = 0.003, k, = 0.4, k; = 0.1, k; = 0.001, r = 100,

h = 0.01.

(b) Slope surface (c) Curved surface

Figure 13 shows the robot end contact force control and end compensation displace-
ment. It can be found that when CIC and AVIC are adopted, the overshoot of the system is
large, 34.31% and 13.54% respectively, the force control error is 0.409 N and 0.25 N, and the
adjustment time is long. When the DPAVIC force control strategy is adopted, the overshoot
is 1.35% and the force control error is within +0.2 N.
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Figure 13. Force control results of flat surface.

6.2. Slope Surface Constant Force Control

The end contact force was controlled on the slope surface shown in Figure 12b. The
desired force was set as f; = —5 N and the running time was 10 s. The control parameters
of the CIC, AVIC, and DPAVIC methods were set as follows:

CICCm=1b=8k=0.

AVIC:m =1,b =5,k = 0,0 = 0.003.

DPAVIC: m = 1,b = 5,k = 0,0 = 0.005, k, = 0.4, k; = 0.05, k; = 0.001, r = 100,
h =0.01.

Figure 14 shows the control response curves of the end compensation displacement
and the end contact force. It can be found that when CIC and AVIC are used, the overshoot
of the system is 29.46% and 12.45%, respectively, and the force control error is 0.331 N and
0.247 N. When the DPAVIC force control strategy is adopted, the overshoot is less than
1.02%, and the error is within +0.2 N.

0 — 0.30 —
fd - 1:e-CIC ' 0:270

%—2 — feavic = = = feopavicH E 025l ~ gzzz

LIB_ .5 OON05 10 15 20

8 % 0.20

*g’ o fd fe—CIC

v 8 O 15 fe—AVIC - = fefDPAVIC

0 2 4 6 8 10 0 2 4 6 8 10

time (s) time (s)

(a) Contact force (b) Contact Position

Figure 14. Force control results of slope surface.

6.3. Large Curvature Surface Constant Force Control

To ensure the force control effectiveness of the force control algorithm for curved
surface parts, the force control platform shown in Figure 12¢ was adopted. The desired
contact force was set as f; = —5 N and the running time was 10 s. The control parameters
of the CIC, AVIC, and DPAVIC methods were set as:

CIC:m=1,b=8,k=0.

AVIC:m =1,b =8,k =0,0 = 0.003.

DPAVIC:m =1, b =5, k=0, c =001, k, = 0.2, k; = 0.05, k; = 0.001, r = 100,
h =0.01.

Figure 15 shows the response curves of the end compensation displacement and the
contact force. It can be found that when CIC and AVIC are adopted, the overshoot of the



Appl. Sci. 2023,13, 11635

16 of 21

system is large, 10.26% and 7.25%, respectively, and the force control error is 0.336 N and
0.252 N. However, the overshoot and force error of DPAVIC are 1.51%, within +0.2 N, re-
spectively. Although the system response is slow with the DPAVIC method, the adjustment
time is shorter.

0 r r r r 0.22 ’ . ’
_1 fd i:e—CIC |
= ) — feavic = = = feppavic 0.20¢
3 | €
5-3 - 0.18}
o kS
S -4 E 35 40 45 50 55 6.0
% -5 c 0.16 fy — feac
” 6 L 1 1 . 0.14 feavic = = = feppavic
0 2 4 6 8 10 0 2 4 6 8 10
time (s) time (s)

(a) Contact force (b) Contact Position

Figure 15. Force control results of large curvature surface.

6.4. Constant Force Grinding Experiment

According to the geometric model of the workpiece surface, the Cartesian space
trajectory is planned, the specific grinding pose of the robot end effector is deduced via
interpolation with the given feed speed, and the grinding trajectory of the joint space is
obtained online with the inverse differential kinematics of the robot. According to the
on-site machining requirements, the surface quality of the workpiece should be below Ra
0.3 pm, the reference grinding force is 5 N, and the force fluctuation is +0.2 N. Table 4
shows the grinding process parameters. The CIC, AVIC, and DPAVIC control parameters
are set to the same as the flate force control parameters.

Table 4. Grinding process parameters.

Feed Rate Grinding Tool Diameter = Sandpaper Grinding Tool Speed  (E;) (N)
(mm/s) (mm) (grit) (rpm)
15 50 100 3000 -5

As can be seen from Figure 16, the force error in the CIC force tracking control method
is far more than £0.2 N, and the force control result of AVIC is slightly better than that of
CIC, while the error of the DPAVIC method stays within +0.2 N. This proves the ability of
the method to improve the precision of force control.

-4.0 . . : 0 .
fy fecic

=-4.5 2—2 I feavic = = = feppavic]
$-5.0 5 -4 -
5 . M W
55| £-6 !
S S

-6. _ i ! !

01 8O 10 20 30 40
time (s)

Figure 16. Contact force signal during grinding.
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Figure 17 shows the robot grinding process and the surface quality of the workpiece
after grinding. To verify the effectiveness of the proposed method for improving machining
quality, a JiTai TR200S roughometer was used to measure the surface roughness of the
workpiece, a Dino-Lite microscope was used to photograph the grinding surface morphol-
ogy, and a Mitotoyo Roughness Meter SJ-210 was used to measure surface waviness. As
shown in Figure 17b, 10 points on the workpiece surface are selected and the average of
three measurements is taken.

"\

T
!!l!!liiééa!!“"c

W mE b

(c) AVIC  (d) DPAVIC

Figure 17. Workpiece grinding quality.

Figure 18 shows the measured roughness of the workpiece. Compared with the CIC
method, the average surface quality of the workpiece is improved from Ra 0.5 pm to Ra
0.218 um. Figure 19 shows the influence of the three force control methods on the workpiece
surface waviness. Figure 19a shows that when using the CIC method, the workpiece surface
waviness fluctuates with the grinding force oscillation. Figure 19b shows a slight reduction
in waviness with AVIC compared with the CIC method. Figure 19c shows the ability of the
DPAVIC method to reduce the workpiece surface waviness, which has the lowest waviness
compared with the other two methods. Therefore, the proposed method has the ability to
suppress the external disturbance and reduce the force tracking error and fluctuation.

0.8 . . . .

—e— CIC
—m— AVIC
0.6k |—a— DPAVIC .

2 4 6 8 10 B2 o0
Number DPAVIC

Figure 18. Workpiece surface roughness.



Appl. Sci. 2023,13, 11635

18 of 21
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(a) CIC (b) AVIC (c) DPAVIC

Figure 19. Workpiece surface waviness. (a) Effect of CIC on workpiece surface waviness. (b) Effect of
AVIC on workpiece surface waviness. (c) Effect of DPAVIC on workpiece surface waviness.

7. Conclusions

Force control is an important problem in robot contact operation. In order to achieve
high efficiency and high-quality robot grinding, a position-based dual PID adaptive variable
impedance control method is proposed, PD is used to compensate for the force error, and
PID is used to update the impedance parameters to compensate for the environmental
disturbance. An overshoot suppression strategy using a nonlinear tracking differentiator
is presented to smooth the desired force and reduce the contact force overshoot. The
disturbance term of the end force signal is identified using the least square method, and
the effect of gravity compensation is verified to reduce the influence of noise on the force
control accuracy. The stability, convergence, and effectiveness of the force control algorithm
are verified via theoretical analysis, simulations, and experiments. By comparing the results
of CIC, AVIC, and DPAVIC with the robot end force control accuracy, the DPAVIC method
can be maintained within +0.2 N, and it has high anti-interference ability. The surface
roughness of the thin-walled workpiece can be improved to Ra 0.218 pum.

In future work, we will consider how to use force sensors to intelligently sense changes
in workpiece surface curvature without geometric models and achieve compliant grinding
of the workpiece.
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Abbreviations

The following abbreviations are used in this manuscript:

ADRC Active disturbance rejection control
AVIC Adaptive variable impedance control
CIC Conventional impedance controller

CNC Computer numerical control
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DPAVIC  Dual PID adaptive variable impedance constant

NTD Nonlinear tracking differentiator
PID Proportional-Integral-Derivative controller
PD Proportional-Derivative controller

6-Dof Six degrees of freedom

Nomenclature

é estimated position disturbance first-order differential
é position perturbation second-order differential

Xe environmental position second-order differential
X robot end output acceleration

O%e estimated position deviation

Ab damping compensation

AF force error matrix

Af force error in one dimension

Afpp force error compensation

Afss force error in one dimension

0 the parameter update rate

é estimated position disturbance second-order differential
é position perturbation first-order differential

Xe environmental position first-order differential

Xz robot end output velocity

é estimated position disturbance

Re estimated environmental position

A the adjustment factor

61, 62 the angle around the x-axis and y-axis of the {D} system
B the damping matrix of the target impedance

b the damping of the target impedance

b the damping parameter of the impedance controller
E position perturbation matrix

e position perturbation

F the sensor’s zero drift

Fy; desired contact force matrix

fa desired contact force

F contact force matrix

F, the grinding force

fe actual contact force

Fg the gravity of the grinding tool

F; the inertial force

h the filter factor

K the stiffness matrix of the target impedance

k the stiffness of the target impedance

k the stiffness parameter of the impedance controller
K(s) second-order transfer function

k(s) second-order transfer function

K, contact environment stiffness matrix

ke contact environment stiffness

M the mass matrix of the target impedance

m the mass of the target impedance

m the mass parameter of the impedance controller

r the model parameter

ts the sampling time

u nonlinear tracking differentiator

X1 the target transition signal

X the differential signal of the transition signal

X command trajectory matrix

Xe environmental position matrix
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Xe environmental position

Xy reference trajectory matrix

Xy reference trajectory

X, robot end output trajectory matrix

Xz robot end output trajectory

SFinx,* Funy, S Fnz the force signals of the 6-Dof force sensor

SMumx, My, "My the moment signals of the 6-Dof force sensor
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