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Abstract: Impedance control is widely applied in contact force control for robot manipulators. The tra-
ditional impedance model is linear, and has limitations in describing the actual impedance force. In
addition, time-varying and dynamic coupling characteristics pose critical challenges to high-speed
and high-precision impedance control. In this paper, a fractional order impedance controller (FOIC) is
proposed for industrial robot manipulator control and a systematic FOIC parameters tuning strategy
based on frequency-domain specifications is presented. In order to improve performance under dy-
namic disturbances, a dynamic feedforward-based fractional order impedance controller (DFF-FOIC)
is further developed. The robot manipulator dynamics are investigated and the effectiveness of the
DFF-FOIC is illustrated by simulation. Then, the DFF-FOIC is applied on a physical robot manipula-
tor prototype. Our step force tracking test results show that the proposed FOIC has better control
performance than an integer order impedance controller (IOIC), achieving a better step response with
lower overshoot, less settling time, and smaller integral time absolute error (ITAE) than the IOIC
under fair comparison conditions.

Keywords: robot manipulator; fractional order impedance control; dynamic feedforward control

1. Introduction

Robotic manipulators are widely applied in various fields, including assembly lines [1],
spray lacquering [2], and palletizing [3]. In modern manufacturing and human interaction
scenes, it is desirable to control the contact force between the robot end and the environment.
For example, in the grinding process for complex robotic geometries, the surface machining
consistency is hard to guarantee with only trajectory planning control [4]. In robot-assisted
needle insertion, the lack of force feedback and control increases tissue deformation and
reduces surgeons’ controllability of surgical instruments [5]. Single-position control cannot
meet the force perception requirements of these working scenes.

Robot manipulator contact force control has been extensively studied in academic
communities and for industrial applications [6]. Position-based impedance control is a
common method for robot manipulators [7], based on an outer force control loop and
inner position control loop [8]. The traditional mass-spring-damper impedance model is
linear, as described in [9]; the integer order model cannot model the impedance force of the
physical environment precisely, and the parameter tuning of the impedance controller is
limited [10,11]. The fractional order model, with its characteristics of heredity, memory, and
nonlinearity, can describe the physical system more accurately [12,13], and is widely used
in system modeling and controller design [14,15]. Damping force modeling in viscoelastic
dampers was studied in [16]; the results showed that the fractional order derivative-based
damper model was more accurate and required fewer parameters compared to the integer
model. In [17], a fractional order damping force model based on the fractional Euler—
Lagrange equation was proposed to describe the damped oscillating system, and showed
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better performance than the integer order model. In this paper, a fractional order impedance
controller (FOIC) is proposed using a fractional order theory-based damping force model.
The fractional order impedance model can describe the contact force more precisely, and
FOIC has more tuning parameters and better control performance than IOIC. In addition, a
systematic parameter design strategy for FOIC is proposed for optimal controller tuning
based on frequency-domain specifications.

In order to further improve the FOIC control performance with high dynamic re-
sponse requirement, a dynamic feedforward-based fractional order impedance controller
(DFF-FOIC) for robot manipulators is proposed. High performance motion is the foun-
dation of machining quality and working efficiency for robot manipulators, and requires
high dynamic response and high robustness for controllers [2]. However, robot manipu-
lator dynamics feature high nonlinearity and strong coupling, and are time-variant [18].
The dynamic characteristics have non-negligible effects on motion accuracy, especially
in high-magnitude and high-speed motion scenes [19]. Large inertia changes degrade
high-speed response, and can lead to system oscillation. In addition, the motion accuracy is
affected by system friction [20]. Low machining accuracy and poor lubrication conditions
increase the friction significantly [2]. In high speed working scenes, friction seriously
affects the desired robot dynamic response and robustness performance [21]. Conventional
closed-loop controllers are mainly aimed at the linear constant system; conservative control
parameters limit the system gain bandwidth and affect the system’s dynamic response
performance [22]. A model-based controller has the ability to reduce nonlinearity for better
control performance [23], with a dynamic model feedforward-based controller being an
effective method for a robot system to achieve the desired dynamic response and high
robustness performance [24]. The DFF-FOIC for robot manipulators proposed in this paper
can improve the transient response performance. Accurate dynamic parameters are the
foundation of the DFF-FOIC. Dynamic model parameters can be obtained by precise iden-
tification methods [25]. In this paper, the Newton—Euler method is used to establish the
robot dynamic model [26]. The finite Fourier series is applied as the excitation trajectory to
excite the dynamic characteristic for the robot manipulator [27]. The least squares estimator
method is used to obtain the identified dynamic parameters [28].

The main contributions of this paper are as follows: (1) A dynamic feedforward-based
fractional order impedance controller (DFF-FOIC) for robot manipulators is proposed
with optimized impedance modeling accuracy to reduce the impact of robot dynamics
with disturbance due to the non-negligible effects of highly nonlinear features, strong
coupling, and time variance. (2) The effectiveness of the proposed DFE-FOIC is illustrated
in simulation and validated using an industrial robot manipulator experimental platform.
The results show that FOIC has better performance than IOIC under the same design
specifications. DFF-FOIC can improve the dynamic response and guarantee high robustness
performance compared with existing methods.

The rest of this paper is organized as follows: in Section 2, the design of the FOIC and
dynamic robot manipulator model are proposed; Section 3 demonstrates the simulation
analysis of FOIC and DFF-FOIC and the experimental verification is realized; Section 4
concludes the article.

2. Control Design
2.1. Fractional Calculus and Definitions

The fractional order model is the generalization of the traditional integer order model.
The fractional calculus of function f(t) is defined as

&),  Re(x) >0
D) =9 f), Re(a) =0 1)
[, f(t)(dT)™*, Re(a) <0,
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where ,Df is the basic operator of fractional calculus, « is the operator order, a and t are
the limits of the fractional order operator, and Re(«) represents the real part of «.

Caputo’s definition is one of the most commonly used definitions of fractional deriva-
tives [29]:

m+1)

1 t £l T
oDy f(t) = T(1—7) /O f(t — Tg'y) dt, 2)

where & = m + 7, m is an integer,and 0 < ¢y < 1.

2.2. Design of FOIC

The impedance model consists of a mass, spring, and damper, which dynamically
adjust the robot’s posture according to the contact force. The impedance model is shown
in Figure 1.

X
B “

d

T .
W

K

d

Figure 1. Impedance dynamics model.
The impedance dynamics equation is
M5 (t) + Bax(t) + Kyx(t) = Fext, (©)

where M} is the mass coefficient, B, is the damper coefficient, K; is the spring coefficient,
Fext is the external force applied to the system, x is the position, and ¢ is the time. The kine-
matics parameters and external force are dynamically adjusted according to the desired
impedance model.

Fractional order theory can be applied to describe the impedance model more accu-
rately than the typical integer order model. In this paper, a fractional order impedance
model is proposed with a fractional order damping force model. Thus, Equation (3) can be
rewritten as

Mdjé(t) +BdD?x(t> +de(t) = Fext, 4)

where D} is the fractional order derivative operator and u € (0,2) is the operator order.
The FOIC structure is shown in Figure 2, where B;s" is the fractional order damping
force model, u is the operator order, Fy is the reference contact force, Fy is the real force
obtained from the force sensor, and AF is the error between F,. and F,; moreover, AX is
the desired position adjustment value, X, is the original position of robot manipulator end,
X¢mq is the final position command, and Kj is the spring coefficient of the environment. Due
to the high control bandwidth and high control performance of robot manipulator servo
systems, the robot position closed loop is represented as 1 to simplify the control system.

Xreat Flreal
Robot position
closed-loop s

2 "
M, s* + B;s" + K,

Force Sensor [«

Figure 2. Robot manipulator FOIC control system diagram.
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The open-loop transfer function is expressed as

Ks
Co (S) N Md52 + Bys* + Kd. ©®)
The closed-loop transfer function is
K
D(s) : (6)

T Mys?+ Bgst + Ky + K

In a position-based impedance controller, the virtual spring can lead to a steady-
state force tracking error [8,30]. Many strategies have been presented to deal with this
problem [31,32]. Setting the virtual spring stiffness to 0 is a simple way to eliminate the
tracking error [30], and is the approach used in this paper. Setting K; to 0, we have

Ks

=—a— 7

Go (S) Mdsz + Bys# ( )
Substituting jw for s in Equation (7), we have
. K

Go juw) - ®)

~ My (jw)? + By(jw)"”

An effective controller parameter tuning method is essential for FOIC. Manual tuning
is a common method in impedance controller design. As a trial and error strategy, manual
tuning is complicated and difficult to implement in different working scenes [33]. Opti-
mization algorithms are another typical method used in designing impedance controllers,
although this approach is often time-consuming and unstable [34]. In order to improve
the usability of FOIC, a systematic method for tuning parameters based on the frequency
domain is proposed. The proposed strategy for tuning the FOIC parameters based on
the frequency domain is an analytical method. In this way, the stability of the designed
controller can be guaranteed, rather than using test verification as in [34]. In addition,
the analytical method is easy to calculate and implement in the robot control system, and
does not require a high-performance computer or time-consuming optimization process.
The frequency-domain specifications reflect the controller’s fundamental performance, and
are easy for engineers to use in different working scenes.

The proposed FOIC tuning method is presented below. Two frequency-domain specifi-
cations and one time-domain specification are used, including the gain crossover w,, phase
margin ¢;,, and integral time square error (ITSE).

(1) Gain crossover
|Go (jwe)| 4o = 1. ©)

(2) Phase margin
Arg[Gy (jwe)] = — 70 + Qum. (10)

The gain and phase of G,(s) are as follows:

Ks
O , 11
|Go (j0) |y VM ()2 + (Bap1) 2 + (Bap2)? "
et B
¢(w) = — arctan My(j0)2 + Bapy’ (12)

where

pp = w" cos(gu),

pa = w" sin(gu).
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Substituting the given gain crossover w, and the desired phase margin ¢, into
Equations (9) and (10), we have

M, =& (13)
a
B, — bM,. (14)

where

0 = /[0 + bpi 2+ (bpa )2,

(jwe)? tan (7 — @)
p2 — p1tan(m — @)
Another time-domain specification ITSE is used to design the FOIC, as follows,

b:

f
Jitse = /Ot te(t))dt, (15)

where t¢ is the final time and e(#) is the error between the reference and the actual value
corresponding to time ¢.

The systematic FOIC parameters tuning strategy can be summarized with the follow-
ing example:

(1) With a gain crossover w, = 30 rad/s, phase margin ¢, = 40°, F,ef = 20 N, and
Ks = 1293.83 N/m, the real spring stiffness can be identified.

(2) By sweeping u € (0,2), all the controllers satisfying w, and ¢,, are calculated according
to Equations (13) and (14).

(3) In this step, we implement the step response simulation or the contact force disturbance
simulation in steady state of the FOIC considering the desired performance. If tracking
performance is mainly being considered, we implement the step response simulation
of the FOIC obtained above in (2), then calculate the corresponding Jirsg. If the anti-
disturbance performance is mainly being considered, we implement the contact force
disturbance simulation of all the FOIC obtained above in (2) in steady state, then calculate
the corresponding Jirsg. In the example used here, the tracking performance is mainly
being considered, and the step response simulation is implemented.

(4) The FOIC according to the smallest Jitsp is selected as the final controller, with
M; =1.0722 kg, B; = 259117 N-s/m, and u = 1.02.

The effects of the control parameters on the performance of the closed-loop system are
discussed below. By sweeping u € (0,2), all the controllers satisfying w. = 30 rad/s for a
phase margin ¢, = 40° are shown in Figure 3. The performance of FOIC with different
control parameters are compared by ITSE. The correspondence diagram between ITSE and
u is shown in Figure 4. The red dot in Figures 3 and 4 is the FOIC designed above.

024 i 10,000
0K 5000 B,

2 7 T

1 10 8

6 4 5 0 0

Figure 3. All FOIC satisfying the given w, and ;.
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Figure 4. Jitsg of FOIC corresponding to u.

2.3. Stability Analysis

In this subsection, a stability analysis of the FOIC closed-loop system is conducted.

Lemma 1. An ordinary input/output relation (with only integer derivatives) can be written in a
polynomial representation:

P(c)¢ = Q(0)u,
y = R(0)¢,

where u € R™ is the control, & € R" is the partial state, and y € RP is the output; here, P, Q and
R are polynomial matrices in the variable o of dimensions n X 1, . X m, and p X 1, respectively,
and o can be seen as the symbol of the usual derivative s* when all initial conditions are zero.

For a proof of Lemma 1, see [35].

If the triplet (P, Q, R) of polynomial matrices is minimal, we have the following equivalence:
System (16) is bounded-input bounded-output iff det(P(c)) # OVo, |arg(o)| < art/2.

(16)

Theorem 1. When choosing appropriate FOIC parameters (My, By, and u) to ensure that
s
jarg(wi)| > A, (17)
where w; represents the ith root of the equation
Myw?! + BywP + Ks =0, (18)

where A =1/q, p/q = u, p, and q are positive integers, then the closed-loop system is bounded, as
t — oo.

Proof. The structure of FOIC for a robot manipulator is as shown in Figure 2. Due to
the high control bandwidth and high control performance of robot manipulator servo
systems, the robot’s closed-loop position is represented as 1 to simplify the control system.
The transfer function of the force sensor is 1 due to its high performance.

The closed-loop transfer function of FOIC with K; = 0 is

B Ms? + Byst + K~

D(s) (19)

The characteristic equation of Equation (19) is

N(s) = Mys® 4 Bys" + K. (20)
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We note that
U= B, st =sP/i, (21)
q
where p and g are positive integers.
Thus,
N(s) = Mys® 4+ Bys"/7 + K, (22)

Wedenote A =1/q, w = s; then,
N(w) = Myw® + BywP + Ks = 0. (23)
According to Lemma 1, /i1 =1, i = 1, and
jarg(w)| > A7, (4)

therefore, the closed-loop system is bound-input bound-output. O

With the help of Theorem 1, we can state the FOIC considering the robot manipulator
system rather than using a gain of 1.

Theorem 2. When choosing proper FOIC parameters My, By, and u to ensure that
s
jarg(wi)| > A, (25)
where w; represents the ith root of the equation
Mybos* + Bybys“t2 4+ Mybys® + Bybys" ™t + Mybgs® 4+ Bybos" + Ksays + Ksag = 0, (26)
where A =1/q, p/q = u, p, and q are positive integers, My, By, are the parameters of FOIC, and
ag, a1, by, by, and by are the parameters of the robot manipulator system, then the closed-loop system

is bounded, as t — oo.

Proof. The structure of the FOIC for robot manipulator is as shown in Figure 2. The closed-
loop transfer function of the FOIC with K; =0is

P (S) _ (als + tlo)KS (27)
2 Mdb2$4 + Bdbzqurz + Mdb153 + Bdblqurl + Mdbosz + Bdbos” + Ksaqs + Ksag ’
The characteristic equation of Equation (27) is
No(s) = Mybys* + Bybps" 2 + Mybys® + Bybys* Tt 4+ Mybos® + Bybgs" + Ksays + Ksay. (28)
We note that
u:B, Su:Sp/q, (29)
q
where p and g are positive integers.
Thus,
Ny (s) = Mybos* + Bybps®P/7 4 Mybys® + Bybys' TP/ + Mybos? + Bybos?’ T + Ksays + Ksay. (30)
We denote A =1/q, w = s’; then,
No(w) = Mybyw* + Bybyw? P + Mybyw™ + Bybywi TP -

+ Mybyw?1 + Bbow? + Ksaqw? 4+ Ksag = 0.
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According to Lemma 1, /1 =1, 7 =1, and
s
jarg(wi)| > Az, (32)
therefore, the closed-loop system is bound-input bound-output. O

2.4. Dynamic Model for Robot Manipulator

The disturbance dynamics of robotic manipulators has the characteristics of time
variance, high nonlinearity, and strong coupling. These disturbances pose a challenge for
the control performance of FOIC with dynamic response and robustness requirements.
Dynamic feedforward, as a model-based control strategy, can effectively and fundamentally
reduce the influence of robot disturbance dynamics.

The dynamic model for a robot manipulator is as follows:

T=H(q)§+C(q,9)4 + G(q) + F(9), (33)

where g, 4, and § are the vector of joint positions, velocities, and accelerations, respectively,
H is the inertia matrix, C is the Coriolis and centripetal coupling matrix, G is the gravity
load, F is the friction force, and 7 is the vector of actuator forces driving the links. In this
paper, the Coulomb viscous friction model is used, as follows:

F =T+ Bug, (34)
T.", 4>0

T.=4¢ 0, 4=0 (35)
T.”, 4<0,

where T. and B, are the Coulomb friction and viscous friction coefficients, respectively, and
T, " and T.~ are the different Coulomb friction coefficients corresponding to the rotation of
the velocity 4.

Here, 7 is linearly related to the dynamic parameters, and Equation (33) can be
rewritten as follows [36]:

T=Y(q,4,4)P, (36)
where P = [Py, Py, ..., P;] (with j being the number of links) is the vector of the dynamic
parameters; for link i, P; = [xx;, Xy, ¥2i, Yyi, Yzi, 22i, mx;, my;, mzi, My, Toi ™, Tei ™, By, Joni,

where xx;, xy;, Xz;, yy;, Yz, zz; are the moments of inertia, mx;, my;, mz; are the first moment,
m; is the link mass, T.;™ and T,;~ are the Coulomb friction coefficients, B,,; is the viscous
friction coefficient, J,,; is the motor inertia, and Y(g, 4, ) is the regressor matrix according
to P.

The robot manipulator’s dynamic parameters need to be identified. A standard robot
identification process includes model establishment, data acquisition, and data estima-
tion [25]. The dynamics model is linear to P; however, not all of the parameters have effects
on the motion [22], which means that Y is not full rank. In order to identify the dynamic
parameters, the base parameters-based dynamics model is used for the identification [26].
As for data acquisition, the finite Fourier series excitation trajectories are used to excite
the robot dynamics; this approach has the advantages of time-domain data averaging and
a specifiable bandwidth of the excitation trajectories [27]. In addition, the velocities and
accelerations can be obtained according to the approximated sine and cosine functions of
the measured joint position information. Finally, the dynamic parameters are identified
as follows:

’ 1T 1T
P=( Y)Y 1 (37)

T
where P’ represents the base parameters, Y' is the regressor matrix to P,Y" isthe transpose
of Y/, and T is the driving force vector of the actuators.
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An identification process for the EFORT ERC20C-C10 industrial robot manipulator is
presented below.

As mentioned above, the finite Fourier series excitation trajectories are applied for
identification, as follows [27]:

> ap; . bli
g; = ; wifl sm(a)flt) — w cos(wflt) + qio, (38)

where g; is the trajectory of joint;(i = 1,2,3), the base frequency w¢ = 0.27, q19 = 0.1093,
g0 = —0.1310, g30 = 0.0430, the coefficients a;; and b, ; are listed in Table 1, and the
trajectories are shown in Figure 5.

Table 1. The coefficients of the Fourier series excitation trajectory.

i ayi ap i az i Ay i as i
1 —0.0768 —0.0675 —0.0457 0.0521 0.1379
2 —0.1505 —0.0172 —0.1307 0.2954 0.0030
3 —0.0576 0.0177 0.0479 —0.6920 0.6840
i bl,i bz,j b3,7' b4,1' b5,i
1 —0.0571 0.2280 —0.0809 0.4996 —0.4309
2 —0.1795 0.2032 —0.0809 0.2786 0.0938
3 0.0019 0.2032 —0.0809 0.1852 0.1510
0.6
04 - 1 1 ! 1 ! 'S 1 -
- 02F \ \ ]
0.2t \/\ f
0.4 — Joint, y
— Joint,
—0.6+ { { X .
Joint,
-0.8 ‘ i [ ‘ i i [ ‘ i E
0 1 2 3 4 5 6 7 8 9 10

t(s)

Figure 5. The Fourier series excitation trajectory.

The identified base dynamic parameters of the EFORT ERC20C-C10 are shown in
Table 2. The measured and the calculated joint driving torque based on the identified
base dynamic parameters of the excitation trajectory are shown in Figure 6. The root
mean square errors (RMSE) of the three joints are 0.4223 Nm, 0.3730 Nm, and 0.3162 Nm,
respectively, which verifies that the identified dynamic parameters are accurate.
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Measured

...... Calculated
Joint,

T T T T

F T T T T

t(s)

Figure 6. Measured and calculated joint-driving torque values.

Table 2. Base dynamic parameters of the ERC20-C10.

Item zZ1 (Kgmz) XX (Kgmz) XYo (Kgm2) Xzp (Kgmz) yzo (Kgm2)
Value 27.88541 116.4740 —11.9243 8.63456 —13.4807
Item zzy (Kgm?) mxy (Kgm) my, (Kgm) xx3 (Kgm?) xy3 (Kgm?)
Value 70.4156 —10.1249 48.6138 27.8231 —2.0144
Item Xz3 (Kgmz) yz3 (Kgmz) zz3 (Kgmz) mx3 (Kgm) my3 (Kgm)
Value —7.4829 20.6031 —3.6640 17.5760 4.0855
Item J3 (m?) T.1™ (Nm) T~ (Nm) B,,1 (Nms/rad) Teo™ (Nm)
Value 12.9752 62.00688 —93.8778 116.3661 176.8584
Ttem T.»~ (Nm) B> (Nms/rad) T3t (Nm) T.3~ (Nm) B,;3 Nms/rad)
Value —38.5557 119.6391 17.64926 —47.8277 89.00266

XX, XYi, XZi, YVi, Yzi, 2z; are the moments of inertia of link ; about the center of its frame, mx;, my;, mz; are the first
moment of link ;, m; is the mass of link ;, T;* and T,;~ are the Coulomb friction coefficients of joint;, B; is the
viscous friction coefficient of joint;, J; is the motor inertia (output shaft referred) of joint;.

3. Simulation and Experimental Results
3.1. Simulation Illustration
3.1.1. Simulation System

In this section, the construction of an FOIC simulation system for a six degrees of
freedom (6DoF) robot manipulator is described. A robot kinematic block and servo block
with dynamic disturbance and dynamic feedforward block are designed considering the
influence of the robot system and disturbance dynamics, as shown in Figure 7 and Table 3.
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Robot Manipulator System

Servo System 1

Dynamic
Feedforward Controller

1ref

Position Velocity Current
_ Control Control Control el
= ) =
g position velocity current feedback l H
% . e a X,
1 d feedback feedback Feedback = real X
Mys? + Bgs* + K, =3 2 L=
E g
g g
H &

Qicmg (=2-6)

Servo System 2 — 6

Qicma €=2-9)

Force Sensor

Figure 7. Robot manipulator FOIC simulation system.

Table 3. Simulation system components and function.

Component

Function

FOIC

Adjust the dynamic relation between the contact
force error and robot end position

Inverse Kinematic

Calculate the joint position command Q,,,4, a
six-dimension vector consisting of all the joint command
of the 6-Axis robot manipulator, according to the robot
end command in cartesian coordinate

Control Consist of position-control-loop, velocity-control-loop
Loop and current-control-loop
Motor A motor model with friction and inertia
Model
The inverse dynamic results are used as the dynamic
Dynamic disturbance for the servo system, to simulate the
Disturbance influence of inertia, gravity and friction in the real
Robot Servo physical environment
System System Calculate the driving torque corresponding to the
Dynamic desired kinematic command Q.4 according to
Feedforward Equation (36). Transform the driving torque to driving
Controller current by K¢ and compensate the dynamic
disturbance
K. Conversion coefficient between disturbance torque
dis and current
% Conversion coefficient between dynamic feedforward
ff torque and current
Calculate the position of the robot end in cartesian
Forward coordinate according to the joint real position Q,.;,
Kinematic a six-dimension vector consisting of real position of
every joint of the 6-Axis robot manipulator
K Simulate the external spring stiffness contacting with
S

the end of robot

Force Sensor

Obtain the real contact force

The Puma560 6DoF robot manipulator is applied as the robot in simulation. The mod-
ified Denavit-Hartenberg (DH) parameters are shown in Table 4. In the impedance test,
Joint,, Joints, and Joints are without motion; thus, the dynamic parameters of the above
joints are all neglected as 0. The dynamic parameters of the Puma560 are listed in Table 5.
Considering the reference trajectory and dynamic parameters, we can obtain the required
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actuator driving forces T according to Equation (36), which can be used as the dynamic
disturbance.

Table 4. Puma560 modified Denavit-Hartenberg (DH) parameters.

Link Joint Offset (d) (m) Link Length (a) (m) Link Twist («) (rad)
1 0 0 1.5708
2 0 0.4318 0
3 0.15005 0.0203 —1.5708
4 0.4318 0 1.5708
5 0 0 —1.5708
6 0 0 0

Table 5. Puma560 dynamic parameters.

xx (Kgm?) xy (Kgm?) xz (Kgm?) yy (Kgm?) yz (Kgm?)
link, 0 0 0 0 0
link, 0.13 0 0 0.524 0
links 0.066 0 0 0.0125 0

zz (Kgmz) mx (Kgm) my (Kgm) mz (Kgm) m (Kg)
link, 0.35 0 0 0 0
linky 0.539 1.1832 0.1044 —0.2784 17..4
links 0.066 0 —0.336 0.0672 4.8

T.* (Nm) T.~ (Nm) B, (Nms/rad) G Jm (Kg m?)
jointy 0.395 —0.435 0.00148 —62.61 0.000291
jointy 0.126 —0.071 0.000817 107.8 0.000409
jointz 0.132 —0.105 0.00138 —53.71 0.00299

XX, XYy, Xz,YY,Yyz, 2z are the moments of inertia about the center of gravity (COG), mx, my, mz are the first moment,
m is the link mass, T, ™ and T, are the Coulomb friction coefficients, By, is the viscous friction coefficient, G is the
gear ratio, J,; is the motor inertia (motor referred).

3.1.2. Fractional Order Operator Implementation

The FOIC designed in Section 2 was tested via simulation. The fractional order slu is
realized by the impulse response-invariant discretization method [37]. The approximate
transfer function order is set as 7 and the sampling frequency is set as 1 KHz. The discretized
transfer function of sl% is written as

1 1 B(z™1)
o TS T Az ) (39)

where:

B(z71) = 0.868627 — 3.592z° + 5.997z° — 5.146z* + 2.385z% — 0.569622 + 0.05899z —
0.001574 and A(z™1) = z7 — 4.1562° + 6.9782° — 6.03z* + 2.822% — 0.6817z% + 0.07194z —
0.001998.

A comparison of the approximated Bode diagram and true Bode diagram is shown in
Figure 8. The discretized open-loop Bode plot of the designed FOIC is shown in Figure 9.
It can be seen the control system satisfies the given crossover frequency and phase mar-
gin specifications.
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Figure 8. Comparison of approximated Bode diagram and true Bode diagram.
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Figure 9. Open-loop Bode diagram of FOIC.

3.1.3. Step Response Simulation

In this section, the contact force step response simulation for FOIC designed above in
Section 2.2 (w, = 30 rad/s, ¢, = 40°)is carried out with M; = 1.0722kg, B; = 259117 N-s/m,
and u = 1.02.

The influence of dynamic disturbance is studied and the effectiveness of the dynamic
feedforward method is verified. The dynamic characteristics of Joint; and Jointz are
considered in this part, which are the main motion joints in the simulation. Setting the
reference force as 20 N, the following tests are investigated:

(1) Link inertia and gravity

In order to study the influence of link inertia and gravity disturbance, three different
disturbance coefficients (K;;; = 0, Kz;s = 20, and Ky = 50) in the FOIC were tested.
The step response simulation results are shown in Figure 10. As can be seen, link inertia

and gravity disturbance increase the overshoot, meaning that the system needs more time
to reach steady state.
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Figure 10. Force step response of the FOIC with dynamic inertia and gravity disturbance changes.

(2) Friction

Coulomb Friction disturbance is considered in this part. In order to better investigate
the effectiveness of the friction disturbance, the disturbance coefficient is set as K;; = 20,
as above, and the Coulomb friction coefficient T of Joint, and Joints is adjusted. Here,
Ky is used as the amplification coefficient for Tc. In this way, the influence of friction
disturbance is investigated alone without any impact from changing the link inertia and
gravity. The response curves of the contact force with three different T, amplification
coefficients, K = 1, K = 2, and Kf = 3, are shown in Figure 11. The results clearly
indicate that Coulomb friction disturbance can induce contact force variations. When
friction is stronger, the contact force fluctuation is larger.

Disturbance Items Investigated:
o Frcition

F(N)

T65 17 175 1.8 185 19 TIP3 2

Figure 11. The force step responses of FOIC with friction disturbance.

(3) Link inertia, gravity, and friction.

For further validation, all the dynamic impact factors, that is, link inertia, gravity,
and friction, were taken into account together. The friction parameters in Table 5 were
used. The force tracking performances were compared under three different disturbance
coefficients Ky;s = 0, Kj;s = 20, K5 = 50. The response curves of the system output are
presented in Figure 12. The results show the combined characteristics of the previous
two items. As the growth in the disturbance coefficient increases, the system has a worse
response speed, larger overshoot, longer settling time, and larger force fluctuation.
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Figure 12. Force step response of the FOIC with inertia, gravity, and friction disturbances.

To verify the effectiveness of the dynamic feedforward method, the dynamic parame-
ters in Table 5 were used. Dynamic disturbance with coefficient K;;; = 20 was applied for
the test. Three different levels of compensation simulation with feedforward coefficients
of Kff =0, Kff = 2.5, and Kff = 5 are presented in Figure 13. The results show that
dynamic feedforward can effectively suppress the dynamic disturbance. The controller
with dynamic feedforward achieves a better response speed, can suppress the overshoot
caused by dynamic disturbance, and has a shorter settling time and better robustness
performance compared with the controller without dynamic feedforward.

30
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Figure 13. Force step response of the DFF-FOIC with dynamic disturbances.

3.2. Experimental Verification
3.2.1. Experimental Setup

This section describes the experiments we carried out. The experimental setup con-
sisted of a 6DoF EFORT ER20C-C10 industrial robot manipulator, an ADVANTECH indus-
trial computer with a self-developed robot controller and self-developed human—computer
interface software, a 6DoF HPS-FT060E force sensor, and a spring, as shown in Figure 14.
Communication between the equipment used EtherCAT. An Igh-EtherCAT master stack
was embedded in the self-developed robot controller to communicate with other EtherCAT
slaves, including the servo system and the force sensor. The communication update fre-
quency was set as 1 KHz. The detailed experimental setup information is shown in Table 6.
The modified DH parameters for robot manipulator are listed in Table 7. The identified
base dynamic parameters are shown in Table 2. In TSINO DYNATRON CoolDrive R6, the
object dictionary data index 60B2, of EtherCAT, described as the torque offset, is used as the
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dynamic feedforward torque transmission interface from the Igh-EtherCAT master stack
in the self-developed controller to the EtherCAT slaves. The torque offset index 60B2;, is a
common object data index in CiA402, which means that the proposed dynamic feedforward
strategy can be applied in many other servo systems based on EtherCAT communication.

l
T

Force sensor
Spring

Figure 14. Experimental setup.

Table 6. Experimental setup description and parameters.

Items Brand and Model Description
Robot Degree-of-freedom: 6;
manipulator EFORT ERC20C-C10 Maximum load: 20 Kg;
Industrial Main board: advantech AIMB-785;
computer ADVANTECH Processor: Intel Core™ i7-7700/ 3.6 GHz;
Servo TSINO DYNATRON Maximum EtherCAT
drive CoolDrive R6 communication frequency: 4 KHz;
Range in Z-axis: +1000 N;
Force Measurement accuracy: 0.4 N;
sensor HPS-FT060E Maximum EtherCAT
communication frequency: 2 KHz;
Spring Stiffness: 1293.83 N/m;

Table 7. ERC20-C10 modified DH parameters.

Link Joint Offset (d) (m) Link Length (a) (m) Link Twist («) (rad)
1 0.504 0.16846 1.5708
2 0 0.78155 0
3 0 0.14034 1.5708
4 0.76039 0 —1.5708
5 0 0 1.5708
6 0.125 0 0

3.2.2. Experimental Tests

To validate the effectiveness of the proposed FOIC and DFF-FOIC, experiments were
carried out as described in this section.

(1) FOIC and IOIC comparison

In this section, the design of the FOIC is investigated considering the tracking perfor-
mance and the anti-disturbance performance.

First, the FOIC was designed mainly considering the tracking performance and com-
pared with the IOIC under the same frequency domain. The FOIC and IOIC were designed
and compared under the same frequency-domain specifications for fair comparison of
we = 30 rad/s and ¢;; = 40°. The parameters of the IOIC were designed according
to Equations (13) and (14), with u = 1, for which the results are M; = 1.1013 kg and
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By = 27.7219 N-s/m. The force step tracking curves are shown in Figure 15. The im-
plemented experiments were repeated ten times. The average performance comparisons
are shown in Table 8. The results show that the FOIC has faster response speed, smaller
overshoot, and less settling time than IOIC.

The stability of the designed FOIC is proven as follows. Entering the parameters into
Equation (18), we choose u = 1.02,A =1/ =0.02, w = st = 5002 g =50, and p = 51; the
pole plot is shown in Figure 16. The slopes of the two stable region boundaries are £A 7,
corresponding to £7 for the integer order system. Thus, the system should be BIBO-stable
according to the stability analysis in Section 2.3.

40 - - . :
T o ———FOIC

el ° — 10IC

35| :\‘W 1

.02 0.06_ 0.1 0.14

0 0.5 1 L5 2 25 3
t(s)

Figure 15. Force step response curve comparison for IOIC and FOIC.

Table 8. Force step response average performance comparison for IOIC and FOIC with ten repetitions.

I0IC FOIC Comparison
Rising time (s) 0.0614 0.0611 0.4886%
Overshoot (N) 76.68% 74.73% 2.54%
Settling time (s) 0.5359 0.4791 10.60%
ITAE 0.3791 0.3478 8.2564%
1r x5 OO 7506
0.8 XXXXX% Stable region &XXXX
0.6
0.4
Z 02
£ o
gfo. 2
0.4
0.6
0.8
-1F >(><><><><><><><X><><><><><X
-1 o 0.5 0 05 1 15

Real Part
Figure 16. Pole plot of the designed FOIC closed-loop control system.

Second, the FOIC was designed considering anti-disturbance performance and com-
pared with IOIC under the same frequency domain of w. = 30 rad/s and phase margin
¢m = 40°. The design process was as described in Section 2.2; a contact force distur-
bance of 3 N was added in steady state during the design process of the FOIC. With the
influence of force disturbance, the contact force dropped off and then quickly reached
steady state at the given reference contact force. The final designed FOIC with the smallest
Jitsg was My = 1.0722 kg and By = 25.9117 N's/m, and u = 1.02, while the IOIC was
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Dy (s)

M, = 1.1013 kg and B; = 27.7219 N-s/m. The average performance results for ten repeti-
tions of the anti-disturbance experiment are listed in Table 9. The Bode sensitivity plots for

FOIC and IOIC are shown in Figure 17; it can be seen that FOIC has better ability to reject
disturbances compared to IOIC.

Table 9. Anti-disturbance response average performance comparison of IOIC and FOIC for ten
repetitions.

IOIC FOIC Improvement Comparison of FOIC
Settling time (s) 0.7548 0.7051 6.5845%
ITAE 0.2109 0.2081 1.3276%
Bode Diagram

— FOIC
— 10IC

Magnitude(dB)

—45L
10

o 10! 10° 10°
Frequency (rad/s)

Figure 17. Bode sensitivity plot of FOIC and IOIC for robot manipulator control systems.

The stability of the closed-loop system under the effects of disturbances was addressed
by identifying the robot manipulator system of the EFORT ER20C-10, including the inverse
kinematics, servos of the joints, and forward kinematics, using the obtained experimental
data. The inverse and forward kinematic were described linearly due to the small range of
motion in the experiment. The servos of the joints were modeled by first-order systems.

The transfer function of the robot manipulator in the impedance control experiment is
as follows:

a1s + ap
G (S) = 55—,
r(S) bzsz + bls + b()
where a; = 5170.733366, ap = 7.779515177 x 10°%, by = 1, by = 7223.609339, and
by = 7.790596290 x 10°.
See Appendix A for the detailed identification.
The closed-loop transfer function of FOIC considering the robot manipulator system is

(40)

(a15 + ag)Ks

= . 41
Mybys* + Bybpstt2 + Mybis® + Bybysttl + Mybgs? + Babos* + Ksays + Ksag (1)

The stability of the designed FOIC robot manipulator is proven as follows. Entering
the parameters into Equation (26), we choose u = 1.02, A = 1/gq = 0.02, w = sh = 002
g = 50, and p = 51; the pole plot is shown in Figure 18. The slopes of the two stable region
boundaries for the integer order system are £A 7. The minimum argument of the root is

0.0391 rad, and the argument of the stability bound is 0.0314 rad; thus, the system should
be BIBO stable.
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Figure 18. Pole plot of the designed FOIC closed-loop control system considering the robot manipu-

lator system.

(2) FOIC and DFF-FOIC comparison

Although FOIC achieved better control performance than IOIC, FOIC can be further
improved by DFF-FOIC.

The dynamic feedforward method was verified to improve the performance of FOIC
with My = 1.0722 kg, B; = 25.9117 N-s/m, and u = 1.02. The robot manipulator is severely
affected by dynamic disturbances during motion. The step force tracking results are shown
in Figure 19, and the experimental performance indexes are listed in Table 10. These results
demonstrate that the robot with dynamic feedforward can effectively suppress dynamic
disturbances and improve the performance of FOIC.

40 T
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Figure 19. Force step response curve comparison for FOIC and DFF-FOIC.

Table 10. Force step response performance comparison for FOIC and DFF-FOIC.

FOIC DFF-FOIC Comparison
Rising time (s) 0.061 0.06 16.39%
Overshoot (N) 75.62% 67.33% 10.96%
Settling time (s) 0.474 0.431 9.07%
ITAE 0.3619 0.317 12.41%
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With dynamic feedforward, the rising time is improved by 16.39%, the overshoot
is reduced by 10.96%, and the settling time is reduced by 9.07%. In addition, DFF-FOIC
has better ITAE than FOIC by 12.41%. The tracking performance of the servo systems is
improved, as shown in Figure 20. As for Joint; and Joints, ITAE is improved by 44.44%
and 37.5%, respectively, as shown in Table 11.

-24.7
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-24.8
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Figure 20. Joint-tracking curve comparison of FOIC and DFF-FOIC. (a) joint;. (b) joints.

Table 11. ITAE joint-tracking comparison of FOIC and DFF-FOIC.

FOIC DFF-FOIC Comparison
Joint, 0.0099 0.0055 44.44 %
Joints 0.004 0.0025 37.5%

(3) DFF-FOIC robustness study

The robustness of the robot manipulator system from (2) above was examined under
DFF-FOIC. Different contact force disturbances were added to the system by setting a
virtual force disturbance parameter in the control system, with Fy;; = 0 N, F;;; = 2 N,
Fiis =4 N, and F;;; = 6 N. The results show that the proposed DFF-FOIC can maintain
a stable state even under influence from force disturbances, and can achieve the desired
robustness performance, as shown in Figure 21.

Fas =0
— Fu=2]]

e

F(N)

Figure 21. Robustness examination for DFF-FOIC.

(4) Performance comparison with NSGA-IC

In this part, the proposed controller is compared with a state-of-art impedance con-
trol scheme, the non-dominated sorting genetic algorithm Il-based impedance controller
(NSGA-IC) [34]. The integer order impedance control parameters of NSGA-IC are de-
signed by a multi-objective genetic algorithm NSGA-II. In this part, a comparison between
the proposed FOIC and the NSGA-IC is carried out. In order to further illustrate the



Fractal Fract. 2023, 7,52

21 of 25

effectiveness of the dynamic feedforward method, DFF-FOIC is compared with dynamic
feedforward-based NSGA-IC (DFF-NSGA-IC).

First, the NSGA-IC is designed as follows. The impedance model is as shown in
Equation (3). The rise time (T;), total variation (1), and steady state error (E;s) are chosen
as the optimization metrics, with K; set as 0 to eliminate the steady state error. The opti-
mization problem is presented in Equation (42):

m]gn (Tv/ T;, Ess)

X= [Md/ Bd]T (42)
sit. 0< M, <100 Kg
0<B;<100N-s/m

Generations and individuals in NSGA-IC were set as 20 and 20, respectively. The de-
signed parameters of NSGA-IC are M; = 2.9871 kg and B; = 25.2114 N-s/m.

The frequency-domain specifications of the optimized NSGA-IC are gain crossover
w = 20 rad/s and phase margin ¢, = 22.9°. In order to compare the performance of FOIC
and NSGA-IC fairly, the FOIC was designed with the same frequency specifications as
NSGA-IC, thatis, My = 0.7730 kg, By = 6.8271 N-s/m, and u = 1.67. The results show that
the proposed FOIC achieves better response speed, a lower settling time, and better ITSE
than NSGA-IC. In order to illustrate the performance of the dynamic feedforward method,
dynamic feedforward-based NSGA-IC(DFF-NSGA-IC) was implemented. The experimen-
tal results show that DFF-NSGA-IC has better control performance than NSGA-IC, which
verifies the performance of the dynamic feedforward method. DFF-FOIC can achieve better
response performance and robustness performance than DFF-NSGA-IC. Furthermore, the
controller design process of NSGA-IC takes a much longer time than the method proposed
in this paper for tuning the parameters of FOIC. The comparisons are shown in Figure 22
and Table 12.

DFF-FOIC
Folc

—— DFF-NSAG
—— NSGA

F(N)

Figure 22. Performance comparison of FOIC, DFF-FOIC, NSGA-IC and DFF-NSGA-IC.

Table 12. Force step response performance comparison of FOIC, DFF-FOIC, NSGA-IC, and DFF-
NSGA-IC.

NSGA-IC FOIC DFF-NSAG DFF-FOIC
Rising time (s) 0.083 0.074 0.083 0.074
Overshoot (N% ) 72.09% 74.03% 70.94% 72.87%
Settling time (s) 1.311 0.910 1.204 0.781
ITAE 2.751 1.813 2.599 1.260

4. Conclusions

In this paper, an FOIC is proposed to achieve better contact force control performanc
of robot manipulatorse than IOIC. A systematic parameter tuning method is presented
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based on frequency-domain specifications. The impact of dynamic disturbances on robot
manipulators is investigated. DFF-FOIC is proposed to further improve the performance of
FOIC in high-speed response working scenes. The effectiveness of the proposed DFF-FOIC
is verified via both simulations and experiments. Our results show that DFF-FOIC can
effectively suppress dynamic disturbance impacts in a robot manipulator and achieve the
desired control performance.
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Appendix A. Identification of Robot Manipulator System

The model of the robot manipulator system shown in Figure 7 is identified according
to the collected experimental data of FOIC with w, = 30 rad/s and ¢;;, = 40°, including
the inverse kinematic, servos of joints, and forward kinematics. The inverse kinematics
process is used to obtain the desired joint position according to the robot end command in
Cartesian space. The forward kinematics process is used to calculate the position of the
robot end in Cartesian space according to the joint positions.

In the FOIC experiment for the EFORT ER20C-10, only the contact force in the Z axis
in the Cartesian space is moved, with a motion of 2 cm; jointy, joints, and joings are used
with only a small motion range. Thus, the relationship between the command in the Z axis
in Cartesian space and the joint position can be linear. The identification results of inverse
kinematic are as follows:

D
N
=

~
=

(>

iky(t) = ikog Z(t) + ikap,
03(t) 2 iks (1) = iksaZ(t) + iksp, (A1)
05(t) = iks(t) = ik5aZ(t) + iksp.
where Z(t) is a command in the Z axis in Cartesian space, 6;()(i = 1,2...6) is the
joint position, iky, = 8.955 x 1074, iky, = 0.5896,iks, = 2.8210 x 107%,iks, = —0.5850,
iksy = —0.0012, and iks, = —0.0118.

The model of the servos is described by the first-order system. The identified results
are as follows:

1
Q2(5) = 1694 % 10-%s 1 0.9999"
1
_ A2
Qa(5) = 75879 % 10-%5  1.0000" (A2)
1
Qs(s)

= 1.6746 x 10—4s + 1.0000°

where Q;(s)(i = 2,3,5) is the transfer function of servo of joint;.

The model of the forward kinematics is linear within the defined motion range. The ex-
pression of the forward kinematics of the EFORT ERC20C-10 is as follows, with 8; = 0 rad,
04 = Orad, and 6¢ = 0 rad:

Z(t) = di — dg cos(02(t) + 05(t) + 65(t)) — dgcos(62(t) + 03(t))

+ agsin(62(t) + 03(¢)) + a sin(62(¢)), )

where Z(t) is a command in the Z axis in Cartesian space, dy,ds,dg, a2, a3 are the DH
parameters for ERC20-C10 as seen in Table 7, and 6;(t)(i = 1,2...6) is the joint position.
The nonlinear items sin(65(t)), cos(62(t) + 05(t)), sin(62(t) + 63(t)), and cos(6,(t) + 03(t) +
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65(t)) can be described linearly due to the small motion range of 6;(t)(i = 1,2...6).
The identified results are as follows:

=+ 523, (A4)

= Co3q(02(t) + 63(t)
235(t) = €2354(02(t) + 63(t) + 05(t)) + cazsp-

=+ Co3p,

Q

()

Sin(ez(t) + 93(f)) £ Sz3(t) = Sz3a(92(t) + 93(t)
(t) (t)
(t)

where sy, = 0.4842, 55, = 0.3591, 53, = 0.8081, 503, = 0.0800, ¢35 = —0.5890, ¢y = 1.1791,
C235q0 — 0.000, and Co35p = 1.

The identified robot manipulator system structure is shown in Figure A1.

ikzh Sap
Zcmd ++ igzr 020 ++
B ik,, B0 Oy(s) > s,
ik, S23p
+Jr 0, H§ﬁ+ Oy 4+t
o iky, OB Oy(s) > 5.,
+
P Cyy, OB
+
Ca3b
tks), Ca35h
++ 95r 95c++ 9235 ++}
> ik, Os(s) 3 Coasq [P

Figure A1. The structure of the identified robot manipulator system.

where 6;, and 0;.(i = 2,3,5) are the desired and the real positions of joint;, respectively, 623
is the sum position of 6, and 63, and 635 is the sum position of 65, 63, and 6s.

According to the above results, the derived transfer function of the robot manipulator
system in the impedance control experiment is as follows:

a1s + ap

8 = s o

(A5)

where a4y = 5170.733366, ay = 7.779515177 x 10°, b, = 1, by = 7223.609339, and
by = 7.790596290 x 10°.
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