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Abstract

Compliance control is required in the applications of robots for assembling, grinding, polishing and human-robot interface, which
needs both position control and force control of robots. The impedance control based on joint torque servo is a promising and
practical method to realize compliance control in industrial applications. The performance of a joint torque servo controller is thus
crucial to the success of compliance control. However, both nonlinear friction torque of the joint motor and varied dynamics of
environmental contact during manipulation increase control difficulty greatly. This paper focuses on the compliance control
problem and presents a new joint torque servo controller which is a cascading structure including an inner velocity feedback loop
and an outer torque control loop. Due to the high signal-to-noise ratio of the motor velocity, an extended state observer is designed
to effectively estimate and compensate for the motor friction torque, varied dynamics of environmental contact and other
unknown disturbance. And benefiting from the introduction of the efficient and powerful velocity inner loop, the new torque
controller performs very well not only in the rigid but also elastic contact environment. Then a standard PD controller is designed
in the outer torque loop to produce the control law. Based on the satisfactory joint torque controller, a simplified impedance
control algorithm is designed to achieve the force control. Experiments with three other joint torque controllers on a robot
manipulator are conducted to demonstrate the proposed joint torque method and the overall force control framework. These
results show the proposed joint torque controller can reduce the steady-state error from 3.07 Nm to 0.21 Nm which indicates the
joint actuator friction can be eliminated by more than 99%. And a substantial improvement can also be observed in the
experiments of force control based on the new joint torque controller.

Keywords Joint torque control - Force impedance control - Active disturbance rejection control - Varied environment

1 Introduction

Generally, traditional industrial robots are based on pure
positon control and have successfully been applied to specific
tasks, where the interaction forces between the manipulator
and its environment are negligible, such as spray-painting,
welding and palletizing. In recent years, the demand of apply-
ing a force control technique is greatly increasing; typical
examples are assembling, grinding, polishing and human-
robot interface [1, 2].

The impedance control based on accurate control of joint
torque is a promising approach for robots to achieve high-
performance compliance control [3—6]. However the actuator
nonlinearity, especially the motor friction and joint torsional
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flexibility (mainly produced by the most commonly used har-
monic drive), deteriorates the output torque behavior of the
joint actuator [7-9]. Direct-driver actuators without reducers
seem potential for robot actuators to produce accurate joint
torques [10], however, the direct drive motor is generally
much bulkier than the commonly used actuator consisting of
a servo motor with a reducer for the same output torque [11].

On the other hand, some researchers developed the inner-
loop joint torque sensing and control technology [12]. Joint
torsion torque sensors are designed and then mounted on the
joints of the arm to measure the reducer output torques which
are used as feedback to realize close-loop joint torque control.
In previous work, only simple feedback control laws are used
in the close-loop joint torque control system, i.e. simple PID
feedback control [13—15]. Pfeffer et al have designed a digital
nonlinear compensator for the joint torque feedback control of
the third joint of a PUMA 500 based on the dynamic model
including accurate modelling of the flexibility, which can re-
duce the effective friction torque by 97% when the link is
immobilized [16].
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Albu-Schéffer and Hirzinger [17] have proposed a globally
stable state feedback controller with the idea of remaining the
system passivity which can provide joint torque control and
has been implemented on the DLR’s lightweight robot (the
predecessor of KUKA LBR iiwa) [18, 19] and the torque
controlled humanoid robot TORO [20]. The globally stable
state feedback controller is actually a PD controller with the
input feedforward which can be interpreted as a scaling of the
apparent motor inertia by model-based parameter setting. This
research and the commercial success of KUKA LBR iiwa
bring much influence not only in academic communities but
also in industrial applications; however, the motor friction is
not considered explicitly in the analysis of robot dynamics and
cannot be eliminated well by the torque controller. Then Tien
et al [21] have designed a friction observer for the DLR med-
ical robot arm and increased the positioning accuracy and the
performance of torque control. Hur et al [22] have used a time-
delay control (TDC) method to control the joint torque by
estimating and eliminating the nonlinear friction and other
unknown disturbance. TDC method is actually a PD controller
with a delay control term added, which does not need the
identification of actuator dynamic model; however it is not
enough to compensate for the motor friction by using only
TDC method.

Kawai et al have proposed an integral-proportional differ-
ential (I-PD) joint torque control method based on a resonance
ration control to suppress the vibration duo to joint flexibility
[23] and then an improved pseudo I-PD torque controller
using load-side torque observer with torsion torque sensor
has been proposed in order to improve the back-drivability
of the geared motor [24]. However, only a single motor is
studied and the torque control performance is not specified
by experiments and careful parameter tuning is needed in
these two methods which are not easy. In addition, some joint
torque controllers are designed just as part of the position
control to improve the motion tracking performance, for ex-
ample, the computed-torque-based joint torque controller by
using state feedback law proposed by Tian and Goldenberg
[25] and the singular-perturbation-based joint torque control-
ler proposed by Ott et al [26]; however, these joint torque
controllers are not designed for pure joint torque control or
robot force control and hence corresponding performance are
not researched or presented.

It is obvious that the existing joint torque control methods
either are improvement to the simple PID controller or require
accurate dynamic model of the plant. In most researches, the
torque controllers are implemented on the single-joint manip-
ulator or only one joint of the robot manipulator and few
researches involve the robot force control by applying the
joint torque controllers. The authors have proposed an effi-
cient and simple joint torque controller based on the active
disturbance rejection control (ADRC) [27, 28]. This method
uses a linear extended state observer (ESO) [29, 30] to
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estimate and compensate for the motor friction and other un-
known disturbance without explicit modeling of the plant or
perturbations. The ADRC based joint torque controller can
track the reference torque signals very well when contact en-
vironment is rigid and then it is implemented on a seven-DOF
dexterous collaborative robot arm (DCRA) to realize robot
force control by embedding this controller into the impedance
control framework. Later study and experiments show that the
ADRC joint torque controller needs further improvement
when the contact environment is elastic.

The purpose of this paper is to provide a simple and effec-
tive force control method based on a novel joint torque con-
troller which provides high performance in not only rigid but
also elastic contact environment. The parameter adjusting
methods of this controller are convenient and proved in prac-
tical application. The main idea is to include an inner ADRC
velocity feedback loop in the outer PD torque loop to improve
the robustness and accuracy with respect to the environment
stiffness. Accurate dynamic model of joint actuators and en-
vironment stiffness knowledge are not required by the joint
torque control algorithm. Moreover, in order to realize robot
force control, a simplified impedance control framework
based on the excellent torque controller is designed and the
overall proposed control approach is very simple so that it has
been easily implemented on the real control systems of the
DCRA. The experimental results verify the effectiveness and
advantage of the proposed joint torque controller compared
with other three methods, and the substantial improvement in
force control has been achieved.

This paper is organized as follows: Section 2 introduces the
models of the robot and joint actuators. Section 3 describes the
cascaded torque controller with ADRC velocity inner loop.
Then a simplified impedance algorithm based on the designed
joint torque controller is provided for robot force control in
Section 4. Section 5 presents the experimental results of joint
torque control and robot force control. In these results, the
controller performance of the proposed method is exemplified
by comparing with other three torque control methods.
Finally, conclusions are given in Section 6.

2 Joint Torque Sensor Based System

The Dexterous Collaborative Robot Arm (DCRA) as shown
in Fig. 1 is our new 7-DOF robot manipulator under develop-
ment, which incorporates a lot of advanced designs for being a
new generation of collaborative robots [31, 32]. Every joint of
DCRA is actuated by the AC Servo Actuator of
HarmonicDrive which is an integration of servo motor, encod-
er and harmonic reducer. And the joint torque sensor is
installed at the load side of each actuator to measure the joint
torsion torque directly. A PC-based controller is used to con-
trol the robot via the EtherCAT bus directly which makes the
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testing and validating of new control algorithms much more
easily.

2.1 Dynamic Equation of Robot Manipulators

The dynamic model of an n-degrees-of-freedom robot manip-
ulator is usually expressed in joint space coordinates as,

D(q)q + C(q,q)q +glq) = 77 (1)

where the n x 1 vectors ¢, ¢, g are the joint angle, velocity and
acceleration, respectively, D(g) is the n X n inertia matrix, C
(¢, 9)q is the n-vector torques containing coriolis and centrif-
ugal torques, and g(g) represents n-vector gravitational
torques. 7 is the n % 1 vector of joint output torque measured
by the joint torque sensor, and 7, is the n X 1 vector of external
torque acting on the robot joint which is produced by the
contact force between the manipulator and the environment.

2.2 Modeling of the Joint Actuator

Figure 2 shows the typical model of a flexible robot joint
actuator as proposed by Spong [33]:

Tm™Tf = qum + Bmém +7 (2)
7 =Kn(gn=q)

where 7,, and 7rare the motor torque and friction respectively;
q and g, represent the link side and motor side angular posi-
tions respectively and D,,, B,,, K,, are the motor rotor inertia,
motor damping and joint stiffness respectively.

In previous research of the authors, the motion of a robot
link ¢ is seen as a source disturbance from the robot-
environment system acting on the joint actuator [28].

However in the applications such as grinding and polishing,
the robot keeps contact with workpieces. Modeling of the
robot-environment contact advances the design of the joint
torque controller for better performance. Considering the
grinding and polishing application conditions, the robot-
environment contact can be modelled as inertia spring
damping system and described by

T :Dlé +Beq+Beq+K6q (3)

where D,, B,, K, are the link inertia, environment contact
damping and stiffness respectively. Figure 3 illustrates the
derived block diagram of the joint actuator taking account of
the robot-environment contact, in which v,, represents the mo-
tor velocity.

The transfer function of the joint actuator plant from 7;,(s)
to 7(s) in Fig. 3 is derived as,

Gp — K (Dis* + Bes +K.,)
P = ass* + azs3 + ars? + ays + ag

(4)

joint actuator

link

driving direction
A

>

Fig. 2 Schematic model and block diagram of a flexible joint actuator
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Fig. 3 Block diagram of the joint

actuator taking account of the
robot-environment contact

D s+B,

m

where

ag = DmD]

az = ByD; + B.Dy,

ay = B.B,, + DiK,, + DKo + DKy,
ay = BK,, + ByK, + B,K,,

ap = KK,

And the friction torque 7yis seen as the disturbance. Eq. (4)
describes a fourth-order system of the plant which is difficult
to control well by a single torque feedback loop. It is noticed
that when the contact is rigid, i.e. K, — + o, it would be
reduced to a second-order system as,

Gp = Ko
P = Dus? + Bys + K,

(5)

It is observed is that when the robot-environment contact is
varied in the situations such as the robotic grinding and
polishing, the system described by Eq. (4) is time-varying,
which will greatly increase control difficulty. Thus more effi-
cient and robust control algorithms are demanded.

In addition, motor friction 75 is significant disturbance
whose influence is presented in our previous report [28]
through a static loading experiment in the Joint 4. The maxi-
mum static friction is about 22 Nm which is the same order of
magnitude as the demanded joint torque. More seriously, the
Coulomb friction has strong nonlinearity in low velocity zone,
which is hardly modelled accurately and considered as the
major source of nonlinear disturbance in the problem of the
joint torque control. Therefore, in this paper the friction dis-
turbance is not modelled, and instead, an observer is used to
estimate and compensate for it to decrease its negative effects
in real time.

3 Design of Joint Torque Controller

In this section, we present our cascaded joint torque controller
architecture which is illustrated in Fig. 4. In the following the
designs of inner ADRC velocity loop and outer PD torque
loop are introduced respectively.
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Link-Environment
Contact Model

3.1 Cascaded Torque Controller with Inner Velocity
Loop

It is noted that during the robotic grinding or polishing, the
joint velocities are generally known from preliminary motion
planning, but the robot-environment contact damping and
stiffness are varied. This means that both feedforward and
robustness should be considered in the joint torque control
framework. Figure 4 presents a new design strategy, in which
an active disturbance rejection based velocity controller is
cascaded into the commonly used PD torque controller, and
a velocity feedforward is involved. Such a combined control-
ler has potential to achieve better robustness and high accura-
cy of torque control.

In Fig. 4, 7, is the desired control torque, v, and v, are the
output velocity of the torque outer loop and the desired veloc-
ity of the velocity inner loop respectively and vy is the
feedforward velocity which can be obtained from preliminary
motion planning.

3.2 Design of the Inner ADRC Velocity Loop

Considering the robot-environment contact dynamics varia-
tion during robot manipulation and nonlinear joint friction,
the active disturbance rejection control (ADRC) concept is
thus used to improve the joint velocity control performance.

The method of ADRC is used in the inner velocity loop to
track velocity. In the ADRC framework, the ESO proposed by
Han [30] has been proved the abilities to track different types
of unknown disturbance in real time and compensate for them
[34]. And the magnitude of the ESO’s errors monotonically
decrease with the observer bandwidth [35]. Due to the high
signal-to-noise ratio of velocity, the ESO’s bandwidth can be
set very high.

To design the ADRC based joint velocity control loop,
basic knowledge of the plant is required. In Fig. 3, the transfer
function from the motor torque 7, to the motor velocity v,, can
be derived as,

Dis® + Bes* + (K + K.)s
Gp(T —Vy) — (6)
I gast 4 ass® 4 axs? + a1 + ag
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wherein, the meanings of all parameters are the same as those
in Eq. (4). Eq. (6) indicates that the joint actuator is a fourth-
order plant and the relative order of the numerator and denom-
inator is one. Hence the corresponding differential equation of
the plant can be expressed as,

‘ D |
m — — Tm = n m = bm 7
=+ Dy = f T = [+ br )

where fis donated as the total disturbance, including the effect
of both internal dynamics and external disturbance. It’s not
necessary to model the disturbance fin ADRC, because the
ESO can estimate the value of fin real time. b=1/D,, is a
system parameter and it can be calculated from the plant
information.

The basic idea of the ESO is to use an augmented the state
space to include the unknown disturbance f'as an additional
state. Then, Eq. (7) can be expressed in the augmented state
space form as,

).C1 =x; + b1y
X =f
Y =X

with {;C; ;V;" (8)

Now the linear version of a second-order ESO can be de-
signed to estimate the augmented plant states.

€0 =21 Vm
Zl = ZZ_ﬂleO + bon (9)
2 =~

where, b is the estimated value of the actual system parameter
b, e, is the estimation error of the motor velocity v,,, and 3,3,
are the gains of the ESO which are chosen by a pole-
placement method [36] such that all the observer eigenvalues
are located at —wy.

B1 = 2wy, 3, :W(Z) (10)

Now if the observer is well-tuned, the outputs of ESO z;
and z, can closely track x; and x, i.e.v,, and f respectively.
Here, an assumption that f'is bounded or its time derivative
is bounded is required to ensure that the estimation errors are
bounded [37]. And this assumption is reasonable for the real
robot, because the discontinuity of the disturbance will be
‘smoothed’ by the actual mechanical structures and electrical
components.

As the observer output z, is the estimation of the distur-
bance f, the control law can be designed as follows,

Tm :TC—IZ)—z (11)

where 7, is the output signal from a simple feedback control-
ler. Then the original plant (6) will be reduced to a single-
integral system,

Vi = f 4 bTw=z2 + by (TC_Z—2> = b7, (12)
0

which can be easily controlled by a proportional controller,
and the control law is,

Te = kap(va—z1) (13)

kyp is the gain of the feedback controller of the ADRC and
can be tuned just as a regular P controller. Now, the active
disturbance rejection controller has been established for the
velocity inner loop of the robot joint torque servo and its
configuration is shown in Fig. 5.

According to the pole placement method, the gain of
kap is chosen as w,. which places the close-loop pole at
—w,.. In the ADRC, only w, and w. need to be tuned,
which are denoted as the bandwidths of the ESO and
the controller [36]. Generally, higher bandwidth can pro-
vide better tracking performance and reduce the apparent
motor inertia viewed from the actuator output end.
However, higher bandwidth will lead to larger ripple
threshold for the control signal and make the system more
sensitive to the sensor noises. The method of adjusting
parameters proposed in Gao [36] can be served as
reference.

T Joint
Actuator |

ESO

Fig. 5 Configuration of the proposed ADRC for the velocity inner loop
of the robot joint torque servo
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3.3 Design of the Outer PD Torque Loop

The outer torque feedback loop is designed as a simple pro-
portional and differential controller. To reduce the noise dis-
turbance of joint torque sensor and obtain the torque differen-
tial signal, a simple and efficient tracking differentiator (TD)
[30] is applied to filter the torque signal and calculate its dif-
ferential. The tracking differentiator can be expressed as,

S =fhan (F—T, T,F0, h0>
: (14)

where 7 and 7 is the filtered joint torque and its differential
respectively, £ is the sampling period of joint torque sensors,
and than(xy, x,, o, hp) is a nonlinear function employed in TD,

d = I’oh()
do = hod
Y =Xx1 + hox,
ap = \/d2 + 8y
—d
X2 +%sign(y), | > do (15)
a fr—
X +hl, l=do
0
rsign(a), || > d
fhan(xy, xz,r0,ho) = —§ .4 la|<d
d’ -

The parameter ry is called the speed factor which approx-
imately decides the corner frequency of TD (i.e., wyp=1.14 x
/%o ) and hy is the filter factor of TD which is set bigger than
the sampling period % to reduce the differential noise stronger.

The control law of the outer torque loop can be written as,

ve =k, (Td—?) +ka(ra—T) (16)

wherein, v.. is the output velocity of the torque outer loop and
7,4 is the commanded torque and 7 is the derivative of the
commanded torque if it is also provided by the upper control-
ler in ideal situation; otherwise the commanded torque deriv-
ative can be calculated by a differentiator or just be set as zero
in consideration of low change rate of the command torque in
general applications of joint torque control.

Then the velocity feedforward vy is introduced for the ve-
locity inner loop,

Va = Ve + vy (17)
Finally the complete cascaded joint torque controller with
the inner ADRC velocity loop and the outer PD torque loop

has been established which can be called as PD-ADRC meth-
od for short and its architecture is illustrated in Fig. 6.
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4 Design of the Torque-Based Impedance
Control

Because the proposed joint torque controller can provide sat-
isfactory torque servo performance, a simpler and more intu-
itive torque-based impedance control structure than that pre-
sented in [2, 38] is developed in the paper. The end-effector
velocities in Cartesian space X are related to the joint veloci-
ties ¢, i.e.,

X =J(q)q (18)
where J is the 6 x n Jacobian matrix which represents the
relationship between virtual end-effector displacements and
virtual joint displacements. On the other hand, the relationship

between the actuator forces F in Cartesian space and the joint
torques T can expressed as,

r=J(g)'F (19)

By differentiating the Eq. (18), the Cartesian accelerations
X can be derived as,

X =J(q)q+Jq (20)

Then the joint velocities ¢ and accelerations ¢ can be rep-
resented in Cartesian space coordinates by the relationship,

q=J(g)'X
Lo Lo (21)
q=Jq) " (X-Jgq) = J(X-JJ'X)

Substituting Eq. (19) and Eq. (21) into the robot dynamic
model in joint space Eq. (1) yields,

DJ ' (X-JJ'X)+CJ ' X +g=J"F-J'F, (22)

Then the robot dynamic model in Cartesian space is de-
rived as,

DX + C'X +g" = F-F, (23)

where,

D'=J"ps ¢t = e - g gt gt
=J"g (24)

and F, are the exerted forces of the robot manipulator on
environment.

Now the torque-based impedance control structure is de-
signed as shown in Fig. 7. The torque-based impedance con-
trol law is,

70 = JT(K(X,=X) + B(X,=X)) + Tapn (25)
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wherein, 7, are the commanded torques for the joint torque
controller proposed in this paper, K, B are n x n symmetric
positive-definite desired stiffness and damping gain matrices,
respectively, and X, is the reference end-point trajectory. 7.,
are feedforward torques of dynamic model which can be
expressed as,

Tam = Dq)g + C(q,9)q + &(q)

where, D, C , & are the estimations of the actual D, C, g, which
can be obtained by the method of robot parameter identification.

Converting the torque-based impedance control law of
Eq. (25) into the Cartesian space as above, which can be
expressed as,

Fi=KX,X)+B(X,X)+D X+ C X +3
with

(26)

1 a*

D = J D C = g C = D g e = T g
(27)

The F,; are the commanded forces of the actuator forces F’

in the torque-based impedance control law. Combining

Eq. (23) and Eq. (27) yields the closed-loop tracking error
dynamic equation,

KE + BE-F, = AD"X + AC'X + Ag” (28)
where

AD* = D'-D = J7! (D—/ﬁ) J!

AC* = C'=C = JT! (C—é) g7 (D—/ﬁ) T,
Ag=g-g =J""(g¢)
Fig. 7 The control structure for

the torque-based impedance
control

And E =X, — X are the tracking errors of the end-point
position. In the ideal case, the robot parameter identifica-
tion could be accurate, then AD* = AC*=Ag*=0; as a
consequence the closed-loop robot behavior would sat-
isfies the target impedance relationships,

F,=KE + BE (29)

To exert the desired contact force, the reference end-point
trajectory X, should be designed based on F,;, X, K and K, as
following,

f ed
ke

X = Xe + (30)

where F,; are the desired force of the actual contact
forces F., X,, K, are the positions and stiffness of the
environment, respectively, x,, x., f.s represent elements
of X,, X., F.4 respectively, and k.5 is the equivalent
stiffness of the series structure of the environment and
the robot.

kk,
k+ ke

kefr = (31)

wherein, k and k, are corresponding elements of K and K,.
Ideally, the environment position and stiffness x,, k. are
precisely known, therefore it is easy to obtain the refer-
ence trajectory x, from Egs. (30-31).

Joint Torque
Controller

o VYYD
s

Kinematics [«
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5 Experiment Results and Comparative
Analysis

To illustrate the excellent performance of the cascaded joint
torque controller with inner ADRC velocity loop proposed in
this paper, several experiments were conducted to compare
this method with another three methods including the DLR’s
State Feedback Controller [17], the time-delay controller
(TDC) [22] and the ADRC controller proposed by the authors
in previous research [28].

5.1 Joint Torque Control Experiments

Firstly we tested the proposed torque controller with the fourth
axis of the 7-DOF manipulator as shown in Fig. 8. The robot
presses its end-effector onto a rigid fixture (Fig. 8a) and a
fixed surface plate covered with elastic foamed plastic
(Fig. 8b) which are used as the rigid and elastic contact envi-
ronments respectively. Both square waves and harmonic
waves are set as the reference joint torque signals and the
contact environments of high stiffness and low stiffness are
tested respectively.

The performance comparisons of the four methods are
shown in Fig. 9 and Fig. 10. All the controllers are tuned with
proper gains to give a good performance on response rapidity
and steady-state error while keeping the system stable. And
the controller parameters remain the same when the environ-
ment stiffness changes.

In the high stiffness environment which is basically rigid
(see in Fig. 8a), all of the four controllers seem to have good
performance. However, when the contact environment has
certain elasticity (see in Fig. 8b), the performance of DLR’s
State Feedback method and TDC method deteriorates. The
steady-state error of the DLR’s method is large which means
it cannot effectively eliminate the system disturbance, the fric-
tion mainly. As for the TDC method there always is notable
sawteeth when it should have reached stable state. And this
notable sawteeth also exists in the research [22].

Four representative step-response characteristics are cho-
sen to compare these four control methods in detail, which is

Fig. 8 The joint torque control
experiments of different
environment stiffness

(a) Rigid contact environment
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(a) Tracking square wave in high stiffness environment
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Fig.9 System responses of the four control methods to square wave input
in high stiffness environment

shown in Table 1. t,, M,, t, and e, represents rise time,. over-
shoot, settling time within the 2% error band and steady-state
error respectively.

It can be observed that the TDC method needs too long rise
time and settling time and the notable sawteeth in elastic en-
vironment is unsatisfactory. The DLR’s State Feedback meth-
od has the best performance in rapidity while has certain over-
shoot in both rigid and elastic environment and significant
steady-state errors in elastic environment which could make
the force control not precise enough. Therefore the DLR’s
State Feedback method could be more applicable to the

S

(b) Elastic contact environment
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(a) Tracking square wave in low stiffness environment
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Fig. 10 System response of the four control methods to square wave
input in low stiffness environment

applications that need quick response. The ADRC method is
better, however its overshoot and steady-state error is bigger
than the PD-ADRC method, especially in elastic environment.
The PD-ADRC method provides the best tracking accuracy in
both rigid environment and elastic environment. Its steady-
state errors are 0.17 Nm and 0.22 Nm in rigid and elastic
environment respectively and the maximum static friction of
this actuator is about 22 Nm, and this indicates the PD-ADRC
method can reduce the effective friction by more than 99% in
both rigid and elastic environment which is excellent and

Table 1 Step-response characteristics of the four control methods
TDC DLR  ADRC PD-ADRC
High Stiffness  7,[ms] 346 8 30 142
M, 25% 53% 51% 0.8%
t[ms] 617 43 78 203
ex[Nm] 042 0.58 0.22 0.17
Low Stiffness t,[ms] 159 42 49 160
M, 6% 22% 26% 6%
tJms] 0 © 302 343

ex[Nm] 242 2.82 0.69 0.21

satisfactory. The disadvantage of the PD-ADRC method is
its rising speed is slightly slow, hence it applicable for the
force control applications such as polishing and sanding
which pay greater attention to the accuracy and smoothness
than rapidity. In addition the PD-ADRC method has stronger
adaptability than the other methods in different stiffness envi-
ronments, therefore, it is proved that the new joint torque
method proposed in this paper has a good application
potential.

The different performances of the four controllers can be
analyzed as follows. For the DLR’s State Feedback method, it
is a PD controller with the input torque feedforward, therefore,
the accurately calibrated motor torque constant makes the
torque feedforward is accurate when the environment is rigid;
however when the environment is elastic, visible motor rota-
tion is need to track the commanded torque, and the nonlinear
friction cannot be compensated well because of the limitation
of the pure PD controller. For the TDC controller, the exis-
tence of the delay term makes the compensation is too high
and too low alternately and cannot estimate the nonlinear fric-
tion in real-time. Consequently, the TDC controller has poor
rapidity and there will be notable sawteeth even it should have
reached stable state. In both the ADRC method and the PD-
ADRC method, the ESO usually has a much higher band-
width than the closed-loop system, and small deviation from
the reference signal is accumulated in ESO as a disturbance
and finally eliminated by the controller [30]. Because the ve-
locity signals have higher signal-to-noise ratio than the torque
signal, the ESO in the velocity inner loop can give stronger
estimation and compensation of disturbance and bring in
smaller steady-state errors.

To illustrate the differences of these four methods more
clearly, harmonic waves of different frequencies are set as
the reference signals and the environment is elastic as same
as the above experiments (see in Fig. 8b). The tracking results
are shown in Fig. 11. There are obvious tracking errors in both
frequencies for the DLR’s State Feedback method, and the lag
time of TDC method is close to one fourth cycle when the
input frequency increases from 0.1 Hz to 1 Hz. The ADRC
method and PD-ADRC method give almost same and much
better performance to track the harmonic waves and the track-
ing accuracy and rapidity are quite good even the bandwidth is
up to 1 Hz and the peak-valley value is 40 Nm (from 5 Nm to
45 Nm).

5.2 Torque-Based Impedance Control Experiments

The main purpose of designing the joint torque controller is
to achieve the torque based impedance control. Hence, a
group of impedance control experiments are conducted to
contrast the performance of the four joint control methods
in force control applications. The experimental setup is
shown in Fig. 12. The robot is commanded to move
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Fig. 11 System response of the 507 L ¢ el 507
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100 mm forth and back in the x direction in about 24 s with
the desired force f,;,= — 20N in the z direction which is used
to imitate the polishing application. The joint 2, 4, and 6 are
used for this task which represent the all three types of actu-
ators used in the DCRA from axis 1 to 6. The contact envi-
ronment is a flat elastic surface covered with foamed plastic
and an ATI six DOFs Force/Torque sensor is installed be-
tween the robot and the rubber wheel to measure the contact
force accurately. It should be noted that the F/T sensor is just
served as monitoring purposes and does not provide any
control function.

The results of the contrast experiments using the above four
joint torque control methods under the same conditions are
shown in Fig. 13 and Table 2. Because the error amplitude
of the TDC method is much bigger than the others, its results
are not plotted in Fig. 13. It should be noted that, as shown in
Fig. 13a, the large deviations of contact force appearing in
case of the DLR method around 14 s and 0 s were the actual
experimental result and would always happen in repeated ex-
periments. Because the rotation direction of axis 6 need to
change from positive to negative around 14 s. The axis 6
remained static unexpectedly for about 2.5 s while the static
friction of axis 6 is very large and the DLR method cannot
eliminate it very well. As a result there occurred large devia-
tions in the contact force around 14 s as well as 0 s.

Fig. 12 Torque-based impedance control experiments

@ Springer

It can be obviously observed that the PD-ADRC method
provides the best impedance control performance and the
force is controlled to within £11% which is much better than
the other three methods. In addition, its larger force errors only
occur when the robot accelerates, decelerates and changes the
direction of movement, but other than those the force errors
are just within £5% for most of the time and it can be indicated
by the mean absolute error of just 0.42 N. As for the position

(a) The results of force tracking in z direction
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Fig. 13 The comparison results of impedance control experiment based
on different joint torque control methods
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Table 2 The tracking errors of force, position and velocity in the
impedance control experiments based on different joint torque control
methods

TDC DLR ADRC PD-ADRC

Max absolute error  F, [N] 37.10 7.09 871 218
x [mm] 497 422 1.04 139
v, [mm/s] 6848 6.80 2570 3.34
Mean absolute error  F, [N] 841 130 1.76 042
x [mm] 148 289 040 092
v, [mm/s] 1447 177 546  0.70

tracking in x direction, the PD-ADRC method also provides
the best comprehensive result, although it has a little bigger
error than the ADRC method; however, the velocity using
ADRC method waves too widely and the PD-ADRC method
gives the best and much better velocity tracking. The velocity
fluctuation in x direction not only affects the position accuracy
but also disturbs the force tracking in z direction. Due to the
inner ADRC velocity loop in PD-ADRC method, it has a
natural and powerful ability to suppress the velocity vibration
which makes it very suitable for the impedance control to well
track the force and position at the same time.

6 Conclusions

A new, simple and practical force control scheme for flexible
joint robots is presented in this paper. By adding an inner
active disturbance rejection velocity feedback loop in the out-
er PD torque loop, the proposed joint torque servo controller
can effectively track the reference signals while actively esti-
mating and eliminating all disturbance without explicit model-
ing of the plant or perturbations. The results of contrast exper-
iment show that the proposed joint torque controller provides
a substantial reduction of the effective friction by more than
99% in not only rigid but also elastic contact environment
which is a greater improvement than the existing methods.
On the basis that the closed-loop joint actuators almost be-
come ideal torque sources, a new and simplified impedance
control scheme is achieved for the force control of the multi-
joint robot. The experiment results showed that the proposed
force controller is excellent to achieve the satisfactory force/
position tracking under the unknown elastic contact environ-
ment, which benefits from the high performance of the new
joint torque controller. Moreover, it is remarkable that the
complete force control scheme proposed by this paper is easy
to implement on robot systems. Future work is to improve the
rapidity of the new joint torque controller and to apply the
developed force control method to the practical grinding and
polishing applications.
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