actuators

Article

Forced Servoing of a Series Elastic Actuator Based on Link-Side
Acceleration Measurement

Zhuo Wang 10, Shenghong Liu !, Bo Huang !, Haowu Luo ! and Feiyan Min >*

check for
updates

Citation: Wang, Z.; Liu, S.; Huang, B.;
Luo, H.; Min, F. Forced Servoing of a
Series Elastic Actuator Based on
Link-Side Acceleration Measurement.
Actuators 2023,12,126. https://
doi.org/10.3390/act12030126

Academic Editor: Micky
Rakotondrabe

Received: 13 February 2023
Revised: 9 March 2023
Accepted: 14 March 2023
Published: 15 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electronic Engineering, College of Information Science and Technology, Jinan University,
Guangzhou 510632, China

School of Intelligent Systems Science and Engineering, Jinan University, Zhuhai 519070, China

*  Correspondence: feiyanmin@jnu.edu.cn; Tel.: +86-020-8522-3063

Abstract: Joint stiffness of an elastic-joint robot can be changed according to joint stiffness require-
ments. A series elastic actuator (SEA) can reduce the contact stiffness between the body and the envi-
ronment or human, which can further ensure interactive operation in a human-machine-compatible
environment. However, the introduction of the SEA improves the complexity of the robot dynamics
model. In this paper, we propose a control schema based on link-side acceleration measurement to
eliminate the overshoot and vibration in the transient process of force control. An extended Kalman
filter (EKF) algorithm that fuses photoelectric encoders and accelerometers is first presented based on
the link-side acceleration measurement. Following this, based on the external torque estimation, the
vibration reduction control algorithm is designed. The simulation model is built, and the algorithm
design and simulation of position control and force control are carried out and finally tested on the
real robot platform. The effectiveness of the control algorithm is proved. The experimental results
show that the dynamic response of the external force estimation is about 2 ms faster than that of
the force sensor, and the error between the estimated external torque and the real external torque is
within £0.16 N-m.

Keywords: SEA; force estimation; extended Kalman filter; acceleration signal fusion; reaction torque
observer

1. Introduction

In recent years, there has been a surge of interest in flexible-joint robots with inherent
adaptations. Unlike rigid robots, the drive joints of flexible-joint robots have elastic elements
between the motor side and the link side, introducing low output impedance, force sensing,
passive mechanical energy storage, and increasing peak output power [1-3]. In addition,
the inherent flexibility of the elastomer can soften the impact, protect the drive mechanism,
and improve the safety of human—-machine interaction. Because of these characteristics,
flexible-joint robots are widely used in the field of force control, such as exoskeleton robots,
industrial flexible machining and assembly, medical surgery, etc., which physically interact
with their surroundings [4-7].

The force control of a series elastic actuator (SEA) relies on accurate force estimation,
dynamic modeling and contact force control, etc. The most direct method to measure the
external torque is to mount force/torque sensors in robot joints or on the robot surface.
However, there are many obvious drawbacks to this simple method [8,9]. For example,
the precise installation of sensors increases the mechanical, electrical and software design
complexity of the entire robot equipment and increases the cost of robot design and as-
sembly. Additionally, the position where the force acts becomes limited, which limits the
robot’s use conditions, making it difficult to apply universally to different types of robots.
In addition, the force output signal needs to be filtered and amplified to be transformed
into recognizable digital signals, and there are many uncertain perturbations and environ-
mental changes (such as environmental temperature change and external electromagnetic
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interference), which may affect the accuracy and reliability and even seriously affect the
normal operation of the force sensor.

Most of the robot external force-estimation studies are achieved indirectly by obtain-
ing robot state information, including angle, angular velocity, and angular acceleration,
combined with a dynamics model [10-12]. Since robotic arm joint acceleration is usually
not available by direct measurement and the acceleration signal obtained by direct discrete
quadratic differentiation of the joint angle may be entrained with uncertain perturbations,
conventional methods usually use different techniques to avoid the direct use of the ac-
celeration signal [13-15]. De Luca et al. [16] proposed a method based on generalized
momentum, which avoids the use of joint acceleration in their research on detecting and
isolating robot executive structural faults. In addition, this method is widely used in robot
external force estimation [17,18]. Furthermore, to avoid direct acquisition of the robot joint
acceleration, Ohnishi et al. used the method of constructing the dynamic model in the
mathematical form of the Laplace domain to estimate the external torque for the force
control feedback loop [19,20].

With the further study of accelerometer angular velocity measurement [21], the
method of accelerometer direct measurement of the angular acceleration of the joint is
introduced into the robot control process [22,23]. Hu et al. [24] and Cheng et al. [25] ob-
tained the required system information by changing the sensor position and deriving the
mathematical model.

In terms of SEA force control, Spong and other scholars have proposed a linear simpli-
fied model of flexible-joint robots, and various control methods based on this simplified
model have been proposed [10]. Tomei successively proposed a PD controller and gravity
compensation control schema, and proved that the closed-loop stability condition is that
the differential term is positive. Japanese scholars have made great contributions to flexible
joint and servo control. Robotics represented by Ohishi proposed interference observer and
vibration reduction ratio control, which have had great influence [19,20]. Among them,
the interference observer is very effective in compensating the side friction of the motor,
and has become the standard algorithm of servo motors and industrial machine manual
control loops. Vibration reduction ratio control is divided into position mode and force
mode. Other scholars have proposed control methods based on extended state observer
(ESO) and feedback linearization [12].

The proposed method’s significant contributions are as follows:

(1) The estimation of joint external torque based on a dynamic model is affected by
friction and nonlinear factors, and it is difficult to model the motor side accurately.
This paper proposes a strategy to independently identify the dynamic parameters of
the elastic-joint robot’s motor side and the link side.

(2) The traditional method of obtaining contact force is based on RTOB or direct calcula-
tion. The former performs low-pass filtering on the acceleration signal, and the latter
directly ignores the acceleration, which causes delay and error in force estimation.
To solve this problem, we introduced an accelerometer and designed an extended
Kalman filter (EKF) to obtain an acceleration signal with good real-time performance
and a low signal-to-noise ratio, therefore improving the estimation of contact force.

(3) Aiming to solve the problems of poor control performance and mechanical resonance
on the link side caused by the high-order dynamic characteristics of SEA, we pro-
pose that the vibration control method eliminates the overshoot and vibration in the
transient process of force control.

2. Dynamic Parameter Identification

The elastic-joint robot driven by the SEA is shown in Figure 1. The SEA consists of
a drive motor, a harmonic reducer, a torsion spring, and a link. The harmonic reducer
amplifies the torque generated by the rotation of the motor shaft. The amplified torque acts
on the torsion spring to deform the torsion spring, causing a difference in rotation angle on
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both sides of the torsion spring (motor side and link side), and then transmits the torque to
the link, driving the link to move.
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Figure 1. Schematic of an elastic-joint robot driven by an SEA.

The dynamic model of a flexible robot with series elastic actuators as driving joints is
shown in Figure 2. The equations of motion for this model are

M(q)i+ C(q,4)4+8(q) + Text = Top M
Jm + Tric + Tsp = Tm 2)
Top = Kop(0 — q) (3)

where M(q) denotes the inertia matrix, C(q, §) denotes the centripetal and Coriolis matrix
and g(g) denotes the gravity vector. 0 and g are, respectively, the motor and link angles.
Text and Tsp are the external torque applied to the robot link and the torque applied by the
elastic-joint deformation, respectively. 7, and 7, denotes motor torque acting on the
motor inertia ]y, and friction torque. Ks, denotes the Hooke coefficient of the torsion spring
in the joint of the series elastic actuator.
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Figure 2. Flexible robot dynamic model.

For the elastic single-joint robot system, the equations of the link side and the motor
side using Equations (1) and (2) are as follows:

Jiink § + Ciink 4 + mgl,sin(q) — mgl,cos(q) + Text = Tsp )

Jnb + fob + fesign(0) = T — Tsp (5)
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where the friction model adopts the most widely used Coulomb-viscous model, f; is the
viscous friction coefficient, f. is the Coulomb friction coefficient, Jj;, is the inertia of the
link, and mgl, and mgl, are the gravity component of the link.

Since there is motor friction in the dynamic model on the motor side and about a
quarter of the motor output torque is used to overcome the effects of various frictions,
motor friction becomes the most significant factor affecting the accuracy of the dynamic
model. To reduce the influence of the friction model parameters on the motor side and
obtain more accurate dynamic model parameters on the link side, this paper adopts the
strategy of independent identification of the dynamic model on the motor side and the link
side. The elastic coefficient of the torsion spring and the dynamic model parameters of the
elastic-joint robot are identified, respectively, by the system identification method based on
model parameters.

The bridge connecting the dynamic model of the motor side and the dynamic model of
the link side of the elastic-joint robot driven by the series elastic drive is the torque generated
by the deformation of the elastic element. Therefore, the elastic element’s mathematical
model and model parameters are first studied.

By applying torques in different directions and sizes to the link rod, measuring the
torsion angle (the difference between the motor angle and the link rod angle), repeating the
experiment many times and recording the data, the stiffness curve of the elastic body is
obtained, as shown in Figure 3.
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Figure 3. Spring stiffness fitting results.
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It can be seen from the figure that the torsion angle of the elastic body has an excellent
linear correspondence with the output torque. Therefore, according to Hooke’s law (3),
using the least-squares parameter estimation identification in the previous section, it can
be calculated that the elastic stiffness of the elastic body is 2.2 N-m/degree.

We linearly parameterize the dynamic Equations (4) and (5) of the elastic single-joint
robot, and obtain

Ja
[ § sin(q) —cos(q) || mgl, | =Tsp — Text (6)
mgly

Jm
[0 6 sign(0) || fo | =tm—Top @)
fe

A linear parametric form that satisfies the linear least-squares estimation method

Y=y ®)

During the parameter-identification process, the sensor collects the angles g and 6
between the link rod side and the motor side, and the data matrix ¢ is obtained. Combined
with the elastic coefficient obtained from the separate identification, the elastic force of
the elastic element during the movement can be calculated. Since the link rod side is not
affected by the interaction force of the external environment during the whole identification
process, the right side of the equation only has the elastic force of the elastic deformation of
the spring. The driving torque T, of the motor is obtained through the torque signal of
the current feedback. According to the principle of least-squares parameter estimation, the
linear parameter equation requires that T ¢ cannot be a singular matrix. By designing the
excitation trajectory to ensure that the data matrix ¢ can fully stimulate the parameters to
be identified, more accurate dynamic model parameters can be obtained.

This paper uses the fmincon function in Matlab to solve the optimization problem.
This function uses optimization methods such as the interior point method and sequential
quadratic programming algorithm to realize parameter optimization under equality and
inequality constraints. In addition, it is widely used in solving optimization problems
because of its versatility.

3. External Torque Estimation and State Information Acquisition of Robot Link Side

Photoelectric encoders are installed at both ends of the serial elastic driver (motor side
and link side) to collect position information, so the driving torque of the link can be calcu-
lated by the deformation of the torsion spring. In this paper, three external force/torque
estimation methods are used for comparison. The first method observes the real-time
change of the robot’s momentum, as shown in Figure 4a. The second method observes the
reaction torque, as shown in Figure 4b, which is mainly obtained by observing the driving
torque and angular velocity, which avoids the requirement of angular acceleration in the
dynamic equation. The third method is direct estimation based on the dynamics model.

3.1. Dynamics Model-Based Direct Estimation (DE)

Based on the system dynamics model, external force is directly calculated from the
dynamics Equation (1) of the link side of the robot, as shown in Figure 4c.

Text = Ksp(0 —q) —M(q)4 — C(q,9)4 — 8(q) )

The robot’s driving torque and real-time joint angle need to be observed in these
three force-estimation methods. The difference is that MOB and RTOB only need to
observe the real-time angular velocity of the link side, while DM needs to obtain real-time
angular acceleration.
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(c) Direct estimation based on dynamics model

Figure 4. Comparison of external torque estimation methods.

3.2. Link-Side State Information Acquisition

In the traditional robot control system, the angle of the robot SEA joint is collected
by adding photoelectric encoders at two ends of the joint. To obtain the link-side angular
velocity g and angular acceleration 4, the first and second differential of the angle returned
by the photoelectric encoder will amplify the quantization noise of the sensor and make the
signal unusable. Therefore, differential results are generally filtered, but the introduction of
filtering will lead to the delay of the robot link state information while filtering out sensor
measurement noise and reducing the real-time and even the stability of the control system.

To obtain the angular acceleration signal of the link, accelerometers are mounted on
each link of the robot. Angular acceleration is obtained by fusing the linear acceleration
signal returned by the accelerometer and the position signal produced by the photoelectric
encoder with the EKF.

3.3. Accelerometer Initial Pose Calibration

After the accelerometer is installed on the link i, the initial relative position pgg and
the orientation Rgy between the accelerometer and joint i need to be determined. In the
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robot control system, the standard DH modeling method is adopted; i.e., the last joint of
the link is taken as its fixed coordinate frame, as shown in Figure 5.

Figure 5. Accelerometer calibration schematic.

The initial relative position and the orientation mentioned above can use four parame-
ters Og,dg, s, g to describe, as follows:

Tso = Rotz(0s) Transz(ds) Transx(rs)Rotz(ag)

_ [Rso Pso] (10)
0 1
where

cos(fs) —sin(Bs)cos(ag)  sin(fs)sin(as)

Rgy = lsin(Gs) cos(0s)cos(as) —cos(95)sin(zx5)] (11)
0 sin(ag) cos(ug)
rscos(6s)
Pso = {7551'”(95)] (12)
dg

The robot in this paper is a joint-type robot, and the analysis of the translational joint is
similar. The linear velocity of the sensor caused by the rotation of joint i can be expressed as

Tlog =" w; x T ps =" w; x [Rz(g:) psol
[0 cos(q;) —sin(q;) 0] [rscos(6s)
= 0] X ( [sin(qi) cos(q;) 0] {rssin(es)] )
Ldi 0 0 1 ds

e (13)
—rssin(0s + q;)
= | rscos(0s + q;)
0

qi

o
=" Jsdi
Furthermore, taking the derivative of Equation (11), the linear acceleration of the
sensor ' ~lag caused by the rotation of joint i can be expressed as

= 1. ilg s L i1i s
Tlag =""og =" Jsdi +' " Jsqi

[ —rgsin(0s + q;) —rgcos(fs +q;)

(14)
—rssin(fs + q;)
0

qi

rs cos(0s + g;)
0

gi +

Let ~'R,(q) and “R;_1(q) represent the orientation from the world frame {w} to the
fixed frame {i — 1} of joint i. In the calibration process, only the current joint i is rotated and
the other joints are in the zero position, so g = 0.
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In addition, the frame {i — 1} is fixed with respect to the world frame {w} during
calibration. The accelerometer frame {S} is affected by joint rotation g;. Considering the
effect of the acceleration of gravity “g, the deviation of the accelerometer and the conversion
relationship between reference frame, the linear acceleration relative to the accelerometer
frame can be written as

Sas =° Ri_1(q;) '"Ru(q)“Ri_1(q9) (" as + g) +b

N L (15)
=* Ri-1(q:)" "' Ro(0)"Ri—1(0)("las + g) + b
where s . .y
R;_1(qi) = (Rz(qi)Rso) " = Rgy Rz’ (q;)
CO?(‘I;) 51‘/”(‘7;) 0 (16)
= | —sin(qg;)cos(as) cos(q;)cos(as)  sin(ag)
sin(q;)sin(as) —cos(q;)sin(txs) cos(ag)
and ,
q; = 0s + i (17)

g; and §; can be obtained by offline processing of angle g; collected from the encoder,
which are used as input data for calibration parameter identification, and three-dimension
linear acceleration obtained from the accelerometer is used as output data. The identifica-
tion algorithm can obtain the accelerometer sensor’s initial position and orientation relative
to the joint frame {i — 1}, including seven parameters.

3.4. Extended Kalman Filter-Based System-State Acquisition

Because of various uncertainty factors in the system, such as imperfect mathematical
models, difficulty of control, model system disturbance, sensor measurement noise, etc.,
the state of the system is often inaccurate. The Kalman filter algorithm solves this problem
effectively and is widely used in motion-control systems. The Kalman filter algorithm can
estimate the process state of the system effectively by minimizing the squared mean of
errors. It can effectively filter out the noise of measurement systems, correct the state of the
system and reduce the influence of system uncertainty.

The dynamic state model of the system is

a1 [0 10 0]fq
dlgl 1o o1 olla
at|g| ~ o0 0 1] Tw (18)
q; 0 0 0 0]]|9;

To improve the result of state estimation, the measurement equation combines the
measurement values of the photoelectric encoder and the accelerometer. We note the system

variableasx = [gq; d; §; 4] T The system measurement model is

qi
z=|e. . | to=h(x)+0o 19
[Slasf(qi/quQi)] ) (19

where w and v are system process noise and measurement noise, respectively. % a s; (i, Gi, Gi)
is a nonlinear relationship #(-), as shown in Figure 6.

The linear acceleration directly returned from the accelerometer is relative to the frame
{S;}, and can be converted to the fixed frame {i — 1} of the joint i through the relationship
Sige =S R yi—1

as, = i—1(q:) as,;.
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X Zi

Figure 6. Schematic diagram of the nonlinear relationship between accelerometer output and angular
acceleration.

i~1as. can be split into centripetal acceleration, centrifugal acceleration caused by the
rotation of joint i, and linear acceleration synthesized by previous joint motion ‘~a, foet
(which includes gravitational acceleration).

i_lﬂs,» s ps. il %

“lps; = Rz(q:)ps0 .
1_1w1~ =i-1 wi_1+ [0 0 %} .
o =@ 140 0 i

i-1 i—1 i1
Wi X Ps; T Agffset

(20)

Linear acceleration g, ffset is the representation on the frame {i} of the linear accel-
eration synthesized from link 0 to link i — 1 during the movement process, which can be
obtained by converting the measurement result returned by the accelerometer fixed on the
link i — 1 to the coordinate system {i — 1}, as follows.
agrreer ="' RizyRs, | S tag,  + @i x (Tpi = ps, )+

. . (21)
i—2 (172

i2 i2
wi_1 X" Cwi g x (Tpio =" ps, )

where I"1R;_, and 2 pi—1 are the relationships determined by the robot positive kinemat-
ics. 172 ps;, , and i_stH are position and orientation determined by the accelerometer
calibration. w;, "1 @;, "2 w;_1, 72 w;_; are obtained by recursive transfer between the
mutually connected links.

The general form of KF is suitable for the linearity of the system state equation and
measurement equation. Due to the nonlinearity of the system measurement equation in
this paper, the EKF is used for sensor-data fusion.

The system state model (14) and measurement model (15) are continuous-time models,
while the control system is in discrete form, so it is discretized using the ZOH (Zero-Order

Hold) method. The sampling time is supposed to be Ts.

xr = Axy_1 + Gwy_
k k—1 k—1 (22)
zr = h(xg) + o
where
01 00
_ 0 01T O _ _MT, _ Ts Mt
M=|0 0 o 5| A=c ,G—/O Mg (23)
0 00O

Expand the nonlinear z; at the prior estimate £, = Ax;_ to obtain the linear form

zp = h(%, ) + H(x — %) + Vo, (24)
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where ”
7x Ai/ Uk % o (25)

Xk

Both the system state equation and the measurement equation are in linear form, and
the Kalman filter method can be used for sensor-data fusion processing. EKF estimates the
system state in an iterative form through two steps of prediction and correction, as Figure 7
shows. In the prediction stage, the prior estimate of the system state at the current moment
is calculated according to the system state at the previous moment; at the same time, the
prior estimate of the error covariance matrix of the variance between the prior estimate
and the posterior estimate P of the system state is calculated. In the correction stage, the
Kalman filter gain K is calculated to minimize the error covariance matrix. Then, using the
Kalman filter gain, the measurement results are fed back into the prior estimate to obtain
the corrected system state estimate (a posteriori estimate), and the error covariance matrix
is updated. The matrix R and the matrix Q are the covariance matrices of measurement
noise and system noise, respectively, which are defined as follows:

R = E[vo"] (26)
Ts T
Q= /0 MUE[wwT)eM Tdr (27)
Time Update(Premment Update(Correct)
Project the state ahead Compute the Extended Kalman gain
X = Ax Ky = PyH(H P H + Vi RV
Project the error covariance ahead Update estimate with measurement
Py =AP;_41A" +Q R = % + Ki(zi — h(®p))
i Update the error covariance
Initial estimates for Py = (I — Ky Hy)Py

o o Pk_l \/

Figure 7. Extend Kalman filter algorithm.

4. Torque Control and Vibration Reduction of Elastic-Joint Robot Research

According to the method of separately identifying the dynamics of the link side and
the motor side of the elastic-joint robot, the accurate dynamic parameters of the link side are
obtained, but the dynamic model obtained by the identification of the motor side has great
uncertainties. Such model uncertainties include friction models that are difficult to model
accurately. To offset the negative effects of various disturbances on the motor-side model,
the disturbance observer is used to estimate the disturbance. The equivalent disturbance is
used as the feedback inner loop to compensate so that the motor-side model is equivalent
to an ideal torque source. The advantage of this is to simplify the design and control of the
outer loop of the system design and effectively improve the system’s robustness.

The flexibility of the series elastic actuator leads to the generation of mechanical natural
frequency vibrations. This feature has a great impact on the force control of the robot end.
Therefore, under the premise that the anti-disturbance motor side is used as the ideal torque
source, the force control of the link is realized by adding resonance proportional control.
At the same time, the vibration characteristics of elastic joints are analyzed and studied,
and appropriate suppression strategies are adopted.
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4.1. Disturbance Observer Based on Motor-Side Model

Due to considerable uncertainty in the dynamic model obtained by motor-side identi-
fication, feedback control based on the disturbance observer is adopted [26]. The purpose
of applying it to the motor side of the elastic-joint robot is to compensate for the model
uncertainty and motor friction disturbances caused by inaccurate identification, as shown
in Figure 8.

Figure 8. Motor-side model applied to disturbance observer.

4.2. Link-Side Acceleration Estimation Based Force Control

Due to joint elasticity, there will be obvious vibration in the control system output.
The vibration frequency is equal to the anti-resonance frequency of the elastic joint. We
introduce the resonance proportional coefficient to adjust the resonance frequency and
anti-resonance frequency ratio, and adjust the controller coefficients to configure the poles
of the closed-loop system can realize the stable force control of the elastic-joint robot.

4.2.1. Vibration Suppression-Based Force Control

As shown in Figure 9, resonant proportional feedback control is used for the system
with added spring feedback gain. At the same time, the interaction between the link and
the environment is modeled as a spring with stiffness Ke;v. Adjusting the resonance propor-
tional gain K, to change the proportional relationship between the resonance frequency and
the anti-resonance frequency is helpful to configure the poles of the closed-loop feedback
control system. Kp and Kp are the proportional gain and differential gain, respectively. By
selecting the appropriate control gain, the controller can be adjusted to make the system
meet the design system performance index.

i q z-aut
T o>

Figure 9. Resonance proportional torque control structure diagram.

In this closed-loop feedback control system, the transfer function from the reference
input torque to the output torque is

Tout KpKeny wlzink
Ty s* + Kps® + wys? + Kpw? s + KpKeny w?

(28)
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According to the system transfer function, the system has fourth-order characteristics.
Let all poles of the closed-loop system be equal to the anti-resonance frequency wy;,, i.e.,

4 4 3 2 2 3 4
(s + wiink )" = 8" + 4wiink 87 + 6Wiiy 8™ + AWy S + Wik

(29)
= s* + Kps® + wp,s” + Kpwipy s + KpKenowiy
therefore,
Kp = 4w jink 2 KL
w2 — 6w2m Kp = wijy Keno
n link = ¢ Kp = 4wjjnk (30)

K = (0?/w}  —1)] L =5]-1
KPKemfwlink = wl . r ( m link )] link ] link

4.2.2. Nonlinear Disturbance Compensation on the Link Side

In addition to the inertial force, the link side includes the effects of other moments
such as Coriolis force, gravity, and external environmental forces. Therefore, it is necessary
to construct a force reaction system to compensate for this part of the moment at the system
reference control input, as shown in Figure 10.

torque reaction
system

Tdi.v

K r Tdis

Figure 10. Non-linear disturbance compensation on the link side.

When the reference input 7; = 0, the transfer function of the link-side disturbance
input to output torque is:

Tout Keno (52 + Kps + KrKe)Il;nlk
Tis st 4 Kpsd + (KeJjph + KeKr )82 + KpKJiphs + KpKonoKe T

Keno (52 + Kps + KrKe)II?nlk
s* + Kps® + wy,s? + Kpw? s + KpKenow?, |

(31)

Simultaneous Formulas (28) and (31) to obtain the transfer function of the link-side
disturbance to the reference input torque:

T s2 + Kps + KK,
Tdis KPKe

(32)

Therefore, the form of the force reaction system is Formula (32). The other forces on
the link side, except the inertial force, are regarded as disturbances, and the disturbances
are estimated as the input of the force reaction system. The influence of the nonlinear
torque disturbance on the link side can be compensated for by superimposing the output
result into the reference input torque. It is worth noting that both the gravity on the link
side and the moments interacting with the environment are included in 7;;;. This process
realizes the compensation of gravity and environmental force. Estimates of disturbance
torques are obtained using the model-based direct estimation method of external forces in
Section 3. The complete system control structure is shown in Figure 11.
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Figure 11. Structural diagram of resonance proportional force control with disturbance compensation.

5. Experimental Setup

To facilitate the comparison of different performances of external force estimation,
series elastic actuators are used as the single-DOF robot driving joints, as shown in Figure 12.
The spring stiffness is 280 N-m/rad, And SEA system parameters are shown in Table 1. In
the experiment, a 13-bit photoelectric encoder is installed on the motor side to collect motor
position information for motor control; a 16-bit photoelectric encoder is installed on the
link side to manage the position information of the link. This is a general configuration of
a series elastic actuator. The angular acceleration of the link side is measured by directly
mounting a three-dimensional accelerometer on the link side as an additional input for
EKEF data fusion; accelerometer parameters are shown in Table 2. Between the robot link
and the external environment (spring plate), a force sensor is installed as an intermediate
medium to directly measure the external moment acting on the link as a standard reference
for estimating external forces by different methods; the force sensor parameters are shown
in Table 3.

Figure 12. The flexible robot system experimental setup.

Table 1. SEA system parameters.

System Parameters Values Unit

Motor-side inertia T kg-m?

Link side inertia Ja kg-m?

Spring stiffness Ky Nm/rad

Load torque(q = 90°) G, Nm

Motor torque coefficient K; Nm/rated current
Viscous coefficient fn Nm/(rad/s)

Natural frequency w rad/s
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Table 2. Accelerometer parameters.

Baud Rate Output Frequency Range Bandwidth Resolution
(Bit) (Hz) (g (Hz) (mg)

Values 115,200 500 4 250 0.02

Accelerometer Parameters

Table 3. Force sensor parameters.

Range Output Frequency Resolution Ratio
(kg) (Hz) (kg)

Values 5 100 1/600

Force Sensor Parameters

The control system platform is based on the Matlab/Simulink environment. The
control system runs on the Simulink Real-Time operating system, and the basic structure
is shown in Figure 13. It mainly includes a host computer, a target industrial computer,
servo drivers, serial elastic driver, and other sensors. The development host computer
runs on Windows and in the Matlab/Simulink environment; the target industrial computer
is connected to the development host computer via the Ethernet. It runs the Simulink
Real-Time system, and acts as the EtherCAT master station, connects to the motor servo
amplifier and data acquisition card through the EtherCAT bus, realizes real-time state
monitoring, feedback, and commands sent from the motor. In addition, the accelerometer
data are connected to the target IPC through the RS-232 interface. The sampling time is
2 ms.

Host computer

Simulink

Download and Network cable

complie
Servo driver DAQ Card

- —ethercAT— S s

IPC |_
R8232ﬁ:1 0

Accelerometer SEA Force sensor

Figure 13. The system controller scheme.
6. Results and Discussion
6.1. Experimental Results of Dynamic Parameter Identification

After the signal acquisition and processing are completed, the processed state data are
used to construct the data matrix required for the least-squares parameter identification,
and the elastic-joint dynamic parameters to be identified are calculated, as shown in Table 4.

Table 4. The results is the dynamic parameters identification.

Dynamic Jiink Clink mglx mgly Jin fv fe
Parameters (kg-m?) (N-m-s-rad™!) (N-m) (N-m) (kg-m?) (N-m-s-rad~1) (N-m)
Identification

values 0.3867 0.0161 9.7868 —0.0341 0.3577 3.7789 3.6459
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To verify the accuracy of the identification results, the robot is moved according to
different random trajectories. Similar to the identification process, sensors collect the joint
angle and drive torque signals during the robot’s motion. Then, the collected signals are
processed and substituted into the dynamic equation. Figure 14 shows the similarity and
the signal error between the torque estimation result and the actual torque output.

200 T T T T T T T T T

100

Angle(°)
o

—100

200 L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50

time(s)

Actual torque (TSD)
20 B .
—Model calculation results

15 ) Error
10

DA/ I
I M

0 [t E 4
LA WY

0 5 1

Torque(N.m)
e

40 45 50
time(s)

(b)

Torque(N.m)

Figure 14. Model validation results. (a) Trajectory; (b) Comparison of model output torque and actual
torque (link side); (¢) Comparison of model output torque and actual torque (motor side).

From the model verification results, it can be seen that under random trajectory
excitation, the calculation results of the dynamic model on the link side have small error
and follow the actual torque, which verifies the validity and accuracy of the parameter-
identification results. For the motor side, the dynamic calculation results also follow the
actual torque during the entire moving process. Still, there is a very large model calculation
error at the zero-crossing point of the speed. Analyzing the dynamic equations on the
motor side shows that the error mainly comes from the inaccurate friction model. Therefore,
the motor inertia parameters identified are only rough results. In this paper, the dynamic
model of the link side and the elasticity of the torsion spring are used for direct joint
external force estimation.
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6.2. Experimental Results of External Torque Estimation

In this work, by controlling the motor to make the robot link move and interact with
the external environment (spring plate), we study the different effects of methods proposed
in Section 4 on detecting external forces during the entire interaction process.

The entire interaction process is divided into seven stages.

Stage 1: The link is stationary at an angle close to the spring plate but not in contact;
Stage 2: The link starts to move until it contacts the spring plate;

Stage 3: The link presses down on the spring plate;

Stage 4: The link and spring plate remain relatively stationary;

Stage 5: The link leaves the spring plate until there is no contact with the spring plate;
Stage 6: After leaving the spring plate, the spring plate is free to vibrate due to the
joint’s flexibility;

Stage 7: The link is stationary at the starting angle.

As shown in Figure 15, the state information of the link is recorded, including the
angle, angular velocity, and angular acceleration of the link side. “EKF” represents the link
status information calculated in real time by fusing sensor data using the EKFE. “Differen-
tiation + Filtering” represents the direct differencing and filtering of the position signals
collected in real time on the control system. “Offline smooth” denotes the result of offline
differencing and sliding window averaging of the joint link side angle signal returned
by the photoelectric encoder. The mean smoothing of the signal leads to the loss of the
high-frequency component of the state information, but does not cause a delay in the signal,
and it is used for comparative reference of the robot system real-time status information.

It can be seen that the angular velocity and angular acceleration information obtained
by the commonly used method of differential post-filtering of the position will cause the
delay of the signal, and the high-frequency components of the signal will be filtered out
by the filter, resulting in a relatively low upper limit of the system bandwidth. However,
by merging the accelerometer signal with the photoelectric encoder signal through the
EKEF, a velocity signal and an acceleration signal with almost no delay and a sufficiently
wide bandwidth can be obtained. For example, at 1.7-2.2 s and 8.4-8.7 s, EKF can detect
fast-changing high-frequency acceleration signals. In other cases, the results of EKF are
similar to those of offline sliding smoothing, which proves the accuracy of the results
obtained by EKF fusion of two sensor signals.

In the case of the MOB and the RTOB for external torque estimation, the angular
velocity signal input to the observer is obtained by direct differential plus filtering of the
position signal returned from the photoelectric encoder, because these two methods are
proposed based on the unavailability of the angular acceleration signal. The model-based
direct torque estimation method uses the angular acceleration signal estimated by EKF
directly. The external force-estimation results of the three methods are shown in Figure 16.
The outcomes measured by the force sensor are also displayed.

Among them, the most significant difference lies in stage 3 (pressing process), and
stage 6 (free oscillation of the link), and the external force-estimation results of these two
stages are displayed separately in Figure 17a,b. Stage 3 is the process in which the link
presses the spring plate. The external torque acting on the link in this process changes
rapidly and can reflect the following rapidity of the external torque estimation. Stage 6
is the free oscillating motion of the link caused by the joint flexibility after the link leaves
the spring plate, in which the link is not subject to external torque and the external torque
estimation result should be zero. It can be seen that the results of MOB and RTOB are
the same. The reason for this is that the mathematical models of the two methods are
essentially the same. The results obtained by both methods have a more pronounced delay
compared to the reference value (measured directly by the force sensor), the external torque
follows more slowly, and the presence of the system state delay leads to the detection of
large external torque fluctuations even when the link is not subjected to external torque.
However, the direct estimation method is characterized by high sensitivity and precision in
external torque estimation.



Actuators 2023, 12,126

17 of 21

by
<)

q (rad)
>~
~

o

~ oo

o o

g (rad/s)

|
ol

g (rad/s)

Texternal (N - m)
=
o o

o ol

[ 1 1 1 1 1 _
1 1 1 1 1 1
1 1 1 1 1
C 1 1 1 1 1 1 ]
1 1 1 1 1 1 1 1 1 1 1
T T T T T T
0 ! 12 ! 4 ( '8 ! 10 P12
L ! Time (s) ! : !
; A ; T T AL ) T T
;MI |WW;
[ 1 T T 1 |
= 1 1 1 1 1 N t
L L ' x g x —Offline: smooth
1 1 1 1 1 1
— Differentiation + Filterin
0 Lo L , g 10| e g
1 1 1 Time (S) 1 1 EKF |
T T T T T 1 T T 1 |
1 1 1 1 1 1
‘ 1 1 i 1 1 1
r Lo ) X x X x ! x —Offline__smooth
T ! ! T —Differenitiation + Filterin
0 ) L 6 g 0|0l 9
L : Time (s) : : EKF .
1 i1 e T T | j T \ T
- 1 1 1 \ 1 1 —
1 1 1 1 1 1
~ 1 1 1 1 1 ! 7
1 1 1 1 1 1
| 1 | ] ~r t T t
0 2 4 8 10 12
Stage 1 Stage2 Stage 3 Stage 4 Time (S) Stage 5 Stage 6 Stage 7
(a) The whole process of interaction
Z o0
E
;_5 L —Offline_smooth
— Differentiation + Filtering
—EKF

19

Time (s)

2 2.1 2.2 2.3 2.4

Text(N - m)

1 L

16 17 1.8

Time (s)

(b) Stage 2-3 partial enlargement

5
= o 1
<
g
gt —— Offline_smooth
— Differentiation + Filtering
X . |—EKF
8 85 9 9.5 10
Time (s)
10 1
B
Z s |
&
0 L 1 1 1
8 8.5 9 9.5 10
Time (s)

(c) Stage 5-6 partial enlargement

Figure 15. The link state in different stages of system motion.
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Figure 16. The result of external torque estimation.
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Figure 17. The result of external torque estimation during physical interaction.

6.3. Experimental Results of Force Control Based on Link-Side Acceleration Estimation

Simulink Real-Time project was built according to the theoretical design, and the
output torque results of the system were recorded. It can be seen from Figure 18 that the
controller can control the joint of the robot to output a specified torque. In the configuring
system parameters, the role of the environment is modeled as a spring with a stiffness of
280 N-m/rad. However, the interaction between the link and the environment in the actual
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process may be more complex and have varying stiffness. Therefore, there are overshoots
and jitter in the dynamic adjustment process. Moreover, there is a certain deviation in the
link output when the system is steady.
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Figure 18. The output results of the physical system based on the resonance proportional force control.

Resonant proportional control is used for force control on the link side. Elastic feedback
gain is used to change the resonance ratio and configure the pole of the characteristic
equation of the closed-loop system to suppress the resonance. Nonlinear disturbances are
estimated using an acceleration-based model of external moments and compensated for by
a force reaction system to achieve link force control. Numerical simulation results prove
the effectiveness of the force control algorithm.

7. Conclusions

(1) The estimation of joint external torque based on a dynamic model is affected by
friction and nonlinear factors, and it is difficult to model the motor side accurately.
This paper proposes a strategy to independently identify the dynamic parameters of
the elastic-joint robot’s motor side and the link side.

(2) A method based on the EKF algorithm is proposed to integrate the sensor measure-
ments of the encoder and accelerometer to obtain the link side state. Experimental
results show that the direct estimation of external torque with acceleration measure-
ment has a higher bandwidth, and the estimation of external torque is more sensitive
and accurate. At the same time, the experiment also proves the effectiveness and
accuracy of the robot state signal obtained from the fusion of sensor data using the
EKF algorithm.

(3) Aiming to solve the problem of link-side vibration in the process of force control,
the vibration characteristics of the elastic joint were analyzed, and the resonance
ratio was adjusted to configure the closed-loop transfer function pole to suppress
resonance. Platform experiments verified that the designed algorithm could effectively
compensate gravity and suppress mechanical resonance in the process of motion.
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