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NONLINEAR ADAPTIVE CONTROL METHOD AND SYSTEM FOR
MECHANICAL ARM MOTION CONTROL

FIELD

[0001] The disclosure relates to robotic arm motion control, and more particularly relates to

a nonlinear adaptive motion control method and system for robotic arm manipulation.

BACKGROUND

[0002] With constant advancements in smart technologies, smart devices have increasingly
infiltrated people’s everyday life, work, and study, which improve life quality and enhances
learning and work efficiency. As far as motion control of a robotic arm is concerned, its
robotic arm system is substantially nonlinear, time-varying, and uncertain, so that a nonlinear

adaptive control algorithm is needed in designing its control system.

[0003] Existing systems for robotic arm motion control generally adopt a traditional PID
(Proportional, Integral, and Differential) control algorithm. The PID control algorithm is a
linear system-oriented control algorithm, so that when the PID algorithm is used to control
nonlinear motion of a robotic arm, a problem would arise as to how to tune the Proportional,
Integral, and Differential parameters. Due to the nonlinear, time-varying, and uncertain
properties of the robotic arm system, it is essential to off-line or on-line identify the non-linear
or linear models of the robotic arm as well as of its load and external disturbances. The
identified models of the robotic arm and of its load and external disturbances are used in
tuning the PID parameters instantly or by segments. The parameters of traditional PID
algorithms are constant throughout the control process, while in practical applications, the
entire controlled system, particularly the motion and environment of a general-purpose
robotic arm, is unpredictable, so that the invariant PID parameters cannot contribute a
high-performance control effect to the system. Although notable control performance can be
achieved by model identification, system complexity would increase, particularly in the case
of online model identification. In addition, model identification cannot guarantee correctness
of the models or model parameters identified, and such an adaptive control system can hardly
pass an industrial certification. Other adaptive or smart control methods, such as fuzzy control,
sliding mode control, neural network-based control, model reference adaptive control
(MRAC), also fail to ensure algorithmic stability or guarantee a stable operation under any

operating load and external disturbances.
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[0004] By far, no effective solutions have been proposed to address the above problems.

SUMMARY

[0005] A nonlinear adaptive motion control method for robotic arm manipulation and a
corresponding system are provided. The disclosure overcomes the problems of conventional
robotic arm motion control technologies in identifying their motion load models and tuning
the time-varying parameters of their controllers, without relying on the robotic arm motion
load model and external disturbance model which are conventionally leveraged in tuning
controller parameters. In a case that the difficulties and problems cannot be effectively solved
by far, the disclosure offers a simple, effective, efficient motion control method for robotic

arm manipulation.

[0006] The nonlinear adaptive motion control method for robotic arm manipulation as
described herein comprises steps of: building a holonomic nonlinear dynamics model
corresponding to a n-link robotic arm by Lagrangian dynamics modeling; obtaining a
measured value ¢ of a rotational angle of a robotic arm joint; computing a second order time
derivative dzq / dt? of the measured value ¢ of the rotational angle of the robotic arm joint
by numerical differentiation; giving a desired value g4 of the rotational angle of the robotic
arm joint according to a programmed movement of the robotic arm; inputting a difference
between the desired value g4 and the measured value g of the rotational angle of the robotic
arm joint to a motion controller; inputting an output of the motion controller and the second
order time derivative d®q/dt” to an incremental nonlinear dynamic inversion controller;
and inputting a control command outputted by the incremental nonlinear dynamic inversion

controller to a servo motor drive configurable to drive the robotic arm;

wherein the incremental nonlinear dynamic inversion controller is described as:

2
Au = MI(q) [u — (dtf) l

where Au denotes the control command outputted by the incremental nonlinear

dynamic inversion controller; g denotes the rotational angle of the robotic arm joint; M(q)

. . . . d .
denotes an inertia matrix of the robotic arm model; ( dt?) denotes an angular acceleration
Tk

of the robotic arm joint obtained from computing the second order time derivative of the
rotational angle g of the robotic arm joint; v denotes a virtual control variable of the

incremental nonlinear dynamic inversion controller;

2
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wherein the virtual control variable of the incremental nonlinear dynamic inversion

controller is given by a PID controller according to an equation below:

de
v =—er—KIJedt—KDE

where & = q — g4 denotes the difference between the measured rotational angle and
the desired rotational angle of the robotic arm joint; K, denotes a Proportional parameter of

the motion controller; K; denotes an Infegral parameter of the motion controller; and Kp

denotes a Differential parameter of the motion controller.

[0007] The disclosure further discloses a nonlinear adaptive motion control system for
robotic arm manipulation, comprising a processor and a memory, the memory storing a
computer-readable instruction, the processor being configured to execute the
computer-readable instruction, wherein when the computer-readable instruction is executed,

the nonlinear adaptive motion control method for robotic arm manipulation is carried out.

[0008] In the implementations of the disclosure, the second time derivative (i.e., the angular
acceleration of the robotic arm joint) of the rotational angle of the robotic arm joint is used in
replacement of the models of the robotic arm system as well as of its load and external
disturbances, which eliminates a need for the models of the robotic arm system as well as of
its load and external disturbances in the dynamic inversion control, thereby overcoming the
problems of conventional robotic arm motion control technologies in identifying their motion

load models and tuning the time-varying parameters of their controllers.

[0009] According to a further aspect of the disclosure, there is also provided a nonlinear
adaptive motion control system for robotic arm manipulation, comprising a processor and a
memory, the memory storing a computer-readable instruction, the processor being configured
to execute the computer-readable instruction, wherein when the computer-readable instruction
is executed, the nonlinear adaptive motion control method for robotic arm manipulation is

carried out.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The drawings illustrated herein are intended to facilitate understanding of the
disclosure, which constitute an integral part of the disclosure; schematic implementations and
their descriptions provided herein only serve for explaining the disclosure, not constituting

undue limitations to the disclosure. In the drawings:
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[0011] Fig. 1 is a flow diagram of a nonlinear adaptive motion control method for robotic

arm manipulation according to some implementations of the disclosure;

[0012] Fig. 2 is a structural block diagram of a nonlinear adaptive motion control system for

robotic arm manipulation according to some implementations of the disclosure.

DETAILED DESCRIPTION OF EMBODIMENTS

[0013] To facilitate those skilled in the art to understand the subject matter described herein,
the technical solutions in some implementations of the disclosure will be described clearly
and comprehensively with reference to the accompanying drawings. It is apparent that the
implementations described herein are only part of the embodiments of the disclosure, not all
of them. All other implementations derived by those skilled in the art based on the
implementations described herein without exercise of inventive work shall fall within the

protection scope of the disclosure.

[0014] Tt is noted that, the terms such as “first” and “second” referred to in the specification,
claims, and drawings are used for distinguishing like objects, not necessarily used for
describing a specific sequence or priority. It should be understood that features modified with
such numerals may be swapped with each other in appropriate circumstances, such that the
implementations of the disclosure described herein can be carried out in a sequence not
illustrated or described herein. In addition, the terms such as “comprise” and “have,” as well
as any of their variants, are intended for a non-exclusive inclusion, e.g., a process, a method, a
system, a product, or an apparatus comprising a series of steps or elements is not necessarily
limited to those steps or elements explicitly limited therein, but may further comprise other
steps or elements not explicitly limited therein or inherent to such a process, method, system,

product or apparatus.

[0015] According to some implementations of the disclosure, a nonlinear adaptive motion
control method for robotic arm manipulation is provided. It is noted that, the steps illustrated
in the flow diagram in the accompanying drawings may be executed for example in a
computer system with a set of computer-executable instructions; in addition, although a logic
sequence is illustrated in the flow diagram, the illustrated or described steps may also be

executed in a sequence different from what are described herein.

[0016] Fig. 1 is a flow diagram of a nonlinear adaptive motion control method for robotic

arm manipulation according to some implementations of the disclosure. As illustrated in Fig.
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1, the method comprises steps of:

[0017] Step S100, in which a measured value g of a rotational angle of a robotic arm joint is

obtained;

2 2
[0018] Step S200, in which a second order time derivative d*q/dt” of the measured value

q of the rotational angle of the robotic arm joint is computed by numerical differentiation;

[0019] Step S300, in which a difference between a desired value g4 and the measured value

q of the rotational angle of the robotic arm joint is inputted to a motion controller;
[0020] Step S400, in which an output of the motion controller and the second order time

2 2
derivative @ 4/dt" are both inputted to an incremental nonlinear dynamic inversion

controller;

[0021] Step S500, in which an output of the incremental nonlinear dynamic inversion

controller is inputted to a servo motor drive configurable to drive the robotic arm;

[0022] Step S600, in which an incremental output of the incremental dynamic inversion

controller is computed;
[0023] Step S700, in which the motion controller is computed.

[0024] This motion control method for robotic arm manipulation comprises the steps below:
building a holonomic nonlinear dynamics model corresponding to a n-link robotic arm by

Lagrangian dynamics modeling; obtaining a measured value g of a rotational angle of a

robotic arm joint; computing a second order time derivative dzﬁ'—‘! dt’ of the measured value
q of the rotational angle of the robotic arm joint by numerical differentiation; giving a desired
value g4 of the rotational angle of the robotic arm joint according to a programmed movement
of the robotic arm; inputting a difference between the desired value g4 and the measured value

q of the rotational angle of the robotic arm joint to a motion controller; inputting an output of

2 2
the motion controller and the second order time derivative @ @/@t” to an incremental
nonlinear dynamic inversion controller; and inputting a control command outputted by the
incremental nonlinear dynamic inversion controller to a servo motor drive configurable to

drive the robotic arm.

[0025] The incremental nonlinear dynamic inversion controller is described as:
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Au=MI(g) [u — (izf) l
k

where AU denotes a command outputted by the incremental nonlinear dynamic

inversion controller; g denotes the rotational angle of the robotic arm joint; M(g) denotes an
()
de’

robotic arm joint obtained from computing the second order time derivative of the rotational

inertia matrix of the robotic arm model; k denotes an angular acceleration of the

angle g of the robotic arm joint; v denotes a virtual control variable of the incremental

nonlinear dynamic inversion controller.

[0026] The virtual control variable of the incremental nonlinear dynamic inversion

controller is given by a conventional PID controller below:

de
v =—er—KIJedt—KDE

where € = 4 — f4 denotes the difference between the measured rotational angle and

K
. . . .. r .
the desired rotational angle of the robotic arm joint; denotes the Proportional parameter

of the motion controller; £7 denotes the Integral parameter of the motion controller; and Kp

denotes the Differential parameter of the motion controller.

[0027] This incremental dynamic inversion control method is derived based on the principle

described as below.

[0028] The robotic arm model is built by Lagrangian dynamics modeling, as given below:

M@2+c(q.2)+c, 2 +6(q)+F =T N

dq
where ¢ denotes a rotational angle of the robotic arm joint; %% denotes an angular
a’q

velocity of the robotic arm joint; 9" denotes an angular acceleration of the robotic arm joint;
)
¢ (q’ dt

centrifugal-force vectors of the system; Cy denotes a viscous friction coefficient matrix of

M(q) denotes an inertia matrix of the robotic arm system; denotes Coriolis- and
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the joint; G (q} denotes a gravity vector; F denotes an external disturbance vector; r

denotes a control torque vector.

[0029] The equation (1) may also be expressed as:

d"

L= M Qr M () (a.2) - MH(q)C, 2~ M (q)G(q) — M (q)F

e (2)
which is simplified to:

@ q _ cg

= (aStn) 3)

where

f(a.5u) =M @r— M (@)c(a.57) — M) 5 ~ M @ 6(q) — M~ (a)F
0
and ¥ =T (5)

[0030] The equation (4) is expanded with respect to the vector series at the sampling time

point, obtaining:

3fffr—d} or(a3in) (aq  aa ar(a.2lu)
= fe(a i) + T a0 + ol (o) ¥ o (e

(6)
[0031] The following are obtained under the current sampling time based on the time-

variant characteristics of respective variables:

Au = (w, —uy_y) = [@l [u - (::_:)k]

(7)
where
Au= (1w, — ty_y) (8)
(nr-) =fi(a5w) ©)
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(10)
u:—f{pe—fﬂf&dt—f{ﬂ:—: an
e=q—q, (12)

&)
dr®

angle of the robotic arm joint, i.e., the angular acceleration of the robotic arm joint at

where k¥ in equation (7) denotes a second order time derivative of the rotational
sampling time k. It can be seen from equation (2) that this angular acceleration includes all
information of the system, where the angular acceleration is used to replace the system model

conventionally needed by the controller.

[0032] The serial numbers referred to in the implementations described supra are only for
descriptive purposes, and the specific numerical values assigned thereto do not indicate one

implementation is better than another.

[0033] The implementations described as above focus on different parts of the disclosure,
where a part not depicted in one implementation may refer to relevant depictions in another

implementation.

[0034] In the implementations provided herein, it should be understood that the technical
contents disclosed herein may be implemented in other manners. The apparatus embodiments
described supra are only schematic, e.g., the units may be partitioned by logic functions; in
practice, the partition may have alternative partition manners, e.g., a plurality of units or
components may be combined with or integrated to another system, or some features may be
omitted or may not be executed. Additionally, the mutual coupling, or direct coupling, or
communication connection between what are displayed or discussed may be via some
interfaces; the indirect coupling or communication connection between the units or modules

may be of an electrical or otherwise form.

[0035] The units described as discrete parts may be or may not be physically separated; the
parts displayed as units may or may not be physical units, i.e., they may be located at a same
place or may be distributed on a plurality of units. Part or all of the units may be selected to

achieve the objectives of the solutions in the implementations of the disclosure according to
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actual needs.

[0036] Additionally, various functional units in the implementations of the disclosure may
be integrated on one processing unit, or may be physically existent standalone; or, two or
more of the implemented above may be integrated on one unit. The integrated unit may be

implemented in a hardware form or in a software functional unit form.

[0037] The integrated unit, if implemented in a software functional unit form and sold or
used as a standalone product, may be stored in one computer-readable storage medium.
Based on this understanding, the substantive technical solution of the disclosure, or the part
contributing to the prior art, or all or part of the technical solution, may be embodied in a form
of software product; the computer software product is stored in one storage medium,
including a plurality of instructions to cause a computer device (which may be a personal
computer, a server, or a network device) to execute all or part of the method described in
various implementations of the disclosure. The storage medium includes various mediums
that may store program code, such as a USB device, a ROM (Read-Only Memory), a RAM

(Random Access Memory), a mobile hard disc, a magnetic disc, or an optical disc.

[0038] What have been described supra are only preferred implementations of the disclosure.
It should be noted that, to a person of normal skill in the art, various alterations and
modifications may also be made without departing from the principle of the disclosure, and
such alterations and modifications should also be deemed as falling within the protection

scope of the disclosure.
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I/We Claim:

1. A nonlinear adaptive motion control method for robotic arm manipulation,
characterized in that, comprising:

building a holonomic nonlinear dynamics model corresponding to a n-link robotic arm
by Lagrangian dynamics modeling;

obtaining a measured value ¢ of a rotational angle of a robotic arm joint;

computing a second order time derivative dzfi'f dt’ of the measured value g of the
rotational angle of the robotic arm joint by numerical differentiation;

giving a desired value gq of the rotational angle of the robotic arm joint according to a
programmed movement of the robotic arm;

inputting a difference between the desired value g4 and the measured value g of the
rotational angle of the robotic arm joint to a motion controller;

inputting an output of the motion controller and the second order time derivative

d? q/dt z to an incremental nonlinear dynamic inversion controller; and

inputting an output value of the incremental nonlinear dynamic inversion controller to
a servo motor drive configurable to drive the robotic arm.;

2. The nonlinear adaptive motion control method for robotic arm manipulation
according to claim 1, characterized in that,

the incremental nonlinear dynamic inversion controller is described as:

Au=M(q) [u — (j_;f) l
k

where 4% denotes a command outputted by the incremental nonlinear dynamic

inversion controller; ¢ denotes the rotational angle of the robotic arm joint; M(g) denotes an
()
dt®

robotic arm joint obtained from computing the second order time derivative of the rotational

inertia matrix of the robotic arm model; k denotes an angular acceleration of the

angle g of the robotic arm joint; v denotes a virtual control variable of the incremental

nonlinear dynamic inversion controller;

3. The nonlinear adaptive motion control method for robotic arm manipulation

according to claim 2, characterized in that, the virtual control variable of the incremental
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nonlinear dynamic inversion controller is given by a PID controller according to an equation

below:

de
v =—er—KIJedt—KDE

where € = 9 — Ga denotes the difference between the measured rotational angle and

K
. . . .. r .
the desired rotational angle of the robotic arm joint; denotes a Proportional parameter of

the motion controller; K; denotes an Integral parameter of the motion controller; and Kp
denotes a Differential parameter of the motion controller.

4. A nonlinear adaptive motion control system for robotic arm manipulation,
characterized in that, comprising a processor and a memory, the memory storing a
computer-readable instruction, the processor being configured to execute the
computer-readable instruction, wherein when the computer-readable instruction is executed,
the nonlinear adaptive motion control method for robotic arm manipulation according to any

one of claims 1-3 is carried out.
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