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Abstract

According to the characteristics of space missions and space environment, to slow performance deterioration and possible
reliability attenuation for aerospace mechanisms, an operational reliability system control methodology is proposed in this
article. A space manipulator — a kind of typical complicated aerospace mechanism — is chosen as the research object. First,
considering relevant materials and structure mechanism of joint and link parts, the influence factors of operational reliability
for space manipulator are divided. Then, by introducing the responding layer factors, a mapping relationship between the
influence factors of operational reliability and control variables is analysed. On this basis, a new method to build a hierarchical
control system of operational reliability for the aerospace mechanisms is proposed. In this method, the mechanism how the
influence factors of operational reliability are introduced into the control system is defined, and an operational reliability
system control model is built, which is made up of task planning, path planning, and motion control. Finally, the proposed
methodology is further explained with the operational stability of a space manipulator as an example. After analysing the
mapping relationship among the influence factors of operational reliability, the factors of responding layer and control
variables, a multi-objective optimization method based on Nondominated Sorting Genetic Algorithm Il (NSGA-II) is pro-
posed to ensure the operation stability for a space manipulator. These optimization objectives are introduced into the
optimized control model at path planning level as constraints. According to these constraints, the optimized control system
can be adjusted to improve the operation stability of the manipulator, and the operational reliability is also improved during
this process correspondingly. Simulation results prove the effectiveness of the proposed method.
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Introduction

It is necessary to achieve the high reliability and the long
service life for space mechanisms to complete the Chinese
manned space program, deep space exploration and many
other national major projects. They also become one of  School of Automation, Beijing University of Posts and Telecommunications,
the main difficulties in international aerospace field. The  Beijing China
reliability of space mechanisms should be improved .
from two parts: the inherent reliability and the operational Corresponding author: -
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The case of service life shortened and space mechanisms
invalidated, which means the reliability of equipment
degenerated rapidly, often occurs during the service pro-
cess due to improper operational strategy. The performance
degradation of aerospace mechanisms presents multiple
parameter dynamic time-varying characteristics, which
requires its motion control method should consider multi-
ple time-varying dynamic constraints at the same time.%’
However, the existing task planning methods are not
mature enough to solve a problem with multi-constraints
and multi-optimization criteria. The path planning methods
are relatively mature, but they think less about the flexible
dynamics. It is difficult for the motion control method to
solve a problem with time-varying dynamic constraints.® >
Gao et al.'* consider the operational reliability for the space
manipulator, but it constructed the operational reliability
system control model based on the degree of operational
reliability, which comes from the perspective of probabil-
ity distribution. Gao et al.'® consider the operational relia-
bility for the space manipulator, but it constructed the
operational reliability system control model using the
measured values of operational reliability related para-
meters as the system’s feedback. The system autono-
mously decides which control layer of the system should
be optimized and how to optimize using a control level
adjustment decision module. So, it’s necessary to con-
struct a fundamental theoretical framework of operational
reliability system control of aerospace mechanisms.

In order to build a technical architecture of the opera-
tional reliability system control, two key problems should
be solved at the system level: (a) which optimization para-
meters and variables of the control system affect the opera-
tional reliability of aerospace mechanisms; and (b) in
traditional control system of the aerospace mechanisms,
how to introduce influence factors of the operational relia-
bility, and how to optimize, make decisions and control
them. Therefore, it’s necessary to discuss these two prob-
lems. It’s also necessary to build a control method and
strategy from the system level to maintain and improve the
operational reliability of aerospace mechanisms. By adjust-
ing and self-adapting changes of control strategy, to
improve the control performance of the existing control
methods, and to provide theoretical basis and support for
the theory of operational reliability system control, which
should be a new research direction.

From the aforementioned, according to the characteris-
tics of space missions and space environment, in order to
slow performance deterioration and maintain operational
reliability of aerospace mechanisms during its whole life
cycle, the space manipulator — a kind of typical compli-
cated aerospace mechanism — is chosen as the research
object. In this article, a mapping relationship between the
influence factors of operational reliability and control vari-
ables is provided for a typical space mission. On this basis,
agnewsmethodytosbuildyashierarchicalgcontrol system of
operational reliability for the aerospace mechanisms is

proposed. In this method, the mechanism how the influence
factors of operational reliability are introduced into the
control system is defined, and the operational reliability
system control model that is made up of task planning, path
planning and motion control is built. By building a multiple
criteria task planning model with multi-constrained condi-
tions, a path planning model considering the impact on
flexible dynamics, and a motion control model with time-
varying dynamic constraints, the influence factors of opera-
tional reliability can make an effect on task planning level,
path planning level and motion control level as optimiza-
tion goals and criterions. At each level, different strategies
are used to do adjustment and modification. At task plan-
ning level and path planning level, the planning method can
be adjusted by changing the constraints and optimization
criterion of control variables; at motion control level, the
control performance can be improved by modifying its
controller parameters.

Based on the operational reliability control system pro-
posed in this article, the control method is further explained
with the operational stability of a space manipulator as an
example. After analysing the mapping relationship between
the influence factors of operational reliability, the factors of
responding layer and control variables, a multi-objective
optimization method based on Nondominated Sorting
Genetic Algorithm I (NSGA-II) is proposed to ensure the
operational stability for space manipulator. The proposed
multi-objective optimization method uses the minimum sum
of mean value for the joint torque, the minimum for the
maximal joint torque and the minimum fluctuation of angu-
lar acceleration as optimized objects. As constraint condi-
tions, they are introduced into the optimized control model at
path planning level. According to these constraints, the opti-
mized control system could be adjusted to improve the oper-
ation stability of the manipulator, and the operational
reliability is also improved during this process. Simulation
results prove the effectiveness of the proposed method.

Mapping relationship between

the influence factors of operational
reliability and control variables

for aerospace mechanisms

The tasks of aerospace mechanisms are complicated during
their service time. The influence factors that affect the task
completion and the cost of a single task are numerous.
These factors play a crucial role in determining the task
achievement and the service life of aerospace mechanisms.
So, the research on the operational reliability control sys-
tem should be based on the mapping relationship between
the influence factors of operational reliability and control
variables of aerospace mechanisms. At the same time, this
mapping relationship is the basis of multi-objective opti-
mization for path planning, fault self-processing and
motion control with time-varying dynamic constraints.
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Figure |. The relationship between responding layer factors,
influence factors of operational reliability and control variables.

So, the research on the mapping relationship between the
influence factors of operational reliability and control vari-
ables is significant. In the process of building a technical
architecture of operational reliability control system, the
aim of building the mapping relationship is to find out the
main influence factors of operational reliability through
some certain rules, in order to provide the input of the
control system and provide theoretical basis to system con-
trol adjustment strategy.

From the perspective of operational reliability for aero-
space mechanisms, using a typical on-orbit task as an
example, this article analyses the influence factors of
operational reliability level by level according to the type
of the task. In terms of the mapping relationship, a rela-
tional expression between the influence factors and control
variables and a coupling relationship between some control
variables are described qualitatively or quantitatively, in
order to represent the mapping relationship further.

In this research, a space manipulator — a kind of typical
complicated aerospace equipment — is chosen as the
research object without the loss of generality. In the process
of building the mapping relationship, the influence factors
of operational reliability and control variables should be
analysed and classified, respectively. However, due to
inexistence of direct mapping relationship between the
influence factors and control variables, different from the
study by Gao et al.,'* a responding layer is introduced into
the mapping system. Then, the mapping relationship can be
built by analysing the relationship between the responding
layer and the influence factors and the relationship between
the responding layer and the control variables instead, as
shown in Figure 1.

Referring to Figure 1, there is no direct mapping rela-
tionship between the influence factors and control vari-
ables. However, the control variables are directly related
to the responding layer factors, and the influence factors
can also directly affect the responding layer factors.

So, the mapping relationship can be built by establishing
the relationship between the responding layer factors and
the influence factors of operational reliability, and the rela-
tionship between the responding layer factors and the con-
trolsvariables:»Thenssthesinfluencesfactors of operational
reliability, the control variables and the responding layer

factors could be analysed to establish the relationship
between them.

Analysis of operational reliability factors

Considering with relevant materials and structure mechan-
ism of joint and link parts, various factors that influence the
operational reliability during producing, assembling and
using are combed by analysing operating environment and
typical on-orbit tasks for the space manipulator.'®

(1) Inrespect of installation accuracy, error of output
axis zero position, perpendicularity of output axis
and error of measuring basis can be considered as
the operational reliability factors.

In respect of transmission accuracy, error of gear
position, reduction in tooth thickness and clear-
ance between members can be considered as the
operational reliability factors.

In respect of transmission accuracy, error of
step angle and error of the interface of motor
shaft can be considered as the operational
reliability factors.

In respect of measurement accuracy, diameter
run out and axial run out of resolver can be con-
sidered as the operational reliability factors.

In respect of driving torque, motor efficiency
curve, loss of bearing friction, iron loss and cop-
per loss can be considered as the operational
reliability factors.

In respect of braking torque, error of friction
coefficient, error of spring stiffness and error of
spring pressure can be considered as the opera-
tional reliability factors.

In respect of friction torque, carrying capacity of
the bearing, friction torque of bearing, friction
torque of gear and so on can be considered as the
operational reliability factors.

In respect of lubricating property, lubricant fric-
tion coefficient, attrition rate of lubricant and
grease lubrication coefficient can be considered
as the operational reliability factors.

In respect of manipulator performance, error of
manipulator assembling, twist and bend of
manipulator can be considered as the operational
reliability factors.

(i)

(iii)

(iv)

™)

(vi)

(vii)

(viii)

(ix)

Analysis of responding layer factors

The responding layer factors should be analysed by com-
bining specific task. The no-load transfer task of space
manipulator is considered as an example. The responding
layer factors are analysed level by level from two aspects:
task related and cost related. There are many influence
factors of operational reliability. So, the execution effect
and execution cost of tasks should be taken as indexes, and
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No-load transfer task

! } I )
Frictional Energy Position and Vibration of
wear consumption orientation manipulator

Figure 2. The responding layer factors in no-load transfer task.

the influence factors of operational reliability should be
divided into task-related and price-related factors during
analysing. Then, the main influence factor can be found
out and the responding layer factors can be determined.
Among these factors, the cost-related factors at responding
layer mainly include energy consumption, friction wear
and so on during the operation process. The task-related
factors at responding layer should be analysed with the
specific task.

The no-load transfer task describes a transient motion
between two configurations of space manipulator in a no-
load condition. The main influence factors at responding
layer for a no-load transfer task are redundancy, position
and orientation of end-effecter, elastic vibration of manip-
ulator, energy, friction wear and so on. Among these fac-
tors, the position and orientation of end-effecter and elastic
vibration of manipulator are task-related factors, because
they impact on the completion of the task directly. The
consumption of task is determined by time, energy and
friction wear, so they are cost-related factors. On the basis
of the aforementioned analysis, the influence factors at
responding layer in a no-load transfer task are illustrated
in Figure 2.

Analysis of control variables

From the joint level, joint driving voltage and driving cur-
rent are the main controllable variables. From the view of
engineering practice, the controllable variables include
joint angle, joint angular velocity and joint driving torque.
Then, the main controllable variables are found out.

System control model of operational
reliability for aerospace mechanisms

In the control process of acrospace mechanisms, plenty of
control variables and influence factor should be considered.
However, the most existing control methods focus on the
task-related factors and rarely consider about the factors
related to its service life. So, it’s necessary to study a sys-
temscontrolmethod-torimprovethe:operational reliability of
aerospace mechanisms. The approach is to (a) determine

the mapping relationship between the reliability factors and
control variables and (b) construct the system control
model of operational reliability for the space mechanisms,
by active regulation to the control variables. Doing this has
three objectives: (i) to minimize the cost when it performs a
task under normal condition, (ii)to maximize the mission
success rate when it is under abnormal condition and (iii) to
minimize the performance degradation during its service
years. Finally, the fundamental theoretical framework of
operational reliability system control and a set of theoreti-
cal methods can be formed to provide the basis theory and
effective means for the long service life and high reliability
of aerospace mechanisms.

According to above ideas, a study of operational reliabil-
ity control system is performed. In this research, the space
manipulator — a kind of typical complicated aerospace
mechanism — is chosen as a research object. A hierarchical
control system introduced with influence factors of opera-
tional reliability is built, as shown in Figure 3. The basic
control of manipulator is completed by task planning level,
path planning level and motion control level. Different from
the study by Gao et al.,'” in this article, the influence factors
of operational reliability affect those three levels as optimi-
zation target or optimization criteria. Each level uses differ-
ent strategy to do adjustment or modification in order to slow
performance deterioration of aerospace mechanism during
its service life. When the manipulator system has faults, fault
self-handling module is used to evaluate the system state.
According to different fault states (the joint performance
degradation or complete joint failure), the control system
will be adjusted using a noise suppression method or a recon-
structing control model separately.

The three-layer control structure

The control system of space manipulator is divided into
three levels: task planning, path planning and motion con-
trol. The specific task is as the system input, which is
divided by task planning module to obtain the intermediate
points of task. Path planning module generates the path
between two contiguous intermediate points and the path
will be discretized to joint angle sequence in time domain.
Motion control module makes angles rotate to target loca-
tion by controlling motor.

The adjustment of control level with influence factors
of operational reliability

According to the mapping relationship between influence
factors of operational reliability and control variables,
those influence factors that make task be implemented in
high quality and low cost condition are chosen. Ranges of
control variables are obtained through the mapping rela-
tionship. These new constrains can influence and adjust
those three levels as optimization objective or optimization
criterion. Each level uses different strategy to do
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Figure 4. The mapping relationship between influence factors of operational reliability and control variables in no-load transfer task.

adjustment or modification. At task planning level and path
planning level, the planning method can be adjusted by
changing constraints and optimization criterion of control
variables; at motion control level, the performance can be
improved by modifying controller parameters.

Fault self-handling

The data from system status monitoring module are ana-
lysed by fault diagnosis module. There are many kinds
of faults. So, a prediction system that based on the on-
orbit fault tree of space manipulator is built by the anal-
ysis of operational reliability factors. This system uses
three control variables — joint angles, joint angular velo-
city and joint torque — as fault predictors to do research
on prediction of joint fault and to obtain accurate judg-
ment of on-orbit faults.

The operational capability and flexibility of manipulator
are analysed according to the type of faults. Based on it,
whether the task can be completed or not is evaluated. The
conception of operational reliability is introduced. With the
probability maximization of task completion and the exe-
cution effect optimization as the objective in abnormal
condition, a fault-tolerant control strategy is built. Finally,
a fault self-handling strategy including fault prediction,
fault analysis, mission evaluation and fault-tolerant control
is established.

If the fault sources run out, the fault self-handling would
be activated, including the online adjustment of control
model, model reconstruction and restrain of parameters
mutation. Model reconstruction includes kinematics and
dynamicssmodelsreconstructions:mOnline adjustment
includes the adjustment of control models and the operating

parameters. The adjustment of control models includes
adjustment of constraints, control objective, parameters
mathematical relationship and recalculating the mathemat-
ical model. The adjustment of motion parameters includes
adjustment of the parameters mutation due to joint faults
and model reconstruction. Restrain of parameters mutation
is achieved by introducing compensation term to make the
manipulator operate smoothly during its control model
reconstruction and adjustment.

Optimization method of motion stability
of space manipulator

No-load transfer task of space manipulator is considered as
an example in this section. With a given accuracy, the
operational reliability system control should reduce the loss
brought by inappropriate uses and slow the performance
degradation to maintain the operational reliability of
manipulator. In this process, the influence factors of opera-
tional reliability can be represented by bearing clearance,
error of gear position, error of bearing motion and so on.
Meanwhile, the degradation of those factors can be repre-
sented indirectly by the factors at responding layer, and the
factors at responding layer can be affected by active control
of the control variable layer. Finally, new constraints are
imposed to joint torque, joint angular velocity and joint
angular acceleration. By active control, the operational
reliability can be improved.

Based on the aforementioned analysis, the mapping
relationship between influence factors of operational
reliability and control variables in no-load transfer task
is shown in Figure 4.
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Further, the relationship between influence factors at
responding layer and control variables is shown in the
following formula.'”'®

The formula to compute the energy consumption f of
manipulator is as follows

n iy
=3[ o) a 1)
i=1 Yo

where ¢;(¢) represents the angular velocity of the ith joint,
7(¢) represents the joint driving torque of the ith joint, 7y is
the task start-time and # is the task finish-time.

The relationship between the frictional wear and the
control variables is as follows

2

where p is the friction coefficient, J§ represents the joint
driving torque and mgl cos(q) represents the gravity torque
of manipulator.

From the relevant reference and aforementioned anal-
ysis, smooth, moderate operation for the mechanical and
electrical products always has a positive impact on no
matter the wastage of the mechanical structure or its
service life of electrical units. The optimization to the
stability of manipulator can improve its quality of the
task implementation and reduce operation cost, so that
the operational reliability is maintained effectively.
These controllable variables that include joint angular
velocity, angular acceleration and joint torque are the
concrete representation of stability on the control vari-
able layer. Among them, the joint torque directly repre-
sents the energy consumption during the process of task,
and it can also be a measurement index of frictional
wear of manipulator joint. Excessive energy consump-
tion or severe friction and wear can make the bearing
clearance larger and speed in tooth thickness faster. The
maximum joint driving torque is directly related to fric-
tion and wear of joint. The friction and wear brought by
excessive instantaneous driving torque could increase
the interface error of motor shaft and make the driving
torque go over its limit, meanwhile, the load capacity of
end-effecter will be reduced in this way.

Considering the long-term on-orbit working condition
of manipulator, the variation of driving torque would
become gently when the joint angular velocity, angular
acceleration change smoothly and less fluctuation, the
numerical value of jerk — the derivative of joint angular
acceleration — is small and the joint torque is distributed
evenly. It would reduce the vibration range of manipulator
and the friction and wear, so that the motion reliability and
operational reliability are improved.

So, on the premise of completing the no-load transfer
task, the minimum sum of mean value of each joint torque,
the minimum of the maximum driving torque and the min-
imum jerk of joint are as optimization criterions, which are
introduced into the path planning layer as new constrains.

pq = J§ — mglcos(q)

Manipulator

End-
cffecter

Figure 5. Multi-DOF space robotic manipulator model based on
spatial operator description.

Then, the NSGA-II is used to achieve the lower cost of task
and slow the performance degradation, so that the opera-
tional reliability of manipulator is maintained.

Dynamic model of the manipulator

The basic dynamic model used in this article is established
shown in Figure 5.'” The manipulator shown in Figure 5 is
composed by n links and joints. In order to use the recur-
rence relation of spatial operator algebra, the links are num-
bered as 0-n from end-effecter to base. The recurrence
calculation from the end-effecter to the base is defined as
inward iterations to compute force and torque. The recur-
rence calculation from the base to the end-effecter is
defined as outward iterations to compute the angular velo-
city and acceleration. If the manipulator has a base, the base
can be treated as n + 1th link.

From Figure 5, the symbol of manipulator used in the
article is shown as follows. X; is the inertia coordinate
system; all of the recurrence calculation of manipulator is
done in inertial coordinate system, 3 is the coordinate
system of kth link, which is defined on the joint, J; repre-
sents the kth joint, J, is the base of manipulator, Jj is the
connection with the outside of end-effecter, C; is the posi-
tion of mass centre of kth link, a; is the vector from J; to
Cy, by is the vector from Cj, to Ji11, py is the vector of kth
joint represented in the inertia coordinate system, m(k) is
the mass of kth link and P.(k) is the vector from J; to Cy.

The calculation flow chart of inverse dynamic of manip-
ulator is shown in Figure 6.

According to Figure 6, the dynamic equation is shown as
follows

T=Mg6+C (3)

where

Mg =HMfTHT
C = Hf (Mf"a +b)

where M represents the generalized mass matrix of
manipulator. C represents the matrix of nonlinear force.
a,b,f and T, respectively, represent Coriolis force opera-
tor, centrifugal force operator, force operator and torque
operator. M is the mass matrix operator of manipulator.
H is the projection matrix operator.
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Figure 6. Inverse dynamics calculation flow chart based on spatial operator algebra.
The description of optimization problem where
The parameterization to joint variables. Seven times polynomial (0; max — 0 min)
sinusoidal interpolation is used to do interpolation traversal of €= P
each joint.*® According to the requirement for the continuous
trajectory and continuous velocity, the expression of joint angle ¢y = (0i_max + 0i_min)
is obtained. Then, the coefficients of the polynomial can be 2

expressed with some of the coefficients using the given initial
conditions as constrains when the manipulator implements the
point-to-point transfer tasks. These coefficients can be solved as
the control parameters in optimization algorithm.

According to the aforementioned analysis, the expres-
sion of joint angle is shown as follows

;
0:(t) = ¢ sin Za[jti +cs
=0

= cysin(apt’ + ait® + aist® + apt* + apt®

+ apt® + ant + ap) + 2 “4)

where 6;(¢) represents the angle of ith joint, i = 1,2, ...,
n, aj, a;1, ...ay7 are the coefficients of the seven times
polynomial, 6; nax and 6; nin, respectively, represent the
maximum and minimum values of the ith angle under the
task constraint conditions.

Choosing the optimization control parameters. The constraint
equations are built using the initial joint angle, joint angular
velocity, joint angular acceleration and end angle, end
angular velocity and end angular acceleration, which are
given in the point-to-point transfer task
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Gint = Oint
G des = Odes
Gint =it = 0
9des = Gaes = 0

where qint, G and g ;,,, respectively, represent the initial joint
angle, the joint angular velocity and the joint angular accelera-
tioN; g des; 4 ges AN § 4o TESPEctively, represent the end angle,
the angular velocity and the angular acceleration and

Oint — C2
C1

aj) = arcsin<

aji=ap =0

10 {arcsin ( M) — arcsin ( 0
Cl

Oine andé g are the initial angle and the desired angle given
by task.

a;s and a;; are chosen as the optimization control
parameters. Using these parameters to do the seven times
polynomial sinusoidal interpolation, then in each joint,
those eight coefficients in the polynomial can be expressed
with the two unknown parameters ;s and a;7.The repre-
sentations are shown as follows

int — C
=] g g
1

a3 = 3
tf
0 0 ©
. —c ) int — C
—15aresin{ 22— "2) _arcsin{ ™2} | + 3a;6t¢ + 8a;t]
c cl A f
aig = 4
i
[ Oges —C (O —c
6 [arcmn(M) - arcmn(Lz” - 3ai6t)§ - 6ai7t;
o o A .
ais =

where fr is the planning time; the vector of parameters is
represented as a = [ai6,d17, A2, - - “A76,d77)-

Description of optimization problem. In this article, the min-
imum sum of mean value of each joint torque, the mini-
mum of the maximum driving torque and the minimum
sum of mean value of joint jerk are used as optimization
objective. It can be represented as follows

min fi(x),/2(x),/3(x)
s.t.

X =apg,a7i=1,2,..7

|9: ()] < G imax (6)

|ql(t)| < q.imax

|qz(t)| < Qimax

Ti(t) < Timax
where the sum of mean value of each joint torque Z is
represented as f1(x); the maximum driving torque 7'mgy is
represented as f> (x); the sum of mean value of joint jerk 6.(¢)
is represented as f3(x); ¢;(¢),q,(¢) and g,;(¢) respectively,
representithejointranglegangulanwvelocity and angular accel-
eration of ith joint; 7;(¢) is the driving torque of ith joint

5
tf

needed at current motion;qimax;, § jmax aNd §imax> r€SPEC-
tively, represent the given constrains of the joint angle, angu-
lar velocity and angular acceleration of ith joint and 7,y is
the given constrain of driving torque of ith joint.

The expression of the sum of mean value of each joint
torque is shown as follows

n
Z= Z Ti (7
i=1
where i = 1,2, ...,n represents the ith joint, Z represents
the sum of mean value of each joint torque during the task
process and 7; represents the mean value of torque of ith
joint in the operation.
Ti, the mean value of torque of ith joint, is defined as
follows

i
7, ol ®)
Z].
where 7; is the ith component in the vector of joint torque
T= (71,72 ... ,T,,)T, and tr is the planning time.
The vector of joint torque 7 is obtained using the basic
dynamic equation. The basic dynamic equation of space
manipulator is shown as follows
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D)0+ H(0,0) + G(6) =T )

where 6 represents the » dimensional column vector of joint
angle, D(0) € R™" is the inertia matrix in the joint space,
H(0,0) € R™! represents the vector matrix of Coriolis and
centrifugal forces, G(#) € R"™! is the gravity vector and

T= (71,72, ... ,T,,)T is the vector of joint torque.

é}(t) =

7 7 3 7 7 7
— ¢y sin (Zaijt1> . (Zjaijtj_l> — 3¢y sin (Zaijﬂ) : (Zjaijt-i_l> . (Zj(j - l)aijt-/_2>
Jj=0 Jj=1 j=0 j=1

The maximum driving torque Ty in the operation is
defined as follows

Tmax = Max(;) (10)

The jerk of ith joint can be obtained by the derivative of
angular acceleration

J=2

(11

+ ¢y cos (Z“"ftj> <Zj(j - - 2)aijtf‘3>
=

J=0

The sum of mean value of joint jerk is defined as follows

11 ("
>,

where 0;(¢) represents the jerk of ith joint.

6.(1) = (12)

é;-(t) ‘dt

The optimization with NSGA-II

In this article, NSGA-II is chosen to optimize the path
trajectory of space manipulator and obtain the Pareto
non-dominated solutions.>'** Then, a solution is picked
out from the solutions with certain rules. The path trajec-
tory obtained from the solution can approach optimization
objectives aforementioned simultaneously.

The specific steps of using NSGA-II to do the optimiza-
tion are shown as follows:

Step 1: Initialize the parameters used in NSGA-II, which
include the size of population-NI/ND, the mutation
operator-Pm, the selection operator-Pc, the crossover
operator-GGAP and the largest number of iterations-
Gen. Then, NIND individuals are generated
randomly.

Step 2: Coefficients of the polynomial — a=
[a16,a17,az6, - - . ,azs,az7) —are chosen as the control
parameters. The vector of these coefficients is coded
to be an individual in the population. The length of the
code for each coefficient is 20 bits. There are 14
coefficients, so the code length of each individual is
280 bits. Then, the initial population P#(t = 0) is
obtained.

Step 3. Calculate the objective function value of each
individual in the population. Then, the fitness vectors
consist of three objective function values —
(fi(x),f2(x),f3(x)) — are obtained. The fast non-
dominant sort is done to each one of those individuals
basedronsthein fitnessyandsthessolutions with different
priorities are obtained. In each solution, the crowding

degree of each individual is calculated. The specific
procedures of calculating the crowding degree is
shown as follows:

(1) Initialize the crowding degree i,; of every indi-
vidual to be zero.

(2) Pick out one component of the fitness vector
randomly and sort those vectors in ascending
order of the chosen component. Crowding
degree of the first and the last individual is set
to be infinite, that is, oy = iy = o0.

(3) Crowding degrees of other individuals are calcu-
lated using the following formula

m

iy = Z(I];i+l _J;FID

Jj=1

(13)

where iy is the crowding degree of the ith individual. ﬂ“ is
the jth fitness component of the i+ 1th fitness vector. ﬂ’l is
the jth component of the i-1th vector.

Step 4: The tournament selection is used to pick out solu-
tions according to the priorities of the non-dominated
set and the crowding degree of each individual. Those
chosen individuals will be used to do the crossover and
mutation later. The specific procedures of the Tourna-
ment Selection are shown as follows:

(1) NIND-Pc individuals are chosen from the popu-
lation randomly.

(2) According to the priorities of the non-dominated
set and the crowding degree of each individual,
the individuals within the dominant set are chosen
preferentially. Then, an individual with high
crowding degree is chosen from those individuals.

(3) These two procedures are repeated until NIND
individuals are picked out.

Step 5: Do the crossover and mutation to the population
obtained in Step 3 according to the probability GGAP
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Figure 7. D-H coordinate system of the 7-DOF space robotic manipulator.

and Pm, respectively. Offspring population Q¢ will be

obtained.

Step 6: The offspring population Q¢ and the parent
population Pt are combined to a new population 1.
Set t = t+1.

Step 7: Objective function values of all individuals in the
population 7 are calculated and their fitness vectors
are obtained. Then, the fast non-dominant sort is done
for every individual based on their fitness vectors.
Several solution sets Zi are obtained. Within each
solution set, the crowding degree of each individual
is calculated and a new parent population Pt is
obtained by certain rules. The concrete rules are
shown as follows:

(1) Find out the solution set Zi (i = 1).

(2) The number of individuals in Zi is N. If N is more
than NIND, pick out NIND individuals whose
crowding degree is relatively large and put them
into the new parent population Pz. Then, go to
step 8.

(3) If the number N of individuals in Zi is equal to
NIND, put all the individuals of Zi into Pt and go
to step 8.

(4) 4) If Nis less than NIND, put all the individuals
of Zi into Pt and set NIND = NIND-N,i =i+ 1.
Then, go to (2) of step 7.

Step 8: Judge whether ¢ is equal to Gen, the maximum
generation. If 1 = Gen, go to step 9, otherwise, go to
step 3.

Step 9: All the individuals of Pt is Pareto optimal set. The
algorithm is end.

The optimal solution can be picked out from the Pareto
optimal set by certain rules. The optimal solution is the
coefficients of polynomial of joint angle. Then, the opti-
mizedsplanstrajectorysofiasspacesmanipulator is obtained.
For example: when the manipulator carries a heavy load

Table I. D-H parameters of the space robotic manipulator.

Link i 0,°) di(m) a;—i(m) 1)
| 6,(0) d, 0 90
2 6,(90) dy 0 ~90
3 65(0) 0 as 0
4 94(0) d3 + d4 + d5 (e 0
5 05(0) 0 0 90
6 0¢(—90) de 0 ~90
7 6,(0) ds 0 0

during a transfer task, its joint driving torque will increase
relatively. In order to ensure the manipulator has enough
loading capability, the solution that can make the maxi-
mum driving torque minimum should be chosen at the
first place. When the manipulator implements a no-load
transfer task, the energy consumption should be consid-
ered preferentially. In order to reduce its energy consump-
tion, the sum of mean value of joint torque should be
treated as a main optimization objective. So, the solutions
with smaller sum of mean value of joint torque should be
picked out preferentially. Then, the other two components
of the fitness vector will be considered to determine the
final optimal solution.

Simulation and analysis

The simulation condition. A 7-DOF space manipulator is used
in the simulation. The manipulator consists of seven rotary
joints and two-long straight links. The structure of the
manipulator is symmetrical. The D-H coordinate system
of the 7-DOF manipulator is shown in Figure 7.

Length of those links shown in Figure 7 is d; = 1.2 m,
d, =053 m, d; =053 m,dy =0.52m, ds =053 m,
de =0.53m,d;,=12m,a; =58 mand ay; = 5.8 m.

The D-H parameters of the manipulator are shown in the
following Table 1.
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Table 2. Mass properties of the space manipulator.

Parameters Basis Link | Link 2 Link 3 Link 4 Link 5 Link 6 Link 7
Mass (kg) 50,000 30 30 70 75 30 30 40
a; (m) — 0 —0.265 2.9 2.7 0 0 0
— —0.265 0 0 0 0 0 0
— 0 0 0 0.5 0.265 0.265 0.6
b, (m) -0.2 0 —0.265 29 3.1 0 0 0
0 —0.265 0 0 0 0 0 0
2 0 0 0 0.02 0.265 0.265 0.6
Moment of inertia (kgmz) Ixx 6000 0.98 0.57 1.32 1.91 0.98 0.98 5.18
lyy 6000 0.57 0.98 197.2 243 .4 0.98 0.98 5.18
Izz 6000 0.98 0.98 197.2 242.9 0.57 0.57 0.75
Ixy 0 0 0 0 0 0 0 0
lyz 0 0 0 0 0 0 0 0
Izx 0 0 0 0 —4 0 0 0

Table 3. The optimal result and the result obtained by GA.

The sum of mean value of

The maximum joint driving The sum of mean value

Optimization algorithm Group torque (N-m) torque (N-m) of jerk (rad-s_3)
NSGA-II | 4255.1 2651.0 0.0075
2 4395.2 22942 0.0074
3 4223.1 2307.0 0.0108
4 4395.2 22942 0.0074
5 4153.2 2299.2 0.0094
6 4130.0 2727.3 0.0106
7 4436.8 2455.3 0.0076
8 4200.4 2237.6 0.0085
9 4281.1 2269.3 0.0106
10 4264.7 2680.4 0.0098
Mean value 4273.5 2421.6 0.0090
GA | 4074.7 2795.1 0.0098
2 4082.2 2662.0 0.0089
3 4161.6 2838.1 0.0110
4 4098.6 2761.7 0.0132
5 4075.9 2768.7 0.0101
6 42134 3113.7 0.0152
7 4405.2 3271.2 0.0106
8 4141.9 2616.9 0.0097
9 4059.4 3196.4 0.0122
10 42243 2672.5 0.0096
Mean value 4153.7 2869.6 0.0110

GA: genetic algorithm.

The origin coordinate of the first joint coordinate system
with respect to the base coordinate system is rcag = {0.2, 0,
2}. The posture deviation is {0,0,0}.

Table 2 shows the mass properties of the space manip-
ulator. The inertia parameters and the mass centre coordi-
nates are represented in Table 2.

In the joint space, the point-to-point transform task is
defined as follows. Initial joint angles of the manipulator are
set as 0, = [—20°,0, —10°, —100°, 120°, 180°, 70°]. One of
the desired termination angles is 64, = [0, 15°, —30°,
—110°, 140°, 165°, 90°]. The task planning time is ;= 20 s.

Insourssimulation;thesbase-of thesmanipulator is fixed.
The coefficients of the polynomial proposed in section

‘The description of optimization problem’ are used as con-
trol parameters. The minimum sum of mean value of each
joint torque, the minimum of the maximum driving torque
and the minimum sum of mean value of joint jerk are used
as optimization objective of NSGA-II. The simulation is
done in MATLAB R2015b and the optimization path tra-
jectory is obtained. In this simulation, the load mass on the
end-effecter is my,q = 5000 kg; the inertia tensor matrix is

6 0 0
lowa=10 137 0
0 0 146
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The largest number of iterations (Gen) is 100. The muta-
tion operator (P,,) is 0.03, the selection operator (P..) is 0.7
and the crossover operator (GGAP) is 0.85. Constraints
of the task are shown as follows: the range of angel is
[—180°, 180°], the range of angular velocity is
—1rad/s < ¢ <1 rad/s and the range of angular accel-
eration is —0.5 rad/s? < § < 0.5 rad/s>.

Analysis of the result. The no-load transfer task is supposed as
a given task and the energy consumption is considered as a
main optimization objective. The genetic algorithm (GA) is
used to optimize the sum of mean value of torque. The
maximal number of iteration is 100, and the individual
number of population is 30. The mutation operator is
0.03, the selection operator is 0.7 and the cross operator
is 0.85, just as same as the NSGA-II used in the article.

To clarify, the optimal solution of each group using
NSGA-II in Table 3 is picked out from the Pareto optimal
set of each group according to the minimum of the sum of
mean value of torque. The optimal result and the result
obtained by GA are shown as follows. The multi-group
simulation results are used to avoid the occasionality of the
results and to make the comparison more convictive.

From Table 3, the average of sum of mean value of
torque is 4273.5 Nm when using NSGA-II to do the opti-
mization. It increases only about 2.9% compared with that
when GA is used. But the average of the maximum joint
driving torque and the sum of mean value of jerk decrease
about 15.6 and 18.1%, respectively.

The solution of 10th group using NSGA-II is chosen as a
typical solution, because it can represent the average of
these 10 group solutions as most. The solution of third
group of GA is chosen as a typical solution for the same
reason. Using these two solutions to get the polynomial
coefficients of joint angle, the curves of joint torque are
shown as follows.

Figures 8 and 9 reflect the variation of joints torque
during the task process. Comparing the joint torque opti-
mized by NSGA-II with that of GA, it’s not difficult to find
that the torque fluctuation of some joints optimized by
NSGA-II is less than which is obtained by GA, especially
in curve (2) and (6). The fluctuation reflects the variation of
driving torque of motor. The driving torque varying fre-
quently can intensify the abrasion and reduce the life of
motor. Then, the operational reliability of manipulator will
decrease relevantly.

Conclusion

A hierarchical control system model based on the opera-
tional reliability is proposed in this article. Space manip-
ulator — a kind of typical complicated aerospace
mechanism — is chosen as a research object. First, the
influence factors of operational reliability for space
manipulatorsaresdivided:s Thenszasmapping relationship
between the influence factors of operational reliability

and control variables is analysed preliminarily. On this
basis, the mechanism how the influence factors of opera-
tional reliability are introduced into the control system is
defined, and the operational reliability system control
model is built, which is made up of task planning, path
planning and motion control. Finally, as an example, a
multi-objective optimization method based on NSGA-II is
used to ensure the operational stability for space manipula-
tor. The multi-objective optimization method uses the min-
imum sum of mean value for the joint torque, the minimum
for the maximal joint torque and the minimum fluctuation of
angular acceleration as optimized objects. As constraint con-
ditions, they are introduced into the operational reliability
system control model at path planning level. According to
these constraints, the optimized control system is adjusted to
improve the operation stability of the manipulator. Simula-
tion results show that the trajectory obtained by the proposed
method has a good performance on operational stability,
which can decrease the friction wear of the joints and
improve the load capacity of the end-effecter to some extent.
In this way, the operational reliability for space manipulator
can be improved.

Future work

Supported by the National Program on Key Basic Research
Project (973 Program) in China, Fundamental theory
research on system control of operational reliability in
aerospace mechanism, my colleagues and I who come from
the Robotics Key Laboratory of Ministry of Education are
developing a set of novel robot control methods.

The system control of operational reliability strives for
three objectives: to minimize the cost when it performs a task
under normal condition, to maximize the mission success rate
when it is under abnormal condition and to minimize perfor-
mance degradation during its service years. By constructing a
multi-objective optimization function set including tasks
reliability, dynamic geometry physical parameters and
time-varying dynamics characteristics, this project is going
to make research on the related methods of real-time adjust-
ment and control to reliability of space mechanism by utiliz-
ing the function set, and to construct fundamental theoretical
framework of operational reliability system control of aero-
space mechanism. It is a sophisticated research work that
relates to the multiple disciplines knowledge of control-
related field. Further, in-depth study, in many aspects, will
be made in future, and some are shown as follows:

(1) Building a mapping relationship between influence
factors of operational reliability and control vari-
ables is a long-term effort. The influence factors are
numerous, so the establishment of the relationship
relies on the further research of related technology.
With the intensive research of the reliability theory
for space mechanisms and related technical level
enhancement (the action mechanism of the
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reliability factors for space mechanisms, improve-
ment of state aware and measuring means and so
on), more operational reliability factors can be
decided. Furthermore, their evolution laws and the
corresponding relationships with control variables
can be clear in future.

For example, an influence factor, clearance, its relation-
ship with control variables requires further research. In
future, the relationship between the clearance and the fac-
tors at responding level, such as accuracy of end-effecter,
will be built. The effect of the influence factors affecting on
the responding layer factors will be analysed. Then, the
relationship between clearance and control variables can
be built. Based on the above, control variables can be
adjusted using certain control strategy, which will keep
or delay the attenuation of influence factors and improve
the operational reliability for aerospace mechanism.

(2) ‘Library of time-varying constraint’ includes inter-
nal constraints and external constraints. Internal
constraints consist of time-varying of lubrication,
time-varying of the gap and so on; external con-
straints consist of time-varying of configurations,
time-varying of contact, time-varying of load,
time-varying of fault and so on. A motion control
model with time-varying dynamic constraints is a
part of the operational reliability system control
method for space mechanisms.

By the analysis of response process and closed-loop
control of operational reliability system, time-varying con-
straints are disturbance factors of control system to affect
the motion stability and accuracy of aerospace mechanism,
which decrease operational reliability as well. So, how to
introduce time-varying constraints into motion control
level needs further research.

(3) The operational reliability system control model of
space manipulator under fault states needs to be
improved. Under fault state, what kind of process
should be used to complete fault self-handling, and
how to achieve the compliant control and maximize
the completion probability of the task, are the prob-
lems to be solved in future.
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