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Aiming at a space manipulator with a joint-locked failure, a halt optimization strategy is proposed in this paper. Firstly, a halt
configuration optimization model (HCOM) is constructed, to select an optimal configuration where the kinematic ability of the
manipulator is the best. Secondly, considering the constraint of joint running parameters and the disturbance torque of the base,
we construct and solve the halt motion optimization model (HMOM), which can achieve a steady halt and ensure the safety of
the manipulator. The correctness and effectiveness of the proposed strategy in this paper are verified with a 7-DOF space
manipulator. This strategy firstly puts forward the idea of halt configuration optimization and realizes the minimum global
disturbance torque of the base in the halt process.

1. Introduction

As a high-end space equipment with large span, high flexibil-
ity, and strong operation capability, space manipulators have
been widely used in the field of space exploration [1–5].
However, due to the complex joint structure and hostile
working environment (high-temperature difference, high
radiation, etc.), a joint-locked failure is prone to occur
[6–9]. The faulty joint is locked at the failure moment
and loses the ability to move. At this time, if the manipu-
lator executes the original task without halt, its running
parameters (joint velocity, acceleration, torque, etc.) will
jump at the failure moment [10–12], bringing a deformation
or more damage to the manipulator [13–15]. Therefore, to
ensure a safe and stable operation, the faulty manipulator
needs to be halted after the joint-locked failure occurs.

The halt of the space manipulator with a joint-locked
failure aims at designing a subsequent motion to halt the
manipulator in a certain configuration. Aiming at the halt
of a faulty manipulator, some scholars have carried out
relevant researches. Kamata et al. [16] achieved an emer-
gency stop of the faulty manipulator by utilizing the joint
braking based on the joint limit. Dupac and Noroozi [17]
proposed a halt strategy by limiting the impact of the end

of the manipulator, realizing the halt of the manipulator.
To avoid the joint overload, Nozawa et al. [18] achieved
the halt of the manipulator by limiting the joint running
parameters. In the above study, considering the parameter
constraints of the manipulator, the corresponding motion
planning strategy is constructed to realize the shutdown
of the manipulator. But the above halt methods only con-
sider the constraints of joint parameters, ignoring the
characteristic that the running parameters of the manipu-
lator are likely to mutate. That is to say, these halt
methods belong to an emergency stop, which will seriously
affect the safety of the manipulator in the halt process [19,
20]. Therefore, within relevant constraint conditions, the
running parameters need to be optimized during the halt
process for the faulty manipulator.

Aiming at the halt optimization of a manipulator with a
joint-locked failure, Xu et al. [21] used a sequence qua-
dratic program (SQP) to obtain the halt trajectory with
optimal torque by considering the torque limitation. Gao
et al. [22] optimized the joint velocity based on the linear
and cosine curve with the joint torque as the constraint
condition. To optimize the energy consumption in the halt
process, Dalla and Pathak [23] proposed a halt optimiza-
tion method by limiting the joint velocity, which achieved
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a halt with the minimum power consumption. Although
the above researches realized the halt optimization of the
manipulator with a joint-locked failure, they do not con-
sider the halt configuration, which means that the halt
configuration of the manipulator is arbitrary. The space
manipulator has different kinematic ability under different
configurations. Considering that on-orbit operation tasks
have high requirements on the kinematic ability of the
space manipulator [24, 25], if the manipulator is stopped
at any configuration (such as the singular configuration),
its kinematic ability in the anchor configuration may not
meet task requirements, which seriously restricts the reli-
able execution of the subsequent operation task. Therefore,
the manipulator should be stopped in an optimal configu-
ration according to task requirements, so that it can reli-
ably perform the subsequent operation task with the best
kinematic ability.

In addition, the existing researches on the halt optimiza-
tion of the manipulator are only aimed at the ground manip-
ulator. But for the space manipulator, its base usually floats
freely [26, 27]. If the above methods for ground manipulators
are directly applied to the space manipulator, it will generate
a disturbance torque on the base in the halt process because
of the motion coupling between the manipulator and the base
[28], and the attitude deflection of the base will be caused.
However, if the attitude deflection of the base is too large,
the spacecraft’s communication quality and energy acquisi-
tion efficiency will be reduced, and even the manipulator will
be out of control, seriously threatening the safety of the space
manipulator [29]. For this reason, to solve the problem of the
halt optimization of the manipulator with a joint-locked fail-
ure, the disturbance torque of base should be limited within a
small range.

In summary, this paper proposes a halt optimization
strategy for the space manipulator with a joint-locked failure,
which is made up of two parts: (1) A comprehensive charac-
terization of the kinematic ability, covering the manipulator
itself and task requirements, is obtained. Then, a halt config-
uration optimization model (HCOM) is constructed with the
best kinematic ability under the halt configuration as the
objective. By solving the HCOM, the optimal halt configura-
tion is obtained. (2) The halt motion is planned by using a
six-order polynomial interpolation method which contains
an optimization coefficient. Considering the motion coupling
between the base and the manipulator, a halt motion optimi-
zation model (HMOM) is constructed with the minimum
disturbance torque of the base as the objective and joint
parameters as the constraint. With the HMOM solved, the
halt motion optimization is achieved which can realize the
steady halt and ensure the safety of the manipulator in the
halt process.

Aiming at the space manipulator with a joint-locked fail-
ure, the innovation of this paper mainly is shown as follows

(1) The halt configuration is optimized, ensuring that the
manipulator in the halt configuration owns the best
kinematic ability, and the kinematic ability in the
optimal halt configure is 236:8% higher than that in
the suboptimal halt configuration

(2) Each unilateral kinematic ability index is analyzed
quantitatively, making the comprehensive represen-
tation of the kinematic ability more accurate, which
can guarantee the execution of subsequent task

(3) The disturbance torque of the base is optimized in the
halt process, and its global disturbance torque is
reduced by 30% at least after the optimization

The rest of this paper is organized as follows: In Section 2,
we analyze the halt optimization problem and describe it as a
halt configuration optimization problem (HCOP) and a halt
motion optimization problem (HMOP). In Section 3, aiming
at the HCOP, a HCOM is constructed and solved to obtain
the optimal halt configuration. In Section 4, aiming at the
HMOP, a HMOM is constructed and solved to achieve the
halt optimization. In Section 5, the simulation is carried on
to verify the effectiveness of the proposed strategy. In Section
6, the conclusions are summarized.

2. Materials and Methods

2.1. Problem Description. In this section, a halt optimization
problem of a space manipulator with a joint-locked failure
is analyzed. The halt optimization problem is described as
the HCOP and the HMOP by considering task requirements
and the characteristic of the base.

To express easily, the symbols involved in this section are
annotated in Table 1. And the halt optimization problem can
be described as considering the constraint lim and the opti-
mization objective Var, take S0 as input, and optimize the
halt process to make the manipulator come to Sf .

Considering the high requirements of the subsequent
operation tasks, it is necessary to make the kinematic ability
of the manipulator under the halt configuration as high as
possible. In other words, the halt configuration should be
optimized with the best kinematic ability as the objective.
Let the kinematic ability under the configuration q be CP
ðqÞ, and the HCOP can be described as

find qbest,

max CP qbestð Þ,
ð1Þ

where qbest is the optimal halt configuration.
Considering the motion coupling between the manipula-

tor and the base, we take the minimum base disturbance tor-
que as the objective and limit the joint parameters (angle,
velocity, and acceleration) within a range. On the basis, the
manipulator is stably halted to qbest. The HMOP can be
described as

min τb

s:t: lim
qf = qbest:

ð2Þ

At this point, the halt optimization problem is trans-
formed into the HCOP and the HMOP, which is shown in
Figure 1.
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3. The Halt Configuration Optimization

The halt configuration optimization of the space manipulator
with a joint-locked failure is to select the optimal configura-
tion with the best kinematic ability, which can ensure that
the manipulator under the halt configuration can meet task
requirements. In this section, aiming at the HCOP, the kine-
matic ability of the manipulator is comprehensively charac-
terized, and then the HCOM is constructed and solved
based on the Monte Carlo method to obtain the optimal halt
configuration.

3.1. Comprehensive Characterization of the Kinematic
Ability. The representation of the kinematic ability of the
space manipulator depends on its kinematic model. How-
ever, the original kinematic model of the space manipulator

is no longer applicable due to the locked joint. For this rea-
son, this section firstly reconstructs the kinematic model
and then analyzes the unilateral kinematic ability indexes.
Finally, the kinematic ability of the manipulator is compre-
hensively characterized based on the traditional entropy
method and analytic hierarchy process (AHP) method.

3.1.1. The Reconstruction of the Kinematic Model. For the n-
DOF space manipulator without a joint-locked failure, its
kinematic model is shown in Figure 2. To express easily,
the symbols involved in this section are annotated in Table 2.

Assuming that the J l is locked, and the link Ll−1 and link
Ll can be connected as a new link~Ll−1. Specifying the coordi-
nate system of the link and joint after Jl is locked as follows: If
the location of the joint or link is in front of theJ l, it is consis-
tent with the kinematic model without a joint-locked failure;
otherwise, add “~” above the symbols of the kinematic model
without a joint-locked failure, and the new number of the
joint or link is subtracted 1 from the original basis.

Table 1: Symbols annotations of the halt.

Symbols Annotations

t0 The initial time of the halt

t f The end time of the halt

t The time during the halt

qt The configuration when the time is t

_qt The joint velocity when the time is t

€qt The joint acceleration when the time is t

τb The disturbance torque of the base in the halt process

S0 The initial state of the halt, S0 = q0, _q0, €q0 ⋯½ �
Sf The end state of the halt, Sf = qf , _qf , €qf ⋯

h i
and _qf = 0, €qf = 0

Var The parameters of the manipulator in the halt process, Var = qt , _qt , €qt , τb ⋯f g
lim The constraint of the halt, lim = qmin, qmax½ �, _qmin, _qmax½ �, €qmin, €qmax½ �, τmin, τmax½ �⋯f g

�e halt optimization strategy

HCOM

HMOM

Input

Output

CP(q)

Find
max CP(qbest)

qbest

S0

S
f

qbest

max or min
s.t.

Var

lim

Figure 1: The description of the halt optimization problem.

lJ

Base

𝛴
b

𝛴1

𝛴2

𝛴
l−1

𝛴
l

𝛴
n

𝛴
e

𝛴
I

bp
1

J
1

L
1

J
2

L
2

J
l−1

a
l−1

a
l

b
l

b
n

a
n

C
l

C
n

b
l−1

c
l−1

Ip
l−1

Ir
l−1

Ir
e

Ir
b

L
l−1

L
l

L
n

J
n

J
3

C
2

b
2

a
2

C
1

a
1

b
1

Figure 2: The kinematic model of n-DOF space manipulator
without a joint-locked failure.
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The dynamics parameters of ~Ll−1 can be obtained accord-
ing to the following equation

(1) The mass of ~Ll−1: ~ml−1 =ml +ml−1

(2) The centroid of ~Ll−1:
I~rl−1 = ðml−1

Irl−1 +ml
IrlÞ/ð

ml−1 +mlÞ

(3) The inertia tensor of ~Ll−1: ~Il−1 = Il−1 +ml−1ððIrl−1ÞT
Irl−1E3 − Irl−1ðIrl−1ÞTÞ, where E3 ∈R

3×3 represents
the third order identity matrix

Thus, the reconstruction of the kinematic model is shown
in Figure 3.

The velocity of the end-effector is represented as

_~xe = ~Jb _~qb + ~Jθ _~qθ, ð3Þ

where ~Jb represents the base Jacobian matrix; ~Jθ repre-
sents the joint Jacobian matrix.

Since the base of the space manipulator is in a free-
floating state and is not influenced by external forces, the
momentum of the system is conserved. Assuming that the
momentum zero in the initial state, the velocity relation
between the base and the end-effector can be expressed as

_~qb = ~Jbθ _~qθ, ð4Þ

where ~Jbθ represents the base-joint Jacobian matrix.
Substituting Equation (3) into Equation (4), we can

obtain

_~xe = _Jθ + _Jb~Jbθ
� �

_~qθ = ~JF _~qθ, ð5Þ

where ~JF represents the generalized Jacobian matrix.

3.1.2. The Analysis of the Unilateral Kinematic Ability. The
kinematic ability of the space manipulator generally includes
the minimum singular value, condition number, and manip-
ulability, which are related to the singular value of the Jaco-
bian matrix [30]. Next, the kinematic ability will be
analyzed based on ~JF .

According to the singular value decomposition theory, ~JF
can be written as

~J F =UΣV , ð6Þ

Table 2: Symbols annotations of n-DOF space manipulator without
a joint-locked failure.

Symbols Annotations

ΣI Inertial coordinate frame

Σb Base coordinate system

Σe End-effector coordinate system

Σi The coordinate system of the i‐th link (i = 1, 2,⋯, n)
Ci Centroid of the i‐th link (i = 1, 2,⋯, n)

Ji
The joint connected i − 1ð Þ‐th link and i‐th link

(i = 1, 2,⋯, n)
li The vector from Ji to Ji+1, and li = ai + bi
ai The vector from Ji to Ci (i = 1, 2,⋯, n)
bi The vector from Ci to J i+1 (i = 1, 2,⋯, n − 1)
bn−1 The vector from Cn−1 to the end-effector
Izi The unit vector in the axis direction in Σi

mi The mass of the i‐th link (i = 1, 2,⋯, n)
mb The mass of the base

M The total mass of the system

Ii The inertia tensor of i‐th link (i = 1, 2,⋯, n)
Ib The inertia tensor of base

θi The joint angle of i‐th joint (i = 1, 2,⋯, n)

qθ
The position vector of joint angle in joint space,

qθ = θ1,⋯,θn½ �T ∈Rn×1

Irb The position vector of centroid of base in inertial frame

Iri
The position vector of centroid of i‐th in inertial frame

(i = 1, 2,⋯, n)
Ire The position vector of the end-effector
Ipi The position vector of Ji (i = 1, 2,⋯, n)
qb The pose vector of the base, qb = rb, ϕb½ �
ϕb The orientation vector of the base

_qb The velocity of the base

xe The pose vector of the end-effector, xe = re, ϕe½ �
ϕe The orientation vector of the end-effector

vb The velocity of the centroid of base

vi The velocity of the centroid of i‐th link (i = 1, 2,⋯, n)
ve The velocity of the end-effector

ωb The angular velocity of the base

ωi The angular velocity of the i‐th link

ωe The angular velocity of the end-effector
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Figure 3: The reconstructed kinematic model of n-DOF space
manipulator with a joint-locked failure.
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where U ∈Rm×m and V ∈Rðn−1Þ×ðn−1Þ are orthogonal
matrices; Σ ∈Rm×ðn−1Þ is diagonal and nonnegative real rect-
angular diagonal matrix, and Σ can be written as

Σ =

σ1 0 ⋯ 0 0
0 σ2 ⋯ 0 0
⋮ ⋮ ⋱ ⋮ 0
0 0 ⋯ σm 0

2
666664

3
777775
, ð7Þ

where σ1 is the maximum singular value; σm is the
minimum singular value. When the space manipulator is
in a singular configuration, σm = 0.

According to the singular values obtained above, the uni-
lateral kinematic ability of the space manipulator can be
obtained, as shown in Table 3.

According to Table 3, the bigger minimum singular value
and manipulability is, the better the kinematic ability is. And
the smaller condition number is, the better the kinematic
ability is. As a consequence, it is necessary to carry out a stan-
dardized treatment for the above unilateral kinematic ability.

The minimum singular value and the manipulability are
standardized as

ŝ = standard sð Þ = s − að Þ
b − að Þ ,

ŵ = standard wð Þ = w − að Þ
b − að Þ ,

ð8Þ

where standardðxÞ = ðx − aÞ/ðb − aÞ, x ∈ ½a, b� represents
the unilateral kinematic ability; ŝ represents the minimum
singular value with standardization, and ŵ represents the
manipulability with standardization.

Aiming at the condition number, it can be standardized
as

k̂ =
1
k
, ð9Þ

where k̂ represents the condition number with
standardization.

At this point, each unilateral kinematic ability is stan-
dardized, and then the kinematic ability will be comprehen-
sively characterized.

3.1.3. The Comprehensive Characterization of the Kinematic
Ability. The key to the comprehensive characterization of
the kinematic ability is to determine the weight of each uni-
lateral kinematic ability. The traditional entropy method
ignores the qualitative factor that different tasks have differ-
ent requirements on each unilateral kinematic ability. For
example, assuming that a task needs the higher isotropy,
the weight solved by the traditional entropy method only
considers the unilateral kinematic ability and cannot reflect
the higher isotropy, leading to an inaccuracy for the compre-
hensive characterization of kinematic ability. Considering
that the AHP method can be used for the qualitative analysis
[31], we choose the AHP method for the comprehensive
characterization. Therefore, to cover the manipulator and
requirements of the task, we combine and improve the
AHP method and the traditional entropy method.

Firstly, we calculate the subjective weight by utilizing the
AHP method.

(1) Construct the hierarchical substructure model.
Considering that different task requires different
kinematic ability, a hierarchical structure from
top to bottom is constructed as Figure 4, including
target layer (comprehensive characterization of

Table 3: The unilateral kinematic ability of the space manipulator with a joint-locked failure.

Minimum singular value Condition number Manipulability

Expression s = σm k = σ1/σm w = σ1σ2 ⋯ σm

Meaning
The degree to which the manipulator
approaches the singular configuration

The condition number reflects the
isotropy of the manipulator’s

kinematic ability in all directions.

The measure of the end-effector’s
kinematic ability when manipulator moves

in different directions

Value
range

s ∈ 0,+∞½ Þ k ∈ 1,+∞½ Þ w ∈ 0,+∞½ Þ

Value
analysis

The smaller the minimum singular value
is, the closer the configuration is to the

singular configuration.

The closer the condition number is to
1, the higher the dexterity of the

manipulator is.

The bigger degenerate manipulability is,
the greater kinematic ability of the end-

effector in all directions is.

Target layer

Comprehensive characterization
of kinematic ability 

Criterion layer 

Task requirements

Sub-criterion layer

Each unilateral kinematic
ability 

Figure 4: The hierarchical substructure model.
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kinematic ability), criterion layer (task require-
ments), and subcriterion layer (each unilateral
kinematic ability). The target layer is the highest
layer in the hierarchy, and the criterion layer and
subcriterion layer are used to evaluate the subjec-
tive weight

(2) Construct judgment matrix. To judge the influence of
factors at the current level on that at the next level,
1-7 scale method as shown in Table 4 is used to
define the importance degree of each element
[32], and we construct the judgment matrix of
Target-Criterion R = ðrijÞM×N

Based on Table 4, the judgment matrix R = ðrijÞM×N can
be obtained by comparing the importance of each kinematic
ability.

(3) Do consistency test on the judgment matrix. By uti-
lizing the maximum eigenvalue method, we can get
the maximum eigenvalue of R = ðrijÞM×N , and then
the consistency test is used to judge whether the
matrix is reasonable or not

Solve the consistency index CI

CI =
λmax −N
N − 1

, ð10Þ

Where λmax is the maximum eigenvalue of R = ðrijÞM×N ;
N is the order of R = ðrijÞM×N .

According to the AHP theory, ifN is known, the standard
consistency index RI can be obtained as shown in Table 5.

Calculate the consistency ratio CR

CR =
CI
RI

: ð11Þ

If CR < 0:10, the judgment matrix is acceptable, if not,
the judgment matrix should be modified appropriately by
changing rij.

(4) The solution of the subjective weight. For the judg-
ment matrix satisfying the consistency test, the

subjective weight of the unilateral kinematic ability
can be obtained according to λmax. Then, we calcu-
late the eigenvector of λmax, and take it as
ðω1,⋯,ωNÞT , which corresponds to the subjective
weight of each unilateral kinematic ability ω1 ⋯
ωN , respectively

Based on the above steps, the subjective weight of ŝ, ŵ, k̂
can be obtained, which is denoted as

ωCR = ωCR 1, ωCR 2, ωCR 3½ �: ð12Þ

Next, the entropy method is used to solve the objective
weight of the unilateral kinematic ability. The configuration
of the space manipulator with a joint-locked failure in the
halt process can be expressed as qλ = ½θ1 θ2 ⋯  θn−1�,
where λ (λ = 1, 2,⋯K) represents the λ‐th configuration
and K is the total number of configurations.

When the manipulator is in the λ‐th configuration, the
proportion of the h‐th unilateral kinematic ability in the total
value of the kinematic ability is Pλ h, which can be calculated
by the following formula

Pλ h =
Xλ h

∑K
λ=1Xλ h

  h = 1, 2, 3ð Þ, ð13Þ

where Xλ h represents the value of the h‐th unilateral
kinematic ability when the manipulator is in the λ‐th
configuration.

And then the entropy value of the characterization of the
h‐th unilateral kinematic ability can be obtained as

eh = −
∑K

λ=1 Pλ h log Pλ hð Þð Þ
ln ∑hð Þ , ð14Þ

where 0 ≤ eh ≤ 1.
The difference coefficient gh can be calculated as

gh = 1 − eh: ð15Þ

The weight of each unilateral kinematic ability can be
obtained as

ωCP h =
gh

∑3
h=1gh

, ð16Þ

Table 4: Scale definitions of 1-7 scale method.

Scale Definition

1 i is just as important as j

3 i is slightly more important than j

5 i is more important than j

7 i is even more important than j

2,4,6 The importance lies between adjacent scales

Reciprocal
If the ratio of i and j is rij, the ratio of j and i is rji =

1/rij

Table 5: The standard consistency index.

N RI
1 0

2 0

3 0.52

4 0.89

5 1.12

6 1.24
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Where ωCP hðh = 1, 2, 3Þ represents the weight of h‐th
unilateral kinematic ability, which can be written as

ωCP = ωCP 1, ωCP 2, ωCP 3½ �: ð17Þ

According to Equation (12) and Equation (17), the final
weight of each unilateral kinematic ability can be obtained as

ω =ωCR +ωCP = ωCR 1 + ωCP 1, ωR 2 + ωCP 2, ωCR 3 + ωCP 3½ �
= ωC 1, ωC 2, ωC 3½ �:

ð18Þ

According to the above analysis, the comprehensive char-
acterization of the kinematic ability can be expressed as

CP qλð Þ = ωC 1 × ŝ qλð Þ + ωC 2 × k̂ qλð Þ + ωC 3 × ŵ qλð Þ  λ = 1, 2,⋯, Kð Þ,
ð19Þ

where CPðqλÞ is the comprehensive characterization of
the kinematic ability when the manipulator is in the λ‐th
configuration.

At this point, the comprehensive characterization of the
kinematic ability of the manipulator is completed.

3.2. The Construction and Solution of the HCOM. In this
section, the HCOM is constructed based on the objective
of maximizing the comprehensive characterization of the
kinematic ability, and the optimal halt configuration is

obtained by solving the HCOM with the Monte Carlo
method.

According to Equation (1) and Equation (19), the
HCOM can be expressed as

find qbest,
max  CP qbestð Þ,

ð20Þ

where qbest is the optimal halt configuration.
Next, the HCOM is solved by utilizing the Monte Carlo

method. The specific method is shown as

Step 1. For each joint ~Ji, the random numbers of each joint
angle can be generated by using the random number method:
N i = Ni 1 Ni 2 ⋯ Ni K½ � ∈R1×K , which are between 0
and 1, and then the pseudorandom number of each joint
angle can be obtained as

eθi = eθi min + Δeθi ×N i

= eθi min + Δeθi ⋅Ni 1
eθi min + Δeθi ⋅Ni 2 ⋯ eθi min + Δeθi ⋅Ni K

� �
,

ð21Þ

where eθi min = eθi min
eθi min ⋯ eθi min

� �
∈R1×K ; Δeθi

=eθi max − eθi min; i = 1,⋯, n − 1.

Step 2. The pseudorandom number of the joint angles of each
joint can be expressed as

Each column corresponds to a certain configuration, and
Equation (22) can be written as

CS = q1 q2 ⋯ qK½ � ∈R1×K : ð23Þ

And the configuration space of the manipulator can be
obtained as

S = q1, q2,⋯,qλ,⋯,qKf g λ = 1, 2,⋯, K: ð24Þ

CS =

eθ1 min + Δeθ1 ⋅N1 1
eθ1 min + Δeθ1 ⋅N1 2 ⋯ eθ1 min + Δeθ1 ⋅N1 K

eθ2 min + Δeθ2 ⋅N2 1
eθ2 min + Δeθ2 ⋅N2 2 ⋯ eθ2 min + Δeθ2 ⋅N2 K

⋮ ⋮ ⋱ ⋮

eθ n−1ð Þ min + Δeθ n−1ð Þ ⋅N n−1ð Þ 1
eθ n−1ð Þ min + Δeθ n−1ð Þ ⋅N n−1ð Þ 2 ⋯ eθ n−1ð Þ min + Δeθ n−1ð Þ ⋅N n−1ð Þ K

2
66666664

3
77777775

=

θ11 θ12 ⋯ θ1K

θ21 θ22 ⋯ θ2K

⋮ ⋮ ⋱ ⋮

θ n−1ð Þ1 θ n−1ð Þ2 ⋯ θ n−1ð ÞK

2
6666664

3
7777775
∈R n−1ð Þ×K :

ð22Þ
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Step 3. Select a configuration qbest =
θ1best θ2best ⋯ θðn−1Þbest

� �
, which maximums CPðqbestÞ

in Equation (19).

So far, by solving the HCOM, the optimal halt configura-
tion of the space manipulator is obtained.

4. The Halt Motion Optimization

To make the manipulator move continuously and stably in
the halt process, the halt motion will be planned with a six-
order polynomial interpolation method which contains an
optimal coefficient. By taking the limitation of the joint run-
ning parameters as constraint conditions, and the minimum
disturbance torque of the base as the objective, the HMOM
containing the optimal coefficient is constructed. And with
the HMOM solved, the halt motion of the faulty manipulator
is optimized.

4.1. The Motion Planning in Joint Space Based on Six-Order
Polynomial Interpolation. According to the characteristics
of the halt (S0and Sf are known), when t f is determined,
the halt motion of the manipulator is a function interpolation
problem that satisfies six constraints, which includes θðt0Þ,
θðt f Þ, _θðt0Þ, _θðt f Þ, €θðt0Þ, and €θðt f Þ. Therefore, the halt
motion planning of the manipulator is carried out by using
a six-order polynomial interpolation method, and the
HMOP is described by introducing the optimization
coefficient.

The joint variable of the manipulator can be described as

θ tð Þ = a0 + a1t + a2t
2 + a3t

3 + a4t
4 + a5t

5 + a6t
6, ð25Þ

where a0~a6 are the undetermined coefficients.
According to the characteristics of halt motion, Equation

(25) can be written as

θ t0ð Þ = θ0 = a0,

θ t f
� �

= θf = a0 + a1t f + a2t
2
f + a3t

3
f + a4t

4
f + a5t

5
f + a6t

6
f ,

_θ t0ð Þ = _θ0 = a1,
_θ t f
� �

= a1 + 2a2t f + 3a3t2f + 4a4t3f + 5a5t4f + 6a6t5f ,

€θ t0ð Þ = €θ0 = 2a2,
€θ t f
� �

= €θf = 2a2 + 6a3t f + 12a4t2f + 20a5t3f + 30a6t4f :

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð26Þ

Set the optimization coefficient k. According to Equation
(26), let a6 = k and we can obtain

a0 = θ0,

a1 = _θ0,

a2 =
€θ0
2
,

a3 = −t3f k +
20 θf − θ0
� �

− t2f 3€θ0 − €θf
� �

− t f 8 _θf + 12 _θ0
� �

2t3f
,

a4 = 3t2f k +
t2f 3€θ0 − 2€θf
� �

+ t f 14 _θf + 16 _θ0
� �

− 30 θf − θ0
� �

2t4f
,

a5 = −3t f k +
€θf − €θ0

� �
t2f − 6 _θ0 + _θf

� �
t f + 12 θf − θ0

� �
2t5f

,

a6 = k:

8>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð27Þ

According to Equation (27), the joint running parame-
ters Var = ½qt , _qt , €qt , τt ⋯ � can be obtained at every
moment in the halt process, which is the function with k
as the variable, so it can be written as Var =VarðkÞ.
Therefore, the halt motion can be optimized by optimizing
the coefficient.

4.2. The Construction and Solution of the HMOM. In this sec-
tion, considering the characteristics of the base and the safety
of the halt, we construct the HMOM, where the minimum
disturbance torque of the base is taken as the objective and
the limitation of the joint running parameters as the con-
straint condition.

According to the Newton-Euler dynamics equations, the
resultant force f i and moment ni of each joint can be

expressed as f i ni½ �T = f ix f iy f iz nix niy niz
� �T .

The inertia force and moment of inertia of each link can
be obtained as

I~Fi = ~mi
I _~vi,

I ~N i =
IRi

~Ii
I _~ωi +

I ~ωi ×
IRi

~Ii
I ~ωi

� �
:

ð28Þ

The relationship of the force and torque between the
joints are

I~f i =
I~Fi +

I~f i+1,

I~ni =
I ~N i +

IRi ~ai + ~bi
� �

× I~f i+1 +
I~ni+1

� �
+ IRi~ai ×

I~F
� �

i
:

ð29Þ

For the space manipulator, the 1-th joint is directly con-
nected to the free-floating base. Therefore, according to the
model diagram shown in Figure 5, the disturbance torque

of the base ~nb can be calculated by I~f1
I~n1

� �T
.
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According to the equivalence principle of space force/tor-
que, the disturbance force and torque of the base can be
expressed as

I~fd =
bR1

I~f1,
I~nd =

bR1
I~n1 +

bP1 ×
I~f1,

ð30Þ

where I~fd = ~fdx ~fdy ~fdz
h iT

, I~nd = ~ndx ~ndy ~ndz
� �T .

According to Equation (30), the disturbance torque of the
base in the halt process can be written as

τb kð Þ = ~ndx ~ndy ~ndz
� �T

: ð31Þ

To reflect the overall change level of the disturbance tor-
que during the whole halt process, the disturbance torque of
the base is globalized as

�τb kð Þ =
Ð t f
t0

τbk kð Þdt
t f − t0

, ð32Þ

where kτbk represents the 2-norm of τb.
Considering the safety and stability of the halt, the joint

running parameters need to be constrained within a range
as follows

lim kð Þ = qt kð Þ ∈ qmin, qmax½ �, _qt kð Þ ∈ _qmin, _qmax½ �, €qt kð Þ ∈ €qmin, €qmax½ �f g:
ð33Þ

According to the above analysis, the HMOM can be
expressed as

find k

min  �τb kð Þ
s:t: lim kð Þ:

ð34Þ

So far, the construction of the HMOM has been com-
pleted, and the next step is to solve the HMOM.

A genetic algorithm is a method to search for the opti-
mal solution by simulating the natural evolution process.
It has a good ability to search for the optimal global solu-
tion and is widely used in solving optimization problems.
The basic idea is to use the population search technology
to take the population as a set of solutions and generate
a new generation of population by applying a series of
genetic operations to the current population, such as selec-
tion, crossover, and variation, and gradually optimize the
population to the state containing the approximate opti-
mal solution. We solve the HMOM by using a genetic
algorithm, which can achieve the selection of the optimiza-
tion coefficient k:

Specific steps for solving the HMOM based on genetic
algorithm are shown as follows

Step 1. Initialization: according to the accuracy of the solu-
tion and the solution space of k, the binary coding method
is selected to encode the population, and the initial popula-
tion in the coding space is obtained. Meanwhile, the current
evolution algebra is set as G = 0, and the maximum evolution
algebra is set as Gmax.

Step 2. Individual evaluation: set the fitness function to calcu-
late the fitness of k in the population. The reciprocal of �τbðkÞ
can be selected as the fitness function

f = �τb kð Þð Þ−1: ð35Þ

According to the fitness function, the coefficient which
meets max f in the current population is obtained.

Step 3. Genetic operator: selection, crossover, and variation.

(1) Select Operation. The superior coefficient k in
STEP 2 is passed to the next generation directly
or by pairing crossover. In this paper, we use the
elite mechanism for selection, that is, the coeffi-
cient corresponding to the highest fitness must be
selected, and the probability of each coefficient
being selected is proportional to the fitness value.
Calculate the probability of each coefficient which
is selected

pd =
f kdð Þ

∑ξ
d=1 f kdð Þ

, ð36Þ

where ξ is the number of individuals in the initial
population.

(2) Crossover Operations. The crossover probability pc is
calculated and the crossover operation between two

n1

J1

Z1
bp1

f1

𝛴1

𝛴b

X1

Y1

Zb

fd

nd

Yb

Xb

Base

Figure 5: Solving model diagram of the disturbance torque.
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individuals is performed according to the crossover
probability

pc =

g1 fmax − fð Þ
fmax − f avg

, f ≥ f avg,

g2, f < f avg,

8><
>: ð37Þ

where fmax is the maximum fitness value, f avg is the
average fitness value, f is the larger fitness value of the
two individuals, and g1 and g2 are constant.

(3) Mutation Operation. The mutation probability is cal-
culated and the individual is calculated according to
the mutation probability

pm =

g3 fmax − f ′
� �
fmax − f avg

, f ′ ≥ f avg,

g4, f ′ < f avg,

8>>><
>>>:

ð38Þ

where f ′ is the fitness value of the individual which is
going to perform the mutation operation, and g3 and g4
are constant.

Step 4. Termination condition. If G =Gmax, the coefficient k
corresponding to the maximum fitness value is taken as the
optimal solution; if not, repeat Step 2 to Step 4.

Based on the above process, the solution of HMOM is
completed, which can ensure the steady halt of the manipu-
lator to the optimal halt configuration.

5. Simulation

In this paper, a 7-DOF space manipulator is used as the
simulate object to verify the halt optimization method,
which is shown in Figure 6. The DH and dynamic
parameters of the space manipulator are shown in
Tables 6 and 7, respectively.

5.1. The Halt Configuration Optimization. Firstly, the AHP
method is used to solve the subjective weight of each uni-
lateral kinematic ability, and the judgment matrix of
Target-Criterion is constructed according to Table 4, which
is shown as

R =

1 1/2 1

2 1 2

1 1/2 1

2
664

3
775 ð39Þ

The eigenvalue of the judgment matrix is λ = 3, and the
eigenvector of λ = 3 is ð1/4, 1/2, 1/4ÞT . The result of the
consistency test is CR = 0 < 0:10, so the consistency of the
judgment matrix is acceptable.

According to the eigenvector of λ = 3, the subjective
weights of ŝ, ŵ, and k̂ are 1/4, 1/2, and 1/4, respectively.
The comprehensive kinematic ability of the manipulator is
simulated by combining with the traditional entropy method.

Suppose there is a locked failure on the 4-th joint, the ini-
tial halt configuration except for the locked joint is q0 =
−180° −180° −100° −10° 20° 20°½ �, the angle range
of each joint is ½−180°, 180°�, and the number of random
numbers is K = 36000. According to Equation (19), it can
be seen that the CP is a set of the 7-dimensional array, that
is, the angle of six joints correspond to a CP value. Therefore,
when the Monte Carlo method is used to solve the problem,
the simulation results should be a 7-dimensional space dia-
gram. To show the conclusion more conveniently and intui-
tively, the 7-dimensional space diagram can be converted
into six 2-dimensional planar graphs in the form of a section
diagram. The simulation results are shown in Figure 7.
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Figure 6: The kinematic model of the 7-DOF space manipulator.

Table 6: Initial DH parameters of the 7-DOF space manipulator.

i θi
°ð Þ di mð Þ ai mð Þ αi

°ð Þ
0 \ \ 0 0

1 0 0.6 0 90

2 90 0.5 0 -90

3 0 0.5 5 0

4 0 0.5 5 0

5 0 0.5 0 90

6 -90 0.5 0 -90

7 0 0.6 \ \

Table 7: The dynamic parameters of the 7-DOF space manipulator.

i mi kgð Þ Ixxi, Iyyi, Izzi
� �

kg ⋅m2� �
Pci mð Þ

1 42.5 [0.89, 0.05, 0.89] [0, 0.25, 0]T

2 42.5 [0.05, 0.89, 0.89] [0, 0.25, 0]T

3 70 [0.088, 145.83, 145.83] [2.5, 0, 0]T

4 70 [0.088, 145.83, 145.83] [2.5, 0, 0]T

5 42.5 [0.89, 0.89, 0.05] [0, 0, -0.25]T

6 42.5 [0.89, 0.89, 0.05] [0, 0, -0.25]T

7 42.5 [1.28, 1.28, 0.05] [0, 0, -0.3]T
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As we can see from Figure 7, the optimal halt config-
uration of the manipulator is qbest = −167° −90°½ 40°−
158°90°−62°�. At the same time, it can be found that the
suboptimal halt configuration is qsub = −52° 90° 84°½
148°−90°157°�. The kinematic ability value of the manipu-
lator in the suboptimal halt configuration is 0.2969. By the
comparison, we can see that the value in the optimal halt

configuration is much higher than that in the suboptimal
halt configuration: ð1 − 0:2969Þ/0:2969 = 236:8%.

5.2. The Halt Motion Optimization. The optimal halt con-
figuration of the manipulator with a joint-locked failure
isqf = −167° −90° 40° −158° 90° −62°½ �, and the ini-
tial configuration is set to beq0 = −180° −180°½ −100° −
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Figure 7: The simulation results of CP which are in the form of a 2-dimensional planar graph. (a) The angle of joint 1—CP. (b) The
angle of joint 2—CP. (c) The angle of joint 3—CP. (d) The angle of joint 5—CP. (e) The angle of joint 6—CP. (f) The angle of joint
7—CP.
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Figure 8: The variations of disturbance torque corresponding to different k. (a) The variations of disturbance torque when k ∈ ½0, 0:1�. (b) The
variations of disturbance torque when k ∈ ½0, 0:01�. (c) The comparison of the disturbance torque between optimization and nonoptimization.
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Figure 9: Continued.
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Figure 9: Continued.
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10°20°20°�. Suppose the velocity of healthy joints
is _q0 = 20 30 15 25 40 35½ �°/s, the acceleration of
healthy joints is €q0 = 8 10 12 10 −8 6½ �°/s2, the
velocity constraint is ½ _qmin, _qmax� = ½−40, 40�ð°/sÞ, the accelera-
tion constraint is ½€qmin, €qmax� = ½−20, 20�ð°/s2Þ, and the time of
the entire halt process is T = t f − t0 = 10 s.

By solving the HMOM, the global variation of the base
disturbance torque which changes with the coefficient k in
the halt process is shown in Figure 8. According to
Figures 8(a)–8(c), it can be seen that when k = 0:0018, the
minimum global disturbance torque is 15:55N ⋅m, and when
k = 0, the global disturbance torque is22:25N ⋅m. So the
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Figure 9: The variations of joint parameters. (a) The parameters of joint 1. (b) The parameters of joint 2. (c) The parameters of joint 3. (d) The
parameters of joint 5. (e) The parameters of joint 6. (f) The parameters of joint 7.
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global disturbance torque of the base is reduced by ð22:25
− 15:55Þ/22:25 = 30:1% after the optimization.

When k = 0:0018, the variations of joint parameters are
shown in Figure 9. At this time, the global disturbance torque
of the base is minimal, and the constraint of joint parameters
is also satisfied.

6. Conclusions

In this paper, a halt optimization strategy for a space manip-
ulator with a joint-locked failure is proposed. By describing
the halt optimization problem, we creatively put forward
the halt configuration optimization method. Considering
the requirements of the operation task, the HCOM is con-
structed and solved to obtain the optimal halt configuration.
According to the constraint of joint running parameters and
the disturbance torque of the base, the HMOM is con-
structed, and by utilizing the joint space motion planning
with the six-order polynomial interpolation method, we
solve it to optimize the halt of the manipulator. Finally, the
simulation is carried out to verify the effectiveness of the pro-
posed strategy. The innovation of this paper mainly includes
(1) the halt configuration optimization ensures that the
manipulator in the halt configuration owns the best kine-
matic ability, and the kinematic ability in the optimal halt
configure is 236:8% higher than that in the suboptimal halt
configuration. (2) Each unilateral kinematic ability index is
analyzed quantitatively, making the comprehensive repre-
sentation of the kinematic ability more accurate. (3) The dis-
turbance torque of the base is optimized during the halt
process, and its global disturbance torque is reduced by
30% at least after the optimization.
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