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Abstract Bucket wheel reclaimer (BWR) is an extre-
mely complex engineering machine that involves multiple
disciplines, such as structure, dynamics, and electrome-
chanics. The conventional design strategy, namely,
sequential strategy, is structural design followed by control
optimization. However, the global optimal solution is
difficult to achieve because of the discoordination of
structural and control parameters. The co-design strategy is
explored to address the aforementioned problem by
combining the structural and control system design based
on simultaneous dynamic optimization approach. The
radial basis function model is applied for the planning of
the rotation speed considering the relationships of
subsystems to minimize the energy consumption per
volume. Co-design strategy is implemented to resolve
the optimization problem, and numerical results are
compared with those of sequential strategy. The dynamic
response of the BWR is also analyzed with different
optimization strategies to evaluate the advantages of the
strategies. Results indicate that co-design strategy not only
can reduce the energy consumption of the BWR but also
can achieve a smaller vibration amplitude than the
sequential strategy.

Keywords bucket wheel reclaimer, co-design, energy-
minimum optimization, sequential strategy

1 Introduction

Bucket wheel reclaimer (BWR) is a large complex
engineering machine that is widely used in open pit
mines because of its many excellent advantages, such as
high efficiency, low labor strength, and easy operation.

However, the working condition of the BWR has several
uncertain factors, such as falling ore and surface
irregularity. A large amount of resources is also consumed
by the operation of the BWR because of the sub-optimal
size of the BWR structure, such as too heavy weight and
high power consumption. Therefore, improving the
performance and decreasing the energy consumption of
BWR are still challenging tasks.
Many researchers have focused on improving the

performance of the BWR and preventing accidents. For
example, the integrity assessment of the bucket wheel tie-
rod is calculated in Ref. [1]. The causes of failure through
onsite inspection and metallographic analysis are achieved
in Ref. [2]. The cause of crack occurrence and stress strain
state is obtained using the finite element method [3].
Although the performance of the BWR can be improved by
considering the cutting force, stress strain state, and
structural improvement, the optimal control problem is
still an important factor that must be considered. To this
end, a hybrid controller to control the motion for enhancing
the performance of the BWR is proposed by Lu [4,5].
Reclaiming method of the BWR adopts the pilgrim step
reclaiming approach. Unscented Kalman filter algorithm is
proposed by Zhao et al. [6] to fuse differential global
positioning system and encoder data for improving the
performance of the BWR.
The works above indicate that the structural improve-

ment and optimal control on the BWR are conducted
separately. For this reason, the optimization problem of the
BWR usually adopts the following sequential strategy, that
is, the control optimization is performed after the structural
optimization is completed. This optimization strategy
ignores the coupling relationship between structural and
control parameters and can only achieve a sub-optimal
solution. This study uses the co-design strategy to solve the
optimization problem for addressing this challenge by
considering structural and control parameters. A novel
collaborative optimization (CO) method is used to
optimize the train stop planning and scheduling on the
tactic level [7]. The belt drive optimization problem is
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solved with the CO strategy to obtain the optimal
parameters for each sub-discipline [8]. A multi-physical
field CO method based on Genetic Algorithm is proposed
by Li et al. [9] to improve the utilization of materials and
reduce cost. The CO approach is applied to minimize the
total pumping power consumption for a typical heat
transfer system in Ref. [10].
However, BWR is a complicated system that usually

includes many sub-disciplines, such as dynamics, electro-
mechanics, and fluid dynamics. For this reason, this work
considers the coupling relationship of the sub-disciplines.
The co-design strategy is conducted to obtain the optimal
solution and balance the relationship among the sub-
disciplines. Co-design has been successfully applied in
many fields. For example, co-design is applied to optimize
the parameters of the tunnel boring machine (TBM) for
improving the performance of TBM [11,12]. A reliability-
based multidisciplinary design optimization method is
used to optimize an aerial camera and a car pad [13].
Bidoki et al. [14] proposed a novel optimization design
framework based on co-design to optimize the autonomous
underwater vehicle. The results show that the co-design
strategy can achieve the global optimal solution. Although
the performance of the BWR has been intensively studied,
researchers have mainly focused on optimizing the
structural or control parameters and ignored the coupling
relationship of structure, control, and other disciplines of
the BWR. This study utilizes the co-design strategy to
improve the performance of the BWR for considering the
coupling relationship among these disciplines and obtain-
ing the comprehensive performance of the BWR. The aim
is to obtain the optimal structural and control parameters.

The remainder of this work is organized as follows.
Section 2 introduces the composition of the BWR. Section
3 discusses the configuration of the BWR subsystems.
Section 4 establishes the mathematical model, and Section
5 performs numerical simulation. Section 6 summarizes
the concluding remarks and future work.

2 Composition of the BWR

2.1 System analysis of the BWR

BWR integrates multiple sub-disciplines, and its perfor-
mance depends on the synergy of the components. Figure 1
shows that a BWR consists of subsystems, including the
structural, control, and vibration systems. Notably, each
subsystem can be categorized into various separate
disciplines. For example, the structural system consists
of structure and dynamics. Some “soft subsystems,” such
as energy consumption, also exist. As mentioned above,
the performance of the BWR is directly determined by the
coordination of these disciplines.

2.2 Excavation strategies

Constant volume excavation is needed in the excavation
process to ensure the minimum impact force on the BWR.
The excavation operation can be categorized into two
strategies according to the excavation technology, including
hierarchical (Fig. 2(a)) and fixed-point (Fig. 2(b)) operations.
Figure 2(a) shows that the BWR performs with a layered

manner and obtains the feed rate by rotary motion. The

Fig. 1 Whole structure of the bucket wheel reclaimer.
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bucket wheel system will move downward with the action
of the pitching system when the current height is
excavated. The excavation process of the fixed-point
operations is illustrated in Fig. 2(b), which is distinct from
the hierarchical operation. Notably, the BWR system is
applied to excavate the ore pile from top to bottom. The
bucket wheel system will rotate with the action of the
rotating system when the current region is excavated.
However, the latter strategy is worse than the former. The
reason is that the latter is prone to collapse. Thus, the
former strategy is adopted in this study to excavate the ore
pile efficiently and safely.

3 Configuration of the BWR subsystems

3.1 Control system

Figure 3(a) shows that the BWR can be simplified into a
manipulator with four degrees of freedom, where d1 is the
translation distance along joint “j1”, �2 is the slewing angle
rotating about joint “j2”, �3 is the luffing angle rotating
about joint “j3”, and �b is bucket wheel rotation angle
rotating about “j4”. The red curve in Fig. 3(b) is the
excavation trajectory, which is dictated by one hydraulic
device and two motors. Although the excavator trajectory
of the BWR can be obtained on the basis of the Danevit–
Hartennberg (D–H) method, it only refers to the relation-
ship among structural parameters. The control parameters
should be considered to obtain the excavation optimal
trajectory with the minimum energy consumption.
Various trajectory optimization methods have been

proposed in the past decade. For example, Garg et al.
[15] proposed the global collocation of Legendre–Gauss–
Radau method to optimize the trajectory. A novel
trajectory optimization method, namely, Monte Carlo
motion planning, is applied to solve the motion planning
under uncertainty [16]. The point-to-point trajectory
planning method is used to realize the energy minimum
for the large cable shovel [17]. Tian and Collins [18]
proposed a polynomial based on Hermite cubic interpola-
tion method to realize the obstacle avoidance movement
for the robot manipulator. Although trajectory planning has
been intensively studied, the methods sometimes exhibit
difficulty in obtaining optimal solutions when solving
high-dimensional problems. Therefore, the trajectory
planning method is still a challenging and critical research
subject for many researchers. The radial basis function
(RBF), which is proposed by Franke [19], is used to
perform trajectory planning of the BWR in this work to
address the aforementioned issue. The RBF is defined as
the selection of a radial function for the given multivariate
scattered data, which has been applied in previous papers
[19,20]. An RBF model is an approximation of a real-
valued F, which can be expressed as

SðxÞ ¼
XN
i¼1

aiΦðkx – xikÞ, x 2 Rd , (1)

where ai is a basis weight function, ||(x – xi)|| denotes the
Euclidean distance between x and xi, F is a basis function,
d denotes the number of dimensions, R denotes the real
number field, and xi ði ¼ 1, 2, :::,NÞ are the centers of the
RBF approximation.

Fig. 2 Excavation technology of the bucket wheel reclaimer: (a) Hierarchical and (b) fixed-point operations.

Fig. 3 (a) Schematic of bucket wheel reclaimer; (b) excavation trajectory.
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The speed of the motor can be achieved indirectly by
adjusting the position and number of the interpolation
points. Several typical basis functions have been given by
Wu and Schaback [21], such as multi-quadrics, inverse
multi-quadrics, and Gaussian, as shown in Table 1. In this
work, the multi-quadrics is selected to optimize the speed
of the motor.

A typical speed curve of the motor can be achieved by
RBF, as shown in Fig. 4. The speed of the motor can be
described as follows:

vc ¼ f ðxcÞ, xc ¼ ½v1, v2, :::, vn�, (2)

where vc denotes the speed curve of the motor, vi denotes
the speed value of the motor in the ith position, n is the
number of interpolation points, xc is the column vector of
the discrete speed set, and f ðxcÞ is the fitting speed curve.
The constant volume excavation strategy is usually

adopted in real world to reduce the impact of vibration on
the BWR. In traditional theoretical research, the ore pile is
taken as a rectangle while the effect of the angle of repose
is ignored [22]. However, the lateral section of the ore pile
is of typical trapezoid shape due to the angle of repose.
This study uses the RBF to obtain the speed of the rotating
system for addressing the aforementioned challenge by
considering the effect of the angle of repose and constant
volume constraint.

3.2 Structural system

In conventional design, the energy-minimum optimization
focuses on the optimal control parameters. This optimiza-
tion is performed on the basis of fixed structural
parameters. However, traditional/sequential design pro-
cesses can only obtain sub-optimal results because the
methods disregard the coupling between structural and
control systems. Thus, this study aims to achieve the
optimal solutions with the co-design for the BWR. The
energy consumption of the BWR mainly comes from the
movement of the rotating system. In this study, the moment
of inertia is an important affecting factor of energy
consumption. Therefore, we can select the parameters
that affect the moment of inertia to serve as the design
variables. Figure 5 illustrates the configuration of the
BWR.

Table 1 Choices of Φ for the interpolation matrix

Basis function ΦðxÞ
Multi-quadrics ðx2 þ δ2Þ1=2, δ³0,

Inverse multi-quadrics ðx2 þ δ2Þ – 1=2, δ³0

Gaussian e – x
2=δ2 , δ³0

Fig. 4 Typical speed curve of the motor.

Fig. 5 Configuration of the bucket wheel reclaimer.

Yongliang YUAN et al. Co-design of the bucket wheel reclaimer 409



3.3 BWR vibration

Vibration is an inevitable phenomenon that occurs in the
BWR due to the intense changes in the load. The frequent
changes in the load are due to three reasons. First, the
direction of rotation of the slewing mechanism changes
considerably. Second, frequent acceleration and decelera-
tion occur in the BWR. Finally, ore pile is composed of
non-uniform granularities and fluctuant terrains. These
vibration factors may cause the failure of the BWR and can
thus result in an accident. Therefore, the influence of
vibration should be considered when investigating struc-
tural and control CO based on co-design strategy. The
vibration of the BWR can be expressed as

M€δ þ C _δ þ Kδ ¼ f , (3)

where M , C, and K denote the mass, damping, and
stiffness matrixes, respectively, δ, _δ, and €δ denote the
displacement, velocity, and acceleration, respectively, and
f is the applied force. The damping matrix of the system is
usually difficult to determine in practical engineering. The
commonly used method to accurately predict the vibration
performance of the system is to approximate the damping
value using the energy consumed by the system, which is
often obtained from actual measurements. Therefore, the
damping matrix is used given the overall damping matrix
of the system rather than the element damping matrix. The
damping matrix is given in the form of proportional
damping or Rayleigh damping due to the complexity of the
BWR, and its expression can be given as follows:

C ¼ αM þ βK , (4)

where α and β are constants. Proportional damping has
many advantages, such as the stiffness and mass matrixes
are in positive correlation. A diagonal matrix can be
obtained on the basis of this advantage.

φT
j Cφi ¼

ci i ¼ j,

0 i≠j,

(
(5)

where φT
j Cφi denotes the diagonal matrix. Equation (3)

can be equivalently transformed with the modal matrix as
follows:

€ηi þ 2�iωi _ηi þ ω2
i ηi ¼ fi, i ¼ 1, 2, :::, n, (6)

where �i denotes the damping ratio and ηi is the amplitude
of vibration at time i. The solution of Eq. (6) can be
expressed as follows:

ηiðtÞ ¼ ηiðt0Þe – �iωi tcosωdt

þ η⋅i ðt0Þ þ �iωiηiðt0Þ
ωd

e – �iωi tsinωdt

þ 1

ωd
!

t

t0
e – �iωiðt – τÞsinωdðt – τÞfiðτÞdτ, (7)

where ωd ¼ ωi

ffiffiffiffiffiffiffiffiffiffiffi
1 – �2

p
denotes the natural frequency with

damping, ωi represents the natural frequency without
damping, t denotes the simulation time, and τ is the time
increment.
BWR is a repeated rotating motion machine. Thus, the

impact force can be simplified into a simple harmonic
excitation. The solution can be given by

ηiðtÞ ¼ ηið0Þe – �iωi tcosðωdtÞ

þ η⋅i ð0Þ þ �iωiηið0Þ
ωd

e – �iωi tsinðωdtÞ

–X e – �iωi t �iωicosψ þ ωsinψ
ωd

sinðωdtÞ þ cosψcosðωdtÞ
� �

þ X cosðωt –ψÞ,
(8)

where γ denotes the ratio of the frequency of the payload to
the natural frequency without damping.

X ¼ f0i
ω2
i

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 – γ2Þ2 þ ð2�iγÞ2

q , (9)

ψ ¼ arctan
2�iγ

1 – γ2
: (10)

3.4 Energy consumption

As mentioned above, the energy consumption of the BWR
is mainly determined by the rotating system, which
consumes more energy than other systems. The co-design
strategy is explored to overcome this issue by combining
the structural and control parameters. With the gradually
diminishing crude oil resource, the optimization of energy
consumption has been become a major topic. Constant
volume constraint and energy consumption are considered
together to establish the evaluation index presented in this
section. The energy consumption index per volume
(Ep, kW/m3) is adopted to evaluate the index of the
BWR conveniently and can be calculated as follows:

Ep ¼
Et

Vol
, (11)

where Et denotes the total energy consumption (unit: kW),
and Vol denotes the total volume (unit: m3). The energy
consumed of the motor is another notable constraint, and it
can be calculated using the integral:

Em ¼ !
tf

t0
FðtÞ⋅vðtÞdt, (12)

where FðtÞ is the momentary force output from the motor
(unit: N), and vðtÞ is the speed of the motor (unit: rad/s).
Notably, the cutting resistance and gravity are the main
influencing factors of the performance of the motor. The
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cutting resistance F can be decomposed into three parts,
namely, the tangential force F1, normal force F2, and
lateral force F3:

F1¼P1

�
Δcosψ–�sinψ–cotðαk–Δþ�Þcosψ

�
þP2cosψ,

F2 ¼ P1½1þ Δcotðαk –Δþ �Þ� þ P2ðtan�þ δkÞ,
F3 ¼ 0:3F1,

8>><
>>:

(13)

where P1 is the force on the front edge of the tooth
(unit: N), P2 is the force on the back edge of the tooth
(unit: N), Δ denotes the correction value of the front
clearance angle and the back angle (unit: (° )), ψ is the
projection of the main cutting edge and the rotor rotation
axis (unit: (° )), � denotes the inclination angle of the
bucket wheel (unit: (° )), αk is the front angle (unit: (° )), �
is the friction angle (unit: (° )), and δk denotes the angle of
deviation of the dulling plane (unit: (° )).

The resistances can be obtained and described in detail
by Chudnovskii [23]. Figure 6 presents the resistance
analysis of the BWR.

The performance of the motor is directly reflected in the
speed and torque. The characteristic of the motor must be
considered in the energy consumption optimization
problem. The red imaginary and blue solid lines in Fig. 7

are the maximum allowable power (Pmax) and torque
(Tmax), respectively. The actual power (Pa) and torque (Ta)
should be less than the motor rate to ensure the safety of the
motor. According to the above-mentioned analysis, the
following equation for power and torque can be obtained:

Pa –Pmax£0,

Ta – Tmax£0:

(
(14)

4 Model establishment

Co-design strategy is marked by obtaining an optimal
system. The energy consumption of the BWR is mainly in
the rotating system, which includes structural and control
parameters. Therefore, the product of the moment of inertia
and angular velocity is preserved as the objective function.
As mentioned in Section 3.1, the RBF is adopted to match
the motor speed curve. Thus, inserting values can be
selected to serve as the control parameters, which are
determined by optimizing the RBF model.
The moment of inertia is affected by certain structural

parameters, such as the length, width, height, and cross-
sectional area of I-beam, as shown in Fig. 5. With regard to
the structural parameters, the angles are also preserved as
the design variables. In this study, the period time for the
BWR is constant. Following the above-mentioned analy-
sis, the structural parameters xs and control parameters xc
can be expressed as follows:

x ¼ ½xc,xs� ¼ ½½v1, v2, :::, vn�, ½x1, x2, :::, x27��: (15)

This work compares the effects of different numbers of
interpolation points to obtain the global optimal solution.
The ranges of interpolation points are defined from zero to
the maximum speed of the motor. The model of the BWR
can be given by

find x ¼ ½xc, xs� ,

min fobj ¼
1

Vol
⋅
1

2
⋅J ðxsÞ⋅ωðxcÞ2 ,

s:t: gj£0 j ¼ 1, 2, 3, 4ð Þ ,
(16)

where Vol is the excavation volume of the ore pile, ω
denotes the rotational speed of the BWR’s boom, and J is
the moment of inertia of the BWR. As mentioned in
Section 3, the constraints of the BWR consist of four sub-
disciplines, which have been explained in detail. In the
control system, the maximum rotor speed should be less
than 0.085 rad/s. In this study, the motor efficiency is
selected as 0.95. Structural parameters should not only
meet the requirements of space structure but also satisfy
the relationship between the BWR and the ore pile. In this
study, the boundary of these parameters is set to 0.6 to 1.5
times the initial values. Notably, the constraints of the

Fig. 6 Resistance analysis of the bucket wheel reclaimer.

Fig. 7 Characteristic curve of the motor.
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structural parameters mainly include the length, width,
height, and cross-sectional area of the beam and angles of
the BWR. In addition, the maximum stress of the beam
should be less than the yield strength of the steel. The
motor constraints, including the actual power and torque,
should be lower than the maximum allowable power and
torque to minimize energy consumption. From the analysis
above, the constraints of BWR can be given by

g ¼
g1
g2
g3
g4

2
6664

3
7775£0, (17)

where

g1:

0 –ω,

ω – 0:085,

0 –Vp,

Vp – 3,

8>>>><
>>>>:

g2:

xmin – xi,

xi – xmax,

65° – α1,

α1 – 75°,

6° – α2,

α2 – 12°,

15° – α3,

α3 – 21°,

4° – α4,

α4 – 8°,

�min –�i,

�i –�max,

i ¼ ð1, 2, :::, 23Þ

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

g3: ωmin£ωi£ωmax, g4:

0 –Pa,

Pa –Pmax,

0 – Ta,

Ta – Tmax:

8>>>><
>>>>:

According to the “no free lunch” theorem [24], no single
optimization algorithm can efficiently solve all problems.
For this reason, many studies have focused on improving
the accuracy and efficiency of the algorithms by using the
new optimization strategies. In this work, we select the
Coulomb force search strategy-based dragonfly algorithm
(CFSSDA) to optimize the BWR. The performance of
CFSSDA has been verified in Ref. [25].

5 Numerical simulation

5.1 Determination of the number of the interpolation points
of RBF

In theory, the speed curve of the motor will gradually
become close to the optimal solution as the number of
interpolation points increases and will finally be infinitely
close to the global optimal solution. However, computing
cost also increases with the increase in the number of
interpolation points. For this reason, the number of
interpolation points should be confirmed in this section.
According to the BWR performance and the motor
characteristics, the number of interpolation points should
not be less than five points. The main reasons for this
condition are the influence of the constant volume
constraint and the acceleration and deceleration times.
The constraints and loads are set to be the same and the
material surface angle is set to 38° to ensure a fair
comparison among the different numbers of interpolation
points. In this section, the optimal control parameters are
optimized on the basis of fixed structural parameters. The
number of interpolation points is set to 6, 8, 10, and 12.
The simulation is performed 30 times independently to
minimize the statistical error. Table 2 presents the influence
of different interpolation points on energy consumption.
Figure 8 shows that the optimization result decreases

first and then increases as the number of points increases.
Specifically, the result of eight points achieves the first
ranking, followed by six, ten, and twelve points. Table 2
shows that the standard deviation decreases first and then
increases, which is similar to the optimization results.
Notably, eight interpolation points have strong robustness.
In comparison with the results of the different numbers of
interpolation points, the strategy of eight interpolation
points is significantly better than the other strategies.

Table 2 The influence of the different interpolation points on energy consumption

Interpolation point Mean value/(kJ$kg–1) Best value/(kJ$kg–1) Worst value/(kJ$kg–1) Standard deviation/(kJ$kg–1)

6 34.80 34.46 41.29 43.90

8 33.79 33.51 39.46 41.31

10 36.03 35.18 43.45 46.97

12 1.13 0.84 2.00 2.84
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5.2 Optimization of BWR

As mentioned above, eight interpolation points are helpful
to achieve the optimal solution and are selected to serve as
the control parameters. As shown in Section 3.2, the
structural system consists of 27 parameters. In the
conventional sequential strategy, the performance of the
BWR has been enhanced by optimizing the structural or
control parameters. However, these results are sub-optimal
solutions because the coupling relationships between the
structural and control parameters are ignored. This study
adopts the co-design strategy to apply the system
optimization problem for addressing the above-mentioned
challenge. This strategy can simultaneously optimize
multiple sub-disciplines by considering structural and
control parameters.
A total of 30 independent runs are performed to obtain

the optimal solution for the BWR for minimizing statistical
errors. By running the co-design strategy, the optimization
results can be obtained, as shown in Fig. 9. Interestingly,
the optimal values of sequential strategy are larger than that
of co-design strategy. This difference is due to that the
sequential strategy ignores the synergy between the
subsystems. Specifically, the stable solution can be
achieved at the 86th iteration with an optimal value of
57.72 kJ/kg. Table 3 lists the optimized design variables
and objective function values. Notably, “+” denotes an
increase and “ – ” denotes a decrease. Evidently, the
sequential strategy can obtain the sub-optimal solution,
which is 61.86 kJ/kg. Co-design strategy can provide very
competitive results than the sequential strategy and
initialization values. The results indicate that the optimal
solution of co-design strategy is 57.72 kJ/kg, which is
27.31% lower than that of the initial values. From the
aforementioned results, we conclude that co-design
strategy is credible and can efficiently solve engineering
optimization problems.
As discussed in Section 3.1, the control system is an

important part of the BWR. The control parameters can be
optimized on the basis of the RBF. Figure 10 shows the
angular velocity and output power of the motor with the
co-design strategy. As shown in Fig. 10(a), the maximum
speed of the motor of the rotating system is 0.079 rad/s,
which is less than the rated speed of 0.085 rad/s.
Furthermore, the speed curve generated by co-design
strategy can also meet the requirement of constant volume
constraint. The output power of the motor shown in
Fig. 10(b) indicates that the maximum output power is
close to the extremum with the co-design strategy. This
difference is due to that the co-design strategy considers
the relationships between subsystems. From the above-
mentioned reasons, we conclude that the co-design
strategy can effectively improve the motor efficiency and
solve real-world optimization problems.
Vibration displacement is used as the dynamic response

index to verify the performance of the BWR with different
optimization strategies. The sequential strategy is used to
compare it with the co-design strategy. Figure 11 shows the
vibration displacement of the BWR. Evidently, the
vibration displacement of the BWR is periodic in the
radial direction. The main reason is that the bucket wheel
movement is a circular motion, which causes the
periodicity of the cutting resistance. Furthermore, the
vibration displacement is relatively stable because of the
hierarchical operational strategy. In comparison with the
results in Fig. 11, the vibration amplitude of the BWR with
co-design strategy is smaller than that with the sequential
strategy. This situation is caused by the structural size and
stiffness matrix of the BWR. Specifically, the maximum
value of co-design strategy is 12.1 mm, which is 5.8 mm
smaller than that of the sequential strategy. In this
engineering case, the co-design strategy is applied to find
the optimal parameters. From the results of different
optimization strategies, we conclude that co-design
strategy can efficiently solve engineering optimization
problems.

Fig. 8 Convergence histories of the different interpolation points
on energy consumption.

Fig. 9 Convergence histories of co-design strategy and
sequential strategy for the bucket wheel reclaimer.
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Table 3 Optimization results of co-design strategy and sequential strategy for the bucket wheel reclaimer

Design variable Initial value
Sequential strategy Co-design strategy

Optimal value Improved/% Optimal value Improved/%

x1 3.50 m 4.19 m + 19.71 4.20 m + 20.00

x2 3.50 m 2.64 m – 24.57 3.53 m + 0.83

x3 3.50 m 2.79 m – 20.29 2.56 m – 26.81

x4 5.60 m 5.33 m – 4.82 5.50 m – 1.87

x5 3.00 m 4.20 m + 40.00 4.19 m + 39.67

x6 6.00 m 2.75 m – 8.33 5.62 m – 6.26

x7 3.00 m 2.90 m – 3.33 3.29 m + 9.70

x8 6.00 m 2.84 m – 5.33 5.61 m – 6.53

x9 3.00 m 2.80 m – 6.67 2.97 m – 1.13

x10 6.00 m 2.84 m – 5.33 5.23 m – 12.86

x11 1.079�10–2 m2 1.19�10–2 m2 + 10.28 1.29�10–2 m2 + 19.49

x12 3.50�10–2 m2
4.46�10–2 m2 + 27.60 2.77�10–2 m2 – 20.71

x13 2.83�10–3 m2
3.12�10–3 m2 + 10.35 2.84�10–3 m2 + 0.37

x14 4.92�10–2 m2
5.07�10–2 m2 + 3.29 5.25�10–2 m2 + 6.95

x15 1.08�10–2 m2
1.35�10–2 m2 + 25.11 1.17�10–2 m2 + 8.58

x16 7.78 m 8.85 m + 13.75 8.89 m + 14.25

x17 4.80 m 5.16 m + 7.50 4.52 m – 5.80

x18 1.08�10–2 m2
1.21�10–2 m2 + 11.95 1.36�10–2 m2 + 25.87

x19 4.37 m 3.74 m – 14.42 3.66 m – 16.25

x20 3.00 m 4.34 m + 44.67 2.17 m – 27.56

x21 4.29�10–3 m2
5.02�10–3 m2 + 16.94 5.65�10–3 m2 + 31.71

x22 3.77 m 3.19 m – 15.38 3.72 m – 1.22

x23 8.50�10–3 m2
1.12�10–3 m2 + 31.85 6.98�10–3 m2 – 17.79

x24 70.00° 61.42° – 12.26 57.79° – 17.44

x25 9.00° 7.78° – 13.56 7.78° – 13.56

x26 26.00° 19.86° – 23.62 20.96° – 19.39

x27 9.00° 7.15° – 20.56 7.20° – 20.00

v1 3.00�10–2 rad/s 2.72�10–2 rad/s – 9.47 2.61�10–2 rad/s – 13.10

v2 4.00�10–2 rad/s 3.83�10–2 rad/s – 4.24 4.26�10–2 rad/s + 6.52

v3 6.50�10–2 rad/s 7.96�10–2 rad/s + 22.51 5.90�10–2 rad/s – 9.29

v4 8.00�10–2 rad/s 7.05�10–2 rad/s – 11.86 7.58�10–2 rad/s – 5.27

v5 5.80�10–2 rad/s 4.92�10–2 rad/s – 15.09 4.88�10–2 rad/s – 15.87

v6 7.50�10–2 rad/s 6.48�10–2 rad/s – 13.58 7.88�10–2 rad/s + 5.00

v7 6.30�10–2 rad/s 6.19�10–2 rad/s – 1.75 5.07�10–2 rad/s – 19.56

v8 5.00�10–2 rad/s 4.05�10–2 rad/s – 19.04 3.84�10–2 rad/s – 23.24

Best value 79.45 kJ/kg 61.86 kJ/kg – 22.14 57.72 kJ/kg – 27.31

Worst value – 67.59 kJ/kg – 14.93 63.90 kJ/kg – 19.57

Mean value – 64.71 kJ/kg – 18.55 60.71 kJ/kg – 23.59

Standard deviation – 2.14 kJ/kg 1.93 1.95 kJ/kg 1.92
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6 Conclusions

This study developed a simultaneous optimal design of
structural and control systems for BWR. The conventional
optimization strategy usually fails to meet the requirement
of optimal results in all disciplines because the BWR
includes several disciplines. A co-design strategy was
developed to optimize the BWR for addressing this issue
by considering structural and control parameters. The
BWR was decomposed into some subsystems in accor-
dance with the functions by using the hierarchical
decomposition approach. The synergistic relationships
between the subsystems were considered using the co-
design strategy to minimize the energy consumption per
volume. Furthermore, the RBF model was applied for the
planning of the rotation speed considering the relationships
of subsystems.
The performance of the BWR was evaluated by the co-

design and sequential strategies. The results indicate that
co-design strategy is more effective than the conventional
sequential strategy. The vibration amplitude of the BWR
with co-design strategy is smaller than that of the

conventional strategy. Thus, the former can be used as an
efficient strategy for parameter estimation and prediction
of highly nonlinear optimization problems.
However, additional constrains and design parameters

and their uncertainties should be considered in future
research. For instance, we ignored the uncertainties of
parameters and used the maximum installation diameter on
the boom, which likely affect the life of the bucket wheel.
In the future work, additional subsystems that may cause
the vibration will be considered.
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