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Abstract: In this study, a novel synergistic swing energy-regenerative hybrid system (SSEHS) for excavators with a large 
inertia slewing platform is constructed. With the SSEHS, the pressure boosting and output energy synergy of multiple energy 
sources can be realized, while the swing braking energy can be recovered and used by means of hydraulic energy. Additionally, 
considering the system constraints and comprehensive optimization conditions of energy efficiency and dynamic characteristics, 
an improved multi-objective particle swarm optimization (IMOPSO) combined with an adaptive grid is proposed for parameter 
optimization of the SSEHS. Meanwhile, a parameter rule-based control strategy is designed, which can switch to a reasonable 
working mode according to the real-time state. Finally, a physical prototype of a 50-t excavator and its AMESim model is 
established. The semi-simulation and semi-experiment results demonstrate that compared with a conventional swing system, energy 
consumption under the 90° rotation condition could be reduced by about 51.4% in the SSEHS before parameter optimization, 
while the energy-saving efficiency is improved by another 13.2% after parameter optimization. This confirms the effectiveness 
of the SSEHS and the IMOPSO parameter optimization method proposed in this paper. The IMOPSO algorithm is universal and 
can be used for parameter matching and optimization of hybrid power systems.

Key words: Hybrid system; Energy regeneration; Swing braking energy; Parameter optimization; Improved multi-objective 
particle swarm optimization (IMOPSO); Adaptive grid

1 Introduction 

Excavators are one of the most common forms 
of machinery in the construction and mining indus‐
tries. More than 95% of excavators in use are hydrau‐
lic excavators. However, conventional hydraulic exca‐
vators suffer from the problems of high energy con‐
sumption, low energy utilization, and poor emissions 
(Haga et al., 2001; Gong et al., 2020). Increasing envi‐
ronmental pollution and energy costs promote the de‐
velopment of novel energy-saving technology for hy‐
draulic excavators (Tong et al., 2020).

In recent years, research on the energy recovery 
of excavators has focused mainly on the gravity po‐
tential energy recovery of boom working devices. In 
contrast, less research has been conducted on swing 

braking energy regeneration systems in complex 
working conditions (Lin et al., 2017; Do et al., 2021; 
Qu et al., 2021). At present, the energy regeneration 
schemes of swing systems can be summarized into 
two types, the pure electric scheme (Abdel-baqi et al., 
2015; Tong et al., 2021) and the hybrid system scheme 
(Thompson et al., 2014; Wang et al., 2017; Tong et al., 
2020). Pure electric schemes are used mainly for 
small- and medium-sized pure electric engineering 
machinery as they are affected by the endurance and 
output power of electric energy storage units and mo‐
tors. Hybrid systems have wider applicability and reli‐
ability. Fuel-electric hybrid and fuel-hydraulic hybrid 
are common hybrid schemes. Many scholars have car‐
ried out modeling and experimental research on fuel-
electric hybrid systems, achieving the regeneration of 
swing energy (Kwon et al., 2010; Lin et al., 2014; Liu 
et al., 2016; Gong et al., 2019b). Nevertheless, the lim‐
ited space of the excavator, as well as the high addi‐
tional costs caused by the use of supercapacitors and 
other components makes fuel-electric hybrid schemes 
not the optimal choice at present (Latas and Stojek, 
2018).
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Compared with fuel-electric hybrid systems, fuel-
hydraulic hybrid systems are widely used due to their 
high compatibility, high power density, and low cost 
(Xia et al., 2018). Ho and Ahn (2012) proposed a fuel-
hydraulic swing system with a closed-loop transmis‐
sion structure. Based on the premise of not reversing 
fluid flow, the swing energy is regenerated through a 
four-quadrant pump/motor, achieving an energy recov‐
ery rate of between 22% and 59%. Lin et al. (2013) 
constructed a swing energy-saving system combining 
hydraulic energy storage and a pump control system, 
in which the braking energy is converted and stored 
in the accumulator and timely released to drive the 
main pump to rotate. Caterpillar has released multiple 
patents for energy-saving rotary systems using hydrau‐
lic excavators, with the use of control valves and hy‐
draulic accumulators to recover and reuse the swing 
braking energy (Shang et al., 2014; Hillman et al., 
2016). Yu and Ahn (2020a; 2020b) established a novel 
fuel-hydraulic excavator swing energy-saving system 
with a variable motor and a valve-controlled accumu‐
lator. However, the presence of a flow-proportional 
valve leading to throttling loss weakens the energy-
saving performance of the system.

A reasonable system structure and control strat‐
egy are key factors in the design of swing hybrid sys‐
tems, while appropriate parameter matching is also 
crucial for improving the energy-saving performance 
of such systems (Lin and Liu, 2013). The model-based 
parameter optimization and matching method can sig‐
nificantly shorten the design cycle and obtain a better 
parameter combination (Borthakur and Subramanian, 
2019; Gong et al., 2019a). However, it is challenging 
to obtain the optimal combination of control parame‐
ters due to parameter coupling. Model-based intelligent 
optimization algorithms are an effective method to ad‐
dress this issue. Common intelligent optimization al‐
gorithms include the particle swarm optimization (PSO) 
algorithm (Poli et al., 2007; Wang and Wang, 2020), 
genetic algorithm (GA) (Chen et al., 2018), and simu‐
lated annealing (SA) algorithm (Suppapitnarm et al., 
2000). PSO has gained widespread application for 
system parameter matching and optimization due to 
its simplistic structure, rapid convergence speed, and 
exceptional global search capability (Clerc and Ken‐
nedy, 2002; Prasanthi et al., 2021; Wei et al., 2022). 
Nevertheless, according to current research, there have 
been few investigations of parameter matching and 

optimization of excavator hybrid systems based on in‐
telligent algorithms, and minimal research has been 
conducted on the multi-objective parameter optimiza‐
tion of key components in swing hybrid systems.

Given the significant energy-saving benefits of 
swing braking energy regeneration, a novel synergis‐
tic swing energy-regenerative hybrid system (SSEHS) 
for excavators with large-inertia slewing platforms 
was developed in this study. In this system, the swing 
braking energy of the excavator is efficiently recov‐
ered and reused. Unlike conventional parameter match‐
ing methods for hybrid systems, an improved multi-
objective particle swarm optimization (IMOPSO) al‐
gorithm is proposed to optimize the system’s key pa‐
rameters, including displacement of the hydraulic 
transformer (HT) and the volume and pressure of the 
accumulator.

2 System configuration 

A slewing platform with a large inertia of the hy‐
draulic excavator frequently performs rotary acceleration-
braking motion during the working process. In this 
section, the working principle and energy loss mecha‐
nism of the conventional swing system of a hydraulic 
excavator are analyzed, and a novel swing energy-
saving system is presented.

2.1 Conventional swing system

Fig. 1 shows the structure of two types of exca‐
vator swing systems. Fig. 1a shows a conventional 
swing system composed of a pilot handle control sys‐
tem, hydraulic pump, swing motor, swing mecha‐
nism, and valve-control devices.

There are four motion states of a slewing plat‐
form: stationary, accelerated swing, uniform swing, 
and braking. During the working motion, a lot of 
energy is lost due to the working characteristics of the 
swing hydraulic system. This results in excessive en‐
ergy consumption, a low energy utilization rate, and 
poor exhaust emissions. Based on current research, 
the energy loss of a swing system comes mainly from 
four sources: the acceleration overflow loss and the 
brake overflow loss in the relief valve, the throttle 
loss in the main valve, and the mechanical loss in the 
swing mechanism. Among these, the mechanical loss 
cannot be avoided, while the overflow energy loss 
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can be reduced by means of energy regeneration and 
flow matching.

2.2 Synergistic swing energy-regenerative hybrid 
system (SSEHS)

To reduce the energy consumption of a swing 
system with a large-inertia slewing platform, we pro‐
pose the SSEHS (Fig. 1b). The SSEHS is composed 
mainly of an HT, hydraulic energy storage unit, pilot 
handle control system, hydraulic pump, and some nec‐
essary control valves. In the hydraulic energy storage 
unit, the hydraulic accumulator serves as an energy 
storage element to store the recovered swing energy. 
The HT used in this system is composed of a variable 
displacement pump/motor and a fixed displacement 
pump/motor connected by a rigid shaft, which inherits 
the characteristics of high efficiency and high reliability 
of the hydraulics/motor.

During the SSEHS working process, the pro‐
posed system has three working states: energy release, 
energy recovery, and stationary. Each working state is 
elaborated as follows:

(1) Energy release state. The main pump outputs 
energy and drives the left hydraulic pump/motor of 
the HT to rotate through the main valve and shuttle 
valve, while the left hydraulic pump/motor of the HT 
is driven by the output energy from the accumulator. 
As a result, the swing motor and slewing platform be‐
gin to rotate under the synergistic work of the two en‐
ergy sources. To reduce the overflow loss during ac‐
celeration, the pressure on both sides of the swing mo‐
tor is measured in real time and fed back to the con‐
troller. Then, the displacement of the main pump is 
adjusted by the controller, and the output energy of 
the main pump is reasonably matched.

(2) Energy recovery state. When the slewing plat‐
form is in the braking process, the main valve and the 
right flow valve are closed. Immediately, the pressure 
on the right side of the swing motor rises rapidly. 
Then, the hydraulic oil on the right side of the swing 
motor flows into the HT through the directional valve 
Ⅰ and the check valve, driving the HT to rotate contin‐
uously. Controlled by the HT, the braking energy of 
the slewing platform is recovered and stored in the hy‐
draulic accumulator.

(3) Stationary state. When the swing energy re‐
covery is completed, the directional valve II works in 
the neutral position. The hydraulic energy storage unit 
is closed. The main valve is in the neutral position, 
and the slewing platform is in a stationary state.

Fig. 1  Swing systems of excavators: (a) conventional swing 
system; (b) SSEHS
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3 Parameter matching and optimization 

Reasonable parameter matching can optimize the 
dynamic characteristics and improve the energy effi‐
ciency of the energy-saving system. Unlike the con‐
ventional parameter matching methods used in hybrid 
systems, in this section, an IMOPSO algorithm with 
an adaptive grid considering system constraints is es‐
tablished, and the optimization principles and processes 
are explained.

3.1 IMOPSO considering constraints

3.1.1　Fundamental principles and evaluation criterion

The issue of multi-objective optimization can usu‐
ally be described as follows:

min F = [ f1( X )  f2( X )  ... fm( X ) ]
T
 

X = [ ]x1 x2 ... xM

T
 XÎRM

s.t. 

ì

í

î

ïïïï

ïïïï

gφ( )X ≤ 0     φ = 1 2 ... p

hψ( )X = 0     ψ = 1 2 ... q

λ i ≤ xi ≤ γ i      i = 1 2 ... M

(1)

where m, M, p, and q are the number of objective 
functions, state variables, inequality constraints, and 
equality constraints, respectively. λ i and γ i are the 
boundary values of the ith state variable. F ( X )=
[ f1( X )  f2( X )  ... fm( X ) ]

T
 is the m-dimensional ob‐

jective function vector, and gφ( X ) and hψ( X ) are 

the inequality constraint and equality constraint, 
respectively.

For the multi-objective optimization issue illus‐
trated in Eq. (1), the velocity and position of particle X 
after the (k+1)th iteration of multi-objective particle 
swarm optimization (MOPSO) with m-dimensional 
decision variables can be calculated by the following 
equations:

X ( )k + 1 =X ( )k +V ( )k + 1  (2)
V ( )k + 1 =ω( )k V ( )k + c1r1( P ( )k

best -X ( )k )

+c2r2(G
( )k
best -X ( )k ) 

(3)

where ω( )k  denotes the inertia coefficient which varies 
with the number of iterations, c1 is the individual learn‐
ing coefficient, c2 is the social learning coefficient, and 
r1 and r2 are random values uniformly distributed within 
(0, 1). P ( )k

best denotes the individual best historical position 

of each particle after k iterations, and G ( )k
best denotes the 

global best historical position of the entire swarm. 
Note that while a traditional PSO can solve a 

single-objective optimization problem without con‐
straints, it cannot effectively solve a multi-objective op‐
timization problem with system constraints. To address 
this issue, evaluation criteria are designed using the 
Patro dominance theory as follows:

(1) The particles that do not violate the constraints 
are superior to the particles that violate the constraints.

(2) If both particles violate the constraints, the 
particle with a smaller degree of constraint violation 
dominates.

(3) If both particles do not violate the constraints, 
the non-dominated particle is optimal based on the 
Pareto dominance theory.

In the above evaluation criteria, the degree of 
constraint violation of the particle is defined as

Q ( X ) =∑
φ=1

p max ( )0 gφ( )X

Gφ( )X
+∑

ψ=1

q max ( )0 || hψ( )X

Hψ( )X


(4)

where Gφ( X )=max(| gφ( X1 ) |  | gφ( X2 ) |  ...| gφ( XN ) | ) 
and Hψ( X )=max ( )|| hψ( )X1  || hψ( )X2  ... || hψ( )XN  

in which N denotes the number of populations. For 
particles that satisfy the constraints, Q ( X )=0. The 
larger the value of Q ( X )  the farther the particle is 
from the feasible region.

3.1.2　Archive and adaptive grid

The Archive is a collection used to record the in‐
formation of non-dominated particles in the optimiza‐
tion process of the IMOPSO algorithm. An adaptive 
grid construction method is used to obtain the Pareto 
optimal solution and improve the solution convergence 
and diversity of the IMOPSO. The m-dimensional objec‐
tive space composed of m-objective functions is divided 
into K1´K2´...´Km hyperplane grids, and the modulus 
of the ith objective function of each grid is defined as

di =
max fi( )X -min fi( )X

Ki

. (5)

Coding transformation is used to encode the grid 
of the particle, and the grid number of the ith particle 
can be obtained from:
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Ngi =N1 +K1 N2 + ....+Km - 1 Nm (6)

where N1 N2 ... Nm is the number of the ith particle 
in each grid. The particles are in the same grid while 
the grid numbers Ngi of different particles are equal. 
The lower the particle density value, the greater the 
probability of being selected as the global optimal par‐
ticle and the smaller the probability of being deleted, 
so as to improve the diversity and global search ability, 
and avoid the premature phenomenon.

The calculation step flow of the IMOPSO algo‐
rithm with adaptive grid considering system constraints 
is illustrated in Fig. 2.

3.2 Parameter optimization

Within the proposed SSEHS, the HT and accu‐
mulator are the key components that have a signifi‐
cant impact on the efficiency and dynamic characteris‐
tics. Therefore, in this section, the parameters of these 
two important components will be matched and opti‐
mized using the IMOPSO algorithm.

3.2.1　Parameter matching objective

A typical working cycle of an excavator can be 
divided into four stages: excavation, full-load rota‐
tion, unloading, and empty-load rotation, among 
which 90° rotation movement is the most common 
working condition. Therefore, this working condition 

was selected as the standard parameter matching con‐
dition, and the following parameter optimization ob‐
jectives (1)–(3) were formulated:

(1) The input energy required by the main pump 
during the movement of the slewing platform is small, 
and the system has high energy-saving efficiency.

(2) The energy storage unit of the SSEHS has 
high energy storage efficiency.

(3) The energy stored and released by the energy 
storage unit is balanced after a working cycle.

3.2.2　Decision variable selection

The displacements of the HT motor/pump Vh, the 
pre-charge pressure P0, and the corresponding gas vol‐
ume of the accumulator V0 are taken as the decision 
variables of the multi-objective optimization.

X = [ x1 x2 x3 x4 ]
T
= [VhL VhR P0 V0 ]

T
 (7)

where VhL denotes the displacement of the left HT  
motor/pump, and VhR denotes the displacement of the 
right HT motor/pump.

3.2.3　Objective function design

According to Objective 1 set in Section 3.2.1, 
the energy-saving objective function f1( X ) is designed 
as follows:

f1( X ) =Esin -Eacc -E loss         

=
Esk

ηsmηsre

-
x

1
n
3 x4

1 - n (P
n - 1

n
1 -P

n - 1
n

2 )
-

2.5 ´ 10-7( )1 +
ηm x2

x1

P̄d

δ × x1
∫Qmdt

-
8.1 ´ 10-15( )1 -

η2
m x2

2

x2
1

P̄ 2
d

δ × x1
∫Qmdt

-
5.84 ´ 10-2( )δ + 1

2πδ2 x2
1

∫Q2
mdt

-
8.02 ´ 10-4( )δ2 + 1

4π2δ3 x3
1

∫Q3
mdt.

     (8)

Here, the volume loss of HT is not considered. E loss 
is the energy loss caused by the frictional torque, Esk 
is the kinetic energy of the slewing platform, Esin is 
the input energy of the swing motor, and Eacc is the 
energy stored or released when the pressure of the 
accumulator changes from P1 to P2, where P1 is the 
limit of the minimum working pressure, and P2 is the 

Fig. 2  Calculation step of the IMOPSO
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maximum working pressure. ηsm and ηsre are the total 
efficiency of the swing motor and the mechanical effi‐
ciency of the rotary reducer, respectively, and ηm is the 
total mechanical efficiency of the HT. n is the gas iso‐
tropic coefficient. Pd is the pressure in the inlet of the 
fixed displacement pump/motor. P̄d represents the aver‐
age value of Pd, δ is the displacement coefficient of 
the variable displacement pump/motor, and Qm is the 
flow of the swing motor.

According to Objective 2, the objective function 
f2( X ) of the energy density of the energy storage unit 
is designed as follows:

f2( X ) =-
dEacc

dV0

=-
x

1
n
3

1 - n ( )P
n - 1

n
1 -P

n - 1
n

2 . (9)

According to Objective 3, the stability objective 
function f3( X ) of the energy storage unit is designed 
as follows:

f3( X ) =-
Eskηrec

Ep +Eacc

=

-
Eskηrec

( )Pa_max -
ηm x2 P̄d

x1
∫Qmdt +

x
1
n
3 x4

1 - n ( )P
n - 1

n
1 -P

n - 1
n

2



(10)

where Ep is the energy output by the hydraulic pump, 
Pa_max is the maximum pressure inside the connecting 
pipeline between the HT and the swing motor, and ηrec 
is the total efficiency of the swing motor and the rotary 
reducer.

Please refer to electronic supplementary materi‐
als (ESM) for the detailed modeling process.

3.2.4　Constraint determination

Based on a 50-t hydraulic excavator from 
SUNWARD company, some system parameters of 
the swing system are selected as: ηsm = 0.92, ηsre=0.96, 
ηrec=0.88, ηm=0.91, Esk=164.7 kJ, P a_max=27 MPa, P1= 
20 MPa P2=30 MPa, n=1.4, V m=130 mL, Q m_max= 
324 L/min, and ηhL=ηhR=0.93, where ηhL and ηhR are the 
efficiencies of the left motor/pump and right motor/
pump of the HT, respectively. Vm is the displacement of 
the swing motor. Meanwhile, considering the limited 
installation space and the cost of components, the 
displacement of pumps/motors of the HT should be 
limited as:

55 ≤ VhL ≤ 200, 55 ≤ VhR ≤ 200. (11)

To make the HT work in an efficient working 
state, its maximum output torque and speed should 
meet the following requirements:

Pp_max ×VhL

2π
× ηhL +

P2 ×VhR

2π
× ηhR ≥ 2 ×

Pa ×Vm

2π
× ηm  (12)

Qm_max

VhL

≤ 3000 (13)

where Pp_max is the maximum output pressure of the 
main pump.

Additionally, to prolong the life of the energy 
storage unit, the limit of the minimum working pres‐
sure P1, the initial working pressure P0, and the maxi‐
mum working pressure P2 of the accumulator are lim‐
ited as:

0.25P2 <P0 < 0.9P1, λP1 <Pa_max < λP2 (14)

where λ is the transformer ratio of the HT.
Moreover, to improve the energy-saving efficiency 

of the system, the swing braking energy should be re‐
covered as much as possible by the energy storage unit:

0.9Esk ≤ P
1
n
0 V0

1 - n (P
n - 1

n
1 -P

n - 1
n

2 ) ≤ Esk. (15)

Based on the above analysis, the system con‐
straints can be summarized as follows:

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

55 ≤ x1 ≤ 200
55 ≤ x2 ≤ 200
0 ≤ x3 ≤ 34
0 ≤ x4 ≤ 200
0.25P2 < x3 < 0.90P1

(16)

ì

í

î

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

g1( )X = 0.5Pa_max x1 -P1 x2

g2( )X =
x2

x1

P2 -Pa_max

g3( )X = 236.6Pa_max - 0.93Pp_max x1 - 0.93P2 x2

g4( )X = 103
Qm_max

x1

- 3000

g5( )X =
x

1
n
3 x4

1 - n ( )P
n - 1

n
1 -P

n - 1
n

2 -Esk

g6( )X = 0.9Esk -
x

1
n
3 x4

1 - n ( )P
n - 1

n
1 -P

n - 1
n

2 .

(17)
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3.2.5　Optimization results

Selecting the maximum number of iterations as 
Maxgen=1000, the size of the Archive is nArch=100. 
The individual learning coefficient and the social 
learning coefficient are selected as c1=c2=0.3, while 
the maximum and minimum inertia weights are ωmax=
1 and ωmin=0.1, respectively.

According to the calculation steps of the IMOPSO 
shown in Fig. 2, writing an optimization program in 
MATLAB, and performing three operations, the distri‐
bution of the optimization objective function obtained 
is illustrated in Fig. 3. Fig. 3a shows the distribution 
of the initial particle swarms, Fig. 3b shows the 

distributions of the optimized particle swarms after 
1000 iterations, and Fig. 3c shows the particles in the 
Archive. From the optimization results, the initial par‐
ticle swarm is randomly dispersed in the feasible re‐
gion and converges after iteration. Note that a small 
number of particles diverge, which is due mainly to 
the characteristics of the adaptive grid division and the 
particle density evaluation shown in Eqs. (5) and (6). 
Particles with low density are more likely to be se‐
lected as the globally optimal particles, to improve the 
global search ability.

The particle ranges in the Archive are summa‐
rized in Table 1, where min F ( X ) =min( f1+ f2+ f3 ). 

Table 1  Ranges of particles in the Archive after optimization

Item

Minimum

Maximum

minF(X)

Left displacement of HT, 
VhL (mL)

170.8

168.9

170.5

Right displacement of HT, 
VhR (mL)

114.4

115.4

115.1

Pre-charge pressure, 
P0 (MPa)

17.9

18.0

18.0

Gas volume, 
V0 (L)

28.2

28.5

28.4

Fig. 3  Results of three-parameter optimization: (a) initial particle swarm; (b) optimized particle swarm; (c) particles in the Archive
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According to Table 1 and the existing variable pump/
motor specifications, the system parameters are se‐
lected as VhL=165 mL, VhR=125 mL, P0 = 18 MPa, and 
V0 = 28 L.

4 Modeling and simulation 

4.1 Model of the SSEHS

In this section, we describe the semi-simulation 
and semi-experiment research method applied to study 
the proposed energy-saving system. A 50-t hydraulic 
excavator prototype was established (Fig. 4). AMESim 
software is a kind of multidisciplinary platform dedi‐
cated to the modeling, simulation, and analysis of 
complex systems. With an extensive collection of 
model libraries and sophisticated modeling tools, 
AMESim can precisely emulate the intricate physical 
behaviors of complex systems, encompassing fluid 
dynamics, machinery, thermal fluids, and control sys‐
tems. Based on the structure and parameters of the 
physical prototype, a simulation model was constructed 

using AMESim (Fig. 5). To verify the accuracy of 
the constructed simulation model, the physical proto‐
type and simulation model are compared under differ‐
ent swing angle conditions (45°, 90°, and 180°). In 
this process, the pilot control signal of the test proto‐
type is collected and used as the input pilot signal of 
the simulation model. The results of the comparison 
are illustrated in Fig. 6.

Fig. 6 shows the results of a comparison of plat‐
form swing speed and pump pressure between the 

Fig. 4  The 50-t hydraulic excavator prototype

Fig. 5  Simulation model of the SSEHS

145



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(2):138-150

simulation model and the physical prototype under 
the same pilot signal control. By selecting reasonable 
system structure parameters, the working data of the 
simulation model in conventional mode and the mea‐
sured data of the physical prototype were consistent 
in size and trend. This proves the rationality and ac‐
curacy of the constructed simulation model system. 
Meanwhile, it indicates that the energy-saving effi‐
ciency and dynamic characteristics of the SSEHS sys‐
tem can be further studied based on this simulation 
model. To further compare the effectiveness of the im‐
proved MOPSO algorithm proposed in this paper, 
a set of comparative parameters are designed using 
the conventional parameter selection methods: VhL=
180 mL, VhR=90 mL, P0=12 MPa, V0=60 L, and P2=
30 MPa.

4.2 Rule-based control strategy design

The following feedback signals are selected to 
design the rule-based control strategy for the SSEHS: 
the pilot pressure signal P j of the operating handle, 
the pressure Pm on both sides of the swing motor, the 
swing speed ω of the slewing platform, and the pres‐
sure PX of the accumulator, in which P jL and P jR repre‐
sent the left and right turn pilot pressure signals, re‐
spectively, and α and ωc are constant values for the 

control. The rule-based control strategy designed is 
depicted in Fig. 7.

The selection of control parameters directly af‐
fects the energy-saving efficiency and dynamic char‐
acteristics of the SSEHS. A large value of α results in 
a large pilot pressure required to start the slewing plat‐
form when the initial state of the slewing platform is 
stationary. Meanwhile, the value of ωc determines the 
swing speed of the slewing platform when it ends the 
energy recovery state. The working pressures P1 and 
P2 of the hydraulic accumulator are the key parame‐
ters that affect the state switching of the SSEHS. 
Therefore, it is necessary to choose reasonable control 
parameters to obtain a better energy-saving rate under 
the premise of ensuring the slewing dynamics.

4.3 System dynamic analysis

In this subsection, we compare the system dy‐
namic characteristics of three different swing systems: 
the swing system in the conventional mode, the SSEHS 
before parameter optimization, and the SSEHS after 
parameter optimization. Figs. 8 and 9 show the sys‐
tem dynamics of different swing systems.

Under the 90° swing condition, the maximum 
outlet pressure of the main pump in the conventional 
swing system is 27 MPa since the main pump is the 
only energy source. Compared with the conventional 
swing system, the outlet pressure of the main pump in 
the proposed SSEHS is greatly reduced due to the 

Fig. 7  Block diagram of the rule-based control strategy

Fig. 6  Comparison of platform swing speed and pump 
pressure between the simulation model and the physical 
prototype under the same pilot signal control: (a) swing 
speed of slewing platform; (b) pump pressure
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assistance of the auxiliary energy. Before parameter 
optimization, the maximum outlet pressure of the 
main pump in the SSEHS is 14.3 MPa, which reduces 
to 11.5 MPa after parameter optimization. Further‐
more, in the stage of swing acceleration, the speed 
trend and size of the slewing platform of the three dif‐
ferent systems are the same (Fig. 9), which proves 
that the proposed SSEHS can effectively reduce the 
output power of the main pump without affecting the 
swing acceleration performance. In addition, in the 
swing braking phase, the braking time of the SSEHS 
is about 0.6 s longer than that of the conventional 
swing system. This is because the maximum swing 
speed of SSEHS is higher than that of the convention‐
al swing system. Meanwhile, the braking pressure of 
the SSEHS during energy recovery is slightly lower 
than the set overflow pressure to avoid energy loss 
caused by braking overflow.

As shown in Fig. 10, the hydraulic accumulator 
pressure remains consistent after each acceleration-
braking working cycle of the SSEHS, indicating that 
the energy released and recovered by the energy stor‐
age unit is balanced. Due to the smaller designed vol‐
ume of the accumulator after parameter optimization, 
the range in pressure of the accumulator is larger 
than that before parameter optimization during the 

acceleration process, dropping from the initial 30 to 
20 MPa. However, compared with the SSEHS before 
parameter optimization, the overflow loss of the sys‐
tem after parameter optimization is smaller.

4.4 Energy-saving efficiency analysis

Figs. 11–13 show the energy consumption and 
energy loss of different swing systems. From the data 
shown in Fig. 11, the output energy of the main pump 
in the conventional swing system is 1284.0 kJ when 
six slew acceleration-braking motion cycles are com‐
pleted, of which the output energy in a single cycle is 
214.0 kJ. For the SSEHS before parameter optimiza‐
tion, the output energy of the main pump is 625.6 kJ, 
and the output energy in a single motion cycle is 
104.2 kJ. Moreover, from Fig. 11, the single-cycle 

Fig. 10  Accumulator pressure (PX) and overflow loss (QX) 
before and after parameter optimizationFig. 8  Comparison of main pump outlet pressure of different 

systems

Fig. 9  Comparison of swing speeds of different systems

Fig. 12  Overflow energy loss of different systems

Fig. 11  Energy output of the main pumps of different systems
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output energy of the main pump in the SSEHS with 
optimized parameters is 78.4 kJ, which reduces the en‐
ergy consumption by about 135.6 kJ compared to the 
conventional swing system and 25.8 kJ compared to 
the SSEHS without parameter optimization.

For the conventional swing system, the overflow 
loss during the acceleration-braking process of the 
slewing platform is a significant factor leading to low 
energy utilization. As can be seen from Fig. 12, the 
overflow energy loss of the conventional swing sys‐
tem in a single slew cycle is about 182 kJ, and the total 
energy loss is up to 1094 kJ for six slew motion cy‐
cles. With the help of the pressure adjustment of the 
HT and the energy storage unit, the total overflow loss 
of the swing system decreases to 416.6 kJ and further 
decreases to 237.7 kJ after parameter optimization. 
The energy change of the accumulator is shown in 
Fig. 13, where the initial storage energy of the accu‐
mulator is set to be the same for the convenience of 
comparative analysis. In a single rotation cycle, the en‐
ergy change of the accumulator in the SSEHS before 
and after parameter optimization is 102 and 145 kJ, 
respectively. In contrast, the energy recovery and utili‐
zation rate of the energy storage unit after parameter 
optimization is higher.

5 Comparison and discussion 

As shown in Figs. 8–10, in terms of the rotational 
dynamic performance, the proposed SSEHS can ef‐
fectively reduce the pump output pressure in the ac‐
celeration process with the help of the energy storage 
unit while ensuring dynamic performance. The output 
pressure of the main pump of the optimized SSEHS is 
24.4% lower than that of the SSEHS without optimi‐
zation, and 57.4% lower than that of the conventional 

swing system. Additionally, after optimization, the 
overflow loss of the SSEHS is reduced, indicating that 
more swing braking energy is recovered by the energy 
storage unit, which confirms the benefits of the pa‐
rameter optimization method. In terms of swing energy 
consumption, the proposed SSEHS achieves the re‐
covery and reuse of swing braking energy.

As shown in Figs. 11 and 12, during a 90° rota‐
tion acceleration-braking cycle, the conventional swing 
system consumes 214 kJ of energy. In contrast, by re‐
covering and reusing the swing braking energy, the 
slewing platform equipped with SSEHS consumes 
only 104 kJ. Furthermore, after optimizing the SSEHS, 
the slewing platform consumes only 78.4 kJ, which 
reduces the energy consumption by about 63.6% and 
13.2% compared with the conventional swing system 
and the SSEHS without optimization, respectively. 
Meanwhile, the optimized SSEHS achieves a 78.3% 
reduction in overflow energy loss with the assistance 
of the energy storage unit. Overflow energy is often 
dissipated in the form of heat, and the SSEHS reduc‐
es the loss of overflow energy, which is beneficial for 
reducing the heat generation of the system and im‐
proving reliability.

6 Conclusions 

In this study, a novel SSEHS was designed to re‐
alize energy consumption reduction of excavators with 
large inertia slewing platforms. An IMOPSO is pro‐
posed to optimize key parameters of the SSEHS. Based 
on a 50-t excavator prototype, an AMESim model 
with a rule-based control strategy was established. The 
semi-simulation and semi-experiment results showed 
that during a 90° rotation acceleration-braking cycle, 
the output pressure of the main pump in the opti‐
mized SSEHS was reduced to 11.5 MPa, while it 
was 14.3 MPa in the SSEHS without optimization 
and 27 MPa in the conventional system. Moreover, en‐
ergy consumption could be reduced by about 51.4% 
in the SSEHS compared with the conventional swing 
system, and the energy-saving efficiency was improved 
by another 13.2% after parameter optimization. Addi‐
tionally, the optimized SSEHS effectively reduced the 
overflow energy loss by 78.3% compared to the con‐
ventional swing system.

The designed SSEHS is also suitable for construc‐
tion machinery with large inertia slewing platforms, 

Fig. 13  Energy changes of accumulators before and after 
parameter optimization
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such as rotary drilling rigs and cranes, and the pro‐
posed IMOPSO algorithm can be used for parameter 
matching and optimization of hydraulic hybrid sys‐
tems. In future work, the optimization-based control 
strategy will be investigated, and the effectiveness of 
the proposed swing energy-saving system will be fur‐
ther confirmed by experiment.
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