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A B S T R A C T   

An electro-hydraulic servo pump control system (hereinafter referred to as EHSPCS) is a volume 
servo control unit that is highly integrated with servo motors, fixed-displacement pumps, hy
draulic cylinders and functional valve groups. Because of its unique volume direct-drive control 
mode, the dynamic performance of the system is limited, and the thermal power loss is large, 
which seriously restricts the improvement of the working quality of the system. To improve the 
dynamic performance of the system and reduce the thermal power loss to the maximum extent, a 
multi-objective optimization design method for the EHSPCS is proposed by comprehensively 
considering the dynamic and efficient energy-saving characteristics of the system. The evaluation 
model of the dynamic period of the hydraulic cylinder and the thermal power loss of the servo 
motor are given. Parameters such as the electromagnetic torque of the servo motor, displacement 
of the hydraulic pump, and working area of the hydraulic cylinder are intelligently optimized by a 
non-dominated sorting genetic algorithm with elite strategy (NSGA-II). The Pareto front of multi- 
objective optimization and the corresponding Pareto solution set are obtained; thus, the optimal 
matching of the system characteristics is realized. Finally, the relevant theory of the multi- 
objective optimization algorithm is applied to optimize the performance parameters of the hy
draulic servo motor, and the prototype is tested in engineering. The experimental results show 
that the dynamic period of the hydraulic servo motor is accelerated after optimization, and the 
thermal power loss is significantly reduced. The dynamic and efficient energy-saving character
istics of the system are improved, which further verifies the feasibility of the proposed theory.   

1. Introduction 

An EHSPCS has the advantages of efficient energy-saving and high power-weight ratio [1,2]. It is widely used in high-precision 
control fields, such as aircraft rudder control [3], hydraulic excavator arm drive systems [4], and wind variable propeller control 
[5]. However, owing to the large inertia of the servo motor and fixed-displacement pump, and the time delay of the volume servo speed 
regulation response, the static accuracy of the system is not high and the dynamic performance is limited. Simultaneously, owing to the 
high integration of the EHSPCS, the heat dissipation capacity of the system is weak, and the thermal power loss is serious. Therefore 
efficient energy-saving and dynamic characteristics are key indicators for measuring the performance of the EHSPCS. However, these 
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two indicators often contradict each other and have a complex nonlinear relationship with the design parameters, which is a 
multi-objective optimization problem. It is necessary to consider how to calculate it eclectically to optimize the comprehensive per
formance of the system. So it is of great significance to study the optimal matching of the EHSPCS performance indicators. 

An EHSPCS is a complex system with multiple variables, strong coupling, and nonlinearity. Aiming at the research on the dynamic 
characteristics of the system, Li [6] studied and analyzed the influence of motor output torque and other factors on the dynamic 
characteristics of the system, and adopted relevant control strategies to improve the dynamic characteristics of the EHSPCS. Lee [7,8] 
proposed a new type of EHSPCS that solved the problem of flow asymmetry through redundant actuators and then improved the 
dynamic characteristics of the system. Based on the internal control mechanism of the EHSPCS, Jiang [9] analyzed the dynamic 
response characteristics of the current loop, velocity loop, position loop and pressure loop of the system, the research results showed 
that the position/force control of the system can obtain good dynamic response and steady-state accuracy after the parameters are 
determined on the basis of the dynamic analysis of the control loop. In order to solve the motor heating problem of EHSPCS electric 
power steering system and the contradiction between high dynamics and high efficiency, Huang [10] proposed a new active load 
sensing principle and structure of electric power steering system based on the principle of load sensing. While effectively reducing the 
heating of the motor, it ensures the dynamic performance of the system. Aiming at the research on the efficient energy-saving 
characteristics of the thermal power loss of the system, the relevant scholars [11–13] analyzed the heat transfer and heat dissipa
tion mechanism of the EHSPCS, established the corresponding thermodynamic model, and studied the thermal power loss law of the 
components; Qu [14] proposed an efficient solution of a linear drive EHSPCS, which can improve the energy-saving performance of the 
system by energy regeneration and recovery beyond the load. McCullough [15] analyzed the temperature rise caused by energy loss 
and summarized the influence of oil temperature on the leakage coefficient, damping coefficient, and other important parameters of 
the system. 

With regard to multi-objective optimization, researchers have used artificial neural networks [16] and Kriging approximate model 
technology [17] and so on to construct approximate models. The particle swarm optimization algorithm (PSO) [18], butterfly algo
rithm [19], simulated annealing algorithm (SA) [20], and non-dominant sorting genetic algorithm with elite strategy (NSGA-II) [21, 
22] were used to optimize the parameters of related systems. Subsequently, the analytic hierarchy process (AHP) [23], TOPSIS entropy 
weight [24], and other comprehensive decision-making methods were applied to set the weight between multiple objectives and select 
the optimal design scheme. Finally, experiments and simulation platforms were built to verify the multi-objective optimization results. 

The above research has carried out relevant survey and analysis on the dynamic characteristics, thermal power characteristics and 
other inherent characteristics of the EHSPCS and the multi-objective optimization matching of the system. Compared with the existing 
methods in the literature, the main research contents and innovations of this paper are as follows: 

Fig. 1. Working principle of the EHSPCS.  
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1) Aiming at the dynamic and efficient energy-saving characteristics of the EHSPCS, an evaluation model for the dynamic and thermal 
power characteristics of key components of the system is established. The optimized quantitative indicators are refined to lay the 
foundation for multi-objective optimization of the EHSPCS.  

2) Taking the dynamic cycle of the hydraulic cylinder and the thermal power loss of the servo motor as the objective function, the 
parameters such as the electromagnetic torque of the servo motor, the displacement of the hydraulic pump, and the working area of 
the hydraulic cylinder are intelligent optimized by using the non-dominated sorting genetic algorithm with elitist strategy (NSGA- 
II). The Pareto frontier of multi-objective optimization and the corresponding Pareto solution set are obtained, and realize the 
optimal matching of dynamic and efficient energy-saving characteristics.  

3) The relevant theory of multi-objective optimization algorithm is formed into the key technology, applied to the optimization of the 
performance parameters of the hydraulic servo motor. The engineering test of the prototype is carried out to provide a theoretical 
basis and guidance for the design and optimization of the EHSPCS. 

2. Working principle of the EHSPCS 

The EHSPCS adopts a servo motor-fixed displacement pump-hydraulic cylinder volume control scheme. The servo motor coaxially 
drives the fixed-displacement pump, and the suction and discharge ports of the pump are directly connected to the two load ports of the 
hydraulic cylinder. The accumulator cooperates with one-way valves to realize the oil-filling function of the system. The relief valves 
realize overload protection of the system pressure. The displacement and pressure signals from the hydraulic cylinder are collected and 
compared with the input signals by the controller, and speed and torque instructions are outputted to the servo motor. Thus the high- 
precision control of the displacement and force is realized. The composition and working principles of the EHSPCS are shown in Fig. 1. 

3. Analysis of high efficiency and high dynamic characteristics of the EHSPCS 

The dynamic period and thermal power loss of the system are analyzed according to the dynamic and efficient energy-saving 
characteristics of the EHSPCS. Then, the optimized quantitative indices are extracted, which lays the foundation for multi-objective 
optimization and coordinated matching of the system. 

3.1. Analysis of dynamic characteristics 

In the working process of the EHSPCS, it is assumed that the hydraulic cylinder and the load work in the high-frequency dynamic 
running state to study its dynamic characteristics. The sinusoidal tracking performance is selected to analyze the dynamic charac
teristics of the system. The displacement curve of the hydraulic cylinder is expressed as Eq. (1): 

xp = b sin(2πft) (1)  

where b is the sinusoidal signal amplitude, f is the sinusoidal signal operating frequency, and t is the movement time of the hydraulic 
cylinder. 

Further, the running speed of the hydraulic cylinder can be represented as Eq. (2): 

vp =
dxp

dt
= 2πfbγ cos(2πft) (2)  

where γ is the attenuation ratio of the amplitude value of the hydraulic cylinder. 
The load characteristics of the EHSPCS vary in real time. If the actual load is equivalent to the combination of the inertial, viscous 

damping load, and elastic loads, the actual workload can be shown as Eq. (3): 

Fq =mẍp +Bpẋp +Kxp

=
(
K − mω2)b sin ωt+Bpωbγ cos ωt

(3)  

where m denotes the load quality, K denotes the stiffness of the load spring, Bp denotes the viscous damping coefficient, and ω denotes 
the angular velocity of the sine signal. 

The system workload is converted to servomotor torque, and the equivalent load torque is expressed as Eq. (4): 

TL =
DpFq

Ap
(4)  

where Dp is the hydraulic pump displacement and Ap is the working area of the hydraulic cylinder. 
Because the viscous damping coefficient is small and negligible, the equivalent load torque can be presented as Eq. (5): 

TL =
Dp

Ap

(
K − mω2)b sin ωt (5) 

In this motion mode, the liquid flow required for the movement of the hydraulic cylinder is shown in Eq. (6): 
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QL = vpAp = 2πfbApγ cos(2πft) (6) 

Ignoring the influence of system leakage and oil compression characteristics, the angular and rotational speeds of the corre
sponding servo motor can be expressed as Eq. (7): 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ωm =
Q1

Dp
=

2πfbApγ
Dp

cos(2πft)

nm =
60ωm

2π =
60fbApγ

Dp
cos(2πft)

(7) 

Furthermore, the corresponding angular acceleration and acceleration torque of the servo motor are presented as Eq. (8): 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

αm =
dωm

dt
=

(2πf )2bApγ
Dp

sin(2πft)

Tm = Jmpαm =
Jmp(2πf )2bApγ

Dp
sin(2πft)

(8)  

where Jmp is the rotor inertia of motor pump group. 
From Eqs. (5) and (8), it is known that the working torque of the servo motor is represented as Eq. (9): 

Te =TL + Tm =

[
Dp

Ap

(
K − mω2)b+

Jmpω2bApγ
Dp

]

sin ωt (9) 

Set the hydraulic speed ratio as Eq. (10): 

λ=
Dp

Ap
(10) 

Then Eq. (10) can be written as Eq. (11): 

Te = λb
(
K − mω2)sin ωt −

Jmpω2bγ
λ

sin ωt=
[

λb
(
K − mω2) −

Jmpω2bγ
λ

]

sin ωt (11) 

The load curve of the servo motor is shown in Eq. (12): 
⎛

⎜
⎜
⎝

Te

λb
[
K − m(2πf )2]

−
Jmp(2πf )2bγ

λ

⎞

⎟
⎟
⎠

2

+

(
nmDp

60fbApγ

)2

= 1 (12) 

From Eq. (12), the dynamic frequency expression of the system can be obtained as Eq. (13): 

f =
1

2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Te − λbK

Jmpbγ
λ + λbm

√

(13) 

Then the dynamic periodic expression of the system is expressed as Eq. (14): 

T =
1
f
= 2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Jmpbγ

λ + λbm
Te − λbK

√

(14) 

The dynamic period of the system is selected as its dynamic performance index, as shown in Eq. (14). The factors that affect the 
dynamic characteristics of the system include the electromagnetic torque of the servo motor, hydraulic speed ratio (hydraulic pump 
displacement, hydraulic cylinder area), rotor inertia of the motor pump group, load spring stiffness, and load mass. The specific re
lationships are as follows.  

1) The electromagnetic torque of the servo motor is positively correlated with the dynamic characteristics of the system; 
2) The rotor inertia, load spring stiffness and load mass of the motor pump group are negatively correlated with the dynamic char

acteristics of the system;  
3) The hydraulic speed ratio (hydraulic pump displacement, hydraulic cylinder area) has a complex nonlinear relationship with 

dynamic characteristics. 

3.2. Analysis of efficient energy-saving characteristics 

The core of efficient energy-saving of the EHSPCS is reducing the energy loss and improving the working efficiency. The servo 
motor is key to the power loss of the system. During the working process, the power loss of the servo motor is dissipated in the form of 
thermal energy, which not only causes a large amount of energy loss but also reduces the service life of the motor and affects its 
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dynamic output capacity. 
The thermal power loss of the servo motor is selected as the index of efficient energy-saving characteristics, which reflects the 

overall energy loss of the system through the thermal power loss of the servo motor and then indirectly reflects the efficient energy- 
saving characteristics of the system. 

The thermal power loss of servo motor can be expressed as Eq. (15): 

Ploss =mI2R+ krCmρω3r4l +
(
kcf 2B2

m + khfBβ
m + kef 1.5B1.5

m

)
(15) 

To facilitate the analysis of the thermal power loss, Eq. (15) is transformed into Eq. (16): 

Ploss = k1I2 + k2ωm + k3ω2
m + k4ω3

m (16) 

As can be seen from Eq. (16), starting from the working physical parameters of the servo motor, the thermal power loss of the servo 
motor mainly depends on the working current and motor speed. The working current and motor speed are associated with the system 
working parameters in section 3.1, which can be shown in Eq. (17): 

⎧
⎪⎪⎨

⎪⎪⎩

I =
Te

Kt

ωm =
2πfbγ

λ
cos(2πft)

(17)  

where Kt is the conversion coefficient of phase current and electromagnetic torque. 
From Eqs. (16) and (17), it can be seen that the factors of efficient energy-saving characteristics include servo motor electro

magnetic torque, hydraulic speed ratio (hydraulic pump displacement, hydraulic cylinder area), system working frequency and so on. 
The electromagnetic torque of the servo motor and the working frequency are positively correlated with the power loss, which 
weakens the efficient and energy-saving characteristics; the hydraulic speed ratio is negatively correlated with the power loss, which 
improves the efficiency energy-saving characteristics. 

According to the analysis of the system dynamic and efficient energy-saving characteristics in sections 3.1 and 3.2, the constraints 
of electromagnetic torque of the servo motor, hydraulic speed ratio (hydraulic pump displacement, hydraulic cylinder area) and other 
components are often contradictory. Good dynamic characteristics require a higher electromagnetic torque of the servo motor to 
improve the dynamic output capacity. However, a higher electromagnetic torque increases the working current and aggravates the 
thermal power loss of the servo motor, thus affecting the efficient energy-saving characteristics. Therefore, the component parameters 
are difficult to meet the requirements of dynamic characteristics and efficiency energy-saving characteristics at the same time, so it is 
necessary to carry out multi-objective optimization and coordinated matching between them. 

4. Multi-objective optimization mathematical model of EHSPCS 

The flowchart of the multi-objective optimization method for the EHSPCS is shown in Fig. 2. The optimization process can be 
divided into three phases: modeling, multi-objective optimization, and experimental verification. 

Multi-objective optimization of the performance indices is carried out by MATLAB. Firstly, the physical model of the design 

Fig. 2. The flow chart of the multi-objective optimization design of EHSPCS.  
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problem can be transformed into a mathematical model, which includes three aspects: the objective function, decision variables, and 
constraints. The decision variable is the independent variable and the objective function is the dependent variable. Simultaneously, the 
objective function expresses the relationship between the optimal index and decision variable, and the constraint condition expresses 
the range of the decision variable and objective function. The following mathematical expression is used to describe multi-objective 
optimization. 

Decision variables can be expressed as Eq. (18): 

x=(x1 + x2 + ...+ xn)
T (18) 

Objective function is shown in Eq. (19): 

min y(x) x ∈ Rn (19) 

Constraint condition is presented as Eq. (20): 
{

pi(x) ≥ 0 i = 1, 2, 3, ...,m
qi(x) = 0 i = 1, 2, 3, ..., k (20)  

4.1. Objective function 

The objective of multi-objective optimization design is to determine the optimal solution from the feasible region. Combined with 
the efficient energy-saving and dynamic characteristics of the EHSPCS, and the principle of selecting the smaller the better in the multi- 
objective optimization, the dynamic period of the hydraulic cylinder and the thermal power loss of the servo motor are selected as the 
objective functions. Then, the goal of the minimum period and minimum loss is achieved as Eq. (21): 

{
y1 = T
y2 = Ploss

(21)  

4.2. Decision variables 

From the above analysis, it can be seen that the dynamic and efficient energy-saving characteristics of the system are closely related 
to the electromagnetic torque of the servo motor, displacement of the hydraulic pump, and working area of the hydraulic cylinder. To 
achieve the best match between these two characteristics, the working torque of the servo motor, displacement of the hydraulic pump, 
and working area of the hydraulic cylinder are selected as decision variables. The rotor inertia of the motor pump group, load spring 
stiffness, load quality and amplitude of the sinusoidal signal of the hydraulic cylinder are selected as the basic constants. 

Based on the physical parameters of the hydraulic servo motor, and considering the correlation and constraints among them, the 
values (range) of the decision variables and basic constants are listed in Table 1. 

4.3. Constraint condition 

In order to ensure the feasibility of the optimization results, when optimizing the performance of the system, it is necessary to limit 
the basic physical parameters of the system according to the actual working conditions and set constraints. 

Considering the pressure strength design of hydraulic components, the load pressure pL of the system is between 2–210 bar. Ac
cording to the rated speed range of servo motor, the working speed ωm of servo motor is between 0–2500 r/min. Considering the 
maximum linear speed limit of cylinder seal, the running speed vp of hydraulic cylinder is between 0 and 6 m/s. 

4.4. Optimal matching mathematical model 

Considering the characteristics of dynamic and efficient energy-saving, the multi-objective optimization matching mathematical 
model of the system is described as Eq. (22): 

Table 1 
Value table of decision variables and basic constants.  

Physical quantity Symbol Value (range) 

Decision variable Electromagnetic torque of servo motor (N⋅m) Te [2,47] 
Hydraulic pump displacement (mL/r) Dp [0.4,11] 
Working area of hydraulic cylinder (cm2) Ap [56,167.85] 

Basic constant Rotor inertia of motor pump group (kg⋅cm2) Jmp 20 
Load spring Stiffness (N/m) K 5 × 104 

Load quality (kg) m 50 
Amplitude of sine signal of hydraulic cylinder (m) b 0.01  
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find x =
[
Te,Dp,Ap

]T

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

min
{

T
(
Te,Dp,Ap

)
,Ploss

(
Te,Dp,Ap

)}

s.t. 2 ≤ Te ≤ 47

0.4 ≤ Dp ≤ 11

56 ≤ Ap ≤ 167.85

2 ≤ pL ≤ 210

0 ≤ ωm ≤ 2500

0 ≤ vp ≤ 6

(22)  

5. Non-dominated sorting genetic algorithm based on the elite strategy 

In this paper, the dynamic period T of the hydraulic cylinder and the total loss of thermal power Ploss are selected as the objective 
functions. The objective functions are mutually restricted by decision variables. The optimization of one objective must be at the cost of 
reducing the characteristics of another objective, which belongs to the multi-objective optimization problem. The solution to a multi- 
objective optimization problem is not a single solution, but an optimal set called the Pareto solution set. The optimization problem in 
this paper is designed for EHSPCS, which is a continuous problem. The non-dominated sorting genetic algorithm based on elitist 
strategy (NSGA-II) is suitable for the optimization of continuous problems, and has the advantages of fast running speed and good 
convergence. Based on the selection of the optimization variables, the non-dominant sorting genetic algorithm based on the elite 
strategy (NSGA-II) introduces fast non-dominant sorting, elite retention, and congestion comparison methods. It significantly improves 
the convergence speed of the iteration, reduces the computational complexity, and ensures the diversity of the population [25,26]. The 
principle of the NSGA-II genetic algorithm is shown in Fig. 3, and its basic steps are as follows. 

Step 1: According to the different values of the optimization variables, the initial sample population Pt (t = 0) with size N is 
randomly generated. The fitness value of each individual (the indices of dynamic and efficient energy-saving characteristics) is 
calculated. 
Step 2: Fast non-dominant ranking of the sample population is performed. The non-dominant solution set is selected from the 
sample population, and Level 1 is assigned; subsequently, these individuals are removed from the population. A new non-dominant 
solution set is selected from the remaining individuals and assigned to Level 2. All the individuals in the population are ranked in 
the same manner. The crowding distance of individuals at the same level is calculated. The crowding distance definition of indi
vidual i is shown in Fig. 4, and the calculation method is expressed as Eq. (23) [27]: 

di =
∑k

j=1

⃒
⃒
⃒
⃒
⃒

f i+1
j − f i− 1

j

f max
j − f min

j

⃒
⃒
⃒
⃒
⃒

(23)  

where di is the crowding distance of the individual, k is the number of objective functions, f i+1
j is the value of the j objective function of 

individual i + 1, f i− 1
j is the value of the j objective function of individual i-1, fmax

j is the maximum value of objective function j, and fmin
j 

is the minimum value of objective function j. 

Step 3: Through binary tournament selection, crossover, and mutation operations on the sample population, the subsample pop
ulation Qt (t = 0) is obtained. 
Step 4: By combining the sample population Pt and Qt, the sample population Rt with size 2 N is obtained, the sample population Rt 
is ranked, and the non-dominant solution set (F1, F2, F3, …) is obtained. The crowding distance for every individual is calculated. 

Fig. 3. Schematic diagram of NSGA-II algorithm.  
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Step 5: According to the hierarchy and crowding distance, the optimal N individuals are selected to form a new sample population 
Pt+1. When selecting, priority is given to individuals at lower levels, and individuals with large crowding distance are selected for 
individuals at the same level. 
Step 6: The selection, crossover and mutation operations are performed on the sample population Pt+1 to produce a new subsample 
population Qt+1 of size N. 
Step 7: If the termination criteria are met, the iteration ends; otherwise, go to Step 4 to continue the execution. 

6. Optimization result and analysis 

Based on the high-efficiency and high-dynamic evaluation model of the EHSPCS, the objective function and decision variables of 
NSGA-II algorithm are compiled by MATLAB. The number of populations is set to 100, and the number of iterations is 10,000. After the 
optimization and iterative calculation, the Pareto front of the multi-objective optimal matching of the pump control system is obtained, 
as shown in Fig. 5a. The multi-objective particle swarm algorithm (MPSO) has a good global search capability and is widely used in the 
optimization of engineering machinery. The Pareto front are obtained after 10,000 iterations of optimization using NSGA-II and MPSO, 
which is shown in Fig. 5b. From Fig. 5b, it can be found that the optimization effect of NSGA-II is better than MPSO overall in this case. 
The design solution will be selected from the Pareto front obtained by NSGA-II. 

From the Pareto front of the multi-objective optimization of the system, it can be found that the range of the dynamic period (s) of 
the hydraulic cylinder is [0.314, 0.748], and the range of power loss (W) of the servo motor is [21.6, 665.0]. The values of these two 
objective functions cannot be optimized simultaneously, one objective function is optimized at the expense of the other. Therefore, the 
required ‘optimal solution’ can be determined according to the optimization preference of the actual working conditions of the system. 
For example, in engineering, we usually prioritized to put forward the dynamic characteristic requirements of the system from the 
perspective of high-performance control and then determine the dynamic cycle index. Finally, we obtain the corresponding optimal 
solution in the Pareto front. The distribution of each decision variable in the multi-objective optimization Pareto solution set is shown 
in Fig. 6. 

Fig. 6 shows the distribution of decision variables corresponding to the Pareto frontier. As shown in Fig. 6a, the range of elec
tromagnetic torque (N⋅m) in the Pareto solution set is [7.5, 47.5], in which there are more particles in the interval [7.5, 12.5], and the 
number of particles decreases with the increase in torque. As shown in Fig. 6b, the displacement (mL/r) of the hydraulic pump is 
mainly concentrated between [6.25, 6.5]. As shown in Fig. 6c, the value of the working area (cm2) of the hydraulic cylinder is mainly 
distributed between [55, 60]. 

The hypervolume index (HV) is selected to evaluate the multi-objective optimization results of the system. HV characterizes the 
hypervolume surrounded by the points in population Pt and reference point set Rt. The higher the HV value, the better the convergence 
and distribution of the algorithm and the higher the comprehensive performance. The corresponding HV values obtained in this study 
are shown in Fig. 7. 

As shown in Fig. 7, after 4000 iterations, the HV index reaches 95%, indicating that the NSGA-II optimization algorithm proposed in 
this study has good comprehensive performance in the process of optimizing the system dynamic and efficient energy-saving 
characteristics. 

7. Application and experimental verification of multi-objective optimization result 

The related theory of multi-objective optimal matching of the EHSPCS is developed and applied to the optimal matching of dynamic 
and efficient energy-saving characteristics of hydraulic servo motors. A test platform of the hydraulic servo motor is built, and the 
prototype is tested in engineering to verify the feasibility and effectiveness of the proposed theory. 

Fig. 4. Method of crowding distance determination.  

M. Yang et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e13805

9

7.1. Overview of the hydraulic servo motor 

The hydraulic servo motor is a hydraulic actuator formed by an EHSPCS. As an important component of the steam turbine unit, it 
changes the air intake of high-pressure steam by adjusting the steam intake valve and then regulates the power of the unit. It plays a 

Fig. 5. Pareto front of multi-objective optimization.  

Fig. 6. Pareto front of optimization results of EHSPCS.  
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vital role in improving the working performance of the unit. In this study, a hydraulic servo motor is used as an experimental platform 
to verify the proposed theory. 

7.2. Multi-objective optimization of performance parameters of the hydraulic servo motor 

It is known that the initial values of the structural parameters of the hydraulic servo motor are Te = 25 N m, Dp = 10 mL/r and Ap =

105 cm2, substituting Eqs. (14) and (16), the calculated result in the Pareto front is shown in Fig. 8. It is obvious that the point is not on 
the Pareto front, the initial value does not belong to the optimal solution. The dynamic and efficient energy-saving characteristics need 
to be further optimized. 

By optimizing the relevant parameters of the electromagnetic torque Te, hydraulic pump displacement Dp, and hydraulic cylinder 
working area Ap, the working point of the system is within the optimal solution range of the Pareto front. According to the re
quirements of the hydraulic servo motor control process, priority should be given to the dynamic characteristic requirements of the 
system (considered as 2 Hz) to ensure the dynamic response ability. Select (0.48, 148) in the Pareto frontier as the optimal design 
scheme for the hydraulic servo motor. Further considering the existing product specifications such as servo motors and quantitative 
pumps, the parameters of the corresponding optimized hydraulic servo motor are shown in Table 2. 

Based on the above solution set, the technical requirements of the hydraulic servo motor in Table 3 are checked. The output of the 
hydraulic cylinder and motor drive meet the technical requirements, and the optimized solution meets the process requirements. 

7.3. Build the test platform of hydraulic servo motor 

A hydraulic servo motor test platform is set up. A typical sinusoidal signal is selected as the speed instruction of the servo motor so 
that the hydraulic cylinder and load are dynamically output. The measured values are compared with the theoretical values of multi- 
objective optimization to verify the effectiveness and feasibility of the proposed multi-objective method. The overall test platform is 
illustrated in Fig. 9. The servo motor, fixed-displacement pump, hydraulic valves, and sensors are integrated into the hydraulic cyl
inder through a functional valve block. The hydraulic cylinder is connected to a mechanical spring through the control seat. The 

Fig. 7. HV evaluation index of multi-objective optimization.  

Fig. 8. Initial value of hydraulic servo motor.  
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electric control cabinet integrates important electrical components such as the shaft controller, servo driver, and isolation module. The 
technical specifications of the hydraulic servo motor are shown in Table 4. 

The sine signal instruction is given to the servo motor, the experimental curves of dynamic characteristics and efficient energy- 
saving characteristics of the hydraulic servo motor are shown in Fig. 10. During the dynamic output process of the system, the hy
draulic cylinder is dynamically adjusted with the servo motor speed instruction. The dynamic cycle of the hydraulic cylinder is 0.56s 
and the average thermal power loss of servo motor is about 245.6 W, which is basically consistent with the theoretical calculation 
value. After using the multi-objective optimization matching method, the dynamic cycle of the hydraulic cylinder can reach 0.5s and 
the optimization ratio can reach 10.7%, the average thermal power loss of the servo motor is about 150.4 W and the optimization ratio 
can reach 38.8%. It is consistent with the simulation value (the dynamic cycle of the hydraulic cylinder is 0.48s and the thermal power 
loss of the servo motor is 148 W). The feasibility and effectiveness of the optimization matching theory of dynamic characteristics and 
efficient energy-saving characteristics are further verified. 

8. Conclusion 

The multi-objective optimal matching of the EHSPCS dynamic and efficient energy-saving characteristics is investigated in this 
study. The important performance parameters of the EHSPCS are analyzed. The electromagnetic torque of the servo motor, 
displacement of the hydraulic pump, and working area of the hydraulic cylinder are selected as the decision variables. The dynamic 
period of the hydraulic cylinder and total loss of the servo motor are selected as the objective functions. A multi-objective optimization 
strategy based on the NSGA-II genetic algorithm is proposed, the multi-objective optimization Pareto front and Pareto solution set are 
obtained. The optimal design scheme of the EHSPCS is gained. Optimal matching of the system dynamic and efficient energy-saving 
characteristics is received. The multi-objective optimization results are also applied successfully to the coordinated matching of the 
hydraulic servo motor performance parameters. Theoretical analysis and experimental tests show that the dynamic period after 
optimization is increased by 10.7%, and the thermal power loss is reduced by 38.8%. This study provides a theoretical and technical 
foundation for the performance optimization of the EHSPCS. 
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Table 2 
Optimal design decision variables and objective function of hydraulic servo motor.  

Objective function Decision variable 

Ploss (W) T (s) Te (N⋅m) Dp (mL/r) Ap (cm2) 
148 0.48 23.5 6.3 72  

Table 3 
Technical index requirements of hydraulic servo motor.  

Serial number Name Parameters Unit 

1 Rated working pressure 14 MPa 
2 Cylinder output 150 kN 
3 Work schedule 65 mm 
4 Pre-loading 49.4 kN 
5 Rated load 75 kN 
6 Position control accuracy ±0.05 mm 
7 Working medium Phosphate ester fire resistant oil /  
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Fig. 9. The test platform of hydraulic servo motor.  

Table 4 
Technical specifications and parameters of hydraulic servo motor.  

Serial number Element Name Parameter 

1 Servo Motor Model HP11321-G202A 
Rated torque 23.5 N⋅m 
Rated speed 3000r/min 

2 Hydraulic pump Model TFH-630-U-PCV-F 
Displacement 6.3mL/r 
Rated working pressure 210 bar 

3 Hydraulic cylinder Model Ф125/Ф80mm 
Stroke 70 mm 
Working area 72 cm2  

Fig. 10. Experimental comparison curve of the hydraulic servo motor.  
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