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1. Introduction 

With the increasing fuel cost in recent years, elec-

tricity as a renewable energy source has a lower price. 

Therefore, purely electric-driven agricultural machinery is a 

new product under the trend of protection of the environ-

ment. It uses electric motors instead of diesel engines, which 

can achieve actual zero emissions and meet increasingly 

stringent emission regulations. It combines agricultural and 

advanced information technology and uses computer sys-

tems to communicate with sensors. So that electric agricul-

tural machinery can accurately complete various actions and 

realize the intellectualization of agricultural production [1]. 

The load-sensitive technology is one of the most 

widely used energy-saving hydraulic control systems. It 

uses the pressure feedback principle to feedback the maxi-

mum load pressure to the load-sensitive pump to adjust the 

flow rate balance of the system, thereby reducing the heat-

ing and energy loss of the system [2-4]. However, this con-

ventional mechanical-hydraulic feedback control has low 

stability and drastic oscillations. Due to the use of long pipe-

lines for feedback pressure, the system has a slow response 

and low efficiency, which deteriorate the system's perfor-

mance [5, 6]. Many scholars have proposed electronically 

controlled load-sensitive systems based on sensors. They 

use high-speed switch valves instead of load-sensitive 

valves in load-sensitive pumps and electric signals instead 

of pressure signals, significantly improving the system's re-

sponse speed, cost, control accuracy, and stability [7-11]. 

Zhongbao Cao proposed a load-sensitive hydraulic system 

anti-flow saturation control method to solve the flow satu-

ration phenomenon when multiple actuators are combined. 

It detects the pressure at the pump source and the maximum 

load pressure through the pressure sensors and transmits 

these two pressure signals to the controller. The controller 

calculates the differential pressure between the two pres-

sures. It indicates that the system meets the flow saturation 

condition when the pressure difference is less than the set 

pressure difference of the load-sensitive valve. The system 

will adopt complementary control strategies to adjust the 

gain of the pilot control handle input signal, reduce the main 

valve's open area, and achieve anti-flow saturation [12]. 

Hansen introduced the closed-loop feedback of the electri-

cal pressure signal of the system based on the flow rate 

matching system and applied it to the forklift. The research 

results show that the system realizes the electro-hydraulic 

flow matching between the pump and valve and solves the 

flow matching error and other problems through the feed-

back of the electric pressure signal [13, 14]. Therefore, the 

pressure feedback type electro-hydraulic load-sensitive sys-

tem adopts pressure sensors to detect and transmit pressure 

signals, which can solve the shortcomings caused by the 

long pipelines of conventional load-sensitive systems and 

improve the control accuracy of the system. Using a quanti-

tative pump as a flow source can significantly reduce the 

agricultural machinery system's cost. However, the excess 

flow rate of the system will overflow back into the tank 

through the relief valve. It will increase the overflow loss of 

the system and reduce its efficiency of the system. 

Tianliang Lin proposed a variable pressure differ-

ence control strategy based on a variable speed control 

quantitative pump load-sensitive system to reduce the en-

ergy consumption of pure electric-driven construction ma-

chinery and improve its work efficiency. They established a 

system simulation model and tested it on an 8 t electric drive 

excavator. Experimental results show that the proposed var-

iable pressure difference control strategy based on variable 

speed control load-sensitive systems can reduce energy con-

sumption and improve system controllability [15, 16]. Wei-

wei Wang compared the efficiency of the conventional 

quantitative pump of the throttling speed regulation, con-

stant flow load-sensitive, and variable pump load-sensitive 

system through simulation experiments. The results show 

that the efficiency of the constant flow load-sensitive system 

is about 5% higher than the conventional quantitative pump 

of the throttling speed control system and is 22% lower than 

the variable pump load-sensitive system [17]. However, the 

quantitative pump's agricultural hydraulic system makes its 

cost lower than the load-sensitive pump. The combination 

of the permanent magnet synchronization motor (PMSM) 

and quantitative pump can solve the problem of high over-

flow loss of the pump. Compared with the mechanical struc-

ture control of a variable pump, it has the advantages of sim-

ple control, easy maintenance, and low cost. 

Based on the above analysis, an electro-hydraulic 

load-sensitive (ELS) hydraulic drive chassis system for ag-

ricultural machinery is proposed. It uses a combination of 

PMSM and quantitative pump to replace the conventional 

combination of engine and load-sensitive pump. It uses a 

solenoid pressure compensation valve to replace the con-

ventional pressure compensation valve. The system can re-

alize variable LS differential pressure control and variable 

differential pressure control of the pressure compensation 
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valve through the pressure sensor's real-time feedback sys-

tem pressure signal. It can effectively improve the perfor-

mance of agricultural machinery to adapt to working condi-

tions. 

This paper is organized as follows. Section 2 intro-

duces the system working principle. Section 3 introduces the 

component mathematical model analysis. Section 4 intro-

duces the system modelling and simulation. Section 5 is the 

conclusions. 

2. System working principle 

2.1. Working principle of the ELS system 

 

The ELS hydraulic drive chassis is proposed for 

agricultural machinery, as shown in Fig. 1. The system uses 

pressure sensors to detect system pressure in real time. They 

transmit the signal to controller 28 for processing, output- 

ting the control signal of PMSM and solenoid pressure com- 
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Fig. 1 ELS agricultural machinery hydraulic drive chassis schematic: 1 – PMSM; 2 - quantitative pump; 3 - relief valve; 4, 

5 - multi-way valve; 6, 7, 8, 9 - solenoid pressure compensation valve; 10, 11, 12, 13 - check valve; 14, 15 - hydraulic 

motor; 16, 17, 18, 19, 20, 21, 22, 23, 24 - pressure sensor; 25 – inverter; 26 – supercapacitor; 27 – tank; 28 - controller 

pensation valve, thus dynamically adjusting system pressure 

and flow rate to meet the demand of different working con-

ditions. The system can realize variable LS differential pres-

sure control and variable differential pressure control of the 

pressure compensation valve by setting ΔpLs and Δpd. 

 

2.2. Principle of variable speed control 

 

The system uses the PMSM and the quantitative 

pump, with pressure feed-back closed-loop control, thus 

achieving variable speed control, as shown in Fig. 2. The 

pressure sensors detect the maximum load pressure in real 

time. The quantitative pump output target pressure can be 

described as: 

 
' ,p Max Lsp p p= +   (1) 

 

where: 
'

pp  is the quantitative pump target pressure, Pa;

Maxp  is the maximum load pressure, Pa; Lsp  is the LS pre-

set differential pressure, Pa. 

The quantitative pump output pressure error can be 

described as: 

 
' ,p p pe p p= −  (2) 

 

where: ep is the quantitative pump output pressure error, Pa; 

pp is the actual quantitative pump output pressure, Pa. 

The PMSM target torque is obtained by inputting 

ep to the PID1 controller for feedback control. The PMSM 

target torque can be described as: 

 

( ) ,
p

p p p i p d

de
T e k e k e dt k

dt
= + +  (3) 

 

where: ( )pT e  is the PMSM target torque, N.m; pk  is pro-

portional value; ik  is integral value; dk  is differential 

value. 

The PMSM target speed can be described as: 

 

9550
( ) ,

( )
ref p

p

P
n f e

T e
= =  (4) 

 

where: refn  is the PMSM target speed, rev/min; P  is the 

PMSM rated power, W. 

When the PMSM target speed is dynamically 

changing, the PMSM actual speed also changes with it, thus 

dynamically controlling the quantitative pump outlet flow 

and pressure. 
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2.3. Principle of variable differential pressure control 

 

Based on the above in Section 2.2 analysis, the sys-

tem can follow the new ΔpLs through pressure feedback 

closed-loop control when changing to new ΔpLs. The flow 

rate through the multi-way valve can be described as fol-

lows, taking the system load maximum branch as an exam-

ple: 

 

2( )
,Ls d

d

p p
Q C x



 −
=  (5) 

 

where: Q is the flow rate through the multi-way valve, m3/s; 

Cd is the flow coefficient; ω is the spool area gradient; x is 

the multi-way valve spool displacement, m; Δpd is the preset 

differential pressure of the pressure compensation valve, Pa; 

ρ is the oil density, kg/m3. 

From Eq. (5), it can be seen that when the system 

decreases ΔpLs, it can reduce the system flow rate, thus re-

ducing the system pressure loss and meeting the demand of 

low-speed and small-flow conditions. When the system in-

creases ΔpLs, it can effectively increase the system flow rate 

to meet the demand of high-speed and high-flow conditions. 

 

2.4. Principle of variable differential pressure control of 

pressure compensation valve 

 

The solenoid pressure compensation valve to re-

place the conventional pressure compensation valve can ef-

fectively improve the system response speed and control 

performance. The variable differential pressure control of 

the pressure compensation valve can be achieved by chang-

ing the preset differential pressure of the solenoid pressure 

compensation valve. The actual differential pressure of the 

solenoid pressure compensation valve can be described as: 

 

,pd n Maxe p p= −  (6) 

 

where: pde  is the actual differential pressure of solenoid 

pressure compensation valve, Pa; np  is the pressure before 

the solenoid pressure compensation valve, Pa. 

The differential pressure error of the solenoid pres-

sure compensation valve can be described as: 

 

,pdm d pde p e=  −  (7) 

 

where: pdme  is the differential pressure error of solenoid 

pressure compensation valve, Pa. 

The control signal of the solenoid pressure com-

pensation valve can be described as: 

 

,
pdm

p pdm i pdm d

de
i k e k e dt k

dt
= + +  (8) 

 

where: i is the control signal of the solenoid proportional 

pressure compensation valve, mA. 

When the control signal of the solenoid pressure 

compensation valve dynamically changes, the solenoid 

pressure compensation spool moves with it, thus controlling 

the solenoid pressure compensation valve to follow the new 

dp . 

Based on the above in Sections 2.2, Sections 2.3 

and Sections 2.4 analysis, the variable LS differential pres-

sure control and the variable differential pressure control of 

the pressure compensation valve can be realized by the 

closed-loop control of ΔpLs and ΔpLs. The system can better 

meet the requirements of different working conditions for 

electric agricultural machinery. 

 

3. Component mathematical model analysis 

3.1. PMSM mathematical model analysis 

 

The PMSM is a typical nonlinear system with 

many internal variables and strong coupling. The equivalent 

schematic is shown in Fig. 3a. The stator voltage equation 

of the PMSM in three-phase stationary coordinates can be 

described as: 
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where: ua, ub and uc are the three-phase stator winding volt-

age, V; ia, ib and ic are the three-phase stator winding cur-

rents, A; ψa, ψb and ψc are the sum of the magnetic chains 

generated in the three-phase stator winding, Wb; Rs is the 

stator winding resistance, Ω. 

The magnetic chain equation of the PMSM in the 

three-phase stationary coordinates can be described as: 
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Fig. 2 Closed-loop control block diagram 
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where: abM , acM , baM , bcM , caM  and cbM  are the mu-

tual inductance between windings, H; aaL , bbL  and ccL  are 

the self-inductance of each winding, H; f  is the rotor per-

manent magnetic linkage, Wb;   is the rotor pole position, 

rad. 

The electromagnetic torque vector equation of the 

PMSM in the three-phase stationary coordinates can be de-

scribed as: 

 

, e n fT p i=  (11) 

 

where: eT  is the motor output torque, N.m; np  is the num-

ber of motor poles. 

 

                          a                                            b 

Fig. 3 a - PMSM equivalent schematic; b - PMSM d-q co-

ordinate transformation schematic 

The α-β cartesian stationary coordinate system is 

introduced for facilitating vector analysis of PMSM, as 

shown in Fig. 3, b. It rotates synchronously with the rotor, 

and the d-axis coincides with the rotor magnetic pole. In the 

rotor d-q coordinate system, the stator current vector is de-

composed into di  and qi . The two axes are orthogonal and 

independent of each other. The voltage equation can be de-

scribed as: 

 

0
,

d d ds e d

e fq q qe d s

u iR L d

u iL R dt





     −   
= + +        
        

 (12) 

 

where: du , qu  are the d-p axis voltage, V; di , qi  are the d-

p axis current, A; d , q  is the d-p axis magnetic chains, 

Wb; e  is the rotor angular speed, rad/s. 

The magnetic chains equation can be described as: 

0
.

0 0

d d fd

q qd

iL

iL

 



      
= +      
      

 (13) 

The electromagnetic torque equation can be de-

scribed as: 

 

( ) .
2

 
3

e n f q d q d qT p i L L i i = + −
 

 (14) 

 

The electromagnetic torque equation above is com-

posed of two terms. Item first  f qi  is the excitation torque, 

the electromagnetic torque formed by the interaction be-

tween the permanent magnet excitation magnetic field and 

the stator current. The second term ( )d q d qL L i i−  is the re-

luctance torque, the electromagnetic torque formed by the 

rotor saliency effect. The reluctance torque is inherent in the 

salient pole PMSM. For the non-salient pole PMSM

d qL L , it will not form reluctance torque. Therefore, the 

linear equation of electromagnetic torque can be described 

as: 

.
2

 
3

e n f qT p i=  (15) 

The equation of motion can be described as: 

e L

d
T T J B

dt


= + + , (16) 

where: LT  is the load torque, N.m; J is the equivalent mo-

ment of inertia converted to the motor shaft, kg. m2;   is 

the mechanical angular speed of the motor output shaft, 

rad/s; B is the viscous friction coefficient. 

The PMSM control principle can be obtained based 

on the above analysis, as shown in Fig. 4. The space vector 

pulse width modulation (SVPWM) vector control technol-

ogy is used to control the PMSM. The control process is as 

follows: Detect and feedback the n  and   of PMSM. The 

target value of the q-axis current is obtained through PI 

speed control after comparing it with the target speed. The 

di  and qi  are obtained after Clarke and Park transform the 

three current signals of the feedback stator. The du  and qu  

are obtained through PI current adjustment after comparing 

with the target current value of the d and q axes. The drive 

signal of the three-phase bridge circuit is obtained from the 

d and q axes voltage through SVPWM. The power switch of 

the drive bridge supplies power to the PMSM, thus generat-

ing electromagnetic torque to drive the PMSM. 

 

3.2. Solenoid pressure compensation valve mathematical 

model analysis 

 

One side of the solenoid pressure compensation 

valve is affected by the solenoid force, and the other is af-

fected by the spring force. The opening of the solenoid pres-

sure compensation valve is dynamically adjusted by control-

ling the size of the electromagnetic force to realize the pres-

sure compensation function. The force balance equation of 

the solenoid pressure compensation valve can be described 

as: 

c
e s c c c sc c

dx
F F M x B K x

dt
− = + + , (17) 

where: eF  is the solenoid force, N; sF  is the preset spring 

force of the solenoid proportional pressure compensation 

valve, N; cM  is the spool mass, kg; cB  is the spool viscous 

damping coefficient; scK  is the spring stiffness of the right 

side of the pressure compensation; cx  is the spool displace-

ment, m. 
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Fig. 4 PMSM control diagram schematic 

 

Fig. 5 AMESim simulation model 

The eF  is controlled through pdme . According to 

Eqs. (7), (8) and (17), the solenoid pressure compensation 

valve realizes the function of pressure compensation when 

0pdme  . The solenoid pressure compensation valve is 

closed when 0pdme  . According to the flow continuity 

principle, the flow rate through the multi-way valve equals 

the flow rate through the solenoid pressure compensation 

valve. The flow rate through the solenoid pressure compen-

sation valve can be described as: 
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2( )Ls d
m d

p p
Q Q C x



 −
= = , (18) 

where: mQ  is the flow rate through the solenoid pressure 

compensation valve, m3/s. 

According to Eq. (18), when the dp  increases, 

the mQ  through the solenoid pressure compensation valve 

will decrease. Therefore, the flow rate of different system 

branches can be adjusted independently by changing the 

dp . 

4. System modelling and simulation 

4.1. System modelling 

 

Based on the schematic diagram of the hydraulic 

drive chassis of the ELS agricultural machinery in Fig. 1 and 

the schematic diagram of the closed-loop control in Fig. 2, 

the simulation model shown in Fig. 5 can be established by 

using AMESim. This research takes small and medium-

sized self-propelled agricultural machinery as the simula-

tion object. According to the walking velocity requirements 

of small and medium-sized self-propelled agricultural ma-

chinery, the simulation parameters of the hydraulic compo-

nents of the system are determined. The system's variable 

differential pressure control range is determined according 

to the differential pressure range of the conventional load-

sensitive system. Due to the complex working environment 

of agricultural machinery, the load of each branch of the sys-

tem varies greatly. According to the traction and load of ag-

ricultural machinery, the load range distributed to each driv-

ing wheel is 10 N.m to 50 N.m. To better reflect the func-

tional performance of the system, the load of the hydraulic 

motor 14 is set to 20 N.m, and the hydraulic motor 15 is set 

to ( )( )20 30sin t +  N.m. Based on the above analysis, the 

system simulation parameters can be obtained, as shown in 

Table 1. 

Table 1 

Main parameters of the simulation model 

Components Parameters 

Rated speed of PMSM 1500 rev/min 

Displacement of quantitative pump 100 mL/rev 

Displacement of hydraulic motor 50 mL/rev 

LS preset differential pressure range 2.5~3.5 MPa 

Preset differential pressure range of sole-

noid pressure compensation valve 
1~2 MPa 

 
4.2. Analysis of compound action 

 

The Lsp  is set to 3 MPa, and dp  is set to 

1.5 MPa. The multi-way valve 4 is fully open from 0 to 1 s, 

half open from 1 s to 4 s, and fully open from 4 s to 5 s. The 

multi-way valve 5 is half open from 0 to 2 s, fully open from 

2 s to 3 s, and half open from 3 s to 5 s. The simulation time 

is set to 5 s. 

The outlet pressure of the quantitative pump can 

change with the change of the maximum load pressure, and 

the LS pressure difference is kept at 3 MPa, as shown in 

Fig. 6. The differential pressure between the multi-way 

valves 4 and 5 are kept at 1.5 MPa because of the compen-

sation function of the solenoid pressure compensation valve. 

The flow rate of the corresponding hydraulic motor in-

creases when the opening of the multi-way valve increase, 

as shown in Fig. 7. The flow rate of the corresponding hy-

draulic motor decreases when the opening of the multi-way 

valve decreases. The flow rate of the relief valve is 0. To 

sum up, the flow rate of each branch is independent of the 

load and proportional to the opening of the multi-way valve. 

There are no overflow losses in this system. The system re-

alizes the essential functions of the conventional load-sensi-

tive system. 

 

Fig. 6 System differential pressure and load curves 

 

Fig. 7 Hydraulic motor flow and multi-way valve opening 

curves 

4.3. Analysis of variable LS differential pressure control 

 

The dp  is set to 1.5 MPa. The Lsp  is set to 

3 MPa from 0 to 1s, 2.5 MPa from 1 s to3 s, and 3.5 MPa 

from 3 s to 5 s. The multi-way valves 4 and 5 are fully open. 

The flow rate of hydraulic motors 14 and 15 increases when 

the Lsp  increase, as shown in Fig. 8. The flow rate of hy-

draulic motors 14 and 15 decreases when the Lsp  de-

crease. The flow rate of hydraulic motors 14 and 15 are the 

same during the change. It is consistent with the analysis in 
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Section 2.3, which verifies the feasibility of variable LS dif-

ferential pressure control. The system response speed in-

creases when the Lsp  increase, as shown in Fig. 9. The 

PMSM output power decreases when the Lsp  decrease. To 

sum up, for straight driving conditions of agricultural ma-

chinery. The Lsp  is increased to increase the system flow 

rate and response speed when the system is in high-speed 

and high-flow conditions. The system is capable of a wide 

range of no-flow saturation functions. The Lsp  is de-

creased to reduce system pressure loss and energy consump-

tion when the system is in low-speed and small-flow condi-

tions. 

 

Fig. 8 Hydraulic motor flow rate and system differential 

pressure curves 

 

Fig. 9 Different ΔpLs pump flow rate and PMSM power 

curves 

4.4. Analysis of variable differential pressure control of 

pressure compensation valve 

 

Change ΔpLs can effectively improve agricultural 

machinery's driving speed adjustment range under straight 

driving conditions. Still, when agricultural machinery is un-

der steering conditions, it cannot meet the requirements. 

Therefore, a variable Δpd control is proposed based on var-

iable ΔpLs control. The ΔpLs is set to 3 MPa. The Δpd is set 

to 1.5 MPa from 0 to 1 s, 1 MPa from 1 s to 3 s, and 2 MPa 

from 3 s to 5 s on the left branch. The Δpd is set to 1.5 MPa 

from 0 to 2 s, 2 MPa from 2 s to 4 s, and 1 MPa from 4 s to 

5 s on the right branch. The multi-way valves 4 and 5 is fully 

open. 

Figs. 10 and 11 show that when the Δpd increases, 

the differential pressure of the corresponding multi-way 

valve decreases, and the branch flow rate decreases. When 

the Δpd decreases, the differential pressure of the corre-

sponding multi-way valve increases, and the branch flow 

rate increases. It is consistent with the analysis in Section 

2.4, which verifies the feasibility of variable Δpd control. As 

shown in Fig. 12 show that when Δpd increases, the output 

power of PMSM decreases. To sum up, for steering condi-

tions of agricultural machinery, variable Δpd control can ad-

just a branch's flow rate independently to improve the steer-

ing performance of agricultural machinery. The system en-

ergy consumption can be effectively decreased when de-

creasing Δpd. 

 

Fig. 10 System differential pressure and load curves 

 

Fig. 11 Hydraulic motor flow rate and system preset differ-

ential pressure curves 
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Fig. 12 Different Δpd PMSM power curves 

5. Conclusions 

The principle of hydraulic drive chassis and varia-

ble differential pressure control of agricultural machinery 

are analyzed, and the system model is established. The fol-

lowing conclusions can be gained: 

1. The flow rate of each branch is independent of 

the load and proportional to the opening of the multi-way 

valve. There are no overflow losses in this system. The sys-

tem realizes the essential functions of the conventional load-

sensitive system. 

2. For straight driving conditions of agricultural 

machinery. The ΔpLs is increased to increase the system flow 

rate and response speed when the system is in high-speed 

and high-flow conditions. The system is capable of a wide 

range of no-flow saturation functions. The ΔpLs is decreased 

to reduce system pressure loss and energy consumption 

when the system is in low-speed and small-flow conditions. 

3. For steering conditions of agricultural machin-

ery, variable Δpd control can adjust a branch's flow rate in-

dependently to improve the steering performance of agricul-

tural machinery. The system energy consumption can be ef-

fectively decreased when decreasing Δpd. 

4. Variable ΔpLs and Δpd control is feasible and can 

effectively improve the adaptability of agricultural machin-

ery under different working conditions. It can effectively re-

duce the system energy consumption and provide a theoret-

ical basis for the intellectualization of electric agricultural 

machinery. 
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H.Y. Mu, Y.L. Luo, Y. Luo 

ELECTRO-HYDRAULIC LOAD-SENSITIVE 

SIMULATION STUDY OF WALKING HYDRAULIC 

SYSTEM OF ELECTRIC AGRICULTURAL 

MACHINERY 

S u m m a r y 

The conventional load-sensitive hydraulic drive 

chassis system for agricultural machinery uses a combina-

tion of engine and load-sensitive pump, which cannot adjust 

the control strategy according to the working conditions. It 

does not meet the current trend of energy-saving and emis-

sion reduction. To this end, an electro-hydraulic load-sensi-

tive hydraulic drive chassis system for agricultural machin-

ery, which uses a combination of permanent magnet syn-

chronous motor and quantitative pump, is proposed. A var-

iable LS differential pressure control and a variable differ-

ential pressure control of the pressure compensation valve 

to improve agricultural machinery's working performance 

are proposed. AMESim is used to establish the system sim-

ulation model to obtain the system composite motion, vari-

able LS differential pressure control, and variable pressure 

differential control of the pressure compensation valve per-

formance. The simulation results show that the system 

achieves the essential functions of a conventional load-sen-

sitive system. The variable LS differential pressure control 

and the variable pressure differential control of the pressure 

compensation valve are feasible. They can effectively im-

prove the performance of agricultural machinery to adapt to 

working conditions. It can effectively reduce the system en-

ergy consumption and provide a theoretical basis for the in-

tellectualization of electric agricultural machinery. 

Keywords: electric agricultural machinery, ELS walking 

system, PMSM; variable LS differential pressure control, 

variable differential pressure control of pressure compensa-

tion valve, AMESim. 
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