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Abstract. In this system, the electromagnetic proportional valve is the actuator,
and the valve controlled motor is controlled object, and the speed sensor is the
feedback element, to send out the orders by industrial computer, to control the
motor output speed by controller. According to the principle of the circuit and
fluid mechanics, set up the mathematical model of the valve controlled
hydraulic motor variable fertilization system. PID parameters tuning of system
were performed by Ziegler-Nichols method, get the coefficient of increment
algorithm. The step response of P, PI and PID of variable rate fertilization the
system were studied by MATLAB/ SIMULINK, results show that: PID
algorithm system, the overshoot was small, setting time was short, the number
for oscillations was little compared with the P algorithm and PI algorithm, the
dynamic performance of the system is excellent. The laboratory experiments
results showed that: In the process of system operation, PID algorithm tracking
speed was rapid, and steady-state error is smaller. Therefore, the electro-
hydraulic proportional variable fertilization system with PID algorithm has
good dynamic performance and steady state performance, and can meet the
requirements of variable assignment.

Keywords: variable rate fertilizer, mathematical model, PID parameter tuning,
valve controlled motor.

1 Introduction

Precision agriculture is the development direction of modern agriculture, variable
fertilization is the most mature, the most widely used technique in precision agriculture.
Variable control system is an important part of the variable machinery, it includes the
following the speed regulation control way: electrically controlled mechanical
Continuously Variable Transmission, electric control hydraulic motor, electric control
step motor. Among them, the electric hydraulic system is widely used which has the
characteristics of fast response, output power and high control accuracy, variables to
adapt to the demand of large Variable Rate Fertilization. Electro-hydraulic proportional
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valve control system for hydraulic motors in response to frequency of fast, short
adjusting time, the dynamic characteristics of a good, high efficiency advantages [1-2],
in the variable fertilization techniques are more and more widely used [3-7].

In recent years, precision agriculture variable rate fertilizer control strategy mainly
around the PID control algorithm [8-12], fuzzy control rules [13-14] and the relevance
vector machine [15] and other aspects of the research work commenced in improving
the control system performance, increase precision fertilization made a lot of
achievements and to promote the domestic development of intelligent variable
fertilization seeder. Research process, due to the PID algorithm has the features of a
simple structure, robustness and high reliability [16], has been widely used, however,
PID parameter tuning is a complex optimization process that determines the
performance of the control system, usually Engineering on tuning methods have
decay curve method, Ziegler-Nichols step response method, ITSE optimal setting
method, rapid titration and relay method and so on. This paper use of the analyzes of
mechanism to establish the mathematical model of electro-hydraulic variable rate
fertilization system, using Ziegler-Nichols method tuning PID controller parameters,
and analysis parameters by testing the impact on system performance.

2 Compositions of Valve Controlled Hydraulic Motor Variable
Rate Fertilizer Control System

Hydraulic Motor with variable rate fertilization system mainly consists of oil sources,
electro-hydraulic proportional valves, hydraulic motors, variable rate fertilizer
controllers, computers, and speed sensors and so on, as shown in Figure 1. Computer
based on fertilizer prescription map given amount of fertilizer, compared with the
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Fig. 1. Hydraulic Motor with variable rate fertilization system
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speed sensor feedback, control algorithm based on the deviation adjusting armature
voltage electro-hydraulic proportional valve, flow size change hydraulic motor speed,
driven wheel speed changing of fertilizer to achieve variable rate fertilization.

3 The System Mathematical Model

The control system of variable rate fertilization through DGPS which is installed in
tractor to determine the geographical position, transmitted this information to on-
board computer for processing through the RS - 232 serial interface, it will find out
the variable fertilization database which corresponding the variable fertilization data
and field position, transferred to the variable fertilization controller, Control the
opening degree of hydraulic proportional valve, change the axis speed of soybean
precision sowing machine, to realize the purpose of variable rate fertilization. The
control system of variable rate fertilization system composition was shown in fig. 2.
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Fig. 2. Valve controlled hydraulic motor system composition

3.1 Transfer Function of Proportion Amplifier

Electro-Hydraulic Proportional Valve is current control type element, usually for the
high output impedance voltage - current converter, the band width than hydraulic
inherent frequency, can be regarded as amplification link, namely

“U(s)

Where (5 -Proportion amplifier output current;
U (s)-Error voltage;

K, -Proportion amplifier gain, xk, =0.34/V .

3.2  Transfer Function of Proportional Electromagnetic Valve

The system uses the electro-hydraulic proportional pressure pilot control valves,
transfer function is second-order oscillation links:
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Where K, =1.87m’/s-A,w,=3352rad/s,g, =0.57
Q(s) -flow of electro-hydraulic proportional valve when in the steady

operating points, m’/s;
K, -flow gain of electro-hydraulic proportional valve in the steady

operating points;
w, -equivalent undamped natural frequency of electro-hydraulic

proportional valve;
G, - equivalent damping coefficient of electro-hydraulic proportional valve;

s - Laplace operator.

3.3 The Mathematical Model of Hydraulic Motor

1) Load Flux Function of Electro-Hydraulic Proportional Valve
QL :kq‘xv _kch (3)

Where (), - load flux of electro-hydraulic proportional valve, m’/s;
x,, -displacement of proportional valves core, m;
P -Load pressure, Pa;
k, -Flow gain,m’/s-A;

k -flow pressure coefficient of proportional valves, m’/N's.

2) Flow Rate Continuation Equation of Proportional Valve
The load flux of the output to proportional valve, one part is used to promote a motor
motion, another part is used to compensate the various leak of motor, another part is
used to compensate flow of compressed. The characteristics of the hydraulic motor
for the assumptions:
(1) all hydraulic pipe is short and coarse, ignore pipe friction losses, ignore the
fluid quality effect and pipeline dynamic effect;
(2) motor oil and volume elastic modulus is constant;
(3) hydraulic motor for internal and external leakage laminar flow;
(4) consider liquid compressibility;
(5) injection system as the constant-voltage source, oil supply pressure as
constant.
According to the above assumptions can draw the continuous equation of flow of
hydraulic pressure motor
de V., dp,

=D,—+C +—=
o, m mPL 4B, di

“
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Where Q . -load ﬂow,m3/rad;
D, -theoretical displacement of hydraulic motor, m3/rad;

@ -angular displacement of hydraulic motor axis, rad;
C,, -total leakage coefficient of hydraulic motor, m’/N- m;

P -load pressure drop, N/m?;
v, -total volume of motor oil cavity, m3;

[, -integrated elastic modulus of system, N/m’.

3) Moment Equilibrium of Hydraulic Motor
Accord to the quality of motor axis and load, moving damping and spring force, and
applied load force, according to Newton’s second law can get equilibrium equation of
piston force and load force.
2
Tg=Dm(p1—p2)=DmpL=de—29+Bmﬁ+G9+TL )
dt dt
Where T, -theory torque produced by motor, N-m;

J, -total inertia of motor axis which is converted hydraulic motor axis and

load, kg-mz;
B, -Viscosity damping coefficient of load and motor, N-m-s/rad;

G -torsion stiffness of elastic load, N-m/rad;
T, -acting on any external grinding load torque of motor axis, N-m.

4) Transfer Function of Hydraulic Motor

0,(s)=k, X, (s)—k P, (s5) (©6)
Q,()=D,s6(s)+(C,, + ‘I/ﬂn:)PL (s) )
T,=D,P,(s)=(J,s’ +B,s+G)0(s)+T,(s) (8)

To organize and simplified, ignored elastic load, ignored produce term of oil leakage
and viscous damping, attainable:

k k. +C \%
—Lx (s)————m| 14 m s|T, (s
D ,(5) [ » }L()

i D, 4Bk, +C ©
9(s) = P
v J J + BV
S( m le S2 + m ( c > m ) + m ’ﬂz S + 1)
4p.D, D, 4p.D,

In order to simplify the analysis, some factors can be ignored in the condition of
particularly use, especially the simplify or standardize characteristic equations.
According to the system is mainly with inertial load, and the motor and load are
rigidly connected, so elastic load can be neglected, namely G = 0, the pressure -
coefficient ratio Kce in all is very small, usually the load's viscous damper coefficient
Bm generally are also small, the coupling effect of these two are smaller,

namely B,K., “(9)” can be simplified as:

2

m

<1
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k, v,
Fx (s )—F 48k s [T,(s)
o(s)= 2 Ko, (10)
(—+ 2h 5 41)
h wh
Where ,, _ 4,‘61’51,,1 =183.6rad /5" g,,:f)“ %:0.12

m

@), - undamped oscillation angular frequency;
¢, -Hydraulic damping ratio;

Flux near by point of stable state, according to“(10)” can get the transfer function of
flux and external grinding load which is motor output angular displacement are:

1

6(s) _ D, (11)
S
Qo) s(s—2 + ﬁs +1)
W, O,
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«
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The mathematical modeling of proportional valve was shown in fig. 3 below.
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Fig. 3. The mathematical modeling of electro-hydraulic proportional value control system

4 PID Parameters Setting

PID algorithm is one of the earliest control strategy, system error will be linear
combination of the proportion, integral and differential of control signal, constitute
the controlled object. The method is widely used in industrial process control Because
of simple and good robustness and high reliability etc., PID strategy controller for:
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de(tt)] (13)

1 ¢t
u(t) =K [e(r) + fjo e(t)+T,

Where e(t) - Control deviation;
u(t) - analog signals;
K, - Percentage gain;
T1 - Integration time constant;

TD -Differential time constant.

For Laplace transfer function for:

U(s) 1 1
G(S)=E(S)=Kp(1+ﬂ+T,,S)=KP+K,§+KDs (14)

1

There are some faults in the positional PID control arithmetic, first, it must to finish
computing one u(n), additving n+3 times and multiplicativing 3 times, as well it will
be increased following the time; second, it should to hold back the figure of e(t)
which come from sampling time, and it will occupied more memory space. This

article use control increment method.
Au(n) =u(n)—u(n-1)

=K, { [e(n)—e(n—1)1+ K e(n)+ K ,[e(n)—2e(n—1)+e(n—-2)1} (15

Where : K, -proportional coefficient, K »=0.6K,;

K -integral coefficient, g — KT ;
" 05T,

K , -differential coefficient, K, =0.125K 1T, ;
T',, - system constant amplitude oscillation gain;
K, - oscillating period,
T - system sampling period.
And Au(n)=Kp(1+K;+K,)e(n)—Kp(1+2K,)e(n—1)+KpK e(n—2)
= Ae(n)— Be(n—1)+ Ce(n—2) (16)
Where: Au -PID increment of adjustment;
e(n) -once before error;

e(n —1) -the first two times error;

e(n— 2) -the first three times error.
T
A=Kp(1+K,+K,)= KP(1+%+?")

l

2T
B=KP(1+2Kd)=KP(1+Td)
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2K T,

C=K,K, = (17)

System uses a tuning method named Nierkesi, turn the time integral coefficient of the
controller to the largest (Tl. =o0 ), and zero the differential time coefficient

(T, =0), adjusting the proportional gain increased gradually from O to increases

gradually, amplitude of oscillation, and then write down the oscillating period
K, =0.955, the system constant amplitude oscillation gain 7, = 0.31s, the system

sampling period 7 = 50ms , and we can get:
K,=0573, K, =0.1848, K, =0.0011;
A=0.6795, B=0.5742, C =0.0006.

5 Simulation of Valve-Controlled Motor Velocity Control System

Simulink is an interactive model input and simulation environment launched by Math
Works company, with a relatively independent function and use, it with the user
interaction interface is based on Windows graphics programming method. Simulink is
a can of dynamic system model, simulation and analysis package, it allows users to
draw a series of charts to finish model work, and dynamically operation, the
applicable to model of discrete and continuous, the mixture of both linear and
nonlinear system, also support has a variety of sampling rate multi-rate system of
Simulink provides customers with module base varied function module and is
convenient for the user to the model simulation and analysis.

According to the established mathematical model, get valve control motor speed
system PID control simulation charts, as fig. 4 shows:

loadinput
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walve controlled motor

Fig. 4. Simulation charts of valve controlled motor system

Using P and PI control system speed simulation curve respectively as shown in
figure 5 and figure 6, fig. 5 show that P control system overshoot is 78.38%and adjust
time is 6.3 s, fig. 6 show that PI control system overshoot is53.21%and adjust time is
3.75s.
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Fig. 5. P control system speed curve Fig. 6. PI control system speed curve

PID control system speed simulation curve fig. 7 shows that PID system overshoot
is 27.92%and adjust time is 1.7 s. The test results show that the variable-rate
fertilization control system with PID controller can restrain the vibration and decrease
the intensity effectively. The PID controller is superior to the general P controller in
the settling time, and the effect of control and adaptability, which accords with the
design demand of the Variable-Rate Fertilization Control system completely.

6 Tracing Performance Test

Test verified system track results, test conditions: variable fertilization test bed;
computer; BOPU data acquisition instrument; variable fertilization software. Step
response curve of PI and PID system are respectively showed in fig. 9 and fig. 10 in
the condition that the sampling frequency is 1KHz and given transmission ratio is 0.2.
Fig. 9 show that overshoot of PI system is 31.5% and adjust time is 5.3 sec, however
fig. 10 show that PID system overshoot is %, and adjust time is 2.7 s. The test results
show that the variable-rate fertilization control system with fuzzy controller can
restrain the vibration and decrease the intensity effectively, and the amplitude is
reduced by 25%~30%. The fuzzy PID controller is superior to the general PID
controller in the settling time, and the effect of control and adaptability, which
accords with the design demand of the Variable-Rate Fertilization Control system
completely.
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Fig. 7. PID control system speed curve
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Fig. 9. PID system step response simulation

7 Conclusions

Use of MATLAB/SIMULINK simulation tools to achieve modeling of the
variable rate fertilizing control system, the system with PID control strategy has
high steady-state precision, fast dynamic response, small overshoot, strong anti-
interference capability, can get good results. Carry the performance tests in the
self-developed control system of variable-rate fertilization, test results and
simulation results are basically consistent and achieve the expected goal.
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