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Abstract 
This Aiming at the characteristic that the three-capacity water tank system is a typical 
non-linear and large lag object and has a strong representativeness in simulating 
industrial process control, a liquid level control method based on expert PID is proposed, 
and the control is designed according to the knowledge base of the expert system. 
According to the rules, real-time correction of PID controller parameters improves the 
precise control of the water tank level. Modeling and simulation in MATLAB and 
comparison with conventional PID control show that the expert PID algorithm has 
dynamic characteristics such as small overshoot and short settling time. 
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1. Introduction 

In the modern industrial production process, simple process control systems are becoming fewer and 
fewer, replaced by a variety of non-linear, long-delay, and multi-variable complex control systems. 
As a typical non-linear and large hysteresis object, the three-capacity water tank can not only 
characterize the whole or part of many controlled objects in the industry, but also simulate industrial 
process control to realize the measurement and control of signals such as liquid level and flow rate. 
Therefore, the research on the three-capacity water tank system has both theoretical significance and 
practical value. 

PID control technology has the advantages of simple structure, good stability and high reliability, and 
is widely used in the field of industrial control. However, with the development of science and 
technology, the performance requirements of the controlled objects have increased, making the 
conventional PID controllers unable to meet the requirements. The introduction of intelligent control 
theory is of great significance for solving current problems. This paper proposes a water tank level 
control algorithm based on expert PID, which combines the expert system with the PID controller, 
and uses the expert system knowledge base output to modify the PID parameters, to make the three-
tank water tank level control system have good dynamic and steady-state performance. Comparing 
this method with conventional PID control in MATLAB simulation, it verifies that the expert PID 
algorithm has better control performance.  

2. Mechanism Modeling of Three-Capacity Water Tank 

As a typical abstract model of many nonlinear time-varying multivariable coupling systems in 
industrial processes, the three-capacity water tank is widely representative in the research and 
application of nonlinear and large inertia process control. The three-capacity water tank system can 
form various orders of objects and different control systems through different combinations of valve 
switching states. The control of the three-tank water tank system is mainly done by computer, which 
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provides a good platform for the research of control algorithm. This article mainly focuses on the 
mechanism modeling of the horizontal three-capacity water tank system. 

2.1 The Structure of the Three-Capacity Water Tank 

The main body of the three-capacity water tank is composed of 3 cylindrical glass containers Tank1 
(T1), Tank2 (T2), Tank3 (T3), 4 valves VT1, VT2, VT3, VT4, 1 booster pump, 1 reservoir and 
corresponding connecting parts. When the water tank is working, the booster pump pumps out the 
water in the water storage tank, and injects it into the container T1 through the proportional solenoid 
valve VT1. The water in T1 flows into T2 and T3 through VT2 and VT3 respectively, and finally 
flows back to the reservoir through VT4. It forms a closed loop.  

 
Figure 1. Horizontal three-capacity water tank model 

2.2 System Related Parameters 

1) The three containers have equal volumes, the height of the water tank = 5m, and the bottom surface 
area = 0.2m2; 

2) Electromagnetic valve control voltage: 0-5v; 

3) Value range of solenoid valve opening μ: 0-1, corresponding to control voltage 0-5v. 

2.3 Actuator (Valve) Mathematical Model 

In this system, valve VT1 is the actuator of the system. It is assumed that all valve actions in the 
system have no delay and follow the linearization criterion within the action range. 

The valve input signal is 0-5v, the opening is 0-100%, the valve proportional coefficient k=0.2, the 
actuator transfer function Ga is: 

Ga =
𝑄

𝑎
= 𝑘 ∙ 𝑞 (1) 

Among them, Qin is the inlet water flow rate of T1, a is the valve input signal, and qi is the inlet water 
flow rate when the valve opening is maximum. Take qi=1 mm3/s, then Ga=0.2. 

2.4 Mathematical Model of Horizontal Three-Capacity Water Tank 

The three-capacity water tank is formed by three containers in series, and the three containers can be 
modeled separately, and then they can be combined to obtain an overall model. According to the flow 
balance principle of water tank T1, T2, T3, we get 

Water tank T1: 
𝑑ℎ

𝑑𝑡
=
𝑄 − 𝑄

𝐴
(2) 

Water tank T2: 
𝑑ℎ

𝑑𝑡
=
𝑄 − 𝑄

𝐴
(3) 

Water tank T3: 
𝑑ℎ

𝑑𝑡
=
𝑄 − 𝑄

𝐴
(4) 



International Core Journal of Engineering Volume 7 Issue 12, 2021
ISSN: 2414-1895 DOI: 10.6919/ICJE.202112_7(12).0025

 

196 

Among them, Qin is the water inflow, Q12 and Q23 are respectively the outflow of T1 and T2 (also the 
inflow of T2 and T3), Qo is the outflow, hi is the level of the i-th water tank, and A1,A2 and A3 are the 
cross-sectional area of T1, T2, and T3 respectively, take A1=A2=A3=0.2m2. 

According to the principle of fluid mechanics, the outflow △Q is not only related to the outlet static 
pressure difference, but also related to the hydraulic resistance R. The relationship is as follows: 

𝑄 =
ℎ − ℎ

𝑅
(5) 

𝑄 =
ℎ − ℎ

𝑅
(6) 

𝑄 =
ℎ

𝑅
(7) 

Among them, R1, R2, R3 are the linearized liquid resistance of valves VT1, VT2, VT3 respectively, 
and take R1=R2=R3=300s/m2. 

Substitute formulas (5), (6), and (7) into formulas (2), (3), (4), and perform Laplace transform. 
Combining the transfer functions of the single water tank, the transfer function Gs of the three-tank 
level control system can be obtained as: 

Gs =
ℎ (𝑠)

𝑄 (𝑠)
=

300

216000𝑠 + 18000𝑠 + 360.072𝑠 + 1
(8) 

3. PID Control Overview 

In engineering practice, the most widely used regulator control law is proportional, integral, and 
differential control, referred to as PID control. When the model of the controlled object cannot be 
obtained accurately, it is most convenient to apply PID control. 

PID control is a kind of linear control. According to the error e between the setting value r and the 
actual output value y, the proportional, integral, and differential of the error e are linearly combined 
to form a control quantity to control the plant. 

 
Figure 2. PID control 

3.1 Proportional Element 

Proportional control is one of the simplest control methods. The output of the controller is 
proportional to the input error. As soon as the error occurs, the proportional element immediately 
takes effect to reduce the deviation. There is a steady-state error in the system only under P control. 
The increase of the proportional effect can increase the corresponding speed of the system, but it 
should not be too large. 

3.2 Integral Element 

In integral control, the output of the controller is proportional to the integral of the input error signal. 
Integral control can eliminate the steady-state error. The small error integral term will increase with 
the increase of time. It pushes the output of the controller to increase to reduce the error to zero. The 
integral effect is not conducive to the dynamic performance of the system, so it should not be too 
large. Integral control is used in combination with proportional control. 
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3.3 Differential Element 

In differential control, the output of the controller is proportional to the differential (rate of change) 
of the input error signal. Differential control makes the change of the control function that suppress 
the error "leading", and it can predict the trend of the error change. Differential control can reduce 
overshoot, improve system stability, and speed up the system's dynamic response speed, but excessive 
differential action will amplify disturbance signals and weaken the system's anti-interference ability. 
When the error remains constant, the differential control is zero. Differential action cannot be used 
alone, it must be used in combination with P and I elements. 

In the digital control system, a digital PID controller is used, and the incremental PID algorithm 
formula is obtained after discretization: 

u(𝑘) − 𝑢(𝑘 − 1) =

𝑘 [𝑒(𝑘) − 𝑒(𝑘 − 1)] + 𝑘 𝑒(𝑘) + 𝑘 [𝑒(𝑘) − 2𝑒(𝑘 − 1) + 𝑒(𝑘 − 2)] (9)
 

Among them, kp, ki and kd are proportional gain, integral gain, and differential gain respectively. 

4. Expert PID Control 

The essence of expert PID control is to use expert experience to design the controller, and to 
participate in the design of the control system with human judgment skills and reasoning ability. In 
the expert PID control system, the PID parameter setting is realized by the expert system, and the 
control signal is still given by the PID controller. The expert system only indirectly affects the control 
process. 

 
Figure 3. Expert PID control schematic diagram 

The partition control algorithm adopts different control strategies by detecting the area where the 
error and the error rate of change are located, and analyzes the step response of a typical second-order 
system as an example: 

 
Figure 4. Typical second-order system error response curve 
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①When the error response curve is in the A-B section, error>0, error rate of change<0. In order to 
make the system have a better response speed, a larger proportional gain coefficient can be used in 
the initial stage; when the error is reduced to a certain extent, reduce the proportional gain coefficient 
and add appropriate differential action to reduce the overshoot of the system. 

②B-C section: Error<0, error rate of change<0, the output of the system deviates from the setting 
value, increase the proportional gain coefficient and the differential gain coefficient to reduce the 
overshoot, and add the integral effect at the same time. 

③C-D section: Error<0, error rate of change>0, the error changes in the direction of decreasing, at 
this time the proportional gain coefficient should be gradually reduced, and appropriate integration 
and differentiation effects should be added. 

④D-E section: Error>0, error rate of change>0, the error changes in the direction of increasing, and 
the proportional gain coefficient is reduced. Since the absolute value of the error is reduced at this 
time, the integral action can be appropriately increased. 

⑤E-H section: The absolute value of the error is already small, a weaker control effect can be used, 
and the integral effect is enhanced to eliminate the steady-state error. 

In summary, the following 5 rules are summarized for the design of digital expert PID control: 

Rule (1): When |e(k)|>error limit M1, it means that the absolute value of the error is already very 
large. Regardless of the error change trend, the controller output must be output at the maximum (or 
minimum) output to quickly adjust the error to reduce the absolute value of the error at the maximum 
speed. At this time, it is equivalent to implementing open loop control. 

Rule (2): When e(k)Δe(k)>0, it means that the error is changing toward the direction of increasing 
the absolute value of the error, or the error is a constant constant. 

If |e(k)|≥error limit M2, it means that the error is also large, and a stronger control function can be 
implemented to make the error change in the direction of absolute value reduction. The controller 
output is: 

u(𝑘) = 𝑢(𝑘 − 1) +

𝑘1 𝑘 [𝑒(𝑘) − 𝑒(𝑘 − 1)] + 𝑘 𝑒(𝑘) + 𝑘 [𝑒(𝑘) − 2𝑒(𝑘 − 1) + 𝑒(𝑘 − 2)] (10)
 

If |e(k)|<M2, it means that although the error changes in the direction of increasing the absolute value, 
the absolute value of the error itself is not large, and general control functions can be considered. The 
controller output is: 

u(𝑘) = 𝑢(𝑘 − 1) +
𝑘 [𝑒(𝑘) − 𝑒(𝑘 − 1)] + 𝑘 𝑒(𝑘) + 𝑘 [𝑒(𝑘) − 2𝑒(𝑘 − 1) + 𝑒(𝑘 − 2)] (11)

 

Rule(3): When e(k)Δe(k)<0 and Δe(k)Δe(k-1)>0 or e(k)=0, it means that the absolute value of the 
error changes in a decreasing direction, or has reached the equilibrium state. At this time, the 
controller output can remain unchanged. 

Rule (4): When e(k)Δe(k)<0 and Δe(k)Δe(k-1)<0, it means that the error is in the extreme state. 

If the absolute value of the error is large at this time, that is |e(k)|≥M2, a stronger control effect can 
be considered: 

u(k) = u(k − 1) + k1 ∗ kp ∗ 𝑒 (k) (12) 

If |e(k)|<M2, consider implementing a weaker control effect: 

u(k) = u(k − 1) + k2 ∗ kp ∗ 𝑒 (k) (13) 

Rule (5): When |e(k)|≤ε, it means that the absolute value of the error is very small. At this time, 
integral control is added to reduce the steady-state error. 

Where em(k) is the k-th extreme value of the error, u(k) is the k-th controller output, k1 is the gain 
amplification coefficient, k1>1, k2 is the suppression coefficient, 0<k2<1, M1, M2 Is the margin of 
error. 
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5. System Experiment Simulation Based on MATLAB 

The transfer function model of the three-tank water level control system is: 

Gs =
300

216000𝑠 + 18000𝑠 + 360.072𝑠 + 1
(14) 

The critical proportional band method in the engineering tuning method and the expert PID control 
algorithm are used for experimental comparison and analysis. 

5.1 Critical Proportional Band Method 

Only the proportional action is applied to the system to cause constant amplitude oscillation in the 
response curve. At this time, we get: the critical proportional band δcr=1/0.096; the critical oscillation 
period Tcr=152.889s; 

It can be obtained from the parameter setting calculation formula 

𝐾 =
1

1.67𝛿
= 0.0575 (15) 

𝑇 = 0.50𝑇 = 76.445 (16) 

𝑇 = 0.125𝑇 = 19.111 (17) 

Calculate from this 

The proportional coefficient Kp=0.0575; the integral coefficient Ki=Kp/Ti=0.00075; the differential 
coefficient Kd=Kp*Td=1.099. 

Input the above coefficients into a PID controller based on SIMULINK, and get the following 
simulation results: 

 
Figure 5. Conventional PID control simulation model 

 
Figure 6. Conventional PID response curve 
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5.2 Expert PID Algorithm 

For the step response of the third-order transfer function, the sampling time is 0.001, and the Z 
transform is used for discretization, and the difference equation is obtained as: 

y(k) = −den(2) ∗ y(k − 1)

−den(3) ∗ y(k − 2) − den(4) ∗ y(k − 3) + num(1) ∗ u(k) +

num(2) ∗ u(k − 1) + num(3) ∗ u(k − 2) + num(4) ∗ u(k − 3) (18)
 

Corresponding to the five conditions of the expert PID to the five rules in the program, the following 
control algorithm is designed. After initializing the system proportional, integral, and differential 
gains, the specific parameters should be configured in the order of Rule(1)->(2)->(5)->(3)->(4). 
Generally speaking, all parameters of expert PID control need to be finalized after multiple 
integrations to achieve a very ideal control effect. 

Rule 1: 

if abs(x(1))>0.8  

    u(k)=0.045;  

elseif abs(x(1))>0.40  

    u(k)=0.01; 

elseif abs(x(1))>0.20  

    u(k)=0.005; 

elseif abs(x(1))>0.01  

    u(k)=0.0034; 

end 

Rule 2: 

if x(1)*x(2)>0||(x(2)==0) 

    if abs(x(1))>=0.05  

        u(k)=u_1+0.00011*kp*x(1); 

    else 

         u(k)=u_1+0.00004*kp*x(1); 

    end 

end 

Rule 3: 

if (x(1)*x(2)<0&&x(2)*x2_1>0)||(x(1)==0) 

    u(k)=u(k); 

end 

Rule 4: 

if x(1)*x(2)<0&&x(2)*x2_1<0 

    if abs(x(1))>=0.05 

        u(k)=u_1+2*kp*error_1; 

    else  

        u(k)=u_1+0.71*kp*error_1; 

    end 

end 

Rule 5: 

if abs(x(1))<=0.02 
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    u(k)=0.05*x(1)+0.000075*x(3); 

end 
 

The response curve of expert PID control scheme and conventional PID control scheme is shown in 
Figure 7. 

 
Figure 7. Expert PID and conventional PID response curve 

 

Table 1. Performance indicators of the two control schemes 
Dynamic performance indicators Expert PID PID 

Overshoot σ% 25.2% 54.4% 
Rise Time tr 83.50 50.21 

Settling time ts 337.1 436.9 
Peak time tp 121.61 93.82 

As can be seen from Figure 7 and Table 1, the three-tank water level system with expert PID control 
has smaller overshoot, shorter settling time, and significantly reduced oscillation. Compared with the 
conventional PID control method, system dynamic performance has been obviously improved, and 
get better control effect. 

6. Conclusion 

Aiming at the shortcomings of the traditional PID level control method of the three-capacity water 
tank system, five expert PID control rules are designed, and a three-tank water level control method 
based on the expert PID algorithm is proposed. By analyzing the process response characteristics of 
the object, the PID controller parameters can be adjusted in real-time to improve the control 
performance of the system. The simulation experiment results show that the expert PID algorithm has 
good real-time and dynamic performance, can effectively improve the automatic control level of the 
system, and the control algorithm used is small in calculation and easy to implement, which is 
beneficial to the industrial application of the control technology. 

Simulation Program 

clc; 

ts=0.001; 

sys=tf(300,[216000,18000,360.072,1]); 

dsys=c2d(sys,ts,'z'); 
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[num,den]=tfdata(dsys,'v'); 

u_1=0;u_2=0;u_3=0; 

y_1=0;y_2=0;y_3=0; 

x=[0,0,0]'; 

x2_1=0; 

kp=0.0575; 

ki=0.00075; 

kd=1.099; 

error_1=0; 

for k=1:1:1000000; 

time(k)=k*ts; 

r(k)=1.0; 

u(k)=kp*x(1)+kd*x(2)+ki*x(3); 

if abs(x(1))>0.8  

    u(k)=0.045;   

elseif abs(x(1))>0.40  

    u(k)=0.01; 

elseif abs(x(1))>0.20  

    u(k)=0.005; 

elseif abs(x(1))>0.01  

    u(k)=0.0034; 

end  

if x(1)*x(2)>0||(x(2)==0) 

    if abs(x(1))>=0.05  

        u(k)=u_1+0.00011*kp*x(1); 

    else 

         u(k)=u_1+0.00004*kp*x(1); 

    end 

end 

if (x(1)*x(2)<0&&x(2)*x2_1>0)||(x(1)==0) 

    u(k)=u(k); 

end 

if x(1)*x(2)<0&&x(2)*x2_1<0 

    if abs(x(1))>=0.05 

        u(k)=u_1+2*kp*error_1; 

    else  

        u(k)=u_1+0.71*kp*error_1; 

    end 

end  

if abs(x(1))<=0.02 

    u(k)=0.05*x(1)+0.000075*x(3); 

end 
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if u(k)>=10 

    u(k)=10; 

end 

if u(k)<=-10 

    u(k)=-10; 

end 

y(k)=-den(2)*y_1-den(3)*y_2-den(4)*y_3+num(1)*u(k)+num(2)*u_1+num(3)*u_2+num(4)*u_3; 

error(k)=r(k)-y(k); 

u_3=u_2;u_2=u_1;u_1=u(k); 

y_3=y_2;y_2=y_1;y_1=y(k); 

x(1)=error(k); 

x2_1=x(2); 

x(2)=(error(k)-error_1)/ts; 

x(3)=x(3)+error(k)*ts; 

error_1=error(k); 

end 
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