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Abstract

The industrial applications of a single tank system are widely used
especially in the food process industries. A control of liquid level in
atank is a problem in the process technologies. The accurate control
of liquid level effects on the product quality and efficiency, as well
as its effect on the safety of the production process. This work
proposes the digital controller to maintain and regulate a desired
liquid level in the tank. A mathematical model of the single tank
system was built in the MATLAB Simulink. The control design
method is demonstrated and verified in simulation and experimental
environments. Based on the performance of the system in terms of
desired liquid level, rise time, settling time and steady state error,
the results show that the proposed method of the digital control
design gives simple and effective controller for liquid level system.
This technique can be easily embedded in the real tank system.
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1. Introduction
In industry, there are generally four types of controlled quantities:
liquid level, temperature, pressure, and flow rate. The control

technique of the liquid level has become a common control strategy
in most current industrial production, and its impact on production
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cannot be ignored [1-2]. Therefore, the research on liquid level
control has practical significance and broad application prospects.
For over the last 30 to 40 years, intensive research has been
published in controlling the liquid level of the single tank systems.
Work including [1-5] focused on using the analog P, P1, PD and PID
controllers, as well as fuzzy controller. The work also expanded into
the coupled tank systems [6-7], and three tank systems [8]. Other
control methods have been proposed for the liquid level control
problem using a neural network based PID controller [9-10].
Although all proposed controllers have proven successful, applying
them in industry process is difficult, since the current control
process have been achieved through computers and PLCs where the
sampling time has an effect. Therefore, the digital controller should
be used instead of analog controller.

The work described in this paper aims to design a simple digital
controller for a single tank liquid level system, based on time
response specifications. The influence of the sampling time on the
control parameters, are presented and the control effectiveness is
demonstrated by simulation and verified on a realistic tank system.
The rest of the paper is organized as follows: Section 2 describes the
overall single tank system and its mathematical model. Section 3,
presents the proposed controller, and design steps. Section 4shows
the simulation and experimental results for the proposed controller.
These results will demonstrate that the proposed method can be
simply and reliably used. Some conclusions are drawn in Section 5.

2. Single Tank System

2.1System Description

The system is presented in this study is specifically designed to
control the yogurt level in the tank, which is located on the top of
the cup machine filler in a yogurt factory. The maximum production
capacity of the machine is up to80000cup/hr. The main purpose
of the system is controlling the flow rate, which the pump delivers
yogurt to the tank and so it can reach the desired level inside the
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tank. The whole system is represented in figurel.The crucial
components of this system are:

Source: it is a large tank and used to keep the yogurt after mixing
process and before production process.

Tank: it is a small tank and used to hold the desired amount of
yogurt for production.

Pump: the yogurt from the source is fed to the tank through the
pump when actuated by the controller.

Sensor: senses the level of the yogurt inside the tank.

PLC: it holds the digital controller, which is used to maintain the
desired level by starting and stopping the pump when it receives
information from the sensor as well as opening and closing the
valve.

}
yiod

f&

Sensor —

Source I AL Tank [PLC

‘—’.

To Cup
Machine Filler

Figure 1. Schematic diagram of a yogurt level control system

2.2Mathematical Model

In this part, both the storage tank and the valve, in figure 1, were
neglected because they have no effect on the control process.
Meanwhile, the mathematical model of the other elements was

carried out as follows:

4
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a. Tank

The mathematical modeling of liquid level in the tank is obtained
using mass balance. In this system, the liquid is flowing to the tank
at flow rate g;,, and the outlet flow is g,. Note that g, is a constant
and depends on the production process. The cross-section area of
tank is A. The height of the liquid level in the tank is represented by
h which is controlled by adjusting the flowrate of the pump.
Assuming the density of the inlet and outlet flow rate is constant and
the tank has a uniform cross-sectional area [3].

dh
A at =d(qin — Q4o (1)

By taking Laplace transform of equation (1) and all initial
conditions equal zero, it becomes

AsH(s) = Qin(s) — Qo (5) (2)

For this system, there are two cases which are:
Case I: No production process
In this case g, = 0 and the transfer function of the system is

H) _ 1
Qin(s)  As )

Case I1: With production process
Equation (2) can be rewritten as following

H(s) _ 1
Qin($)—-Qin(s)  A4s (4)

b. Digital Controller

It is built inside the PLC and consists from the main three parts that

connected in series as following:

e Sampler, to convert the continuous signal to discrete signal with
sampling time T.
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e Controller: it is usually a PID controller with ability to
modification to P, PI, PD controllers as desired by the operator.
The transfer function of PID controller G.(s) is

Go(s) = K, (1 + % + Tds) (5)

where K, T; and T, are the proportional gain, the integral time
and the derivative time respectively.

e Zero Order Hold Circuit (ZOH): to convert the output discrete
control signal to a continuous signal. The transfer function of the
circuit G, (s) is given by

1— -Ts

Gzoh(s) = (6)

c. Pump

The mathematical model of the pump is simplified into only a gain,
and then its transfer function becomes

Gpu (s) = Kpu (7)

where K, is the sensor's gain.

d. Sensor

It measures the liquid level in the tank and converts it into electrical
signal where the PLC can deal with it. Therefore, with neglecting its
time delay, the transfer function of the sensor Gg(s) can be
represented by

Gs(s) = K; (8)

where K, is the sensor's gain. The block diagram of the
mathematical model of the whole system is represented in figure 2.
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Figure 2. Block diagram of the liquid level control system

3. Controller Design

The design process depends on the desired system response, and it

starts with determining the controller type, and then calculating the

values of the controller's parameters. In this work, the choice of the

controller's type depends on two conditions, which are:

1. The steady-state error of the system (eg) is equal zero.

2. The settling time of the system (t;) is within certain limits and
without oscillations.

In order to choice the controller type, let assume the P-controller is
used and evaluated for the steady state error condition with no
production (g, = 0). With z-transform, the block diagram of the
continuous system in figure 2 can be transformed into discrete
system as shown in figure 3.

K,,T
R(z)—» K, —>» K, > A(gu—l) » H(z)

K, |«

Figure 3. Block diagram of the discrete liquid level control system

The static position error constant k,,of the discrete system, in figure
3, as well as the steady state error can be calculated by
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It can be clearly seen that the steady state error can be easily
eliminated with the P-controller, and therefore the P-controller is
satisfied. For the second condition, the relation between the
controller parameter and the settling time can be derivative to be:

A

P KpuK T

From the above equation, the controller's proportional gain can be
simply designed based on the settling time and sampling time

values. Furthermore, the range of Kp values for the system stability
is determined as following:

A2
KpuK T

0<K, < (12)

From equations (11) and (12), the Kp value is an inversely
proportional to the sampling time.

4. Results and Discussions

In order to verify the mathematical model and the proposed design
method several tests were carried out on the simulation and
experimental environments. As mentioned earlier in section 2.1, the
used system in this study is the yogurt level control system and its
parameter values are illustrated in Table 1.
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Table 1. System parameter values

Parameter Symbol | Value Unit
Area of tank A 706.86 cm?
Height of tank L 33 cm
Desired No production (é g ('; )
yogurt level h 2 cm
in tank With production 264 = 21.5

(80% — 65%)
Sampling time T 0.5 msec
Pump gain Kpy 350 cm?/V
Sensor gain K 0.1 V/em
Outlet flow rate 40 275 cm3/sec

According to equation (12), the range of Kp values was calculated
to be:

0 <K, <80784 (13)

To choose the appropriate settling time of the yogurt level control

tank system, there are two important conditions:

e The filling process should not be fast, so that foam forms in the
yogurt tank, which is difficult to get rid of and affects the
product quality.

e The filling process should not be slow, so that the tank does not
empty during the production process, and ensures no defect in
the filling (the yogurt containers are partially empty).

Practically, the acceptable time for filling the tank is 30sec to
60sec. Therefore, the P-controller was designed according to
equation (11) with the settling time value of 40 sec, and the
proportional gain found to be:
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K =2 (14)

For a step input reference value of 26.4 (80% of the tank height),
the design was tested and evaluated in a noise-free MATLAB
Simulink model, as well as experimentally in the real tank system.
The resulted responses are shown in figure 4. Note that the measured
response was sampled at 0.5Hz. Compared with simulation results,
The measured signal incorporates a noise which was caused
experimentally by a small continuous grid frequency fluctuation
around 50Hz, and factory site grid voltage unbalance which
contributes to pump stator unbalance and noise. These noise sources
were unavoidable in the measurements from the system.

100 T T

Yogurt Level (%)

20+ R

— Simulated

0 ‘ ‘ | | ‘ ‘ ‘ — Measured

0 20 40 60 80 100 120 140 160 180
Time (sec)

Figure 4. Simulated and measured responses

It can be easily seen the success of the P-control design to rise the
yogurt level from 0% up 80% inside the tank in 40sec and
maintained it at this level for the next 20sec. However, when the
production process started at 60sec, the yogurt level decreased
slightly and stabilized at 74% and 72% for the simulated and
measured signals, respectively. From the system specifications, the
desired yogurt level in the tank system is 65% — 80% during
production process. When the production process was stopped at
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120sec, the yogurt level started increasing again to reach 80%.
Table 2 presents a comparison of the control design effectiveness in
both simulation and experimental tests.

Table 2. Comparison between simulated and measured results

Parameter Symbol | Simulation | Measurement
Settling time ts 40.0sec 43.5sec
Rise time t, 22.5sec 24.0sec
Steady state No production 0.00cm 0.00cm
error : : Ess
With production 1.98cm 2.64cm

From the results, it can be observed that there is a small error in the
steady state response within the production process, and it does not
exceed 1.98cm(7.5%) and 2.64cm(10%) in the simulated and
measured signals, respectively. This slight error is due to that the
design was completed based on no production process. However,
the yogurt level in the tank is still within the system specifications
shown in the Tablel. Therefore, the designed controller is
succeeded in regulating the yogurt level inside the tank to the
required level during or no production process.

Although, the results demonstrate the good agreement between
simulated and measured signals from the model and real tank
system, there are slight differences in the results. This difference is
mainly due to the simple model used in the representation of the
pump. Therefore, in order to obtain a more accurate model, the
pump must be fully represented and included all its parts which are
the pump, motor, gearbox, and inverter.

5. Conclusions

This paper presents a study on a modelling and control designing of
liquid level system for single tank that used in private, chemical,
industrial or other related applications. Digital P-Controller is
implemented to control the yogurt level in tank within the desire
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values. Simple design method was used to find controlling variables
based on the settling time and sampling time is explained. The full
mathematical model of the yogurt level control tank has been
derived. The MATLAB simulation was used to test the controller’s
performance and then compare the results with those presented in
the real tank system. From the results, both simulated and measured,
the success of the controller design is proved where the desired
performance of the height level in the tank and settling time are
obtained. The designed technique is simple, attractive and could
easily be used industry and other applications.
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