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Abstract: The purpose of this project was to design and construct an experimental setup
enabling pump operation to be controlled and ensuring the smooth regulation of its efficiency.
The closed liquid circuit is equipped with a throttling valve to slow down the flow. In addition,
flow meters were used in the installation to enable the flow to be measured. Ultimately, after
choking the flow, the pump could be controlled in such a way that maintained the set flow
value. The PID controller fulfilling this function can be configured by changing its settings.
In this way, an expiermintal setup can demonstrate the influence of individual elements of the
regulator on the efficiency of regulation. This work is a continuation of further research related
to the project number: 006/RID/2018/19 financed under the program Ministry of Science and
Higher Education.
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1. INTRODUCTION

A pump is a device used to transport liquids. As a passive device, it needs to be
driven, which is usually performed by an electric motor. A pump operating on
automated electric drive can be subject to speed regulation, which enables it to
change its operating parameters, including liquid flow.

Flow control is not often used. In the vast majority of applications, the pump is
switched on when the need arises, and after starting the pump, the liquid is pumped
with constant efficiency. However, there are some situations in which it is necessary
to adjust the level of pump efficiency. One example of such a need can be found on
ships carrying liquid cargo. When unloading the ship, the pace of pumping cargo
from individual tanks is controlled in order to keep the ship stable.

One of the most commonly used methods of controlling liquid flow is throttling.
It is carried out by changing the opening of the control valve, which is located on the
discharge side of the pump. This is a very simple solution but not a very economical
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one, mainly due to the losses resulting from the increase in flow resistance.
This method is used in the case of low power pumps and when the required change
in the flow rate is not long-term.

The most effective way to adjust the pump's operating parameters is to adjust it
by changing its rotational speed. This type of control avoids the large losses
associated with throttling. Additional benefits resulting from reduced rotational
speed are reduced stresses, lower bearing loads and lower vibration levels, which
means that the pump is more reliable in operation [Choi, Boston and Antaki 2005;
Alrheeh and Zhengfeng 2006; Yu, Zhang and Qian 2011; Jedral 2014; Gevorkov
et al. 2018; Abramowicz-Gerigk et al. 2021].

When a pump is driven by an electric motor, the whole electric drive should be
included in modern applications, where the motor is only a part of a more complex
system. The pump is then not driven by a motor connected directly to the mains.
Instead, the "intermediary" link is the power electronic converter, which determines
the operation of the entire drive.

The control process is carried out using specially configured algorithms
performed by microprocessor systems [Debowski 2017; Nejad et al. 2022; Oca de
et al. 2022; Su et al. 2022].

The project consists of a construction stage as well as a programming stage.
Essentially, the scope of the project included:

e construction of a setup station consisting of a water system and an electrical
system;

e development of a software control system performed by the Arduino board;

e an assessment of the operation of the control system and, particularly, an analysis
of the operation of the PID controller with different configurations for its settings
[Zhou 2022].

2. CONSTRUCTION OF EXPERIMENTAL SETUP

The experimental setup (Fig. 1) consists of a tank, pump, rota meter, two electronic
flow meters and three manual valves. These elements are connected with copper
pipes. The tank has two partitions dividing it into three sections. In the first one there
is a hole at the bottom through which water goes to the pump. The pump has been
mounted below the tank so that when water is poured into the tank, the pump is
flooded. The pump pushes the water up the vertical tube. The next element in the
line after the discharge port of the pump is a valve enabling the flow to be throttled.
After reaching the valve, the pumped water flows through the rota meter. Above the
rota meter there is a tee that divides the flow into two horizontal tubes placed one
above the other. Both have an electronic flow meter installed.

In addition, in the lower tube, the flow can be throttled using a manual valve.
The circuit closes where the vertical tubes direct the water to the second and third
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compartments of the tank. Water can be drained from the system using the drain
valve located in the lowest position between the tank and the pump.

The pump used in the project is a small-sized centrifugal pump in a compact
design with a DC motor, which is powered by a voltage of 24 V. The maximum
power of the device declared by the manufacturer is 60 W. The electric motor of this
pump is brushless, which means that its construction is devoid of a mechanical
commutator.
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Not only does the fully built and programmed system not only enable control
in an open system; it also meets the formal requirements permitting it to be called
an automatic control system (closed system) (Fig. 2).
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Fig. 2. Structural diagram of the automatic control system

3. SYSTEM OPERATION ANALYSIS

3.1. Open-loop control

v

The graph (Fig. 3) shows that the measured flow values do not resemble
a continuous function. In other words, the set of values of this function is discrete.
The "steps™ of the flow chart are separated by a value of approximately 0.5 L/min.
Therefore, the resulting flow regulation can hardly be called fully stepless or smooth.
The reason for the staircase visible in the graph is not in the pump control system,
but is due to the discreteness of the flow meter.
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Fig. 3. Dependence of the P1 flow on the pump control signal [%] for the conditions
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The dependence of the P1 flow on the pump control signal for the same water
system conditions is also shown in Figure 4. This graph illustrates that the current
steady state of the pump depends on its previous state. When the control signal is
increased, the pump starts pumping only after exceeding 17%. However, when the
the control signal is reduced, the pump stops pumping when the control signal drops
below 13%. The reason for this phenomenon is this: at start-up, the torque generated
by the motor must overcome the resistance torque, which is a prerequisite for the
motor shaft to start rotating. Thus, when the motor is already in motion, applying
a control signal lower than the one at which it started to rotate does not cause the
motor to stop.
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Fig. 4. Two dependences of the P1 flow on the pump control signal: during engine start-up
and during engine deceleration

The next dependencies were tested under the conditions of the water system,
when both valves Z1 and Z2 remained open. In this way, it is possible to study the
dependency of the P1 flow and P2 flow on the pump control signal. Both of these
dependencies have been placed on one graph (Fig. 5).
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Fig. 5. Dependence of P1 flow and P2 flow on the pump control signal [%)] for the conditions
of the water system: valve Z1 open, valve Z2 open

It can be observed that the P1 flow remains greater than the P2 flow over the
entire range of the control signal. The reason for this is a valve installed in the branch
where the P2 flow is measured. This contributes to the increase of flow resistance,
even when it is fully open, as a result of the construction of the ball valve used
in the water system.

3.2. Closed-loop control

In order to assess the effectiveness of the programmed regulators, a special type of
experiment was developed. This can be carried out in the constructed water system.
The basis for comparing different variants of regulators was primarily the setting
time obtained in repeated series of the same experiment.

The experiment consists of three main parts, and each of these parts involves
introducing a different disturbance to the control object, which is the flow measured
by the P1 flow meter. The next steps of the experiment are described below.

Part I:

e Experiments should be started in open-loop control mode. Use the potentiometer
to set the pump control signal to 90%.

e The Z2 valve remains fully closed, while the Z1 valve should throttle the flow to
such a degree that the read P1 flow is 3.20 L/min.

e At this point, switch on the selected regulator. The set value for the regulator will
be the P1 flow measured when the regulator is switched on (i.e. when the red or
blue button is pressed). The set point is then displayed on the first line of the
display.
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After switching on the regulator, fully open Valve Z1 with a quick movement.
This will cause a sudden increase in flow, which can be seen on both the flow
meter and the P1 flow meter reading.

After introducing a disturbance to the controlled object, the regulator starts
working by reducing the value of the control signal accordingly: its percentage
value can be observed on the display. The algorithm also detects the introduction
of a disturbance, which can be recognised on the display by the flashing of the
set point and the start of the timer.

The timer stops counting when the algorithm detects that the P1 flow value has
reached the preset value.

At this point, you can write down the displayed regulation time reached by the
tested regulator.

Part 11 of the experiment begins immediately after Part I:
The set point for the tested regulator is still 3.2 L/min. Valve Z1 remains fully
open.
The introduction of the second disturbance consists in the sudden opening of
Valve Z2.
The display shows a decrease in the P1 flow and an increase in the P2 flow.
The controller begins to increase the control signal accordingly, and the timer
begins to measure the setting time.
After reaching the set value, similarly to the first part, the timer stops. Record the
obtained setting time.

Part 111 of the experiment is carried out immediately after Part Il:
The last disturbance is the opposite of the disturbance from the previous part of
the experiment: Valve Z2 should be completely closed with a decisive movement.
The display shows a decrease in the P2 flow and an increase in the P1 flow.
As in the previous parts of the experiment, the display shows the setting time
reached by the regulator.

The experiment was carried out in a system with a PID controller with gain

parameters equal to Kp = 5, Ki = 25, Kd = 10. For the individual parts of the
experiment, the setting time for Parts I, Il and 111 was 3.8 s, f 3.8 s andPart 111 3.2 s
respectively.

Graph (Fig. 6), with two y-axis scales, shows the time course of the measured

value and the time course of the pump control signal.
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Fig. 6. The reaction of the PID controller with gain parameters equal to Kp = 5, Ki = 25,
Kd =10 obtained in part | of the experiment

In order to examine the influence of individual elements of the regulator on the
efficiency of the regulation, a series of experiments were carried out in which the
gain parameters Kp, Ki, Kd were used (Tab. 1). Each parameter configuration was
repeated three times, and then the arithmetic mean of the setting time measurements
from the individual parts of the experiment was calculated. It was assumed that the
controller efficiency indicator was the sum of three arithmetic means on the basis of
which the individual configurations of the PID controller could be compared.

Table 1. The influence of the gain of the parameters of the individual PID controller
elements on the setting time obtained in repeated series of the experiment

Gain of the . . Sum
Setting time -
parameter 4+
K ty +
K Ki ti[s tu[s tu[s —
p 4 |ulsl [s] [s] B [s]
8.2 7.2 5.6
8.2 7.0 5.6
0 10 0 20.9
8.8 7.0 5,6
=82 |t;=71] 1ty =56
10 7.4 5.8
10 7.2 6.6
5 10 0 23.3
9.8 6.8 6.2
=99 |t;=71]1t;=62
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30

cont. Table 1

8.4 6.8 6.0
8.6 7.0 5.8
10 5 21.2
8.2 7.0 5.8
=84 |1t,=69|t; =59
5.0 4.0
4.8 4.6
15 0 56 4.2 15.2
t=58 | W= Ty =43
5.1 11
4.4 4.2 3.2
4.8 4.6 4.0
20 0 12.9
4.8 4.4 4.4
=47 |t =44 | t; =39
4.0 3.6 34
4.0 4.2 4.8
25 0 11.7
4.6 34 3.2
=42 |t =37 t;=38
6.2 34 4.0
4.6 2.8 4.2
30 0 12.6
5.8 3.2 3.6
=55 | t;=31]t; =39
4.2 3.6 2.8
3.8 3.6 3.2
25 0 10.6
34 4.2 3
=38 |[t;=38|1t;=3
3.8 3.8 3
4.2 3.6 3.2
25 0 10.7
4.4 3.6 2.6
t, =41 | t;=37]|t;=29
4.6 4.0 3.2
3.6 4.0 34
25 5 10.8
3.8 34 2.6
=39 [t;=38]1t;=21
4.2 4.0 3.0
3.8 34 34
25 10 11
4.6 3.8 2.8
=39 [t;=38]1t;=21
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On the basis of the above series of experiments, it can be concluded that the
integrating element influences the efficiency of regulation to the greatest extent.
The shortest setting time for the integral-only controller was obtained when the gain
parameter Ki was set to 25 (11.7 s). Activation of the proportional gain made it
possible to reduce time by a maximum of 10% when the gain parameter Kp was
2 (10.6 s). In none of the tested configurations was it observed that the activation of
the D component had improved the efficiency of the regulation.

4. CONCLUSIONS

The weakest link in the built control system turned out to be the electronic flow
meters, which return discrete values of the measured flow to the control system.
Improving the accuracy of this element of the system would have the greatest benefit
on the quality of regulation.

Not only does the fully built and programmed system enable control in an open
loop; it also meets the formal requirements permitting it to be called an automatic
control system. A series of experiments testing various configurations of regulators
was carried out on the system. By manipulating the PID controller settings, the
impact of its individual elements on the level of control efficiency was tested on
a real object.

The experimental setup used in the proposed exercise can successfully assist the
user in getting acquainted with the subject of control and regulation on a real control
object.
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