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Abstract. The main purpose of this study is to revitalize the concept of wise and controlled 
supply of water for domestic, industrial and agricultural applications which facilitate 
sustainable usage of fresh water resources. As Eritrea is striving to manage its water 
resources, attention paid primarily to enable water flow control mechanisms in municipal 
water distribution systems. A table top process control trainer (PCT) was tested through 
proportional(P), integral (I) and derivative (D) control mechanisms using Ziegler-Nichols 
second method to evaluate the tuning variables. Applying exclusively P control action, 
critical period of oscillation (𝑃𝑃𝑐𝑐𝑐𝑐) was estimated as 1.4 sec at proportional band value of 9. 
P, PI and PID controller performance studies were conducted with tuned variables on the 
water flow control system at different step disturbances between 20 – 50 % and their 
corresponding responses were characterized. P controller exhibited faster responses with 
consistent increments in offset, PI controller recorded highest overshoot values with 
negligible offset and prolonged settling times. PID controller showed less overshoot values 
and faster response times than PI but it increased chatter on the control output signal. The 
study revealed that the system can be safely controlled between 0-80 LPH. If the offset is 
not a major concern, P controller would be reflected suitable with simple design and 
minimum expenditure, else PI controller makes offset to zero though it possesses higher 
settling times. In other words, PID controller is complex using more tuning parameters, need 
expensive maintenance, and has resulted an intermittent noise in the output signal. 

Keywords: Control System, Flow controllers, Step Disturbances, Sustainable Supply of Water, 
Tuning of PID Controllers, Water Flow control, Ziegler and Nichols Method. 

Introduction 
Freshwater supply is the main pillar for sustainable economic activities of humankind 

and an essential element of human life. Currently, scarcity and quality of water have become 
prior concerns in many developing countries. Of the 3% of freshwater on earth, only one third 
is of drinking water quality available in streams, rivers and lakes that can support human’s 
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daily activities and other usage [1]. Globally, water use has been increasing by 1% every year 
and expected to rise 20 – 30 % by 2050 [2]. Population growth and urbanization are 
prominent reasons for water scarcity everywhere in the world [3, 4]. Eritrea, a northeast 
African country mainly relies on seasonal rainfalls usually happens every year for short period 
from July to September. However, Government of Eritrea (GOE) has made significant progress 
in water and sanitation service delivery since its independence. Despite progress, water 
scarcity and poor water quality are increasingly common across Eritrea, demand for 
freshwater in rural and urban areas is expected to increase as a result of rapid climate change, 
population growth, rapid urbanization, economic activity, competition for water and 
improved standards of living. Hence, in 2019, with the support of UNICEF, the GOE has 
developed a One WASH (Water, Sanitation and Hygiene) Strategy and Investment Plan 
(OWSIP) that integrates resilience considerations, climate change mitigation and adaptation 
[5]. Therefore, the study of water supply control systems and their design strategies would 
be on prior to ensure deterministic supply with improved safety.  
Flow controllers are designed to measure and control the flow of liquids and gases in 
domestic, industrial and agricultural applications. Water flow control in process industries is 
essential for precise supply in manufacturing operations, perhaps it may decide the end 
product specification. An effective fluid control equipment can also help in the prevention of 
hazardous substances into the working environment. Flow controllers, which need 
modulating electronically to enable a closed process loop are installed to speed up and 
improve the processes whilst lowering the cost. Applications that benefit from this include 
the sampling systems in petrochemical plants, gas and chemical control in manufacturing 
processes and in off-shore oil rigs. Solenoid valves are a good performer in these 
environments; however, it is important to consider the power requirements and the 
environment they are being used in. A standard solenoid would potentially pose great risk 
without being upgraded, due to the electricity needed to operate them. A simple and more 
reliable method of flow control within these environments are pneumatic valves. The removal 
of electricity from its process of delivery, removes fire and explosion hazards [6, 7] 
Three types of controllers, proportional, integral and derivative (PID) were developed in 
1930s, still the most widely applied industrial controllers. This succeed is a result of many 
good features of this algorithm such as simplicity, robustness and wide applicability [8]. 
Transfer function (𝐺𝐺𝐶𝐶) of PID Controller generally expressed as  

𝐺𝐺𝐶𝐶(𝑠𝑠) = 𝐾𝐾𝐶𝐶(1 +
𝑇𝑇𝐼𝐼
𝑠𝑠

+ 𝑇𝑇𝐷𝐷𝑠𝑠)

where 𝐾𝐾𝐶𝐶 , is proportional gain 𝑇𝑇𝐼𝐼is integral time and 𝑇𝑇𝐷𝐷 is derivative time [8, 9]. Many different 
tuning methods have been proposed from 1942 to the present day for gaining better and 
more acceptable control system response based on desirable control objectives such as 
percent of overshoot, offset, settling time, manipulated variable behavior etc. PID controller 
tuning methods are classified into closed loop methods such as Ziegler-Nichols method, 
Tyreus-Luyben method and Damped Oscillation method etc., and Open loop methods like 
open loop Ziegler Nichols methods, Cohen and Coon method, Minimum error criteria methods 
etc. [8, 10]  
Nevertheless, there exist very few literatures [11 - 13] about PID tuning of flow control 
system, in this study, attention paid mainly to evaluate the parameters of PID controller 
applied for turbine flow control of water assembled in a table top process control trainer 
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(PCT) system. Since the Ziegler-Nichols models are simple and most popular in industrial 
applications, closed loop Ziegler-Nichols tuning method was adopted to estimate PID 
controller parameters. Tuned variables were set for proportional (P), proportional integral 
(PI), and proportional integral derivative (PID) control mechanisms and several experiments 
were performed at different set values to identify the system overall performance. 

Closed Loop Ziegler-Nichols Tuning Method 
This is a heuristic trial and error tuning process based on sustained oscillations that 

was proposed by Ziegler and Nichols in 1942. This is probably the most widely used method 
for tuning of PID controllers, is also known as online or continuous cycling or ultimate gain 
tuning method [8, 14]. 

Table 1 
Closed loop calculations PID controller parameters, 𝑲𝑲𝑪𝑪, 𝑻𝑻𝑰𝑰 and 𝑻𝑻𝑫𝑫 

Controller/Parameter Proportional Gain 
(𝐾𝐾𝐶𝐶) 

Integral Time (𝑇𝑇𝐼𝐼) Derivative Time 
(𝑇𝑇𝐷𝐷) 

P 0.5𝐾𝐾𝑐𝑐𝑐𝑐 ∞ 0 
PI 0.45𝐾𝐾𝑐𝑐𝑐𝑐 𝑃𝑃𝑐𝑐𝑐𝑐 1.2⁄  0 

PID 0.6𝐾𝐾𝑐𝑐𝑐𝑐 0.5 𝑃𝑃𝑐𝑐𝑐𝑐 0.125𝑃𝑃𝑐𝑐𝑐𝑐 

It applies only proportional gain (𝐾𝐾𝑃𝑃) in a feedback control loop by neglecting integral and 
derivate actions.  
The process usually begin with low values of gain, 𝐾𝐾𝑃𝑃 followed by gradual increase until a 
steady state oscillation occurs.  
The gain corresponding to sustained oscillation period, 𝑃𝑃𝑐𝑐𝑐𝑐 can be evaluated as 𝐾𝐾𝑐𝑐𝑐𝑐 = 100/𝑃𝑃𝑏𝑏 
, where 𝑃𝑃𝑏𝑏 is the proportional band of the system. After that PID controller parameters can 
be calculated as in Table 1.
[15 - 17]. 

Materials & Methodology 
Materials: Ambient air passed through compressor followed by oil catch filter was used 

as fluid to provide pressure for differential pressure flow sensor and also to serve in I to P 
Converter.  

Water fetched from municipal water supply lines of Mai-Nefhi was utilized as process 
fluid. 

Experimental Setup: 
A table top process control trainer (PCT) system, originally supplied by Matrix Global 

Pvt. Ltd. India but accessed from the Process Control lab, Department of Chemical 
Engineering, Mainefhi College of Engineering & Technology (MCOETEC). Water was taken as 
process fluids, and the air served as utility in differential pressure flow sensor.  

PCT mainly composed of a sump tank of 70 liters, mounted horizontally, ½ HP 
centrifugal pump to drive water from sump tank to the process, a compressor that compress 
air up to 10 bar with automatic on/off operation, an oil catch filter to purify air that comes 
into the process, a process tank of 70 liter mounted vertically, control valve and computer 
loaded with PID controller software.  

All these hardware elements were connected with auxiliary fittings such as pipelines, 
pressure dials, inline valves and transmission lines as shown in Figure 1. 
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Figure 1. Schematic diagram of process control trainer (PCT) system. 

Methodology 
To configure flow control system in to a closed loop control, the connections were 

made according to the wiring sequence shown in the text box below prior to conduct 
experiments. As a primary phase, a set of experiments were performed to evaluate PID 
controller parameters by using Ziegler-Nichols method. 

Tuning of PID controller of Water flow control system: 
According to Ziegler Nichol’s Second method, a closed loop setup was arranged as 

shown in Figure 2 through accomplished wiring sequence. Initially the system intake pressure 
was arranged at 1 bar by watching on pressure dial AFR1. Prior to switch on the pump, all the 
necessary parameters as shown in Figures 3 & 4 were set on main window and on settings 
window of PID controller software installed on PC. As the pump capacity is quite high, a 
bypass line was provided, and the inflow valve was kept open, and also two of the exit valves 
of process tank were also kept open. The pump made on and for a set value of 30 %, the 
responses of the system in Figure 1 were noted by changing proportional band (𝑃𝑃𝑏𝑏) values in 
ascending order, from 3 to 11 manually in the main window of PID Controller application 
until a sustained wave with constant amplitude was recorded. The data generated from the 
different sets of experiments were collected and analyzed clearly to identify a perfect wave 
with a constant amplitude. 

Figure 2. Block diagram of closed loop control of flow control. 
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Figure 3. Parameters Set on Main window of PID controller software. 

 

 
Figure 4. Parameters Set on Setting window of PID controller application. 

 

Wiring Sequence: Pump - L14 on EMT8, Pump - N15 on EMT8, FLOW O/P (14 of Signal 
conditioning panel) – Computer interface panel (CIP) CH1, CIP 6 – CIP 9, CIP 10 – (+ve) of 
I to P converter, (-ve) of I to P converter – CIP 20, FLOW O/P (14 of SCP) – (+ve) of DPM, 

(-ve) of DPM – GND on SCP. 
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Performance Studies on Step responses of water flow control system 
Estimated Ziegler-Nichols parameters of P, PI and PID controllers were employed on 

physical system through PID controller application and a range of step values starting from 
20 % to 50 % were applied to identify the system response. Produced data with a sampling 
time of 0.1 sec from all the experiments were examined independently for the comparison of 
variables such as overshoot, decay ration, settling time and offset. 

Results & Discussion 
To evaluate Ziegler-Nichols tuning parameters of single loop flow control system, 

experiments were conducted on a closed loop system with P controller by changing 
proportional band (𝑃𝑃𝑏𝑏) gradually from 3 to 11 for a set value of 30 % of flow rate and their 
responses were plotted as shown in Figures 5 & 6. Response of the system in the wave form 
were notified at lower 𝑃𝑃𝑏𝑏values and wave structured response was totally disappeared at 
𝑃𝑃𝑏𝑏 = 11 as shown in Figure 7. Most of the cases, total number of samples in a cycle were 
equal but the position of amplitude was shifted to the right, counted 8 samples in the left 
and 6 on the right as shown in figures 5 & 6. But a constant value of amplitude measured 
exactly at middle of the cycle was clearly seen with equally distributed samples in case of 
experiments at proportional band (𝑃𝑃𝑏𝑏) of 9 and its corresponding gain was evaluated as 𝐾𝐾𝑐𝑐𝑐𝑐 =
100/𝑃𝑃𝑏𝑏. Measured value (MV) verses time (t) was plotted and the period of oscillation (𝑃𝑃𝑐𝑐𝑐𝑐) 
was calculated as 

𝑃𝑃𝑐𝑐𝑐𝑐 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑏𝑏𝐸𝐸𝑎𝑎 𝑐𝑐𝑜𝑜 𝑆𝑆𝑎𝑎𝑁𝑁𝑆𝑆𝑆𝑆𝐸𝐸𝑠𝑠 𝑠𝑠𝑛𝑛 𝑎𝑎 𝑎𝑎𝑦𝑦𝑎𝑎𝑆𝑆𝐸𝐸(𝑁𝑁) × 𝑆𝑆𝑎𝑎𝑁𝑁𝑆𝑆𝑆𝑆𝑠𝑠𝑛𝑛𝐸𝐸 𝑡𝑡𝑠𝑠𝑁𝑁𝐸𝐸(𝑡𝑡𝑠𝑠) 

𝑃𝑃𝑐𝑐𝑐𝑐 = 14 × 0.1 = 1.4 𝑠𝑠𝐸𝐸𝑎𝑎 

Other tuning parameters of P, PI and PID controllers were estimated as given by Table 2. 

Table 2 
Estimated Ziegler-Nichols tuning parameters of P, PI and PID controllers 

Controller/Parameter 
Proportional 

Gain (𝐾𝐾𝑃𝑃) 
Proportional 

Band (𝑃𝑃𝑏𝑏) 
Integral Time 

(𝑇𝑇𝐼𝐼) 
Derivative 
Time (𝑇𝑇𝐷𝐷) 

P 5.55 18 64000 0 
PI 4.99 20 1.167 0 

PID 6.67 15 0.7 0.175 

Effect of Tuned Parameters on Step Response of the System 
Performance studies on water flow control system at different step shifts, 20 %, 30 %, 

40 % and 50 % were conducted with Ziegler-Nichols tuning variables of P, PI and PID 
controllers and corresponding data was generated with a sampling time of 0.1 sec. It was 
noticed that there wasn’t further change in the output for set values higher than 50 %. In fact, 
the system could able to attain the maximum flow rates of 40.39 %, 40.78 % and 41.17 % 
with P, PI and PID control mechanisms respectively for 50 % of set value as shown in Table 
3. It was clearly observed that Pi and PID controllers eliminated offset at lower flow rates as
set values and the system could able to attain a maximum flow rate of 82.34 LPH though the
set values were taken to further higher.  Set values (SV) and measured values (MV) were opted
as ordinates and time (t) taken as abscissa and their resultant responses were plotted for P
(figure 8), PI (figure 9) and PID (figure 10) controllers to analyze the system characteristics.
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Table 3 
Ultimate flow rates attained by P, PI and PID Controllers for different set values 

Set value 
(SV) 

20 % 30 % 40 % 50 % 

Controller P PI PID P PI PID P PI PID P PI PID 

Flow rate  
in % (MV) 

18.82 20 20 25.49 29.8 29.8 34.5 39.61 39.61 40.39 40.78 41.17 

Flow rate 
in LPH 

37.64 40 40 50.98 59.6 59.6 69 79.22 79.22 80.78 81.56 82.34 

Offset 1.18 0 0 4.51 0.2 0.2 5.5 0.39 0.39 9.61 9.22 8.83 
 

 
Figure 5. Response of P controller of water flow system for 30 % of Set Value at different 𝑃𝑃𝑏𝑏 

values of 3, 5 and 7. 
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Figure 6. Response of P controller of water flow system for 30 % of Set Value at different 𝑃𝑃𝑏𝑏 
values of 8, 9 and 10. 

Figure 7. Step response of closed loop control of water flow system for 30 % 
set value at 𝑃𝑃𝑏𝑏 = 11. 
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Figure 8. Step responses of water flow control system with P controller. 

Figure 9. Step responses of water flow control system with PI controller. 

Figure 10. Step responses of water flow control system with PID controller. 
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Characterization of P, PI and PID controllers of Water flow control system 
For different step disturbances, the system response plots were developed to evaluate 

the characteristic parameters of P, PI and PID control mechanisms. Overshoot, Decay ratio, 
settling time and Offset values were calculated and the results are furnished in Table 4. When 
the system facilitated exclusively only P control through setting estimated proportional band 
value of 18, and applied different step changes, system performed with faster settling times 
than PI and PID controllers, especially at 20 % and 50 % set values as shown in Figure 11 
whereas PI controller of tuned parameters, has recorded with higher settling times than other 
two modes. In other words, P controller has led to consistent steady state errors which is 
called as offset. 

 

Table 4 
Estimated characteristic parameters of step response of water flow control system with P, PI and 

PID control mechanisms 
Set value 

(SV) 
20 % 30 % 40 % 50 % 

Controller P PI PID P PI PID P PI PID P PI PID 

Overshoot NA 11.75 9.8 NA 3.27 4.57 NA 1.95 1.95 NA 0 0 

Decay 
Ratio 

NA 16.6 79.6 NA 59.2 71.5 NA 50 50 NA 0 0 

Settling 
time 

9 250 232 83 326 69 68 324 62 18 175 23 

Offset 1.18 0 0 4.51 0.2 0.2 5.5 0.39 0.39 9.61 9.22 8.83 
 

With increasing step changes, offset values also increased and recorded higher values 
for P controllers than PI and PID controllers as depicted in Figure 12. As the purpose of 
integral action is to provide lower or zero offset value, it was observed that the PI controllers 
holds zero offset at 20 % step disturbance, and very close to zero at 30 and 40 % step changes 
but it is high at 50 % step change because the physical design of the specific system was 
identified as it doesn’t support flow rates greater than 41.56 % of its capacity. 

 

 
 
 

Figure 11. Settling times of P, PI and PID controllers at different set values. 
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Overshoot is defined as the ratio of amplitude of the peak to the set value and the ratio of 
two successive amplitudes is known as decay ratio [18, 19]. Overshoot and decay ratios of PI 
and PID controllers were compared in figures 13 and 14, and notified the values are 
significant for step changes of 20, 30 and 40 % but not at 50 % as it beyond the range of the 
system. PI controller has recorded higher overshoots than PID with lower decay ratios. As the 
integral term integrates or continually sums up error over time even a small error amount of 
persistent error calculated in the process will aggregate to a considerable amount of over 
time [20], therefore higher response times were observed for PI Controllers. 

 
 

Figure 12. Offset values recorded for P, PI and PID controller at different set values 
 

The configuration of PID control has used full set of tuned parameters, proportional, integral 
and derivative variables and it exhibited aggressive response with lower overshoot values 
but it increased chatter on the control output signal. Thus, PID control is preferable for use 
in steady state processes or processes that either respond slowly or have little-to-no noise 
[20]. Flow control in general possess low sampling time between 1 - 5 sec [20], therefore 
because of faster and stable responses, P controller could be a better choice for water flow 
control if offset to be zero is not a constraint. Else, PI controller would provide zero offset 
although it consumes longer time to settle with moderate maintenance. 

 
Figure 13. Comparison of overshoot values of PI and PID controllers. 
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Figure 14. Comparison of decay ratios of PI and PID controllers. 

Conclusions 
As Eritrea is striving to manage its limited water resources, application of flow 

controllers to improve water distribution system in the country addressed for the first time in 
this work. A table top process control trainer (PCT) was tested through proportional(P), 
integral (I) and derivative (D) control mechanisms. Applying exclusively P control action, 
critical period of oscillation (𝑃𝑃𝑐𝑐𝑐𝑐) was estimated as 1.4 sec at proportional band value of 9. 
Tuning parameters of PID controller for water flow control system were evaluated using 
Closed loop Ziegler-Nichols method. Setting sample time at 0.1 sec, P, PI and PID controller 
performance studies were conducted with tuned variables on the water flow control system 
at different step disturbances between 20 – 50 % and their corresponding responses were 
characterized. P controller exhibited faster responses with consistent increments in offset, PI 
controller recorded highest overshoot values with negligible offset and prolonged settling 
times. PID controller showed less overshoot values and faster response times than PI but it 
increased chatter on the control output signal. The study revealed that the system could 
attain maximum controlled flow rates of 83.12 LPH (Litre Per Hour) with a set value of 50%, 
and it retained there for further higher set values. Therefore, the system can be safely 
controlled between 0-80 LPH. Since flow control systems possess shorter sampling times 
between 1-5 sec, if the offset is not a major constraint, P controller could be reflected suitable 
with simple design and minimum expenditure, else PI controller makes offset to zero though 
it possesses higher settling times. In other words, PID controller is complex using more tuning 
parameters, need expensive maintenance, and has resulted an intermittent noise in the 
output signal. 
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