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Course Overview

➢Process dynamics

➢Controllers (PID, advanced)

➢Instrumentation

➢Industry applications

Relevance:

➢Essential knowledge for engineers working in 
industry.
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Motivation
➢Without control: instability, unsafe operations, 

waste.

➢With control: stable, efficient, profitable processes.

➢Example: Reactor temperature without control vs 
with PID.
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Definition of Process Control

• Automatic regulation of process variables 
(temperature, pressure, flow, level, etc.) to 
achieve desired outputs.

• Key concept: Feedback.
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Process Variables
1. Controlled Variables (CVs): The output variables of the 

process that we want to keep at a desired value (setpoint). 

Examples: Temperature – Reactor temperature in a chemical plant. 
Flow rate – Steam flow to a turbine. Pressure – Boiler drum 
pressure. 

Role: The main performance indicators of the process.

2. Manipulated Variables (MVs): The input variables that 

the controller can directly adjust to influence the controlled 
variables. 

Examples: Valve position (%) – Adjusting cooling water flow 
through a valve to control reactor temperature. Pump speed (RPM) 
– Varying a pump’s motor speed to regulate pipeline flow. 

Role: The “knobs” the controller turns to keep CVs on target.

3. Disturbances (DVs): External or internal factors that affect 

the process but cannot be directly controlled. 

Examples: Feed composition – Change in raw material 
concentration in a blending tank. Ambient conditions – Variations in 
outside temperature or humidity affecting heat exchangers.

Role: The unwanted influences that create errors and require the 
control system to compensate.
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Examples of Processes
• Chemical reactor temperature control

• Boiler drum water level

• Food pasteurization temperature loop
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Industry Relevance

• Oil & Gas → pipeline pressure control

• Chemical plants → distillation column

• Food industry → pasteurization

• Power plants → steam turbine

• Water treatment → pH control
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General Control Loop



9
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



10
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control

Open Loop vs Closed Loop

• Open loop: no feedback (toaster timer)

• Closed loop: feedback present (thermostat).
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Disturbances in Control Systems

External factors 
affecting process:

• Ambient temperature

• Raw material variation

• Sensor noise

Importance: disturbance 
rejection.
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Practical Relevance
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Control Objectives

• Maintain stability

• Minimize error

• Reject disturbances

• Improve efficiency and safety



14
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



15
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



16
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



17
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



18
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



19
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



20
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



21
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



22
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



23
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



24
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



25
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



26
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



27
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



28
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



29
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



30
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



31
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



32
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



33
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



34
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



35
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control



36
College of Electronics Engineering 

Department of Systems and control Engineering 
Introduction to Process Control

Wrap-Up & Questions

Summary:

• Definition of process control

• Block diagram & components

• Industrial relevance

Discussion & Q/A
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Piping and Instrumentation Diagrams (P&IDs) use 
specific instrumentation symbols to show the 
connectivity of equipment, piping, sensors, and 
valves within a control system, and they are most 
commonly used in engineering. These 
instrumentation symbols can represent actuators, 
sensors, and controllers. 
Not all P&ID elements are standardized, but the 
instrumentation symbols follow a standard set by 
ANSI/ISA 5.1-2022.
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What are Tag Numbers? A tag number with a circle 
around it indicates stand alone, physical instruments. 
When a first letter is used in instrumentation symbols, 
e.g., Pressure Indicator Controller (PIC), it defines the 
measured or initiating variables. 
Examples include Analysis (A), Flow (F), Temperature 
(T), and Pressure (P). 
The second letter tells the type of device being used, 
such as Indicator (I), Record (R), and Transmit (T). 
The third, fourth, or fifth letter tells the function of the 
component.
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Example: 

The pressure in a chemical reactor is measured by an electronic 

sensor/transmitter with an output ranging between 4 - 20 mA.  The 

manipulated variable is the speed of a vacuum pump accepting a 4 - 20 

mA input.  The controller is a digital controller.  Sketch the piping and 

instrumentation diagram (P&ID) and the ‘block diagram’ for the closed 

loop control system.  Make sure to include all the necessary components 

in the control system including the AD and DA converters. 
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Solution:
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Example:

In order to control the temperature of a jacketed chemical reactor in 

which an exothermic reaction takes place, a DAQ system with a proper 

software is employed. Describe every step which is needed to read the 

thermocouple output (0-10 mV) and issue a signal to manipulate the 

cooling water flow rate supplied to the reactor jacket.  The desired set-

point temperature is 120C.  Draw the Block diagram and the P&ID of 

this control system.  A pneumatic control valve is used to throttle the 

flow of the cooling water. Make sure to include every component needed 

and the units of the signals in you diagrams. 
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Solution:
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Learning Objectives

•Derive and interpret PID control equations in continuous 

and discrete form.

•Recognize how industrial PID loops are implemented in 

DCS, PLC, and SCADA systems.

•Identify field-level limitations: sensor noise, actuator dead-

band, valve hysteresis.

•Tune and test controllers safely following ISA Loop 

Commissioning Practice.

•Apply simulation and real-time testing using 

MATLAB/Simulink, DeltaV Simulate, or Siemens S7-PID 

blocks.
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Scientech 2476 Pressure Control Workbench 

Experiment 1 (Part A)
Objective: Study and use of Scientech 2476 Pressure Control Workbench hardware and software . 

Equipment Needed: 



Technical Specifications 

Pressure Transmitter : 1 No. 

Range : 0-150 Psi 

Accuracy : ± 0.5 %  

Output : 4 to 20mA, 2 Wire System 

Pressure Gauge  :  2Nos. 

Range : 0-110 psi 

Dial : 100 mm 

Pressure Gauge :  1No.  

Range : 0-150 psi 

Dial : 63 mm 

Control Valve :  1No. 

Input Signal : 4-20 mA 

Supply Pressure : 0 to 45kg/cm2 

Type           :  Equal Percentage 

Solenoid Valve : 1Nos.  

Supply : 230 AC 

Current Display  :  2Nos. 

Display  : 4 Digit, 7 segment digital displays 

Keys  : 3 for Digital Setting 

Input Type  : Current  

Resolution  : 1 or 0.1 degree 

Supply Voltage  : 230V AC 

AC Ammeter  :  1 Nos.   

Range  : 0-10 A 

Voltmeter :  1 No. 

Range : 0 to 300V DC 

Push to ON Switch : 4 Nos. 

Indicator :  4 Nos. 

Toggle Switch :  2 Nos. 

4 – 20mA Source : 1 No. 

SS Tank :  2 No. 

 



Data Acquisition System (DAQ) 

Analog Input : 8 

Analog Output : 2 

Digital Input : 8 

Digital Output : 8 

ADC Resolution : 24 Bit 

Two Unity Gain Amplifiers : 0 to 5V 

USB 2.0 : Yes 

Ethernet : Yes 

Data Logging (PC Based) : Yes 

Power Supply : USB Based 

UART Interface : Yes 

Human Machine Interface (HMI) 

Supply  : +24V DC 

CPU  : 32-bits 400MHz RISC  

Storage  : 128M FLASH + 64M DDRAM  

Display size : 7 inch 

Resolution : 800×480 TFT LCD 65,536 colors 

Interface : RS485 

Touch Screen  : High precision four-wire resistive  

Caster Wheel 2 (With Lock), 2 (Without Lock) 

Size : 4 

MCB : 1 No.  

Supply  : 230V AC  

Current  : 16Ampere 



transmitter pressure input  is 0 to 150psi and current output is 4 to 20mA. 

 

Electrical Connections: 

Signal at 4……..20mA 

 

Control Valve  

A control valve is a valve used to control fluid flow by varying the size of the flow 

passage as directed by a signal from a controller. This enables the direct control of 

flow rate and the consequential control of process quantities such as pressure, 

temperature, and liquid level. 

 

 

              Hardware Details 

Pressure Transmitter 

Pressure Transmitter is a transmitter Convert pressure into current .Pressure 



How the Control Valve Work? 

 When you give 8.1mA Current using slider then Control valve will 25% Open. 

 

 When you give 12mA Current  using  slider then Control valve will 50% Open. 

 

 When you give 16mA Current using slider then Control valve will 75% Open. 

 



 When you give 20mA Current using slider then Control valve will 100% Open. 

A solenoid valve has two main parts: the solenoid and the valve. The solenoid 

converts electrical energy into mechanical energy which, in turn, opens or closes the 

valve mechanically. Solenoid valves may use metal seals or rubber seals, and may 

also have electrical interfaces to allow for easy control. A spring may be used to hold 

the valve opened or closed while the valve is not activated.  

Data Acquisition System  

A typical data acquisition system consists of individual sensors with the necessary 

signal conditioning, data conversion, data processing, multiplexing, data handling and 

associated transmission, storage and display systems. 

 

In order to optimize the characteristics of the system in terms of performance, 

handling capacity and cost, the relevant sub systems can be combined together. 

Analog data is generally acquired and converted into digital form for the purpose of 

processing, transmission, display and storage. 

 

Solenoid Valve: 



 

Current Display: 

Air Compressor: 

SS Tank:



Select IP Click on Select IP then Enter IP 192.168.0.190 and click on OK button as 

shown below. 

 

Start button is used for start process. 

2. Start Logging this button is used to save data of pressure output in form of 

graph and buttonle. 

3. Search this button is used to find previous/save data through date/time. 

 

Software Detail 



4. Delete this button is used to delete the save data/logging data. 

5. Stop Watch is used for experiment point of view. 

 

6. Configure DAQ IP if you want to Configure Nvis632i according to your 

network, you can change the IP Address, Gateway, Subnet Mask, Primary DNS, 

and Secondary DNS according to your system network. If you configured 

Ethernet according to your system network is complete, click on to Save 

Configure button. 

 

  



 

7. Set Alarm This button is used to set a alarm for pressure at a fixed set points. 

 



8. Setting this button is used to set Pressure PID values as well as sensor input 

settings. 

Process control Setting 

 

Sensor Input Setting 

 



9. Auto/Manual from this block we can control process in auto or manual mode. 

10. Ethernet Link/ DAQ Temperature this button indicates whether the hardware 

is connected to LAN or not and shows internal DAQ temperature. 

11. Control Valve from this block we can adjust variable 4-20mA output using 

software. 

12. Set Value/Process Value this block shows current reading of different kind of 

sensors as well as setpoint value. 

13. Live this button is used for control and see a real time change in the Process. 

15.  Plot this button shows process value and set point value reading in the form of 

graph. 
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 Patch Cord 

Procedure: 

 Turn on the MCB then Power Indicator (Red Indicator) and Scientech 2476 

Pressure Measuring Instrument will be on. 

 

 Connect Ethernet Cable between Ethernet Socket of Scientech 2476 to PC 

Ethernet Socket. 

 Make a connection diagram according to below given connection diagram. Put 

Pressure transmitter Toggle Switch to Manual mode 

 

 Connect Air Compressor Input PU Tube to Input of Solenoid Valve. Pull the Red 

knob  of Air Compressor. 

Experiment 1 - Part B
Objective: Study and use of Pressure Transmitter. 

Equipment Needed: 



 

  

 Open the Scientech 2476 Software, Select IP and click on Start button. 

 “Hardware Found” message will comes then click on “OK” Button as shown 

below. 

 

 



 Firstly click on Start button then Visual Indicator will ON , means your Process 

will ready to start. 

 

 Click on Air Compressor Switch then your air compressor will start. In Air 

Compressor 100 psi air fill then Air compressor will automatically off.When you 

click on Air compressor button then Air Compressor will OFF. 

 



 Click on  Solenoid Valve then Solenoid Valve will open air comes start in SS 

Pressure Vessel. When 5 Psi air fill in SS Pressure vessel then again click on 

Solenoid valve  button then Solenoid valve will OFF. Note down the pressure 

Transmitter output (in mA) using Current Display 1 in observation. 

 

 

 Note down the pressure Transmitter output at every 5 Psi pressure in observation 

table. 



Observation Buttonle 

Pressure using Pressure Gauge (in Psi) Pressure Transmitter Output (in mA) 

0  

5  

10  

15  

20  

25  

30  

35  

40  

45  

50  

55  

60  

65  

70  
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Procedure: 

 Turn on the MCB then Power Indicator (Red Indicator) and Scientech 2476 

Pressure Measuring Instrument will be on. 

 

 Connect Ethernet Cable between Ethernet Socket of Scientech 2476 to PC 

Ethernet Socket. 

 

 

 

 

 

 

Experiment 1 - Part C
Objective: Study and use of Control Valve. 

Equipment Needed: 

 Make a connection diagram according to below given connection diagram. 



. 

 Open the Scientech 2476 Software, Select IP and click on Start Button. 

 “Hardware Found” message will comes then click on “OK” Button as shown 

below. 

 

 Firstly click on Start button then Visual Indicator will ON , means your Process 

will ready to start. 

 
 



 Click on Air Compressor Switch then your air compressor will start. In Air 

Compressor 100 psi air fill then Air compressor will automatically off. When 

you click on Air compressor button then Air Compressor will OFF. 

 

 Click on  Solenoid Valve then Solenoid Valve will open air comes start in SS 

Pressure Vessel. When 60 psi air fill in SS Pressure Vessel then again click on 

Solenoid Button then  Solenoid valve will OFF. 

 



 

 Make a connection according to below given connection diagram.Firstly set 

4mA (approximately) using 4 to 20 mA current source Potentiometer and see the 

current display 2. 

 

 Connect 4 to 20mA banana socket to Control valve banana socket using patch cord. 

1- Give 4mA current to Control Valve , record the open % of control valve.  

 

 

Control
Pencil

Control
Pencil



 Give 8.1mA Current using slider then record the open % of Control valve.  

 

 

 Give 12mA Current  using  slider then record the open % of Control valve.  

 

 



 

 Give 16mA Current using slider then record the open % of Control valve.  

 

 



 Give 20mA Current using slider then record the open % of  Control valve.  

 

 

 

Observation Buttonle 

Control Valve input (in mA) Open Control Valve in % 

4.3  

8  

12  

16  

20  

Note : Please do not Set Set point below 15psi and above 70 psi. 



Experiment 3  

Objective: Study and use of ON/OFF Controller using software. 

Equipment Needed: 

 Scientech 2476 Pressure Measuring Workbench 

 Ethernet Cable 

 Patch Cords 

 Air Compressor 

  

Procedure:

 Turn on the MCB then Power Indicator (Red Indicator) and Scientech 2476 

Pressure Measuring Instrument will be on.

 

 Connect Ethernet Cable between Ethernet Socket of Scientech 2476 to PC 

Ethernet Socket. 

Turn the switches into the DAQ/Auto position as shown in the image below. 

 

 Open the Scientech 2476 Software, Select IP and click on Start BUTTON. 

 “Hardware Found” message will comes then click on “OK” Button as shown 

below 



 

 For ON/OFF process, go to the Setting button then process control setting 

Option will open, as shown below. 

 



 Process Control Setting window will open then click on ON/OFF>Select 

Hysteresis and then click OK as shown below. 

 

 Set the Set point of On / Off Controller as shown below. Click on Start button. 

When the set point is below the Current pressure then Solenoid valve will be 

'ON' as shown below. 

 

Note: When the pressure of air is below the available pressure than compressor will 

be on automatically.  



 When pressure reach to the set point then solenoid valve will be 'OFF' as shown 

below. 

 

 If you want to see a graph between Pressure Vs Time, click on Plot BUTTON as 

shown below. 

 

 



 When the process value above the set point then control valve will be open 

according to suitable percentage and maintain the pressure, as shown below. 

 

Note : Please do not Set Set point below 15psi and above 70 psi. 

Omar
New Stamp
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Experiment 4 

Objective: Study and use of Proportional-Integral-Derivative using software. 

Equipment Needed: 

 Scientech 2476 Pressure Measuring Workbench 

 Ethernet Cable 

 Patch Cords 

 Air Compressor 

 Patch Cord 

Procedure:

 Turn on the MCB then Power Indicator (Red Indicator) and Scientech 2476 

Pressure Measuring Instrument will be on.

 

 Connect Ethernet Cable between Ethernet Socket of Scientech 2476 to PC 

Ethernet Socket. 

 Turn the switches into the DAQ/Auto position as shown in the image below. 

 

 

 Open the Scientech 2476 Software, Select IP and click on Start Button. 

 “Hardware Found” message will comes then click on “OK” Button as shown 

below. 
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 For  Proportional-Integral-De.  process,  go  to  the  Setting  button  then  process 

control setting Option will open, as shown below. 
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 Process Control Setting window will open then click on PID>PID set suitable 

gain, Integral Time and derivative time, then click OK as shown below. 

 

 Set the Set point of Proportional-Integral-Derivative Controller as shown below. 

Click on Start button. When the set point is below the Current pressure then 

Solenoid valve will be 'ON' as shown below. 

 

Note: When the pressure of air is below the available set pressure then compressor 

will be on automatically.  
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 If you want to see a graph between Pressure Vs Time, click on Plot BUTTON as 

shown below. 

 

 When  pressure  reaches  to  the  set  point  then  solenoid  valve  will  be  'OFF'  as 

shown below. 
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 When the process value above the set point then control valve will be open 

according to suitable percentage and maintain the pressure, as shown below. 
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Motivation
The problem of controlling levels of liquids in tanks a
nd flow between tank is very common in many 
industries such as: 
Petrochemicals, food processing and power generati
on.
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Case Study: Quanser Coupled Tanks
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INTRODUCTION
The Coupled Tanks plant is a "Two-Tank" module consisting of a
pump with a water basin and two tanks. The two tanks are
mounted on the front plate such that flow from the first (i.e.
upper) tank can flow, through an outlet orifice located at the
bottom of the tank, into the second (i.e. lower) tank. Flow from
the second tank flows into the main water reservoir. The pump
thrusts water vertically to two quick-connect orifices "Out1" and
"Out2". The two system variables are directly measured on the
Coupled-Tank rig by pressure sensors and available for feedback.
They are namely the water levels in tanks 1 and 2. To name a
few, industrial applications of such Coupled-Tank configurations
can be found in the processing system of petro-chemical, paper
making, and/or water treatment plants.
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Coupled-Tank System Model Parameters and Frame Overall Dimensions
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Continuous PID

Digital PID

Positional
form

velocity
form

I
dt

tCVd
TdttE

T
tEKtMV

t

d
I

c 







 

0

)( 
')'(

1
)()(

ICVCV
t

T
E

T

t
EKMV

N

i
NN

d
i

I
NcN 














 




1
1)(

NNN

NNN
d

N
I

NNcN

MVMVMV

CVCVCV
t

T
E

T

t
EEKMV























1

211 )2(
)(



1
College of Electronics Engineering 

Department of Systems and control Engineering 

Nonlinear Plant Example: Coupled-Tanks Plant



2
College of Electronics Engineering 

Department of Systems and control Engineering 

Nonlinear Plant Example: Coupled-Tanks Plant



3
College of Electronics Engineering 

Department of Systems and control Engineering 

Nonlinear Plant Example: Coupled-Tanks Plant



4
College of Electronics Engineering 

Department of Systems and control Engineering 

Nonlinear Plant Example: Coupled-Tanks Plant



5
College of Electronics Engineering 

Department of Systems and control Engineering 

Nonlinear Plant Example: Coupled-Tanks Plant



6
College of Electronics Engineering 

Department of Systems and control Engineering 

Nonlinear Plant Example: Coupled-Tanks Plant



7
College of Electronics Engineering 

Department of Systems and control Engineering 

Nonlinear Plant Example: Coupled-Tanks Plant



clear all  

close all 

clc 

%PID Controllers Parameter 

Kp_1 = 1; 

Ki_1 = 1; 

kd_1=1; 

Kp_2 = 1; 

Ki_2 = 1; 

kd_2=1; 

% SETUP_TANKS_PARAMETERS 

% Coupled Tanks' system nomenclature: 

% Kpu Pump Flow Constant (cm^3/s/V) 

% At1 Tank 1 Inside Cross-Section Area (cm^2) 

% Ao1 Tank 1 Outlet Area (cm^2) 

% At2 Tank 2 Inside Cross-Section Area (cm^2) 

% Ao2 Tank 2 Outlet Area (cm^2) 

% g Gravity Constant (cm/s^2) 

% Dout1 "Out 1" Orifice Diameter (cm) 

% Dout2 "Out 2" Orifice Diameter (cm) 

Kp = 3.3; 

Dout1 = 0.556; % = 1/4 in 

Dout2 = 0.476; % = 3/16 in 

Dt1 = 4.445; % = 1.75 inch 

Dt2 = 4.445; % = 1.75 inch 

At1 = pi * Dt1^2 / 4; 

At2 = pi * Dt2^2 / 4; 

Ao1 = pi * Dout1^2 / 4; 

Ao2 = pi * Dout2^2 / 4; 



% Gravitational Constant on Earth (cm/s^2) 

g = 981; 

K_AMP = 3; 

% Digital-to-Analog Maximum Voltage (V); for MultiQ cards set to 10 

VMAX_DAC = 10; 

% Quiescent operating level (cm) 

L20 = 15; 

% Tank #1 level loop (V) 

MAX_L1_WDUP = 3; 

% Tank #2 level loop (cm) 

MAX_L2_WDUP = 3; 

% Safety Limit on tank #1 setpoint, Lr_1, (cm) 

LR_1_MAX = 25; 

% Control loop initial Settling Time in reaching L20 (s) 

TS = 35; 

% Turn on/off the safety watchdog on tank #1 level: set to 1, or 0 

L1_WD_EN = 1; % enable: watchdog on 

%L1_WD_EN = 0; % disable: watchdog off 

% Set tank #1 level safety limits for watchdog (cm) 

L1_MAX = 30; 

% Turn on/off the safety watchdog on tank #2 level: set to 1, or 0 

L2_WD_EN = 1; % enable: watchdog on 

%L2_WD_EN = 0; % disable: watchdog off 

% Set tank #2 level safety limits for watchdog (cm) 

L2_MAX = 25; 

% Amplifier Maximum Output Voltage (V) and Current (A) 

VMAX_AMP = 22; 

% Amplifier Maximum Output Voltage (V) and Current (A) 

IMAX_AMP = 4; 



1 PRESENTATION

1.1 Coupled-Tank: System Description

Figure 1.1: Coupled Tanks Plant

The typical Coupled-Tank plant is depicted in the Figure
1.1. The Coupled-Tank specialty module is a bench-
top "Two-Tank" plant consisting of a pump with a water
basin and two tanks of uniform cross sections. Such
an apparatus forms an autonomous closed and re-
circulating system. The two tanks, mounted on the front
plate, are configured such that flow from the first (up-
per) tank can flow into the second (lower) tank. Flow
from the second tank flows into the main water reser-
voir. In each one of the two tanks, liquid is withdrawn
from the bottom through an outflow orifice (i.e. outlet).
The outlet pressure is atmospheric. Both outlet inserts
are configurable and can be set by changing inserts that
screw into the tapped holes at the bottom of each tank.
In order to introduce a disturbance flow, the first tank is
also equipped with a drain tap so that, when opened,
flow can be released directly into the water basin. The
pump thrusts water vertically to two quick-connect ori-
fices "Out1" and "Out2", which are normally closed.
For configurability purpose, these two orifices, or inlets,
have different diameters. Rubber tubing with appropri-
ate couplings is supplied to enable the pump to feed wa-
ter into one or both tanks. The selection of outputs from
the pump controls the flow ratio between the two outlets
"Out1" and "Out2". The water level in each tank is mea-
sured using a pressure-sensitive sensor located at the
bottom of the tank. As detailed later in this manual, both
offset and gain potentiometers of each pressure sensor
are readily available for proper calibration.

Additionally, a vertical scale (in centimeters) is also
placed beside each tank for visual feedback regarding
each tank's water level.This single system can be con-
figured into three main types of experiments, as listed in
Table 1.1 below. Each of which can be configured with
diverse parameter values (e.g. outlet diameters).

This single system can be configured into three main
types of experiments, as listed in Table 1.1 below. Each
of which can be configured with diverse parameter val-
ues (e.g. outlet diameters).

1.2 Coupled-Tank: Control Challenges

As illustrated in Figure 1.1, the purpose of the coupled-tank experiment is to design a control system that regulates
the water level in a multiple coupled-tank system. The controller can then track the liquid level to a desired trajectory.

The system is supplied with different feedback-plus-feedforward controllers tuned through pole placement but, of
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course, youmay design any other controller you wish. The completemathematical modelling and system parameters
are provided to streamline the implementation of the control theory of your choice. A single Coupled-Tank system
can be configured into three types of experiments, as illustrated and described in Table 1.1, below. Each of the
resulting control challenges can then be configured with various system parameters.

Configuration #1 Configuration #2 Configuration #3
Single Input Single Output
(SISO) system.

State-coupled SISO system. State-coupled and input-coupled
SISO system.

The pump feeds into Tank 1.
Tank 2 is not used at all.

The pump feeds into Tank 1,
which in turn feeds into Tank 2.

The pump feeds into Tank 1 and
into Tank 2 using a split flow.
Tank 1 also feeds into Tank 2

A controller is designed to regu-
late or track the level in Tank 1.

A controller is designed to regu-
late or track the level in Tank 2.

A controller is designed to regu-
late or track the level in Tank 2.

Different inlet and outlet diame-
ters in Tank 1 can be set up and
tried.

Different inlet and outlet diame-
ters in Tank 1 and Tank 2 can be
set up and tried.

Different inlet and outlet diame-
ters in Tank 1 and Tank 2 can be
set up and tried.

(a) Configuration #1 (b) Configuration #2 (c) Configuration #3

Table 1.1: Coupled-Tank Water Level Control Configuration

Additionally, two Two-Tank plants can also be used simultaneously and coupled to obtain more complex Multi-Input-
Multi-Output (MIMO) experiment. For example, Figure 1.2 below illustrates the quadruple-tank process described
in the following publication: K. H. Johansson. The Quadruple-Tank Process: A Multivariable Laboratory Process
with an Adjustable Zero. IEEE Transactions on Control Systems Technology, 8(3):456-465, 2000 ([?]) Appendix A
describes how to setup two Coupled-Tank systems to be used in a quadruple-tank experiment. It can be shown that
the four-interconnected-tank system has an adjustable zero, which can be moved along the real axis in the left- or
right-hand-side of the s-plane. Therefore by changing the system parameters, the multivariable zero dynamics can
be configured to be either minimum phase or non-minimum phase.

Caution: This equipment is designed to be used for educational and research purposes and is not
intended for use by the general public. The user is responsible to ensure that the equipment
will be used by technically qualified personnel only.
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2 COUPLED-TANKS SYSTEM

2.1 Component Nomenclature

As a quick nomenclature, Table 2.1, below, provides a list of all the principal elements composing the Coupled-
Tank Specialty system. Every element is located and identified, through a unique identification (ID) number, on the
Coupled-Tank plant represented in Figure 2.1, Figure 2.2 and Figure 2.3, below.

ID Component ID Component
1 Coupled-Tank Overall Frame 12 Medium Outlet Insert (9/16" Hexagonal Nut)
2 Tank 1 13 Large Outlet Insert (9/16" Hexagonal Nut)
3 Tank 2 14 Plain Outlet Insert (i.e. Plug)(9/16" Hexagonal Nut)
4 Main Water Basin (a.k.a. Reservoir) 15 Disturbance Tap
5 Pump 16 Flow Splitter
6 Flexible Tubing (in rubber) 17 Pressure Sensor
7 Quick-Connect Inlet Orifice "Out1" 18 Calibration And Signal Conditioning Circuit Board
8 Quick-Connect Inlet Orifice "Out2" 19 Pump Motor 4-Pin DIN Connector
9 Quick-Connect "Out1" Coupling And Hose 20 Pressure Sensors Cable 6-Pin-Mini-DIN Connector
10 Quick-Connect "Out2" Coupling And Hose 21 Tank Level Scale (in cm)
11 Small Outlet Insert (9/16" Hexagonal Nut)

Table 2.1: Coupled-Tank Component Nomenclature
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(a) Front (b) Back

Figure 2.1: Front Back and Base of the Coupled Tank
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Figure 2.2: Base of the Coupled Tank

(a) Quick-Connect "Out1" (b) Quick-Connect "Out2"

Figure 2.3: Quick Connect Couplings
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2.2 Component Description

2.2.1 Overall Frame (Component #1)

The Coupled-Tank overall frame is made of Plexiglas. Its external dimensions are shown in Table 2.2, below.

Description Value Unit
Overall Frame Height 0.915 m
Overall Frame Width 0.305 m
Overall Frame Depth 0.305 m

Table 2.2: Coupled-Tank Frame Overall Dimensions

2.2.2 Tanks (Component #2 and #3)

The system's two water tanks are made out of Plexiglas tubes of uniform cross section.

2.2.3 Pump (Component #5)

The Coupled-Tank pump is a gear pump composed of a DC motor rated for 12 V continuous and 22 V peak with
heat radiating fins. The materials that come into contact with the fluid being pumped are: two molded Delrin gears
in a Delrin pump body, stainless steel shafting, a Teflon diaphragm and a Buna N seal. It is also equipped with 3/16"
ID hose fittings.

Caution: Input +/- 24 V, 5 A peak, 3 A continuous.

2.2.4 Pressure Sensor (Component #17)

Each tank's actual liquid level is measured through a pressure sensor. Such a level sensor is located at the bottom
of each tank and provides linear level readings over the complete liquid vertical level. In other words, the sensor
output voltage increases proportionally to the applied pressure. Its output measurement is processed through a
signal conditioning board (component #18) and made available as 0 to 5V DC signal. Its measurement sensitivity
is given in Table 3.1, below. Moreover, as detailed in a following section, calibration of each pressure sensor's
offset and gain potentiometers is required to keep level measurements consistent with the type of liquid used in the
coupled-tank experiment.

Caution: Make sure the circuit board (component #18) does not get wet.

Caution: Depending on the duration of your experiment, the pump might get hot.
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3 COUPLED-TANK
MODEL PARAMETERS

Table 3.1, below, lists and characterizes the main parameters (e.g. mechanical and electrical specifications, con-
vertion factors, constants) associated with the two-tank specialty plant. Some of these parameters can be used
for mathematical modelling of the Coupled-Tank system as well as to obtain the water level's Equation Of Motion
(EOM).

Symbol Description Value Unit
KP Pump Flow Constant 3.3 cm3/s/V
VPmax Pump Maximum Continuous Voltage 12 V
VPpeak Pump Peak Voltage 22 V
DOut1 Out 1 Orifice Diameter 0.635 cm
DOut2 Out 2 Orifice Diameter 0.47625 cm
L1max Tank 1 Height (i.e. Water Level Range) 30 cm
Dt1 Tank 1 Inside Diameter 4.445 cm
KL1 Tank 1 Water Level Sensor Sensitivity (Depending on the

Pressure Sensor Calibration).
6.1 cm/V

L2max Tank 2 Height (i.e. Water Level Range) 30 cm
KL2 Tank 2 Water Level Sensor Sensitivity (Depending on the

Pressure Sensor Calibration).
6.1 cm/V

L2max Tank 2 Height (i.e. Water Level Range) 30 cm
Vbias Tank 1 and Tank 2 Pressure Sensor Power Bias +/-12 V
Prange Tank 1 and Tank 2 Sensor Pressure Range 0 - 6.89 kPa
DSo Small Outflow Orifice Diameter 0.31750 cm
DMo Medium Outflow Orifice Diameter 0.47625 cm
DLo Large Outflow Orifice Diameter 0.55563 cm
g Gravitational Constant on Earth 981 cm/s2

Table 3.1: Coupled-Tank System Model Paremeters

COUPLED TANKS User Manual v 1.0



4 WIRING PROCEDURE FOR THE
COUPLED-TANK SYSTEM

This section describes the standard wiring procedure for the Coupled-Tank specialty plant. The following hardware,
accompanying the Coupled Tanks, is assumed:

1. Power Amplifier: Quanser VoltPAQ, or equivalent

2. Data Acquisition Board: Quanser Q2-USB, Quanser Q1-cRIO, Q8-USB, QPID, or equivalent.

4.1 Cable Nomenclature

Table 4.1, below, provides a description of the standard cables used in the wiring of the Coupled-Tank system.

Cable Type Description

(a) RCA Cable

2xRCA to 2xRCA This cable connects an analog output of the
Data Acquisition (DAQ) Device to the power
module for proper power amplification.

(b) "To Load" Cable

4-pin-DIN to 6-pin-
DIN

This cable connects the output of the power
module, after amplification, to the desired ac-
tuator (e.g. gear pump).

(c) "From Analog Sensors"
Cable

6-pin-mini-DIN to
6-pin-mini-DIN

This cable carries analog signals from one
or two plant sensors (e.g. pressure sensors)
to the amplifier, where the signals can be ei-
ther monitored and/or used by an analog con-
troller. The cable also carries a ±12VDC line
from the amplifier in order to power a sensor
and/or signal conditioning circuitry.

(d) Analog-To-Digital" Cable

5-pin-DIN to
4xRCA

This cable carries the analog signals, previ-
ously taken from the plant sensors (e.g. pres-
sure sensors), unchanged, from the amplifier
to the Digital-To-Analog input channels on the
Data Acquisition (DAQ) Device.

Table 4.1: Cable Nomenclature
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4.2 Typical Connections

Table 4.2, below, sums up the electrical connections necessary to run the Coupled-Tank system.

Caution: If you are using the Quanser VoltPAQ, make sure the gain on the amplifier is set to 3!

Cable
#

From To Signal

1 Analog Output AO #0 Amplifier "Command" connector Control signal to the amplifier.
2 Amplifier To Load con-

nector
Coupled-Tank's "Pump Connector"
connector

Power leads to the gear pump.

3 Amplifier "To ADC" Data Acquisition (DAQ) Device:

1. S1 (yellow) to Analog Input AI #0

2. S2 (white) to Analog Input AI #1

Tank 1 and tank 2 level feedback sig-
nals to the Data Acquisition (DAQ) De-
vice, through the amplifier.

4 Coupled-Tank's "Pres-
sure Sensors Connector"
#1

Amplifier "S1 & S2" Liquid level feedback signal to the am-
plifier.

5 Power Supply Outlet #1 Amplifier Power Socket Amplifier Power Supply.

Table 4.2: Coupled-Tank Wiring Summary

Figure 4.1 shows the Data Acquisition Device, the back of the Coupled-Tank plant, and the amplifier, all connected
with the necessary cabling to interface to and use the Coupled-Tank plant.

Figure 4.1: Coupled Tank Wiring Diagram
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4.3 Wiring the Coupled Tanks

1. Connect the "RCA Cable" #1:
Using the "RCA cable" cable described in Table 4.1, connect one end of this cable to the Analog Output
0(i.e. AO # 0) of your Data Acquisition (DAQ) Device and its other corresponding side to the socket labelled
"Command" on the amplifier. These two connections are illustrated by cable #1 in Figure 4.1.

2. Connect the "To Load" Cable #2:
The "To Load" cable is the 4-pin-DIN-to-6-pin-DIN cable described in Table 4.1. First, connect the cable 4-
pin-DIN connector to the Coupled-Tank's Pump connector, which is shown as component #19 in Figure 2.1b
and Figure 2.1a. Then connect the cable 6-pin-DIN connector to the amplifier socket labelled "To Load". The
connection to the amplifier is illustrated by cable # 2 in Figure 4.1

3. Connect the "Analog-To-Digital" Cable #3:
The "To Analog-To-Digital" cable is the 5-pin-DIN-to-4xRCA cable described in Table 4.1. First, connect the
cable 5-pin-DIN connector to the amplifier socket labelled "To ADC", as illustrated by cable #3 in Figure 4.1.
The other end of the cable is split into four RCA connectors (yellow, white, red and black). This four RCA
connectors correspond to the analog sensor signals passing through the amplifier, namely S1-yellow, S2-
white, S3-red and S4-black. In order for the analog signals to be used in software, you should then connect
the RCA connectors to the analog input channels of your Data Acquisition (DAQ) Device. Specifically, connect
S1 (yellow) to Analog Input 0 and S2 (white) to Analog Input 1, S3 (red) and S4 (black) are not used in
this experiment, but you can connect them to Analog Inputs 2 and 3 of your acquisition card terminal board, if
it has that capability. See cable #3 in Figure 4.1.

4. Connect the "From Analog Sensors" Cable #4:
The "From Analog Sensors" cable is the 6-pin-mini-DIN-to-6-pin-mini-DIN cable described in Table 4.1. First
connect one end of the cable to the Pressure Sensors Connector, located at the back of the Coupled-Tank
and which is shown as component #20 in Figure 2.1b. Then connect the cable's other end to the amplifier
socket labelled "S1 & S2", which is contained inside the amplifier "From Analog Sensors" front panel. These
connections are illustrated by cable #4 in Figure 4.1.

In other words, the liquid level in tank 1 is sensed using A/D #0 through the amplifier analog channel S1, and the
liquid level in tank 2 is sensed using A/D #1 through the amplifier analog channel S2.

Caution: If the equipment is used in a manner not specified by the manufacturer, the protection provided by
the equipment may be impaired.
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5 CONFIGURING THE COUPLED-
TANK SYSTEM

5.1 Main Water Basin

1. Fill the Coupled-Tank water basin up to 3/4 of its height.

2. Insert the basin inside the bottom of the Coupled-Tank frame, as illustrated in Figure 2.2

3. Ensure that the pump inflow flexible tube is located inside the water basin.

4. Setup the configuration 1, 2, or 3. Table 5.1 details the inlet and outlet sizes for the three standard configura-
tions.

Note: It is recommended to use distilled water (i.e. without mineral salts) to fill up the main basin. This is to avoid
stains on the system's Plexiglas tubes and structure as the water dries out.

5.2 Flexible Tubing and Outlet Typical Setup

As previously mentioned, a single Coupled-Tank system can be configured into three different types of experiments,
corresponding to the system's configurations #1, #2, and #3 as illustrated and described in Table 1.1, above. Each
configuration results in a distinct control challenge and can also be modified by using different values for the system
parameters. However, the default water level controllers supplied with the Coupled-Tank plant have been designed
for the standard three system's configurations described hereafter.

A system configuration is defined in terms of each tank inflow and outflow characteristics, as well as the desired
control variable. Table 5.1, below, details the Coupled-Tank setup for the three standard configurations.

Configuration #1 Configuration #2 Configuration #3
Tank 1 Inflow From "Out 1". From "Out 1" From "Out 1"
Tank 1 Outlet Insert Size Medium Medium. Small
Tank 2 Inflow From Tank 1 Outflow. From Tank 1 Outflow. From Tank 1 Outflow and

From "Out 1"
Tank 2 Outlet Insert Size Medium. Medium. Large .
Control Variable Tank 1 Level Tank 2 Level Tank 2 Level

Table 5.1: Coupled-Tank Default Setup For Configurations #1, #2, and #3

In other words, Table 5.1, above, indicates the appropriate exit orifice and the appropriate feed from the pump to
use for the three configurations corresponding to different experiments.

For all three configurations make sure:

1. The disturbance tap, directly connecting tank 1 to the main water basin, is closed.

2. The drain tap is identified by component #15 in Figure 2.1a and Figure 2.2, above. For the tap to be closed,
its flap should be horizontal.

3. Configuration 1 and 2 Figure 5.1a, illustrates the Coupled-Tank system setup in configurations #1 and #2.
Note that the quick-connect "Out 1" coupling and flexible hose, depicted by component #9, is used to transport
the water from the inlet orifice "Out 1" to Tank 1.
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(a) Coupled-Tank Configurations #1 and #2 (b) Coupled-Tank Configurations #3

Figure 5.1: Configurations 1, 2 and 3

4. Configuration 3 Figure 5.1b, illustrates the Coupled-Tank system setup in configuration #3. This time note
that the quick-connect "Out 1" coupling and flexible hose, depicted by component #9, is used to transport the
water from the inlet orifice "Out 1" to Tank 2. Similarly, the quick-connect "Out 2" coupling and flexible hose,
depicted by component #10, is used to transport the water from the inlet orifice "Out 2" to Tank 1.

Note: When putting the output tube from the pump into the water tank, ensure that the water discharge to the water
column occurs at atmospheric pressure. In other words, the hose tip should stand above the tank water level (e.g.
above the 25-cm mark).
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6 WATER LEVEL SENSOR
CALIBRATION

The pressure-proportional water level voltage should be zero when the tank is empty, while it should be between
4.0 Volts and 4.2 Volts when the tank water level is at 25 centimeters (as seen on the tank scale).

Note: The pressure-sensitive water level sensor is calibrated at the factory but may need re-adjustment when you
receive it, or under different water characteristics (depending on the kind of liquid used).

6.1 Calibration Circuit Board Nomenclature

To calibrate both pressure sensors signals, the bottom part of the Coupled-Tank apparatus houses a signal condi-
tioning circuit board, depicted by component #18 in Figure 2.1, above. As a quick nomenclature, Table 6.1, below,
provides a list of the different signal conditioning potentiometers to be tuned during sensors calibration. Addition-
ally, every potentiometer is located and identified, through a unique identification (ID) number, on the circuit board
close-up represented in Figure 6.1, below.

ID Component
23 Tank 1 Sensor Offset Potentiometer
24 Tank 1 Sensor Gain Potentiometer
25 Tank 2 Sensor Offset Potentiometer
26 Tank 2 Sensor Gain Potentiometer

Table 6.1: Coupled-Tank Component Nomenclature

Figure 6.1: Coupled-Tank Calibration Potentiometer
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6.2 Calibration Procedure

The calibration procedure detailed in the following subsections is to calibrate the circuit board's four potentiometers,
which are namely "Offset 1", "Gain 1", "Offset 2", and "Gain 2", as depicted in Figure 6.1, above, as components
#23, #24, #25, and #26, respectively.

In order to successfully run the calibration procedure:

1. Ensure that the Coupled-Tank system is wired as previously described.

2. Setup the Coupled-Tank apparatus to configuration #2 with the appropriate exit orifices and the appropriate
feed from the pump, as previously summarized in Table 5.1 and illustrated in Figure 5.1a, above.

3. Power up the amplifier, you are now ready to proceed.

Note: Make sure the flexible tube from "Out 1" is inserted into tank 1. Do not connect a tube to "Out 2".

6.2.1 Zero "Offset" Potentiometer Calibration: With No Wa-
ter

To calibrate the offset to zero to 0V for both tank pressure sensor readings do the following:

1. Ensure the Pump is OFF and tank is empty.

2. Run the supplied calibration software files keeping the Pump OFF.

3. Measure tank #1 voltage on Analog Input Channel #0. For tank #2, use Analog Input Channel #1.

4. Adjust the pots using a potentiometer adjustment tool (i.e. a small flat-end screwdriver), manually adjust tank
1 Offset potentiometer screw (i.e. components #23 and #25), if necessary, in order to obtain 0.0 Volts for both
readings. Turning the Offset potentiometer screw clockwise increases the voltage and vice-versa.

5. This Voltage can be monitored in the display found in the calibration software.

When both zero-Volt offsets are achieved, you can move on the next section to calibrate the gain potentiometers.

6.2.2 "Gain" Potentiometer Calibration: At a 25-cm Water
Level

The calibration of each one of the two gain potentiometers is performed with the corresponding tank containing water
up to the 25-centimeter scale mark.

1. Fill up the water tank to the 25 cm mark. Plug the tank 1 outlet with your finger and apply a pump voltage using
the supplied calibration software files.

2. When the 25-centimeter level mark is attained, stop the pump feed.

3. Measure tank #1 voltage on Analog Input Channel #0. For tank #2, use Analog Input Channel #1.

4. Using a potentiometer adjustment tool (i.e. a small flat-end screwdriver), manually adjust tank 1 gain poten-
tiometer screw (i.e. component #24 in Figure 6.1 ) to obtain anywhere between 4.0 and 4.2 Volts. Turning
the gain potentiometer screw clockwise increases the voltage and vice-versa.

5. This Voltage can be monitored in the display found in the calibration software.

Repeat procedure to tank 2.
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1 INTRODUCTION
The Coupled Tanks plant is a "Two-Tank" module consisting of a pump with a water basin and two tanks. The two
tanks are mounted on the front plate such that flow from the first (i.e. upper) tank can flow, through an outlet orifice
located at the bottom of the tank, into the second (i.e. lower) tank. Flow from the second tank flows into the main
water reservoir. The pump thrusts water vertically to two quick-connect orifices "Out1" and "Out2". The two system
variables are directly measured on the Coupled-Tank rig by pressure sensors and available for feedback. They are
namely the water levels in tanks 1 and 2. A more detailed description is provided in [5]. To name a few, industrial
applications of such Coupled-Tank configurations can be found in the processing system of petro-chemical, paper
making, and/or water treatment plants.

During the course of this experiment, youwill become familiar with the design and pole placement tuning of Proportional-
plus-Integral-plus-Feedforward-based water level controllers. In the present laboratory, the Coupled-Tank system
is used in two different configurations, namely configuration #1 and configuration #2, as described in [5]. In config-
uration #1, the objective is to control the water level in the top tank, i.e., tank #1, using the outflow from the pump.
In configuration #2, the challenge is to control the water level in the bottom tank, i.e. tanks #2, from the water flow
coming out of the top tank. Configuration #2 is an example of state coupled system.

Topics Covered

• How to mathematically model the Coupled-Tank plant from first principles in order to obtain the two open-loop
transfer functions characterizing the system, in the Laplace domain.

• How to linearize the obtained non-linear equation of motion about the quiescent point of operation.

• How to design, through pole placement, a Proportional-plus-Integral-plus-Feedforward-based controller for the
Coupled-Tank system in order for it to meet the required design specifications for each configuration.

• How to implement each configuration controller(s) and evaluate its/their actual performance.

Prerequisites

In order to successfully carry out this laboratory, the user should be familiar with the following:

1. See the system requirements in Section 5 for the required hardware and software.

2. Transfer function fundamentals, e.g., obtaining a transfer function from a differential equation.

3. Familiar with designing PID controllers.

4. Basics of Simulinkr.

5. Basics of QUARCr.
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2 MODELING

2.1 Background

2.1.1 Configuration #1 System Schematics

A schematic of the Coupled-Tank plant is represented in Figure 2.1, below. The Coupled-Tank system's nomen-
clature is provided in Appendix A. As illustrated in Figure 2.1, the positive direction of vertical level displacement is
upwards, with the origin at the bottom of each tank (i.e. corresponding to an empty tank), as represented in Figure
3.2.

Figure 2.1: Schematic of Coupled Tank in Configuration #1.

2.1.2 Configuration #1 Nonlinear Equation of Motion (EOM)

In order to derive the mathematical model of your Coupled-Tank system in configuration #1, it is reminded that the
pump feeds into Tank 1 and that tank 2 is not considered at all. Therefore, the input to the process is the voltage to
the pump VP and its output is the water level in tank 1, L1, (i.e. top tank).

The purpose of the present modelling session is to provide you with the system's open-loop transfer function, G1(s),
which in turn will be used to design an appropriate level controller. The obtained Equation of Motion, EOM, should
be a function of the system's input and output, as previously defined.
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Therefore, you should express the resulting EOM under the following format:

∂L1

∂t
= f(L1, Vp)

where f denotes a function.

In deriving the Tank 1 EOM the mass balance principle can be applied to the water level in tank 1, i.e.,

At1
∂L1

∂t
= Fi1 − Fo1 (2.1)

where At1 is the area of Tank 1. Fi1 and Fo1 are the inflow rate and outflow rate, respectively. The volumetric inflow
rate to tank 1 is assumed to be directly proportional to the applied pump voltage, such that:

Fi1 = KpVp

Applying Bernoulli's equation for small orifices, the outflow velocity from tank 1, vo1, can be expressed by the following
relationship:

vo1 =
√
2gL1

2.1.3 Configuration #1 EOM Linearization and Transfer Func-
tion

In order to design and implement a linear level controller for the tank 1 system, the open-loop Laplace transfer
function should be derived. However by definition, such a transfer function can only represent the system's dynamics
from a linear differential equation. Therefore, the nonlinear EOM of tank 1 should be linearized around a quiescent
point of operation. By definition, static equilibrium at a nominal operating point (Vp0, L10) is characterized by the
Tank 1 level being at a constant position L10 due to a constant water flow generated by constant pump voltage Vp0.

In the case of the water level in tank 1, the operating range corresponds to small departure heights, L11, and small
departure voltages, Vp1, from the desired equilibrium point (Vp0, L10). Therefore, L1 and Vp can be expressed as
the sum of two quantities, as shown below:

L1 = L10 + L11, Vp = Vp0 + Vp1 (2.2)

The obtained linearized EOM should be a function of the system's small deviations about its equilibrium point
(Vp0, L10). Therefore, one should express the resulting linear EOM under the following format:

∂

∂t
L11 = f(L11, Vp1) (2.3)

where f denotes a function.

Example: Linearizing a Two-Variable Function
Here is an example of how to linearize a two-variable nonlinear function called f(z). Variable z is defined

z⊤ = [z1 z2]

and f(z) is to be linearized about the operating point

z0
⊤ = [a b]
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The linearized function is

fz = f(z0) +

(
∂f(z)

∂z1

) ∣∣∣∣
z=z0

(z1 − a) +

(
∂f(z)

∂z2

) ∣∣∣∣
z=z0

(z2 − b)

For a function, f , of two variables, L1 and Vp, a first-order approximation for small variations at a point (L1, Vp) =
(L10, Vp0) is given by the following Taylor's series approximation:

∂2

∂L1∂Vp
f (L1, Vp) ∼= f (L10, Vp0) +

(
∂

∂L1
f (L10, Vp0)

)
+ (L1 − L10)

(
∂

∂Vp
f (L10, Vp0)

)
(Vp − Vp0) (2.4)

Transfer Function
From the linear equation of motion, the system's open-loop transfer function in the Laplace domain can be defined
by the following relationship:

G1(s) =
L11(s)

Vp1(s)
(2.5)

The desired open-loop transfer function for the Coupled-Tank's tank 1 system is the following:

G1(s) =
Kdc1

τ1s+ 1
(2.6)

where Kdc1 is the open-loop transfer function DC gain, and τ1 is the time constant.

As a remark, it is obvious that linearized models, such as the Coupled-Tank tank 1's voltage-to-level transfer function,
are only approximate models. Therefore, they should be treated as such and used with appropriate caution, that is
to say within the valid operating range and/or conditions. However for the scope of this lab, Equation 2.5 is assumed
valid over the pump voltage and tank 1 water level entire operating range, Vp_peak and L1_max, respectively.

2.1.4 Configuration #2 System Schematics

A schematic of the Coupled-Tank plant is represented in Figure 2.2, below. The Coupled-Tank system's nomen-
clature is provided in Appendix A. As illustrated in Figure 2.2, the positive direction of vertical level displacement is
upwards, with the origin at the bottom of each tank (i.e. corresponding to an empty tank), as represented in Figure
2.2.

2.1.5 Configuration #2, Nonlinear Equation of Motion (EOM)

This section explains the mathematical model of your Coupled-Tank system in configuration #2, as described in
Reference [1]. It is reminded that in configuration #2, the pump feeds into tank 1, which in turn feeds into tank 2.
As far as tank 1 is concerned, the same equations as the ones explained in Section 2.1.2 and Section 2.1.3 will
apply. However, the water level Equation Of Motion (EOM) in tank 2 still needs to be derived. The input to the tank
2 process is the water level, L1, in tank 1 (generating the outflow feeding tank 2) and its output variable is the water
level, L2, in tank 2 (i.e. bottom tank). The purpose of the present modelling session is to guide you with the system's
open-loop transfer function, G2(s), which in turn will be used to design an appropriate level controller. The obtained
EOM should be a function of the system's input and output, as previously defined.

Therefore, you should express the resulting EOM under the following format:

∂L2

∂t
= f(L2, L1)
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Figure 2.2: Schematic of Coupled Tank in configuration #1.

where f denotes a function.

In deriving the tank #2 EOM the mass balance principle can be applied to the water level in tank 2 as follows

At2
∂L2

∂t
= Fi2 − Fo2

where At2 is the area of tank 2. Fi2 and Fo2 are the inflow rate and outflow rate, respectively.

The volumetric inflow rate to tank 2 is equal to the volumetric outflow rate from tank 1, that is to say:

Fi2 = Fo1

Applying Bernoulli's equation for small orifices, the outflow velocity from tank 2, vo2, can be expressed by the following
relationship:

vo2 =
√
2gL2

2.1.6 Configuration #2 EOM Linearization and Transfer Func-
tion

In order to design and implement a linear level controller for the tank 2 system, the Laplace open-loop transfer
function should be derived. However by definition, such a transfer function can only represent the system's dynamics
from a linear differential equation. Therefore, the nonlinear EOM of tank 2 should be linearized around a quiescent
point of operation.
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In the case of the water level in tank 2, the operating range corresponds to small departure heights, L11 and L21,
from the desired equilibrium point (L10, L20). Therefore, L2 and L1 can be expressed as the sum of two quantities,
as shown below:

L2 = L20 + L21, L1 = L10 + L11 (2.7)

The obtained linearized EOM should be a function of the system's small deviations about its equilibrium point
(L20, L10). Therefore, you should express the resulting linear EOM under the following format:

∂

∂t
L21 = f(L11, L21) (2.8)

where f denotes a function.

For a function, f , of two variables, L1 and L2, a first-order approximation for small variations at a point (L1, L2) =
(L10, L20) is given by the following Taylor's series approximation:

∂2

∂L1∂L2
f (L1, L2) ∼= f (L10, L20) +

(
∂

∂L1
f (L10, L20)

)
+ (L1 − L10)

(
∂

∂L2
f (L10, L20)

)
(L2 − L20) (2.9)

Transfer Function
From the linear equation of motion, the system's open-loop transfer function in the Laplace domain can be defined
by the following relationship:

G2(s) =
L21(s)

L11(s)
(2.10)

the desired open-loop transfer function for the Coupled-Tank's tank 2 system, such that:

G2(s) =
Kdc2

τ2s+ 1
(2.11)

where Kdc2 is the open-loop transfer function DC gain, and τ2 is the time constant.

As a remark, it is obvious that linearized models, such as the Coupled-Tank's tank 2 level-to-level transfer function,
are only approximate models. Therefore, they should be treated as such and used with appropriate caution, that is to
say within the valid operating range and/or conditions. However for the scope of this lab, Equation 2.10 is assumed
valid over tank 1 and tank 2 water level entire range of motion, L1_max and L2_max, respectively.
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2.2 Pre-Lab Questions

Answer the following questions:

1. A-1, A-2, A-3 Using the notations and conventions described in Figure 2 derive the Equation Of Motion (EOM)
characterizing the dynamics of tank 1. Is the tank 1 system's EOM linear?
Hint: The outflow rate from tank 1, Fo1, can be expressed by:

Fo1 = Ao1vo1 (2.12)

Answer 2.1

Outcome Solution
A-1 As a remark, the cross-section area of tank 1 outlet hole can be calcu-

lated by:
Ao1 =

1

4
πD2

o1 (Ans.2.1)

Using Equation Ans.2.1, the outflow rate from tank 1 given in Equation
2.12 becomes:

Fo1 = Ao1

√
2gL1 (Ans.2.2)

A-2 Moreover, using the mass balance principle for tank 1, we obtained
a first-order differential equation for L1 in Equation 2.1. Substituting
in Equation 2.1 Fi1 and Fo1 with their expressions given in Equation
Ans.2.1 and Equation Ans.2.2, respectively, and rearranging results in
the following equation of motion for the tank 1 system:

∂L1

∂t
=

KpVp −Ao1

√
2
√
gL1

At1
(Ans.2.3)

A-3 The EOM of tank 1 given in Equation Ans.2.3 is nonlinear.

2. A-1, A-2 The nominal pump voltage Vp0 for the pump-tank 1 pair can be determined at the system's static
equilibrium. By definition, static equilibrium at a nominal operating point (Vp0, L10) is characterized by the water
in tank 1 being at a constant position level L10 due to the constant inflow rate generated by Vp0. Express the
static equilibrium voltage Vp0 as a function of the system's desired equilibrium level L10 and the pump flow
constant Kp. Using the system's specifications given in the Coupled Tanks User Manual ([5]) and the desired
design requirements in Section 3.1.1, evaluate Vp0 parametrically.
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Answer 2.2

Outcome Solution
A-1 At equilibrium, all time derivative terms equate zero and Equation

Ans.2.3 becomes:

KpVp0 −Ao1

√
2
√
gL10 = 0 (Ans.2.4)

A-2 Solving Equation Ans.2.4 for Vp0 gives the pump voltage at equilibrium.
Vp0 results to be a function of L10 and Kp, as expressed below:

Vp0 =
Ao1

√
2
√
gL10

KpV
(Ans.2.5)

Using the system's specifications given in the Coupled Tanks User Man-
ual ([5]) and the desired design requirements in Section 3.1.1, the eval-
uation of Equation Ans.2.5 results to be:

Vp0 = 9.26V

3. A-1 Linearize tank 1 water level's EOM found in Question #1 about the quiescent operating point (Vp0, L10).

Answer 2.3

Outcome Solution
A-1 Applying the Taylor's series approximation about (Vp0, L10), Equation

Ans.2.3 can be linearized as represented below:

∂L1

∂t
=

KpVp0 −Ao1

√
2
√
gL10

At1
− 1

2

Ao1

√
2gL11√

gL10At1
+

KpVp1

At1
(Ans.2.6)

Substituting Vp0 in Equation Ans.2.6 with its expression given in Equa-
tion Ans.2.5 results in the following linearized EOM for the tank 1 water
level system:

∂L11

∂t
= −1

2

Ao1

√
2gL11√

gL10At1
+

KpVp1

At1
(Ans.2.7)

4. A-1, A-2 Determine from the previously obtained linear equation of motion, the system's open-loop transfer
function in the Laplace domain as defined in Equation 2.5 and Equation 2.6. Express the open-loop transfer
function DC gain, Kdc1 , and time constant, τ1, as functions of L10 and the system parameters. What is the
order and type of the system? Is it stable? Evaluate Kdc1 and τ1 according to system's specifications given in
the Coupled Tanks User Manual ([5]) and the desired design requirements in Section 3.1.1.
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Answer 2.4

Outcome Solution
A-1 Applying the Laplace transform to Equation Ans.2.7 and rearranging

yields:

Kdc_1 =
Kp

√
2
√
gL10

Ao1g
, τ1 =

At1

√
2
√
gL10

Ao1g
(Ans.2.8)

A-2 Such a system is stable since its unique pole (system of order one) is
located on the left-hand-side of the s-plane. By not having any pole
at the origin of the s-plane, G1(s) is of type zero. Evaluating Equation
Ans.2.8, accordingly to the system's parameters and the desired design
requirements, gives:

Kdc_1 = 3.2
V

cm
, τ1 = 15.2s (Ans.2.9)

5. A-1, A-2, A-3 Using the notations and conventions described in Figure 2.2, derive the Equation Of Motion
(EOM) characterizing the dynamics of tank 2. Is the tank 2 system's EOM linear?
Hint: The outflow rate from tank 2, Fo2, can be expressed by:

Fo2 = Ao2vo2 (2.13)

Answer 2.5

Outcome Solution
A-1 As a remark, the cross-section area of tank 2 outlet hole can be calcu-

lated by:
Ao2 =

1

4
πD2

o2 (Ans.2.10)

Using Equation Ans.2.10, the outflow rate from tank 2 given in Equation
2.13 becomes:

Fo2 = Ao2

√
2
√

gL2 (Ans.2.11)

A-2 Moreover, using the mass balance principle for tank 2, we obtain the
following first-order differential equation in L2:

At2
∂L2

∂t
= Fi2 − Fo2 (Ans.2.12)

Substituting in Equation Ans.2.12 Fi2 and Fo2 with their expressions
given in Equation Ans.2.10 and Equation Ans.2.11, respectively, and
rearranging results in the following equation of motion for the tank 2
system:

∂L2

∂t
=

KpVp −Ao2

√
2
√
gL2

At2
(Ans.2.13)

A-3 The EOM of tank 2 given in Equation Ans.2.13 is nonlinear.

6. A-1, A-2 The nominal water level L10 for the tank1-tank2 pair can be determined at the system's static
equilibrium. By definition, static equilibrium at a nominal operating point (L10, L20) is characterized by the
water in tank 2 being at a constant position level L20 due to the constant inflow rate generated from the top
tank by L10. Express the static equilibrium level L10 as a function of the system's desired equilibrium level L20

and the system's parameters. Using the system's specifications given in the Coupled Tanks User Manual ([5])
and the desired design requirements in Section 4.1.1, evaluate L10.
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Answer 2.6

Outcome Solution
A-1 At equilibrium, all time derivative terms equate zero and Equation

Ans.2.3 becomes:

Ao1

√
2
√
gL10 −Ao2

√
2
√

gL20 = 0 (Ans.2.14)

A-2 Solving Equation Ans.2.14 for L10 gives the tank 1 water level at equi-
librium. L10 results to be a function of L20, as expressed below:

L10 =
A2

o2L20

A2
o1

(Ans.2.15)

Using the system's specifications given in the Coupled Tanks User Man-
ual ([5]) and the desired design requirements in Section 4.1.1, the eval-
uation of Equation Ans.2.15 results to be:

L10 = 15 cm

7. A-1 Linearize tank 2 water level's EOM found in Question #5 about the quiescent operating point (L10, L20).

Answer 2.7

Outcome Solution
A-1 Applying the Taylor's series approximation about (L20, L10) Equation

Ans.2.13 can be linearized as represented below:

∂L2

∂t
=

Ao1

√
2
√
gL10 −Ao2

√
2
√
gL20

At2
− 1

2

Ao2

√
2gL21√

gL20At2
+

1

2

Ao1

√
2gL11√

gL10At1

(Ans.2.16)
Simplifying Equation Ans.2.16 with its expression given in Equation
Ans.2.15 results to the following linearized EOM for the tank 2 water
level system:

∂L21

∂t
= −1

2

Ao2

√
2gL21√

gL20At2
+

1

2

Ao1

√
2gL11√

gL10At1
(Ans.2.17)

8. A-1, A-2 Determine from the previously obtained linear equation of motion, the system's open-loop transfer
function in the Laplace domain, as defined in Equation 2.10 and Equation 2.11. Express the open-loop transfer
function DC gain, Kdc2 , and time constant, τ2, as functions of L10, L20, and the system parameters. What is
the order and type of the system? Is it stable? EvaluateKdc2 and τ2 according to system's specifications given
in the Coupled Tanks User Manual ([5]) and the desired design requirements in Section 4.1.1.
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Answer 2.8

Outcome Solution
A-1 Applying the Laplace transform to Equation Ans.2.17 and rearranging

yields:

Kdc_2 =
Ao1

√
L20

Ao2

√
L10

, τ2 =
At2

√
2
√
gL20

Ao2g
(Ans.2.18)

A-2 Such a system is stable since its unique pole (system of order one) is
located on the left-hand-side of the s-plane. By not having any pole
at the origin of the s-plane, G2(s) is of type zero. Evaluating Equation
Ans.2.18, according to the system's parameters and the desired design
requirements, gives:

Kdc_2 = 1.0
cm
cm

, τ2 = 15.2 s (Ans.2.19)
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3 TANK 1 LEVEL CONTROL

3.1 Background

3.1.1 Specifications

In configuration #1, a control is designed to regulate the water level (or height) of tank #1 using the pump voltage. The
control is based on a Proportional-Integral-Feedforward scheme (PI-FF). Given a ±1 cm square wave level setpoint
(about the operating point), the level in tank 1 should satisfy the following design performance requirements:

1. Operating level in tank 1 at 15 cm: L10 = 15 cm.

2. Percent overshoot less than 10%: PO1 ≤ 11 %.

3. 2% settling time less than 5 seconds: ts_1 ≤ 5.0 s.

4. No steady-state error: ess = 0 cm.

3.1.2 Tank 1 Level Controller Design: Pole Placement

For zero steady-state error, tank 1 water level is controlled by means of a Proportional-plus-Integral (PI) closed-loop
scheme with the addition of a feedforward action, as illustrated in Figure 3.1, below, the voltage feedforward action
is characterized by:

Vp_ff = Kff_1
√

Lr_1 (3.1)

and

Vp = Vp1 + Vp_ff (3.2)

As it can be seen in Figure 3.1, the feedforward action is necessary since the PI control system is designed to
compensate for small variations (a.k.a. disturbances) from the linearized operating point (Vp0, L10). In other words,
while the feedforward action compensates for the water withdrawal (due to gravity) through tank 1 bottom outlet
orifice, the PI controller compensates for dynamic disturbances.

Figure 3.1: Tank 1 Water Level PI-plus-Feedforward Control Loop.
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The open-loop transfer functionG1(s) takes into account the dynamics of the tank 1 water level loop, as characterized
by Equation 2.5. However, due to the presence of the feedforward loop, G1(s) can also be written as follows:

G1(s) =
L1(s)

Vp1(s)
(3.3)

3.1.3 Second-Order Response

The block diagram shown in Figure 3.2 is a general unity feedback system with compensator, i.e., controller C(s)
and a transfer function representing the plant, P (s). The measured output, Y (s), is supposed to track the reference
signal R(s) and the tracking has to match to certain desired specifications.

Figure 3.2: Unity feedback system.

The output of this system can be written as:

Y (s) = C(s)P (s) (R(s)− Y (s))

By solving for Y (s), we can find the closed-loop transfer function:

Y (s)

R(s)
=

C(s)P (s)

1 + C(s)P (s)

The input-output relation in the time-domain for a proportional-integral (PI) controller is

u = Kp(r − y) +
Ki(r − y)

s
(3.4)

where Kp is the proportional gain and Ki is the integral gain.

In fact, when a first order system is placed in series with PI compensator in the feedback loop as in Figure 3.2, the
resulting closed-loop transfer function can be expressed as:

Y (s)

R(s)
=

ω2
n

s2 + 2ζ ωn s+ ω2
n

(3.5)

where ωn is the natural frequency and ζ is the damping ratio. This is called the standard second-order transfer
function. Its response properties depend on the values of ωn and ζ.

Peak Time and Overshoot

Consider a second-order system as shown in Equation 3.5 subjected to a step input given by

R(s) =
R0

s
(3.6)

with a step amplitude of R0 = 1.5. The system response to this input is shown in Figure 3.3, where the red trace is
the response (output), y(t), and the blue trace is the step input r(t).
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Figure 3.3: Standard second-order step response.

The maximum value of the response is denoted by the variable ymax and it occurs at a time tmax. For a response
similar to Figure 3.3, the percent overshoot is found using

PO =
100 (ymax −R0)

R0
(3.7)

From the initial step time, t0, the time it takes for the response to reach its maximum value is

tp = tmax − t0 (3.8)

This is called the peak time of the system.

In a second-order system, the amount of overshoot depends solely on the damping ratio parameter and it can be
calculated using the equation

PO = 100 e

(
− π ζ√

1−ζ2

)
(3.9)

The peak time depends on both the damping ratio and natural frequency of the system and it can be derived as

tp =
π

ωn

√
1− ζ2

(3.10)

Tank 1 level response 2% Settling Time can be expressed as follows:

ts =
4

ζω
(3.11)

Generally speaking, the damping ratio affects the shape of the response while the natural frequency affects the
speed of the response.
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3.2 Pre-Lab Questions

1. A-1, A-2 Analyze tank 1 water level closed-loop system at the static equilibrium point (Vp0, L10) and determine
and evaluate the voltage feedforward gain, Kff_1, as defined by Equation 3.1.

Answer 3.1

Outcome Solution
A-1 By definition, at the static equilibrium point (Vp0, L10):

L1 = Lr_1 = L10, Vp = Vp_ff = Vp0 (Ans.3.1)

Using Equation Ans.2.5, the voltage feedforward gain results to be:

Kff_1 =
Ao1

√
2g

Kp
(Ans.3.2)

A-2 Evaluating Equation Ans.3.2 with the system's parameters given in the
Coupled Tanks User Manual ([5]) leads to:

Kff_1 = 2.39
V√
cm

(Ans.3.3)

2. A-1, A-2 Using tank 1 voltage-to-level transfer function G1(s) determined in Section 2.2 and the control
scheme block diagram illustrated in Figure 3.1, derive the normalized characteristic equation of the water level
closed-loop system.
Hint#1: The feedforward gain Kff_1 does not influence the system characteristic equation. Therefore, the
feedforward action can be neglected for the purpose of determining the denominator of the closed-loop transfer
function. Block diagram reduction can be carried out.
Hint#2: The system's normalized characteristic equation should be a function of the PI level controller gains,
Kp_1, and Ki_1, and system's parameters, Kdc_1 and τ1.

Answer 3.2

Outcome Solution
A-1 Neglecting the feedforward action and carrying out block diagram re-

duction using Equation 2.6 and Equation 3.4 one has

Y (s) =
Kdc_1

τ1s+ 1
(Kp1(R(S)− Y (s)) +

Ki_1

s
(R(S)− Y (s))) (Ans.3.4)

which results in the following closed-loop transfer function

Y (s)

R(s)
=

Kdc_1(Kp_1s+Ki_1)

τ1s2 + (1 +Kdc_1Kp_1)s+Kdc_1Ki_1
(Ans.3.5)

A-2 Re-arranging Equation Ans.3.5 results in tank 1 normalized character-
istic polynomial:

s2 +
(1 +Kdc_1Kp_1)s

τ1
+

Kdc_1Ki_1

τ1
= 0 (Ans.3.6)

3. A-2 By identifying the controller gains Kp_1 and Ki_1, fit the obtained characteristic equation to the second-
order standard form expressed below:
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s2 + 2ζ1ωn1s+ ω2
n1 = 0 (3.12)

Determine Kp_1 and Ki1 as functions of the parameters ωn1, ζ1, Kdc_1, and τ1 using Equation 3.5.

Answer 3.3

Outcome Solution
A-2 The system's desired characteristic equation is expressed by Equation

Ans.3.6. Solving for the two unknowns Kp_1 and Ki_1 the set of two
equations resulting from identifying the coefficients of Equation Ans.3.6
with those of Equation 3.12, the PI controller gains can be expressed as
follows:

Kp_1 =
2ζ1ωn1τ1 − 1

Kdc_1
, Ki_1 =

ω2
n1τ1

Kdc_1
(Ans.3.7)

4. A-1, A-2 Determine the numerical values forKp_1 andKi_1 in order for the tank 1 system to meet the closed-
loop desired specifications, as previously stated.

Answer 3.4

Outcome Solution
A-1 The minimum damping ratio to meet the maximum overshoot require-

ment, PO1, can be obtained by solving Equation 3.9. The following
relationship results:

ζ1 =
ln( 1

100PO1)√
ln( 1

100PO1)2 + π2
, Ki_1 =

ω2
n1τ1

Kdc_1
(Ans.3.8)

The system natural frequency, ωn1, can be calculated from Equation
3.11, as follows:

ωn1 =
4

ζ1ts_1
(Ans.3.9)

A-2 Evaluating Equation Ans.3.8 and Equation Ans.3.9 according to the de-
sired design requirements, then carrying out the numerical application
of Equation Ans.3.7 leads to the following PI controller gains:

Kp_1 = 7.2
V

cm
, Ki_1 = 9.1

V

cm− s
(Ans.3.10)
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3.3 Lab Experiments

3.3.1 Objectives

• Tune through pole placement the PI-plus-feedforward controller for the actual water level in tank 1 of the
Coupled-Tank system.

• Implement the PI-plus-feedforward control loop for the actual Coupled-Tank's tank 1 level.

• Run the obtained PI-plus-feedforward level controller and compare the actual response against the controller
design specifications.

• Run the system's simulation simultaneously, at every sampling period, in order to compare the actual and
simulated level responses.

3.3.2 Tank 1 Level Control Simulation

Experimental Setup

The s_tanks_1 Simulinkr diagram shown in Figure 3.4 is used to perform tank 1 level control simulation exercises
in this laboratory.

Figure 3.4: Simulink model used to simulate PI-FF control on Coupled Tanks system in configuration #1.

IMPORTANT: Before you can conduct these simulations, you need to make sure that the lab files are configured
according to your setup. If they have not been configured already, then you need to go to Section 5 to configure the
lab files first.

Follow this procedure:

1. Enter the proportional, integral, and feedforward gain control gains found in Section 3.2 in Matlab as Kp_1,
Ki_1, and Kff_1.

2. To generate a step reference, go to the Signal Generator block and set it to the following:

• Signal type = square
• Amplitude = 1
• Frequency = 0.02 Hz

3. Set the Amplitude (cm) gain block to 1 to generate a square wave goes between ±1 cm.
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4. Open the pump voltage Vp (V) and tank 1 level response Tank 1(cm) scopes.

5. By default, there should be anti-windup on the Integrator block (i.e., just use the default Integrator block).

6. Start the simulation. By default, the simulation runs for 60 seconds. The scopes should be displaying re-
sponses similar to Figure 3.5. Note that in the Tank 1 (cm) scope, the yellow trace is the desired level while
the purple trace is the simulated level.

(a) Tank 1 Level (b) Pump Voltage

Figure 3.5: Simulated closed-loop configuration #1 control response

7. B-5, K-2 Generate a Matlabr figure showing the Simulated Tank 1 response and the pump voltage.

Data Saving: After each simulation run, each scope automatically saves their response to a variable in the
Matlabr workspace. The Vp (V) scope saves its response to the variable called data_Vp and the Tank 1 (cm)
scope saves its data to the data_L1 variable.

• The data_L1 variable has the following structure: data_L1(:,1) is the time vector, data_L1(:,2) is the set-
point, and data_L1(:,3) is the simulated level.

• For the data_Vp variable, data_Vp(:,1) is the time and data_Vp(:,2) is the simulated pump voltage.

Answer 3.5

Outcome Solution
B-5 The simulation was ran correctly if a response similar to Figure Ans.3.1

was obtained.
K-2 The closed-loop response is shown in Figure Ans.3.1. You can generate

this using the plot_tanks_1_rsp.m script.
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Figure Ans.3.1: Simulated tank 1 level control response.

8. K-1, B-9 Assess the actual performance of the level response and compare it to the design requirements.
Measure your response actual percent overshoot and settling time. Are the design specifications satisfied? Ex-
plain. If your level response does not meet the desired design specifications, review your PI-plus-Feedforward
gain calculations and/or alter the closed-loop pole locations until they do. Does the response satisfy the spec-
ifications given in Section 3.1.1?
Hint: Use the graph cursors in the Measure tab to take measurements.

Answer 3.6

Outcome Solution
K-1 The settling time, percentage overshoot, and steady-state error mea-

sured in the simulated response shown in Figure Ans.3.1 is

ts1 = 1.9 s

PO1 = 100× 16.23− 16

2
= 11.5%

ess1 = 0 cm

B-9 The settling time and steady-state error satisfy the specifications given
in Section 3.1.1, but the overshoot does not. The pump does saturate
at 24 V, which causes the response to overshoot slightly more than an-
ticipated.

3.3.3 Tank 1 Level Control Implementation

The q_tanks_1 Simulink diagram shown in Figure 3.6 is used to perform the tank 1 level control exercises in this
laboratory. The Coupled Tanks subsystem contains QUARCr blocks that interface with the pump and pressure
sensors of the Coupled Tanks system.

Note that a first-order low-pass filter with a cut-off frequency of 2.5 Hz is added to the output signal of the tank 1 level
pressure sensor. This filter is necessary to attenuate the high-frequency noise content of the level measurement.
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Such a measurement noise is mostly created by the sensor's environment consisting of turbulent flow and circulating
air bubbles. Although introducing a short delay in the signals, low-pass filtering allows for higher controller gains in
the closed-loop system, and therefore for higher performance. Moreover, as a safety watchdog, the controller will
stop if the water level in either tank 1 or tank 2 goes beyond 27 cm.

Experimental Setup

The q_tanks_1 Simulinkr diagram shown in Figure 3.6 will be used to run the PI+FF level control on the actual
Coupled Tanks system.

Figure 3.6: Simulink model used to run tank 1 level control on Coupled Tanks system.

IMPORTANT: Before you can conduct these experiments, you need to make sure that the lab files are configured
according to your setup. If they have not been configured already, then you need to go to Section 5 to configure the
lab files first.

Follow this procedure:

1. Enter the proportional, integral, and feed forward control gains found in Section 3.2 in Matlabras Kp_1, Ki_1,
and Kff_1.

2. To generate a step reference, go to the Signal Generator block and set it to the following:

• Signal type = square
• Amplitude = 1
• Frequency = 0.06 Hz

3. Set the Amplitude (cm) gain block to 1 to generate a square wave goes between ±1 cm.

4. Open the pump voltage Vp (V) and tank 1 level response Tank 1(cm) scopes.

5. By default, there should be anti-windup on the Integrator block (i.e., just use the default Integrator block).

6. In the Simulink diagram, go to QUARC | Build.

7. Click on QUARC | Start to run the controller. The pump should start running and filling up tank 1 to its operating
level, L10. After a settling delay, the water level in tank 1 should begin tracking the±1 cm square wave setpoint
(about operating level L10).

8. B-5, K-2 Generate a Matlabrfigure showing the Implemented Tank 1 Control response and the input pump
voltage.

Data Saving: As in s_tanks_1.mdl, after each run each scope automatically saves their response to a variable
in the Matlabr workspace.
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(a) Tank 1 Level (b) Pump Voltage

Figure 3.7: Measured closed-loop tank 1 control response

Answer 3.7

Outcome Solution
B-5 If the procedure was followed properly, the control should have been

ran on the Coupled Tanks system and the response similar to Figure
Ans.3.2 should have been obtained.

K-2 The closed-loop response is shown in Figure Ans.3.2. You can generate
this using the plot_tanks_1_rsp.m script.

Figure Ans.3.2: Closed-loop tank 1 level control response.

9. K-1, B-9 Measure the steady-state error, the percent overshoot and the peak time of the response. Does
the response satisfy the specifications given in Section 3.1.1? Hint: Use the Matlabrginput command to take
measurements off the figure.
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Answer 3.8

Outcome Solution
K-1 The settling time, percent overshoot, and steady-state error measured

in the response shown in Figure Ans.3.2 are:

tss,1 = 2.54 s
PO1 = 24.2%
ess,1 = 0.02 cm.

B-9 The percent overshoot exceeds the maximum limit given in Section
3.1.1. This is probably due to the pump voltage (i.e., control signal)
getting saturated or unmodeled effects. The settling time and steady-
state error satisfy the specifications listed (i.e., the steady-state error is
very low and below sensor noise).

3.4 Results

B-6 Fill out Table 3.1 with your answers from your control lab results - both simulation and implementation.

Description Symbol Value Units
Pre Lab Questions
Tank 1 Control Gains
Feed Forward Control Gain Kff,1 2.39 V/

√
cm

Proportional Control Gain kp,1 -7.2 V/cm
Integral Control Gain ki,1 -9.1 V/(cm-s)

Tank 1 Control Simulation
Steady-state error ess,1 0 cm
Settling time ts,1 1.9 s
Percent overshoot PO1 11.5 %

Tank 1 Control Implementation
Steady-state error ess,1 0.02 cm
Settling time ts,1 2.54 s
Percent overshoot PO1 24.2 %

Table 3.1: Tank 1 Level Control Results

COUPLED TANKS Workbook - Instructor Version v 1.0



4 TANK 2 LEVEL CONTROL

4.1 Background

4.1.1 Specifications

In configuration #2, the pump feeds tank 1 and tank 1 feeds tank 2. The designed closed-loop system is to control
the water level in tank 2 (i.e. the bottom tank) from the water flow coming out of tank 1, located above it. Similarly
to configuration #1, the control scheme is based on a Proportional-plus-Integral-plus-Feedforward law.

In response to a desired ± 1 cm square wave level setpoint from tank 2 equilibrium level position, the water height
behaviour should satisfy the following design performance requirements:

1. Tank 2 operating level at 15 cm: L20 = 15 cm.

2. Percent overshoot should be less than or equal to 10%: PO2 ≤ 10.0 %.

3. 2% settling time less than 20 seconds: ts,2 ≤ 20.0 s.

4. No steady-state error: ess,2 = 0 cm.

4.1.2 Tank 2 Level Controller Design: Pole Placement

For zero steady-state error, tank 1 water level is controlled by means of a Proportional-plus-Integral (PI) closed-loop
scheme with the addition of a feedforward action, as illustrated in Figure 4.1, below.

In the block diagram depicted in Figure 4.1, the water level in tank 1 is controlled by means of the closed-loop system
previously designed in Section 3.1. This is represented by the tank 1 closed-loop transfer function defined below:

T1(s) =
L1(s)

Lr_1(s)
(4.1)

Such a subsystem represents an inner (or nested) level loop. In order to achieve a good overall stability with such
a configuration, the inner level loop (i.e. tank 1 closed-loop system) must be much faster than the outer level loop.
This constraint is met by the previously stated controller design specifications, where ts_1 ≤ ts_2.

However for the sake of simplicity in the present analysis, the water level dynamics in tank 1 are neglected. There-
fore, it is assumed hereafter that:

L1(t) = Lr_1(t) i.e. T1(s) = 1 (4.2)

Furthermore as depicted in Figure 4.1, the level feedforward action is characterized by:

Lff_1 = Kff_2Lr_2 (4.3)

and

L1 = L11 + Lff_1 (4.4)
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The level feedforward action, as seen in Figure 4.1, is necessary since the PI control system is only designed to
compensate for small variations (a.k.a. disturbances) from the linearized operating point L10, L20. In other words,
while the feedforward action compensates for the water withdrawal (due to gravity) through tank 2's bottom outlet
orifice, the PI controller compensates for dynamic disturbances.

Figure 4.1: Tank 2 Water Level PI-plus-Feedforward Control Loop.

The open-loop transfer functionG2(s) takes into account the dynamics of the tank 2 water level loop, as characterized
by Equation 2.10. However, due to the presence of the feedforward loop and the simplifying assumption expressed
by Equation 4.2, G2(s) can also be written as follows:

G2(s) =
L2(s)

L1(s)
(4.5)
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4.2 Pre-Lab Questions

1. A-1, A-2 Analyze tank 2 water level closed-loop system at the static equilibrium point (L10, L20) and determine
and evaluate the voltage feedforward gain, Kff_2, as defined by Equation 4.3.

Answer 4.1

Outcome Solution
A-1 By definition, at the static equilibrium point (Vp0, L10):

L2 = L2_1 = L20, L1 = Lr_1 = Lff_1 = L10 (Ans.4.1)

Using Equation Ans.2.15, the voltage feedforward gain results to be:

Kff_2 =
A2

o2

A2
o1

(Ans.4.2)

A-2 Evaluating Equation Ans.4.2 with the system's parameters given in Ref-
erence [5] leads to:

Kff_2 = 1.0 (Ans.4.3)

2. A-1 Using tank 2 voltage-to-level transfer function G2(s) determined in Section 2 and the control scheme
block diagram illustrated in Figure 4.1, derive the normalized characteristic equation of the water level closed-
loop system.
Hint#1: Block diagram reduction can be carried out.
Hint#2: The system's normalized characteristic equation should be a function of the PI level controller gains,
Kp_2, and Ki_2, and system's parameters, Kdc_2 and τ2.

Answer 4.2

Outcome Solution
A-1 Neglecting the feedforward action and carrying out block diagram re-

duction using Equation 2.11 and Equation 3.4 one has

Y (s) =
Kdc_2

τ2s+ 1
(Kp_2(R(S)− Y (s)) +

Ki_2

s
(R(S)− Y (s))) (Ans.4.4)

which results in the following closed-loop transfer function

Y (s)

R(s)
=

Kdc_2(Kp_2s+Ki_2)

τ1s2 + (1 +Kdc_2Kp_2)s+Kdc_2Ki_2
(Ans.4.5)

A-2 Re-arranging Equation Ans.4.5 results in tank 2 normalized character-
istic polynomial:

s2 +
(1 +Kdc_2Kp_2)s

τ2
+

Kdc_2Ki_2

τ2
= 0 (Ans.4.6)

3. A-2 By identifying the controller gains Kp_2 and Ki_2, fit the obtained characteristic equation to the standard
second-order equation: s2 + 2ζ2ωn2s+ ω2

n2 = 0. Determine Kp_2 and Ki2 as functions of the parameters ωn2,
ζ2, Kdc_2, and τ2.
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Answer 4.3

Outcome Solution
A-2 The system's desired characteristic equation is expressed by Equation

2.11. Solving for the two unknowns Kp_2 and Ki_2 the set of two equa-
tions resulting from identifying the coefficients of Equation 2.11 with
those of Equation Ans.4.6, the PI controller gains can be expressed as
follows:

Kp_2 =
2ζ2ωn2τ2 − 1

Kdc_2
, Ki_2 =

ω2
n2τ2

Kdc_2
(Ans.4.7)

4. A-1, A-2 Determine the numerical values forKp_2 andKi_2 in order for the tank 2 system to meet the closed-
loop desired specifications, as previously stated.

Answer 4.4

Outcome Solution
A-1 The minimum damping ratio to meet the maximum overshoot require-

ment, PO2, can be obtained by solving Equation 3.9. The following
relationship results:

ζ2 =
ln( 1

100PO2)√
ln( 1

100PO2)2 + π2
(Ans.4.8)

The system natural frequency, ωn2, can be calculated from Equation
3.11 (i.e. Hint #2), as follows:

ωn2 =
4

ζ2ts_2
(Ans.4.9)

A-2 Evaluating Equation Ans.4.8 and Equation Ans.4.9 accordingly to the
desired design requirements, then carrying out the numerical application
of Equation Ans.4.7 leads to the following PI controller gains:

Kp_2 = 5.1 cm/cm
Ki_2 = 1.7 s−1 (Ans.4.10)

COUPLED TANKS Workbook - Instructor Version v 1.0



4.3 Lab Experiments

4.3.1 Objectives

• Tune through pole placement the PI-plus-Feedforward controller for the actual water level of the Coupled-Tank
system's tank 2.

• Implement the PI-plus-Feedforward control loop for the actual tank 2 water level.

• Run the obtained Feedforward-plus-PI level controller and compare the actual response against the controller
design specifications.

• Run the system's simulation simultaneously, at every sampling period, in order to compare the actual and
simulated level responses.

• Investigate the effect of the nested PI-plus-Feedforward level control loop implemented for tank 2.

4.3.2 Tank 2 Level Control Simulation

In this section you will simulate the tank 2 level control of the Coupled Tanks system. The two-tank dynamics are
modeled using the Simulink blocks and controlled using the PI+FF controller described in Section 4.1. Our goals
are to confirm that the desired response specifications are satisfied and to verify that the amplifier is not saturated.

Experimental Setup

The s_tanks_2 Simulinkr diagram shown in Figure 4.2 will be used to simulate the tank 2 level control response
with the PI+FF controller used earlier in Section 4.1.

Figure 4.2: Simulink model used to simulate tank 2 level control response.

IMPORTANT: Before you can conduct these experiments, you need to make sure that the lab files are configured.
If they have not been configured already, then you need to go to Section 5 to configure the lab files first.

1. Enter the proportional, integral, and feed-forward gains in Matlab found in the Tank 1 Control pre-lab questions
in Section 3.2 as Kp_1, Ki_1, and Kff_1.

2. Enter the proportional, integral, and feed-forward control gains found in Section 4.2 in Matlabr as Kp_2, Ki_2,
and Kff_2.
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3. To generate a step reference, go to the Position Setpoint Signal Generator block and set it to the following:

• Signal type = square
• Amplitude = 1
• Frequency = 0.02 Hz

4. Set the Amplitude (cm) gain block to 1 to generate a step that goes between 14 and 15 mm (i.e., ±1 cm square
wave with L10 = 15 cm operation point).

5. Open the Tank 1 (cm), Tank 2 (cm), and Vp (V) scopes.

6. Start the simulation. By default, the simulation runs for 120 seconds. The scopes should be displaying re-
sponses similar to Figure 4.3. Note that in the Tank 1 (cm) and Tanks 2 (cm) scopes, the yellow trace is the
setpoint (or command) while the purple trace is the simulation.

(a) Tank 1 Level (b) Tank 2 Level (c) Pump Voltage

Figure 4.3: Simulated closed-loop tank 2 level control response.

7. B-5, K-2 Generate a Matlabr figure showing the Simulated Configuration #2 response. Include both tank
1 and 2 level responses as well as the pump voltage.

Data Saving: Similarly as with s_tanks_1, after each simulation run each scope automatically saves their
response to a variable in the Matlabr workspace. The Tank 2 (cm) scope saves its response to the data_L2
variable. The Tank 1 (cm) scope saves its response to the variable called data_L1 and the Pump Voltage (V)
scope saves its data to the data_Vp variable.

Answer 4.5

Outcome Solution
B-5 The simulation was ran correctly if a response similar to Figure Ans.4.1

was obtained.
K-2 The closed-loop position response is shown in Figure Ans.4.1. You can

generate this using the plot_tanks_2_rsp.m script.

8. K-1, B-9 Measure the steady-state error, the percent overshoot and the settling time of the simulated re-
sponse. Does the response satisfy the specifications given in Section 2.1.4? Hint: Use the Matlabr ginput
command to take measurements off the figure.
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Figure Ans.4.1: Simulated configuration #2 level control response.

Answer 4.6

Outcome Solution
K-1 From the response shown in Ans.4.1, it is clear that the steady-state

error is zero, thus
ess = 0.

Taking measurements from the step that begins at 35.0 seconds, the
simulation settles to 2% of its final value (i.e., 16.3 mm) in 1 sec. Actually
the response overshoots up to 16.25 cm at 36.0 seconds. Using the
equations given in Section 2.1.1, the settling time is

ts = 36− 35 = 1.0 s.

Using Equation 3.7 with the measurement, we find that the percent over-
shoot of the simulated tank 2 level response is

PO = 100× 16.25− 16

2
= 12.5 %

B-9 Thus the settling time is acceptable. However, the overshoot goes
above the desired percent overshoot listed in Section 2.1.4. Therefore
the response with the PIV+FF controller does not quite match the spec-
ifications.

4.3.3 Tank 2 Level Control Implementation

The q_tanks_2 Simulink diagram shown in Figure 4.4 is used to run the Tank 2 Level control presented in Section 4.1
on the Coupled Tanks system (i.e., when set up in Configuration #2). The Tank 1 Inner Loop subsystem contains the
PI+FF control used previously in Section 3.3.3 as well as the Coupled Tanks subsystem, which contains QUARCr

blocks that interface with the pump and pressure sensors of the Coupled Tanks system.

Experimental Setup

The q_tanks_2 Simulinkr diagram shown in Figure 4.4 will be used to run the feed-forward and PI level control on
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the actual Coupled Tanks system.

Figure 4.4: Simulink model used to run tank 2 level control on Coupled Tanks system.

IMPORTANT: Before you can conduct these experiments, you need to make sure that the lab files are configured
according to your setup. If they have not been configured already, then you need to go to Section 5 to configure the
lab files first.

Follow this procedure:

1. Enter the proportional, integral, and feed-forward gains in Matlab used in the Tank 1 Control simulation in
Section 3.3.2 as Kp_1, Ki_1, and Kff_1.

2. Enter the proportional, integral, and feed-forward control gains found in Section 4.2 in Matlabr as Kp_2, Ki_2,
and Kff_2.

3. To generate a step reference, go to the Position Setpoint Signal Generator block and set it to the following:

• Signal type = square
• Amplitude = 1
• Frequency = 0.02 Hz

4. Set the Amplitude (cm) gain block to 1 to generate a step that goes between 14 and 15 mm (i.e., ±1 cm square
wave with L10 = 15 cm operation point).

5. Open the Tank 1 (cm), Tank 2 (cm), and Vp (V) scopes.

6. In the Simulink diagram, go to QUARC | Build.

7. Click on QUARC | Start to run the controller. The level in tank 2 will first stabilize to the operating point tank 2
operating point. After the settling period, the±1 cm step will start. The scopes should be displaying responses
similar to Figure 4.5 (after the settling period).

8. B-5, K-2 Generate a Matlabrfigure showing the Implemented Tank 2 Level Control response, i.e., the tank
1 and 2 levels as well as the pump voltage.

Data Saving: As with s_tanks_2, after each run the scopes automatically save their response to a variable in
the Matlabr workspace. The Tank 1 (cm) and Tank 2 (cm) scopes save their response to the data_L1 and
data_L2 variables. The Pump Voltage (V) scope saves its response to the variable called data_Vp.
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(a) Tank 1 Level (b) Tank 2 Level (c) Pump Voltage

Figure 4.5: Typical response when controlling tank 2 level.

Answer 4.7

Outcome Solution
B-5 The experimental procedure was followed correctly if a response similar

to Figure Ans.4.2 was obtained.
K-2 The closed-loop position response is shown in Figure Ans.4.2. You can

generate this using the plot_tanks_2_rsp.m script.

Figure Ans.4.2: Measured closed-loop ball position control response.

9. K-1, B-9 Measure the steady-state error, the percent overshoot and the peak time of the response obtained
on the actual system. Does the Tank 2 response satisfy the specifications given in Section 2.1.4?
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Answer 4.8

Outcome Solution
K-1 As shown in Figure Ans.4.2, the measured response eventually settles

at the setpoint, thus
ess = 0.035 cm

Looking at the step that begins at 83.3 seconds, the time it takes for the
measured response to settle to 2% of its final value, i.e., in this case
16.3 cm since there is no overshoot, is approximately at 96.4 second
mark. Thus

ts = 96.4− 83.3 = 13.1 s

Finally, the measured response peaks at 16.37 cm at the 95.3 second
mark. Thus the percent overshoot of tank 2 is

PO = 100× 16.37− 16

2
= 18.3 %

B-9 The steady-state error is very small and considered negligible. The set-
tling time satisfies the requirement given in Section 2.1.4. However, the
overshoot exceeds the limit given in Section 2.1.4. This is again, prob-
ably due to the control signal being saturated.
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4.4 Results

B-6 Fill out Table 4.1 with your answers from your control lab results - both simulation and implementation.

Description Symbol Value Units
Pre Lab Questions
Tank 1 Control Gains
Proportional Control Gain kp,1 7.21 V/cm
Integral Control Gain ki,1 9.11 V/(cm-s)
Feed Forward Control Gain Kff,1 2.39 V/

√
cm

Tank 2 Control Gains
Proportional Control Gain kp,2 5.09 cm/cm
Integral Control Gain ki,2 1.74 1/s
Feed Forward Control Gain Kff,2 1 cm/cm

Tank 2 Control Simulation
Steady-state error ess 0 cm
Settling time ts 1 s
Percent overshoot PO 12.5 %

Tank 2 Control Implementation
Steady-state error ess 0.035 cm
Settling time ts 13.1 s
Percent overshoot PO 18.3 %

Table 4.1: Tank 2 Level Control Results Results
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5 SYSTEM REQUIREMENTS
Required Software

• Microsoft Visual Studio (MS VS)

• Matlabr with Simulinkr, Real-Time Workshop, and the Control System Toolbox

• QUARCr

See the QUARCr software compatibility chart in [3] to see what versions of MS VS and Matlab are compatible with
your version of QUARC and for what OS.

Required Hardware

• Data acquisition (DAQ) device that is compatible with QUARCr. This includes Quanser DAQ boards such
as Q2-USB, Q8-USB, QPID, and QPIDe and some National Instruments DAQ devices. For a full listing of
compliant DAQ cards, see Reference [1].

• Quanser Coupled Tanks.

• Quanser VoltPAQ-X1 power amplifier, or equivalent.

Before Starting Lab

Before you begin this laboratory make sure:

• QUARCris installed on your PC, as described in [2].

• DAQ device has been successfully tested (e.g., using the test software in the Quick Start Guide or the QUARC
Analog Loopback Demo).

• Coupled Tanks and amplifier are connected to your DAQ board as described Reference [5].
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