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This thesis investigates the pressure-based control of a variable-speed-driven pump 
system in the case of existing output pressure measurement and in the case of sensorless 
system, where the actual output pressure value is calculated with the steady state estimator. 
Both methods are introduced and studied through laboratory tests. The results of the tests 
are then presented. According to them, the sensorless system is able to control the output 
pressure on the desired level. The model predictive control system is also considered as 
a possible way to avoid the disadvantages of the sensorless system.  

Keywords: centrifugal pump, pressure control, VSD pump system, PI control scheme, 
steady state estimator, model predictive control. 
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LIST OF SYMBOLS AND ABBREVIATIONS 

ACS – automatic control system; 

CPU – central processing unit; 

DCS – distributed control system; 

DTC – direct torque control; 

FOC – flux oriented control; 

I/O – input/out; 

MPC – model predictive control; 

PC – personal computer; 

PID - proportional integral derivative; 

PLC - programmable logic controller; 

VSD – variable speed drive; 

A – cross section  area of the pipeline; 

H – head; 

Q – flow rate; 

P – pump power; 

T – torque; 

g – gravity acceleration; 

n – pump rotational speed; 

v – velocity of the fluid; 

z – elevation of the point above the reference plane; 

p – pressure; 

ρ – density of the fluid; 
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1 INTRODUCTION 

Cost-effective, reliable and safe operation of industrial technical objects can be achieved 

by using only the most advanced technical equipment, by modern design of operational 

systems and by well-done installation and adjustment. 

Today, centrifugal pumps are one of the largest consumers of electricity in European 

Union – almost 16% of total energy consumption in service sector. It is clear that energy 

efficiency of pump units should be improved as much as possible. Latest investigations 

reveal that automatic variable speed control can significantly increase the energy 

efficiency of pump stations in comparison to traditional method where the pump works 

at fixed speed and output parameters (pressure or flow rate) is controlled by throttling the 

valve placed in output pipeline or by-pass line of pump system [1].    

Besides, if pumps are major part of many industries, we need not only to improve their 

efficiency, but also reduce all additional expenses related to pump systems, care about 

reliability and durability of the system, make the system cheaper to install, repair and 

maintain, and generally avoid realizing complicated control structures with extra 

elements. For example, the cost of pressure and flow rate sensors are comparable with the 

total cost of the motor and the pump, which has led to research development in sensorless 

pumping systems without usage of sensors or usage only a minimum number of sensors 

[2]. 

The traditional and new approaches to control the output pressure in the pumping system 

are considered on Chapter 2. The pumping system structure and flow adjustment methods 

is presented on Chapter 3. The LUT pump laboratory structure is described on Chapter 4. 

The pressure control system based on the traditional PI close loop scheme with the output 

pressure measurement is investigated on Chapter 5. The sensorless model-based system 

where actual output pressure is calculated by the steady state estimator is studied on 

Chapter 6. The advisability of the sensorless system is approved by the results of the tests 

that have been conducted at the LUT pump laboratory. All conclusions are collected in 

Conclusion section.  
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2 ABOUT AUTOMATIC CONTROL SYSTEMS 
This chapter provides introduction about traditional control systems with direct output 

pressure measurement and general information about sensorless model-based methods 

where the output pressure can be estimated by the mathematical model.  

2.1 “Traditional” and “new” approaches 

The modern system analysis of working pump stations allows solving different problems 

such as dynamic stresses in mechanical parts, hydraulic strikes, the high starting current 

of the motor, energy consumption problems. In the pumping process, the flow rate and 

pressure of the liquid are changing continuously to satisfy the process requirements of 

transportation of liquids in different industries [6].  

For example in the oil marine transportation, where the fuel (diesel, gasoline) is 

transferred from the port tanks to the ships, the flow rate strictly corresponds the order 

list made by a captain to avoid the risk of accumulation of static charge on the surface of 

the fuel. In the urban water distribution networks, the pressure must be maintained on the 

desired level in spite of any changes of water consumption [17]. Apart from the accuracy 

of the control process, the optimal control also tends to increase the pumping energy 

efficiency and to decrease the resulting system power consumption [7]. 

In general, pumps are controlled by a variable speed drive (VSD), which can change 

parameters of the motor supply grid to vary a speed of the driving motor. In flow handling 

systems, the final controlled unit is a pump. Commonly, the automation of such systems 

is organized by the close loop control scheme [8]. For example, the controlled variable 

such as the flow rate or pressure has the certain reference value. The automatic system 

tries to maintain the desired value and to minimize any deviation of controlled variable 

by regulating the pump speed.  

The actual flow rate and head of the pump system can be acquired from the sensors. There 

are a lot of methods to measure the flow rate such us differential pressure and flow 

velocity methods. The pump head can be determined by the pressure difference sensors. 

Additionally, the power consumption can be detected with a combination of torque and 

speed estimates provided by VSD [9]. 
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Nevertheless, any type of sensors can cause significant extra expenses (especially the flow 

rate sensors), decrease the durability and reliability of the system due to the presence of 

additional components, increase the price for maintenance and require additional 

interfacing and data handling [1]. Therefore, a “new” direction – model-based sensorless 

methods have been developed for industrial processes. The main idea is to avoid any 

direct measurements of controlled values and use a model that can estimate the actual 

output parameters. The model requires the pump characteristic curves, that can be 

obtained from pump producers, and internal estimates supplied by VSD.  

2.2 Quality of the control system 

Another important question is not only related to determine the output parameters with a 

high accuracy, but also how to improve and optimize the control process. The quality of 

an automatic control system (ACS) is defined by a set of properties to ensure effective 

functioning of both of the control object (the pump) and the control device (VSD), i.e. the 

entire system administration in general. Three main demands are made for automatic 

control system – accuracy, stability and quality of the transient processes [10]. 

Accuracy shows the difference between the reference desired value and the real output 

value of the system (can be determined by the comparison of these two values at the end 

of the process control). 

Stability is an ability of the system to normally function and withstand the external 

disturbances. Stability properties can be defined in several ways. For example, impulse 

response of the system shows the output signal behaviour for the input step impulse (Fig. 

2.1).     

 
Stable system (a)  

Marginally stable system (b) 

 
Unstable system (c) 

 
Fig. 2.1 Output response for different system stability. 
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Quality of the transient processes are characterized by the set of properties called control 

quality index. The impulse response method can be applied to define the control quality 

index and its properties. It means, that the step signal with certain amplitude and width is 

provided on the input of the system and the output signal form reveals the properties of 

the system. 

For instance in Fig. 2.2, the system reaction to the input impulse (hy – the desired value 

for the output) has two different forms – 1st with damping oscillation, 2nd with smooth 

and stable response. Both forms can be characterized by the following set of properties: 

the time of the transient process (tp), the maximum overshoot (hm), possible deviation 

from the desired value (Δ), etc.  

 

Fig. 2.2 Transient processes for output signals. 

Investigation of the control system quality usually associates with different types of the 

input influence on the system. In transient response analyses the system dynamics are 

characterizes in terms of the response to a simple signal.  

Another way to characterize the dynamics of the system is to use sine waves as a test 

signal. This idea goes back to Fourier. The main idea is in investigating how sine waves 

propagate through the studied system [11].  

2.3 PID control scheme 

For more than 70 years, proportional-integral-derivative (PID) control has reigned as the 

industrial standard, and for good points: it's simple, fast, versatile and flexible. Today, 

more than 99% of all single regulatory loops are configured for PID, and until recently, 

most engineers and instrumentation specialists considered the alternatives too complex 

and CPU-expensive for widespread use [12]. 
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A PID controller is a device in a control circuit used in automatic control systems for 

generating a control signal in order to obtain the necessary accuracy and quality of 

transient modes and support the output control value on the desired level on steady modes. 

The common structure scheme of the close loop circuit with a PID controller and feedback 

is shown on the Fig. 2.3. The input reference variable (set point) u(t) has the certain value. 

The system controls the output variable y(t) and tends to make it equal to the reference 

input variable u(t). A PID controller calculates an error value e(t) as the difference 

between the measured output variable and desired input set point. The controller attempts 

to minimize the error by adjusting the process through manipulating the parameters of the 

control object [13].    

 

Fig. 2.3 The close loop circuit with a PID controller and feedback. 

The PID controller includes three separate parts, and is accordingly sometimes called 

three-term control: the proportional (P), the integral (I) and derivative (D) values. These 

values can be described in terms of time: P depends on the present error, I on the 

accumulation of past errors, and D is a prediction of future errors, based on current rate 

of change. The output control signal of the PID controller has the next form:  

( ) ( ) ( ) ( ) ( ) ( ) ( )pid p i d p i d
du t u t u t u t K e t K e d K e t
dt

τ τ= + + = + +∫ ,   (2.1) 

where Kp is the proportional gain (tuning parameter), Ki is the integral gain (tuning 

parameter) and Kd is the derivative gain (tuning parameter). 
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The controller can also be parameterized as: 

0

1 ( )( ) ( ) ( ) ,
t

pid p d
i

de tu t K e t e d T
T dt

τ τ
 

= + + 
 

∫        (2.2) 

where Ti is called integral time and Td derivative time. 

Some applications may require using only one or two actions to provide the appropriate 

system control. This is achieved by setting the other parameters to zero. A PID controller 

will be then called a PI, PD, P or I controller in the absence of the respective control 

actions. PI controllers are fairly common, since derivative action is sensitive to 

measurement noise, whereas the absence of an integral term may prevent the system from 

reaching its target value due to the control action [14].  

In the absence of knowledge, a PID controller has historically been considered to be the 

most useful controller. By tuning the three parameters in the PID controller algorithm, 

the controller can provide control action designed for specific process requirements. The 

response of the controller can be described in terms of the responsiveness of the controller 

to an error, the degree to which the controller overshoots the set point, and the degree of 

system oscillation [12].  

The test-model of the close loop circuit with a PID controller and feedback (Fig. 2.4) has 

been made in Matlab Simulink program. The model consists of the control object 

described by the transfer function, the PID controller, the input step block (set point) and 

the scope.   

 
Fig. 2.4 The model of close loop circuit with a PID controller and feedback in Matlab Simulink. 

 

The standard realization of the PID block is presented on Fig. 2.5. It contains realization 

of the derivative action with the use of integrator to store the previous error signal for 

comparison. 
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Fig. 2.5 The standard model of the PID controller in Matlab Simulink. 

The transient response analysis (Fig. 2.6) of the test-model reveals the reaction for the 

input step (h(t) = 1, t = 1 s). The PID controller was tuned for 5 different parameters 

where the value of gains were changed. The purple line has the best control quality index 

- minimum overshoots and process time with certain values of PID gains. The green line 

needs long time to become stable and has big overshoots. This example demonstrates how 

a PID controller with suitable parameters can make the control system operate with a high 

quality index. 

 
Fig. 2.6 The step response for different parameters of PID controller: green line (Kp – 3, Ki – 5, Kd – 1), 

yellow line (Kp – 4, Ki – 4, Kd – 2), purple line (Kp – 6, Ki – 3, Kd – 1), blue line (Kp –7, Ki – 2, Kd – 0), red 

line (Kp – 8, Ki – 2, Kd – 0).  

There are a lots of methods available to find the optimal PID gain values, but practically 

it is not easy, especially in real industrial objects. Therefore the loop adjustment often is 

made by the random selection of options with further checking observation that requires 

a good experience from the engineer.   

0 5 10 15
0

0.5

1

1.5

time (t)

h(
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In spite of the PID control good points, the use of this algorithm does not always guarantee 

optimal control of the system or system stability. Besides, the PID control has significant 

disadvantages [12]: 

- Difficulties to handle process delays, noisy and non-liner signals; 
- Often causes higher process variability; 
- Problems with adjustment (effective tuning requires experience, extensive 

training and possible investments in tuning software). 

For the recent time, several factors have created the reason to replace the PID control: 

- The evolution of control systems from pneumatics to distributed control systems 
(DCS) and to process knowledge systems; 

- The convergence of hardware and software technologies; 
- Wider industry acceptance of advanced control technologies. 

2.4 Model-predictive control scheme 

The new algorithm called model-predictive control (MPC) not only overcomes the 

weaknesses of the PID control, but can predict where the system is going to be further 

based on the past and current behavior with memory and CPU requirements comparable 

to PID [12]. As comparison, the PID control is shortsighted and can estimate the process 

only in present time without “knowledge” beyond the process. MPC looks at the system 

as the unified object. First, based on past and current behavior, it forecasts where the 

system will go if no adjustments should happen (see Fig. 2.7). 

 

 

 

 

 

 

 

Fig. 2.7 Model predictive control – first step. 

Bias added 

Current Future Past 

Unforced model prediction 
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The second step in MPC problem resolution is to adjust the bias between what the 

algorithm predicted would happen at the last execution cycle and what really happened 

(see Fig. 2.8).  

 

 

 

 

 

 

 

Fig. 2.8 Model predictive control – next step. 

Finally, the MPC algorithm calculates the necessary control element movement, current 

move and future move plan to bring the controlled variable to its objective [17]. 

 

 

 

 

 

 

 

Fig. 2.9 Model predictive control – finally step. 

One can compare this controller method to "look ahead" in chess or other board games. 

In look ahead, you foresee what an action might yield sometime in the future using 

specific knowledge of the process (or game in the case of chess), and are thereby able to 

optimize your actions to select for the best long term outcome. MPC methods can prevent 

Bias 

Future Past 

Previous cycle prediction 

Bias adjusted prediction 

Current Future Past 
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an occurrence with conventional PID controllers in which actions taken achieve short 

term goals, but end up very costly in the end. This phenomenon can be described as 

"winning the battle but losing the war." 

MPC is a widely used means to deal with large multivariable constrained control issues 

in industry. The main aim of MPC is to minimize a performance criterion in the future 

that would possibly be subject to constraints on the manipulated inputs and outputs, where 

the future behavior is computed according to a model of the plant. The model-predictive 

controller uses the models and current plant measurements to calculate future moves in 

the independent variables that will result in operation that honors all independent and 

dependent variable constraints. The MPC then sends this set of independent variable 

moves to the corresponding regulatory controller set-points to be implemented in the 

process [18]. 

2.5 Model-predictive control application 

Application of the MPC in EnWin Utilities Company in Windsor, Ontario at the water 

pump distribution system [25]. The main idea was to reduce the amount of main breaks 

caused by different reasons.  

EnWin team determined that a significant number were caused by pressure spikes and 

dips throughout the system. Under certain conditions, these pressure fluctuations can 

cause main breaks. Older water infrastructures, characterized by iron water mains, 

corroding pipes and soil erosion, are particularly vulnerable to pressure fluctuations.  

At the pumping stations, pump flow was controlled through simple proportional integral 

derivative (PID) logic based on outlet header pressure. Operators monitored elevated 

tower levels and made adjustments to compensate for demand fluctuations. Pumps were 

stopped and started manually to adjust the system flows. The booster station was also 

controlled with PID logic – and started and stopped manually based on system demand 

and operator judgment. 

To minimize potential service disruptions, EnWin installed 17 remote pressure stations 

across the distribution service area. To maintain consistent pressure throughout the 

system, minimum pressure constraints were developed for all pressure stations. The 

remote stations were monitored by the MPC controller, which was also programmed to 
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meet fluctuating system demand throughout the day. The system was configured to 

maintain the lowest pressure possible for adequate service throughout the area. The MPC 

controller managed flow by attenuating two running high lift pumps – one at a pump 

station and one at the booster station.  

Thanks to the enhancements, pump start and stop pressure spikes have been virtually 

eliminated that allows to reduce main brakes in 21%. 

Success application of MPC for a thermostatic Controlled system [26]. In this system, the 

model predictive control scheme is used to provide temperature set-points to thermostatic 

controlled cooling units in refrigeration systems. The control problem is formulated as a 

convex programming problem to minimize the overall operating cost of the system. The 

foodstuff temperatures are estimated by reduced order observers and evaporation 

temperature is regulated by an algorithmic suction pressure control scheme. The method 

is applied to a validated simulation benchmark. The results show that even with the 

thermostatic control valves, there exists significant potential to reduce the operating cost. 

The MPC realization in the LabVIEW system for the pressure process station [27]. In  

this  system,  pressure  in  a  pressure process   station   is   to   be   controlled   using   

model predictive  control  in  real  time.  The  pressure  process station  consists  of  two  

tanks  and  these  two  tanks  are connected  serially.  Model predictive control will give 

better performance than the conventional controllers. 
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3 PUMPING SYSTEM 
This chapter provides introduction to main flow adjustment methods and their efficiency. 

The necessary equations and laws used for the model-based method are presented.  

3.1 Flow adjustment methods 

Two general methods exist to operate the pressure or flow parameters in the pipeline. 

First one is the throttle control where the throttling valve is placed either on the output 

pipeline or bypass line. The pump works with a fixed speed. The pressure or flow rate 

can be regulated by changing the opening angle (resistance) of the valve [19]. 

To describe the method consider the conditional pump system. The combination of the 

pump characteristic curve and system characteristic curve is shown on Fig. 3.1. Let’s 

assume that the pump works at the nominal operating point (B1) with 100 % flow rate and 

the output throttling valve is fully opened. To change the flow rate by 50 %, the valve is 

closed and the system curve is thus shifted to the new operating point (B2). The control 

object in this system is the throttling valve and the control value (the flow) regulated by 

the different resistance of the system (different opening angles). For pressure control the 

structure of the system is the same, but the control value is a pressure. 

 

Fig. 3.1 The throttle control. 

Advantages of the throttle control are lower implementation and operational cost and 

suitability to simple automatic systems. Disadvantages of the throttle control are poor 

energy efficiency, unfavorable control behavior, and mechanical load on the valve. 
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The second way is related to the speed variation of the pump. Fig. 3.2 illustrates how the 

pump characteristic curve is moving on the system characteristic curve by changing the 

pump rotational speed from the nominal operating point B1 (nominal 100 % flow rate) to 

half speed at operating point B2 (50% flow rate). The control object in this system is the 

pump and the output control value – flow rate. For pressure control the structure of the 

system is the same, but the control value is the pressure. 

 

Fig. 3.2 The variable speed control. 

Advantages of the variable speed control are higher energy efficiency, soft starting of the 

pump and reduction of hydraulic feedback effects. Disadvantages of the variable-speed 

control are higher implementation and control cost and influence of the higher harmonics 

caused by inverters on the power supply system. 

To compare these methods the simple energy consumption analyses can be helpful. First 

of all, the energy consumption of the pump mainly depends on two values – the head and 

the flow rate produced by the pump system: 

,
s

Q HP γ
η
⋅ ⋅

=           (3.1) 

where Q – the flow rate (m3/s), H – the pump head (m), γ – the density ratio (N/m3), ηs – 

efficiency of the pump system (%).  

According to abovementioned methods, the same pump consumes different energy. 

Assume that in both methods the density ratio and the pump system efficiency are 



19 
 

 

constant. In this case, based on equation (3.1), the energy consumption is proportional to 

the rectangle area (cross area between the head and the flow rate). 

In the throttle valve system (Fig. 3.1), the energy consumption at the new operational 

point B2 is 25 % less than at the nominal operational point B1. In the variable speed system 

(Fig. 3.2) the energy consumption is 80 % less than at the nominal mode. This is a 

significant saving energy way. Besides, on both figures at B2 the necessary flow rate is 

the same (50 %), but the pressure on the throttle valve system is 140 % more than on the 

new system (undesired influence on the transportation line and the pump system).     

This reveals that the second way is more efficient for the set of points especially for the 

energy saving and optimal control questions. In addition, the VSD systems allows 

supplying with estimation data (power consumption, rotational speed, stator current, etc.) 

that is necessary for the realization of the sensorless control method.  

Therefore for our research and laboratory experiments, we use the VSD control of the 

pump system and the control output variable is the pressure. 

3.2 General structure of pumping system 

The typical structure of the pumping system is shown on the Fig. 3.3. It consists of the 

VSD, the driven motor, the pump and the pressure sensor [20]. Sometimes it can be 

accomplished with the flow rate sensor. The electric motor is connected to the pump by 

a shaft coupling. The VSD is supplied by the electricity grid and the output is connected 

to the driven motor by the electric cable. The pressure sensor is placed on the output line 

for control and monitoring purposes. 
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Fig. 3.3 Common structure of the pumping system. 

Centrifugal pumps are used for the liquid transportation by transforming of the rotational 

kinetic energy to the hydrodynamic energy of the liquid flow. The rotational energy 

commonly comes from an electric motor. The energy of the liquid is raised by increasing 

the speed of the impeller, which creates the flow rate and is placed inside the pump casing. 

The impeller is connected to the shaft of the driven motor [21].  

There are many types of pump prime movers available (such as diesel engines and steam 

turbines), but the majority of pumps are driven by an electric motor [24]. The most 

widespread motor type for driving a centrifugal pump is an induction motor, which has a 

set of good points: simple construction, high reliability and efficiency.  

The VSD can precisely operate the rotational speed of the induction motor by changing 

the output parameters. The most common form of VSD is the voltage-source, pulse-width 

modulated (PWM) frequency converter (often incorrectly referred to as an inverter). In 

its simplest form, the converter develops a voltage directly proportional to the frequency, 

which produces a constant magnetic flux in the motor [24].  

 

 

 

 

 

Pressure 
sensor 

Pump 

VSD 

M 

Power supply line 
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3.3 Affinity transformation and Bernoulli’s equation 

For the pressure determination at any point of the liquid flow the Bernoulli’s equation can 

be used [22]: 

g
pz

g
vH

ρ
++=

2

2

,         (3.2) 

where v – the velocity of the fluid in the pipeline (m/s); g - the gravity acceleration (m/s2); 

z – the elevation of the point above the reference plane (m); ρ – the density of the fluid 

(kg/m3). 

For the head, produced by the pump (Fig. 3.4), the Bernoulli’s equation should be 

extended: 

2( ) ( )
2

dis suc dis suc
dis suc

v v p pH H H z
g gρ
− −

∆ = − = + + ,      (3.3) 

where the subscript – “dis” means the discharge (output) pump line and “suc” – the 

suction (input) pump line. 

 
Fig. 3.4 Structure scheme of the centrifugal pump with suction and discharge pump line. 

The velocity of the fluid can be expressed: 

A
Qv = ,           (3.4) 

where Q – the flow rate (m3/s), A – the cross section area of the pipeline (m2). 
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Then, the velocity difference depends on the cross section area of the suction and 

discharge lines:  

sucdis
sucdis A

Q
A
Qvv −=− ,         (3.5) 

with the assumption that the fluid is incompressible and ideal. 

Pump characteristic curves can describe the relations between a total head or pump power 

and flow rate (QH curve and QP curve), are used as a model of the pump for 

determination the position of operating point. For example, on Fig 3.5 characteristic 

curves for KSB Etaseco 70/200 centrifugal pump are shown in the case of different 

diameters of the impeller. 

 
Fig. 3.5 Pump characteristic curves of KSB Etaseco 70/200. 

These characteristics are usually enclosed to the datasheet of the pump provided by 

manufacturer. Unfortunately, performance curves are presented only for nominal 

rotational speed or for other several standard speeds. However, the nominal curve can be 
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transformed for any rotational speed using the Affinity transformation for the constant 

efficiency and diameter of impeller [15]: 

2
2 1

1

nQ Q
n

 
=  
 

,          (3.6)  

2

2
2 1

1

nH H
n

 
=  
 

,         (3.7) 

3

2
2 1

1

nP P
n

 
=  
 

,          (3.8) 

where the subscript – 1 means values at nominal pumping speed (initial state) and 2 – 

next state of the system with new parameters; n – the rotational speed, Q – the output 

flow rate, H – the pump head, P – the pump on-shaft power.  

Affinity law allows to determine any changes of the output flow rate, head or power 

according to the different rotational speeds [23]. The graphical example is shown on Fig. 

3.6, which also illustrates the operation of QP-curve-based estimation method for the flow 

rate and head. 

 

Fig. 3.6 Determining the characteristic curves for two rotational speeds with the Affinity law. 

The Bernoulli’s equation and Affinity transformation are essential mathematical 

apparatus for realization the model-based method. 
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3.4 Pressure control 

In general, pressure control system allows to operate the output pressure of the pumping 

system [1]. The system tends to support the pressure on a desired level. The speed of the 

pump is changing based on the relation curve (Fig. 3.7) between the Actual value of 

pressure and the Reference (desired) value of pressure. 

 

Fig. 3.7 Pressure control system. 

The system is typically organized as a closed loop circuit with feedback where the actual 

value of pressure is determined by the pressure sensor and the PID controller is 

responsible for the speed setting. The direct pressure determination can be replaced by 

the calculation model based on the data from the VSD and characteristic curves of the 

pump. All these variations consider in the next chapters. 
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4 LABORATORY MEASUREMENT SETUP 
This chapter introduces the LUT pump laboratory station with the water circulation 

system and measurement equipment. It contains information about the control system 

used in the research tests. 

4.1 Laboratory system structure 

Laboratory tests are carried out for a centrifugal laboratory pump used for the water 

circulation system. The structure of the system is shown on Fig. 4.1. It consists of a Sulzer 

centrifugal pump (2), driving an 11kW ABB induction motor (1) fed by ABB ACS880 

frequency converter, the water container (4), the close pipeline circuit (3), the control 

valve (5) and the output valve (6). The water container must have the water level around 

1 meter to make the sufficient suction pump pressure. The direction of water flow is 

depicted by the arrow. 

 
Fig. 4.1 The structure of the water circulation system. 

The system is equipped by different types of measurement devices such as pressure, speed 

and torque sensors, the flow rate sensor and the water level sensor (in details below). 
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The photos of the pumping system and control devices are illustrated on Fig 4.2 – Fig. 

4.4. 
 

 

 

 

 

 

 

 

Fig. 4.2 Combination of Sulzer pump and ABB inductor motor connected by the coupling. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Fig. 4.3 Sulzer centrifugal pump (left) and ABB induction motor (right). 
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Fig. 4.4 ABB ACS 880 frequency converter (left) and LabVIEW PC (right).  

4.2 Communication software 

The data exchange structure is presented on Fig. 4.5. The LabVIEW PC is a head control 

device that makes the speed reference (or pressure reference) signal to the frequency 

converter and operates the open-angle of the control valve. Also, it collects and stores the 

information from the sensors, using I/O data modules, and internal measurements of the 

frequency converter (speed, torque, shaft power etc.). The LabVIEW software can be 

tuned for different types of controllers (PID, MPC) and allows to make necessary 

mathematical operations to calculate unknown parameters. The data exchange standard 

between LabVIEW PC and other devices is Ethernet where all signals are collected by 

the switch. 
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Fig. 4.5. The data exchange structure of the laboratory system.  

4.3 Control program structure 

The screens and descriptions of the LabVIEW PC operational panel are presented on 

Figures below. It is possible to set pressure or speed reference control modes of the pump 

system (Fig. 4.6) and track different internal parameters supplied by the ABB ACS 880 

frequency converter. 

 
Fig. 4.6 Pressure/speed control panel. 

Additional measurements (Fig. 4.7), necessary for laboratory tests, are obtained from the 

sensors such as the absolute suction pressure and the gauge discharge pressure (sensors 

placed on the input and output pipeline accordingly); the pump rotational speed and the 

shaft torque (sensors placed on the pump-motor coupling) and the flow rate (the sensor 

placed near the pump on the discharge line).  
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The rest of parameters are calculated. The pump head are taken from the Bernoulli’s 

equation (3.2). The shaft power is a combination of the rotational speed and the torque. 

The water level is defined as a division of the differential pressure (the differential 

pressure sensor is installed on the bottom of the tank) and the combination of the fluid 

density and the gravity acceleration. The atmospheric pressure is a daily varying 

parameter that must be set according to the weather forecast. Related to this, the gauge 

discharge pressure is a difference between the absolute pressure and the atmospheric 

pressure.     

 

Fig. 4.7 Measurements panel.  

The valve control panel (Fig. 4.8) allows to open the output valve of the pump and control 

the open angle of the control valve in percentage (from 0 to 100%). The output valve can 

be either fully closed or fully open. For laboratory tests the control valve is 90% opened 

to support the stability of the pressure in the system and output valve is fully open.  

 

Fig. 4.8 The valve control panel (left) and automatic control modes panel (right). 

To make the necessary relations between different parameters (for instance to draw the 

relation curve between the rotational speed and the shaft power),  the MATLAB software 

is used that to visualize the data from the storage file.    
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Thus, the laboratory system is adopted to organize an automatic control system where the 

controlled value is the pressure. The LabVIEW software can be tuned for different types 

of controllers and loop structures. It allows to make any kind of necessary mathematical 

operations. It possible to make on-line dependency graphs for some parameters using 

MATLAB software. The system is well equipped by the set of sensors that is necessary 

to estimate the accuracy and efficiency of different approaches of the pump control.        
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5 PRESSURE CONTROL WITH OUTPUT PRESSURE 

MEASUREMENT 
This chapter provides information about the PI closed loop scheme with the pressure 

sensor feedback organized in the laboratory control environment. The results of the test 

introduce at the end of the chapter. 

5.1 Description of the system 

Consider the pressure control of VSD pump system with existing output pressure control 

in the pipeline based on PI control scheme. Firstly, the simple structure of traditional PI 

control closed loop scheme with feedback is shown on Fig. 5.1:  

                                                                                                       

  

 

Fig. 5.1 PI control closed loop scheme with feedback. 

The current value of output variable y(t) is measured in the output of the control object. 

The reference variable x(t) is adjustable value (set point). The adder calculates the 

difference between the reference value x(t) and the current value y(t), and makes the error 

signal on the output. Based on the error signal the controller forms the control signal to 

operate the control object related to certain law. To make the system easier, the PID 

controller is replaced by the PI controller that is fairly common as the derivative gain is 

sensitive to measurement noise. The equation of the PI controller is derived from the 

equation (2.1) where the derivative parameter set to zero:    

∫+=+= ττ deKteKtututu ipippi )()()()()(  ,     (5.1) 

The coefficients of proportional and integral gains are tuning parameters and can be 

adjusted for the optimal process control.  

In our case, the control object is the ABB ACS 880 frequency converter. The PI controller 

and adder are the part of LabVIEW software. The reference and output variable is 

pressure. The measurement device on the feedback is the gauge pressure sensor placed 

x(t) y(t) PI 
controller 

Control 

object 

Adder 
e(t) u(t) 
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on the discharge pipeline. Then, the final system based on the structure scheme (Fig. 5.2) 

is organized as follows. 

 

 

 

 

 

 

 

Fig. 5.2 Pressure control of VSD pump system with existing output pressure control in the pipeline based 

on PI control scheme. 

5.2 Laboratory tests 

The closed pressure control scheme with PI controller has been implemented in the 

LabVIEW PC software environment (Fig. 5.3). The difference between reference 

pressure (set on the “pressure ref. (kPa)” field) and actual gauge discharge pressure 

(feedback signal from the gauge discharge pressure sensor) goes to the input of the PI 

controller. 

 
Fig. 5.3 Closed loop pressure control scheme with PID controller. 

Pressure sensor 
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Speed reference 
VSD LabVIEW PC 

PI controller 
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The PID controller structure is illustrated on Fig. 5.4. The derivative gain (KD) is equal 

zero therefore the PID controller transforms in the PI controller.  

 

Fig. 5.4. The PID control block structure.  

If the automatic pressure mode is active, then the control signal from the controller makes 

the effect to the ABB ACS 880 frequency converter that tends to find the optimal 

rotational speed to support the output pressure on the desired level.  

To realize the goals, a “pressure-step” test for automatic pressure control has been 

conducted. The results of the test are in graphs (dependency between the actual output 

pressure and time and the reference pressure and time). The reference pressure signal has 

four pressure steps – 1st in 20 seconds (step from 10 to 40 bar), 2nd in 40 seconds (step 

from 40 to 80 bar), 3rd in 60 seconds (step from 80 to 110 bar), 5th in 80 seconds (step 

from 110 to 70 bar).  

The basic factor that impacts on the system behavior is an adjustment of the PI controller 

by changing the coefficients of proportional and integral gains. To make it easier, “Ki” 

and “Kp” fields are implemented on the “pressure/speed control” panel. 

 

Fig. 5.5 Pressure/speed control panel for PI gain tuning. 
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5.3 Test results 

Objective for tests was to find fast and stable system response. The best result of the 

“pressure-step” test is on the graphs below (Fig. 5.6). The green line is the reference 

pressure value, the red one is the actual (real) pressure value. The values of proportional 

(Kp) and integral (Ki) ratios are 7 and 5, respectively.  

 
Fig. 5.6 The “pressure-step” test for PI close loop scheme. 

 
The blue curve on the Fig. 5.7 presents the rotational speed changing in time. It shows 

that the rotational speed almost repeats the form of the pressure signal in scale.     

 
Fig. 5.7 Dependency between speed and time for PI close loop scheme. 
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The results shows ability of the system to function very accurate and stable. The average 

process time of the each reference pressure value is around 8 seconds. The overshoots do 

not exceed reference value more than 4 bar. The ripples exist with the pressure level more 

than 100 bar.  
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6 SENSORLESS PRESSURE CONTROL WITH STEADY 

STATE ESTIMATOR 
This chapter provides information about model-based methods and their applications. 

Pump characteristic curves comparison are presented. Laboratory calibration of these 

curves is done. Realization of the steady state estimator model with PI control scheme on 

the LabVIEW system with detailed description and results of the system tests are shown. 

6.1 Model–based method 

The main idea of the sensorless control is to avoid any direct measurements of controlled 

values and use an adjustable model that can estimate the actual output parameters. The 

model requires the pump characteristic curves that can be obtained from pump producers, 

and internal estimates supplied by the frequency converter to determine the operating 

point location. 

There are several variation of model–based methods, but the most appropriate way for us 

is based on the QP curve estimation. This method uses both the pump QH and QP 

characteristic curves and the input information about rotational speed n and shaft power 

P taken from the internal estimates of a frequency converter [7].  

For the frequency converter, two control strategies exist: scalar-based control, which uses 

a fixed voltage/frequency relation, and model based control algorithms of two types - 

direct torque control (DTC) and flux oriented control (FOC) [1]. Both methods allow to 

control and estimate the rotational speed n, based on the information about the rotational 

speed of the magnetic field and the nominal slip of the inductor motor, and torque T, 

calculated by combination of actual stator flux and actual stator current, and eventually 

shaft power consumption P as multiplication of n and T. 

For realizing the QP-curve-based method, the following information is required: 

- Actual rotational speed and actual on-shaft power 
- Pump QP and QH characteristic curves in the numeric form for the nominal 

rotational speed 
- Density of the fluid and cross - sectional area of the pipeline 
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For pressure estimation the steps are presented on Fig. 6.1:  

 

 

 

Fig. 6.1 Steps of the QP-curve-based estimation method. 

Initially, the estimated on-shaft power of the pump is transformed into the power of the 

pump under the nominal rotational speed with the affinity equation: 

P
n
nP n

n

3







= ,          (6.1) 

Further, the corresponding flow rate Qn is determined from QP curve using an 

interpolation principle (see Fig. 3.6). Then, the pump head Hn is derived from QP curve. 

Finally, using affinity equation (3.4) the head under the current rotational speed of the 

pump can be determined. 

Now, when the head is known the pressure can be calculated with Bernoulli’s principle: 
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Unfortunately, real characteristic QP/QH curves sometimes have differences from pump 

curves published by the manufacturer that influences on accuracy of the method. In this 

case, it is necessary to calibrate characteristic curves using for example the output 

throttling valve. Initially, the valve is fully closed and the pump works in the nominal 

speed mode and output parameters should be determined. Then the valve opens for the 

certain percentages until it is fully open and every time the parameters should be 

determined in different angles of the valve. This data can be used to create actual 

characteristic curves of the pump unit. 

6.2 Description of the system 

Consider the pressure control of VSD pump system without output pressure measurement 

based on PI control scheme, where actual pressure value is calculated with the steady 
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state estimator. The structure scheme of the PI control loop without feedback is shown on 

Fig. 6.2. 

 

 

                                                                                                       

  

 

Fig. 6.2 PI control loop without feedback with “steady state estimator”. 

The principle of this scheme is this the same as on Fig. 5.1 with one exception. The direct 

measurement of the output variable y(t) is replaced by the calculation model where the 

actual value y(t) is estimated based on the additional input data (measurement data).  

For the real pressure control system, the steady state estimator is a mathematical apparatus 

(model) that is a part of LabVIEW PC software and allows to determine the output 

pressure value using QP-curve-based method described in previous chapter. Fig. 6.3 

illustrates how this setup differs from the pressure-measurement-based setup shown on 

Fig. 5.2. 

 

 

 

 

 

 

 

Fig. 6.3 Pressure control of VSD pump system without output pressure measurement in the pipeline based 

on PI control scheme with the “steady state estimator”. 
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6.3 QP/QH curves 

For the realization the QP/QH-curves-based estimation method the Sulzer pump 

characteristic curves for different diameters of the impeller (210, 230, 250, 266 mm) and 

the rotational speed 1450 rpm have been provided by the manufacturer (Fig. 6.4).   

 

Fig. 6.4 Sulzer pump characteristic curves. 

Unfortunately, for our investigations, the Sulzer laboratory pump has the different 

diameter of the impeller 255mm, therefore the Affinity transformation were used to make 

the new QP and QH characteristic curves (Red curves on Fig. 6.5): 

3 2 2 3 5

1 1 1 1 1 1 1 1 1

2 2 2 2 2 2 2 2 2

Q n D H n D P n D
Q n D H n D P n D
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For the constant rotational speed in (5.3): 
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Fig. 6.5 QH/QP characteristic curves for Sulzer pump (impeller D is 255 mm, rotational speed n is 1450 

rpm). 

To ensure the accuracy of the model-based method, the laboratory calibration of the 

system has been done to make the QH/QP calibration curves (Fig. 6.6 – Blue curves). 

The output throttle valve initially was fully closed then started to open for 3% for each 
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measurement where the actual flow rate, the head and power were determined with 

laboratory equipment until the valve was fully open.  

 

 

Fig. 6.6 QH/QP manufacturer characteristic curves (red) and calibration curves (blue) for Sulzer pump 

(impeller D 255 mm, rotational speed n 1450 rpm). 

Thus, it reveals that calibration curves differ from the manufacturer curves (after Affinity 

transformation). Therefore to realize the sensorless model, the new calibration QP/QH 

curves are used as the basic curves.        
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6.4 Laboratory tests 

The sensorless pressure control scheme with PI controller and steady state estimator has 

been implemented in the LabVIEW PC software environment (Fig. 6.7). The principle of 

the scheme is the same as in the previous test (chapter 5.2), but in this case the feedback 

signal from the gauge discharge pressure sensor is replaced by the model signal from the 

steady state estimator.     

 

Fig. 6.7 Sensorless pressure control scheme with PI controller and “steady state estimator”. 

The steady state estimator is the mathematical model adopted for realization the QP-

curve-based method (see Chapter 6.1). The estimator requires the following input data 

characterizes the pumping system: 

- System variables: actual rotational speed (nact), actual on-shaft power (Pact), 
atmospheric pressure (patm), absolute suction pressure (pabs.suc). 

- System constants: nominal rotational speed (n0), suction and discharge pipeline 
cross-section areas (Asuc, Adis), density of the transported fluid (ρ) and elevation of 
the point above the reference plane (z). 

- Pump QH/QP characteristic curves in the numerical form. 
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The algorithm involves following steps: 

1. Acquire the actual on-shaft power and rotational speed from the frequency 

converter (Fig. 6.8). The rotational speed value goes directly to the estimator. 

To take the on-shaft power value the additional block “shaft power” has been 

created. It obtains the actual torque value (in percentage, 100% - 71,701Nm) 

and the rotational speed value from the converter to calculate the actual on-

shaft power (𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎). 

 

Fig. 6.8 The “shaft power” block structure. 

2. Calculate the shaft power (Fig. 6.9) under the nominal rotational speed (1450 

rpm) using the affinity transformation (
3

0
n act

act

nP P
n

 
=  

 
- based on eq. 5.1). 

 
Fig. 6.9 Calculation of the shaft power under the nominal rotational speed. 
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3. Using the calculated shaft power under the nominal speed, find the according 

value of the flow rate (Fig. N) from the QP characteristic curve (Fig. 6.10 - 

Blue curve). The QP curve stores in the numerical form in 2 arrays (Qn array, 

Pn array). The structure allows to find the closest element to the input shaft 

power (Pn) in Pn array and then search corresponding element in Qn array that 

is the value of the flow rate (Qn).  

 

Fig. 6.10 The search of the flow rate value corresponding to the calculated shaft power value in the QP 
characteristic curve. 

4. Based on the flow rate obtained in the previous step, find the according value 

of the head (Fig. N) from the QH characteristic curve (Fig. 6.11 down – Blue 

curve). The principle is the same as in last one, where the QH curve holds in 2 

arrays and the output head (Hn) value should be found in these arrays 

corresponding to the flow rate value. 
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Fig. 6.11 The search of the head value corresponding to value of the flow rate in the QH characteristic 
curve. 

5. Bring the value of the head (Fig. 6.12) under the nominal speed with the current 

(actual) speed using the affinity transformation (
2

0

act
act n

nH H
n

 
=  

 
- based on 

eq. 3.6). 

 

Fig. 6.12 Calculation of the head value under the current rotational speed. 

6. Calculate the actual value of the flow rate (Fig. 6.13) under the current speed 

using the affinity transformation ( 







=

0n
n

QQ act
nact  - based on eq. 3.5). The Qn 

– the flow rate that is found in 3rd step. 
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Fig. 6.13 Calculation of the flow rate value under the current rotational speed. 

7. Calculate the gauge discharge pressure (Fig. 6.14) by substituting the values 

of the actual flow rate and the head and some system variables and constants 

in extended Bernoulli’s equation (based on eq. 5.2): 
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where pg.dis – the gauge discharge pressure (the absolute pressure is a sum of 

gauge and atmospheric pressure pabs.dis = pg.dis + patm) that is the output control 

value (kPa); pabs.suc – the absolute suction pressure should be known and depends 

on the tank water level (kPa); patm – the atmospheric pressure is daily varying 

parameter (kPa). 



47 
 

 

 
Fig. 6.14 Calculation of the gauge discharge pressure. 

6.5 Test results 

To approve the advisability and the accuracy of the system with the steady state estimator, 

firstly, the “speed-step” test has been done to compare the pressure measurement results 

from the estimator and the gauge discharge pressure sensor. The pressure signal from the 

sensor (red line) and from the estimator (green line) are shown on Fig. 6.15, where 6 

speed steps have been realized (Fig. 6.16) – 1st in 10 seconds ( from 100 to 300 rpm step), 

2nd in 25 seconds (from 300 to 700 rpm step), 3rd in 40 seconds (from 700 to 900 rpm 

step), 5th in 55 seconds (from 900 to 1000 rpm step), 6th in 70 seconds (from 1000 to 1200 

rpm step), last one in 85 seconds (from 1200 to 1300 rpm step).  
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Fig. 6.15 Pressure signal from the sensor (red) and from the “steady state estimator” (green). 

 

Fig. 6.16 “Speed-step” steps. 

To estimate the outcome of the “speed-step” test the absolute error has been calculated 

in each step: 

0 iX x∆ = −           (6.6) 

Assume xi – estimated pressure value and X0 – sensor pressure value (basic true value). 

The values are taken on the middle time of each step (on Fig. 6.17 in 7 seconds xi – 14.49 

kPa, X0 – 15.78 kPa). The error results are shown in Table 5.1.     
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Fig. 6.17 The comparison of the sensor pressure value and the estimated pressure value. 

Table. 6.1 Calculated absolute error values for the “speed-step” test 

 

 

 

 

 

 

The max value of the absolute error is 1.82 bar, while the minimum value is 0.18 bar that 

is adequately to use the calculated pressure from the steady state estimator as the basic 

feedback signal for the PI control loop. Therefore, this test shows the advisability and 

accuracy of the steady state estimator model. 

The second test - “1st pressure-step” have been conducted. The idea is to make the same 

test for the PI close loop scheme with the pressure sensor feedback (see Chapter 5.2 – 

“pressure-step” test), but the steady state estimator signal is added to the dependency 

graph (Fig. 6.18 – blue line) to compare the real pressure signal and the estimated pressure.  

The best result of the “1st pressure-step” test is on Fig. 6.18, where the green line is the 

reference pressure value, red line is the actual pressure from the sensor, blue line is the 

estimated pressure from the model. In this case, the estimated pressure value has some 
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delays (around 2 seconds) and amplitude differences (around 2 bars) in comparison with 

the real pressure signal that characterized system very satisfactorily. 

 
Fig. 6.18 The “1st pressure-step” test. 

The final test is the “2nd pressure-step” test for the PI control loop where the feedback 

signal from the pressure sensor is replaced by the signal from the steady state estimator, 

but the pressure sensor signal is added to the dependency graph (Fig. 6.19, 6.20) to 

compare the real pressure signal and the estimated pressure.  

The results of the “2nd pressure-step” test is on Fig. 6.19, where the green line is the 

reference pressure value, red line is the actual pressure from the sensor, blue line is the 

estimated pressure. Each speed step lasts around 20 seconds as in previous tests for the 

PI control scheme with the pressure sensor feedback, but obviously that on 2nd, 3rd and 4th 

steps the system needs more time to become stable when the feedback signal is from the 

steady state estimator.     
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Fig. 6.19 The “2nd pressure-step” test. Each step lasts around 20 seconds. 

On Fig. 6.20 the duration is increased and the 2nd step lasts 50 seconds, the 3rd - 60 seconds, 

the last one - 40 seconds, besides the values of proportional (Kp) and integral (Ki) ratios 

are changed to 5 and 4 respectively to make better signal form.  

 

Fig. 6.20 The “2nd pressure-step” test. The duration of steps is increased. 

Additionally, the torque signal from the frequency converter is presented on Fig. 6.21. 

Torque fluctuations directly effect on the output calculated pressure and therefore the 

overall system behavior.  
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Fig. 6.21 Torque fluctuations. 

Initially, the fluctuations were stronger with amplitude around 15 bar. The system did not 

become stable. After several tests with changing the main parameters of the system the 

reason was found. It was caused by the mistake in construction of the QP calibration 

curve. At first this curve was constructed with help of the external speed and torque 

sensors placed on the shaft coupling. Then the new curve was made using the internal 

speed and torque measurements received from the VSD. This way helped to increase the 

accuracy of the model therefore the result improved from unstable 15 bar ripples to 4 bar. 

Thus, in my opinion, the main three problems causes pressure signal fluctuations: 

1. The type of the control scheme based on traditional PI control loop.  

2. Measuring delays of the model system that leads to loss of the essential 

information. It can be caused by the time that needs to make the connection 

between control program and slave devices; to process the calculation program of 

the model. 

3. Neglect of the pump system efficiency. Any time we assumed that the system 

efficiency is a constant in whole operational range but is not really true especially 

for the pump speed modes beyond the nominal operational point. 
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To make the steady state estimator model work better I suggest to: 

1. Try to organize the model-predictive control scheme instead of PI control to 

decrease the pressure signal fluctuations. The LabVIEW model should be 

connected to the standard Matlab block – MPC where different parameters should 

be tuned. 

2. Try to increase the discreet time frequency of the model that allows to avoid 

information losses and can decrease the pressure signal fluctuations. It should be 

done with a high performance control PC.   

3. Try to estimate the pumping system efficiency in the whole operational range to 

avoid the differences (errors) between the real pressure and the estimated pressure. 
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7 CONCLUSION 
This thesis has studied the new approach to control the output pressure value with help of 

the steady state estimator model instead of the direct pressure measurement method. The 

test results shows the ability of the model-based system works satisfactorily and supports 

the desired output pressure level very accurate. Improvement of the model can increase 

the system accuracy and quickness and decrease the undesired fluctuations. In spite of 

certain disadvantages, the sensorless system with the steady state estimator model surely 

can be used as an alternative way to control the output pressure signal for an automatic 

pressure control system.       
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