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Pumps, fans, and compressors account for nearly a third of the global consumption of
electricity. Variable-speed drives (VSD) enable energy-efficient capacity control of these
devices, and have thus become a common component in newly designed fluid handling
systems, as well as a viable retrofit investment in many older systems. As previous research has shown, the benefits of VSDs are not limited to their main task, efficient capacity
control—they can also function as an intelligent process diagnostic tool and soft sensor.
This is made possible by the computational power, programmability, connectivity, and
signals provided by modern VSDs. The motor shaft torque and rotational speed estimates
of VSDs can be used either in and of themselves or as inputs to models of the process
beyond the motor shaft to enable soft sensors and process identification algorithms that
produce energy efficiency and condition-monitoring metrics in fluid handling systems.
This doctoral dissertation expands the functionality of the VSD as an intelligent process
monitoring tool by five monitoring and diagnostic methods for pump, fan, and compressor systems. The presented methods enable estimation of the following process variables:
centrifugal pump flow rate, pump system reservoir level, fan filter pressure drop, screwcompressor output pressure, and leakage flow rate of a compressed-air system. The suggested approaches are validated empirically with laboratory measurements.
These methods can produce monitoring data in applications where traditional instrumentation is deemed impractical or too expensive. They can also work redundantly alongside
and help validate the results of pre-existing instrumentation, which can in some cases be
prone to failure. A notable advantage of VSD-based process diagnostics is its low cost:
once implemented in the control loop of a programmable VSD, the monitoring application
can function automatically and requires no maintenance itself. Furthermore, the methods
presented in this dissertation, as well as most of the previously published approaches, do
not require extra metering or equipment nor physical modifications of the applicable process to function. Owing to the ubiquity of VSDs and the low cost of implementation of
the presented methods, the results of this dissertation can have a positive impact on the
energy efficiency and reliability of a large number of industrial processes.
Keywords: variable-speed drive, frequency converter, soft sensor, monitoring, estimation,
pump, fan, compressor

Acknowledgments
The research work compiled in this dissertation was carried out in the School of Energy
Systems at LUT University, Finland, between 2016 and 2020. The projects enabling the
work were funded by ABB Oy, and for part of 2016, by the Efficient Energy Use (EFEU)
research program with funding from the Finnish Funding Agency for Technology and
Innovation, Tekes, which has since then merged into Business Finland.
First and foremost, I wish to thank my supervisors Professor Jero Ahola and Dr. Markku
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1

Introduction

This doctoral dissertation explores the opportunities to employ a frequency converter, or
a variable-speed drive (VSD), as it is referred to in the rest of this dissertation, as a soft
sensor and an intelligent diagnostic tool in pump, compressor, and fan systems. The
aim of the research leading to this work has been to combine the inherent capabilities
of VSDs, readily available process instrumentation, and easily available process-related
specifications into methods for monitoring the operation of pumps, compressors, and fans
as well as their surrounding systems. The methods are designed to require no extra instrumentation to function and they are implementable programmatically within the control
scheme of modern commercial VSDs. As such, the developed methods increase the value
of VSDs and bring about process-related benefits with little to no added costs.
The rest of this chapter will briefly discuss the background and relevance of the research
conducted for this dissertation, list the scientific contributions made during the research
work of this dissertation, and provide a description of the outline of the rest of this dissertation.

1.1

Background and motivation

Pump, compressor, and fan systems—hereinafter referred to as fluid handling systems—
account for a significant share of the total electricity consumption of the world: together,
they are estimated to account for approximately 31% of all the electrical energy consumed
globally (Waide and Brunner, 2011). For specific end uses, the corresponding shares of
8.5%, 14.4%, and 8.4% have been estimated for pumps, compressors, and fans, respectively. The importance of fluid handling systems as consumers of energy and the crucial
role of energy efficiency in climate change mitigation (Wang et al., 2019) have steered
attention toward how energy is spent in these systems. At the same time, a more tangible incentive toward energy efficiency exists that works on a level more immediate to the
operator of a pump, compressor, or fan: energy efficiency improvements can often have
viably short payback times (Edwards and Lenti, 2015; Fleiter and Eichhammer, 2012).
Correct design and sizing of process equipment, efficient control methods, and predictive maintenance are key to the energy-efficient and reliable operation of fluid handling
systems. For these purposes, monitoring of efficiency- and condition-related process variables is carried out. Traditional monitoring approaches tend to involve the use of metering
and equipment specifically made for the purpose, which results in added investment costs,
and in the case of nonpermanent instrumentation, labor costs.
As an alternative to traditional monitoring methods, previous research has found possibilities to use the VSD—originally employed merely as a means to vary the rotational speed
of electric motors, and thus control the output capacity of pumps, fans, and compressors—as an intelligent process sensor. The potential of modern VSDs as a monitoring tool
in fluid handling systems stems from their ability to accurately estimate the shaft torque
and rotational speed of electric motors. These signals can be combined with models of the
process lying beyond the motor shaft and other readily available information to enable soft
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sensors and process identification algorithms that enable energy-efficient control and help
detect abnormal operating conditions. Such a monitoring method, implemented within
the control scheme of a VSD, can in some applications be a more viable solution than
traditional metering. In addition, VSD-based monitoring provides redundancy, which can
be valuable in applications where dedicated instrumentation is prone to failure.
VSD-based monitoring and diagnostic methods for pump, fan, and compressor systems
have constituted the main area of research in previous doctoral dissertations by Ahonen
(2011), Tamminen (2013), and Viholainen (2014). This dissertation can be considered to
continue their work by further expanding the functionality of VSDs as intelligent process
sensors. At least two clear contextual connections to previous research can be distinguished. Firstly, previous research has resulted in methods for the sensorless estimation
of the operating state of pumps, fans, and compressors, which are discussed in more detail in Section 2.2.1. This dissertation increases the variety of pump flow rate soft sensors
by an additional method and introduces a sensorless estimation method for the output
pressure of a twin-screw compressor (Publications I and IV, respectively). Secondly,
this dissertation also presents three methods that make use of flow device operating point
estimates in further analysis (Publications II, III, and V).
Since the works of Ahonen (2011), Tamminen (2013), and Viholainen (2014), and until
the completion of this dissertation, research on VSD-based monitoring methods has been
relatively sparse. Additional studies found in the literature review conducted for this
dissertation are discussed in the subsections of Chapter 2.

1.2

Research methods

Over the course of the research, literature reviews were conducted and discussions held
with industry experts to identify significant energy- and maintenance-related problems
in fluid handling systems and how they may become apparent in physical quantities that
could possibly be monitored through signals of the VSD. Methods for monitoring the phenomena of interest through the VSD signals were built analytically. The performance and
viability of the presented methods were tested with laboratory measurements in the testing facilities at LUT University. The laboratory test setups used in the empirical studies
are described in Appendices A, B, and C.

1.3

Scientific contributions

The scientific contributions of the publications that make up this dissertation are listed
below.
• A sensorless flow rate estimation method for centrifugal pumps that requires only
the nominal operating point of the pump as parameters and the rotational speed
and shaft torque estimates of a variable-speed drive as inputs. The low number of
parameters make it less laborious to implement than previously published methods.
• A method for the sensorless estimation of the fluid surface level in a reservoir for
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systems where a centrifugal pump is connected to a single reservoir. It makes use of
the well-documented method of operating point estimation based on characteristic
pump performance curves and the shaft torque and rotational speed estimates of a
VSD. The estimated operating points are used in an identification (ID) run sequence
to identify the dynamic flow resistance of a pump system, which in itself should
be noted as a novel approach. Knowledge of the dynamic flow resistance factor
and pump operating point are used to estimate water surface level when physical
dimensions of the reservoir system are known.
• A method for the continuous estimation of the pressure drop of a progressively
fouling filter in a fan system. The method is based on observing the change in the
operating point of the fan that delivers air through the filter. The operating point is
estimated with the well-established technique based on the fan characteristic performance curves and the estimates of the VSD for rotational speed and shaft torque.
As such, the presented method requires no extra equipment to function.
• A sensorless output pressure estimator for twin-screw compressors. The method
relies on the linear relationship between the output pressure and shaft torque of a
twin-screw compressor and the capability of a variable-speed drive to accurately
estimate the shaft torque and rotational speed of the compressor. Sensorless control
of the output pressure of a variable-speed-driven twin-screw compressor is enabled
by the presented method.
• A method for estimating the leakage rate of a twin-screw-compressor-powered
compressed-air system. It makes use of a system pressure measurement, which
is typically present in compressed-air systems. Previously suggested methods for
variable-speed-drive-based estimation of the screw compressor mass flow rate and
the compressed-air system volume are applied as part of the method. As a result,
the method enables estimation of the leakage mass flow rate of the compressed-air
system as a function of system pressure.
The five original publications making up this dissertation are summarized in the following. The contributions of the present author are also described.
Publication I (Pöyhönen et al., 2019) presents a flow rate estimator tuned with
four variables: the nominal flow rate, head, shaft power, and rotational speed of
a centrifugal pump. As inputs, the method employs the rotational speed and shaft
torque estimates of a variable-speed drive, or alternatively, a measurement of the
pump head. The performance of the method is compared against the basic QP- and
QH-based operating point estimation methods with simulations and laboratory measurements. A comparison through simulation is done with four different centrifugal
pumps, two of which are also used in experimental validation of the method. The
main contribution of the paper is a flow estimation method that is easier to commission than previously presented soft sensors and can thus be a more viable solution
in the mass energy auditing of online variable-speed-driven pumps.
The simulation study was conducted by the present author. The laboratory test
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measurements as well as the analysis of their results were conducted by the present
author in cooperation with Dr. Ahonen. The article was written by the present
author in cooperation with the other coauthors.
Publication II (Pöyhönen et al., 2020) presents a soft sensor for the surface level in
a reservoir that is supplied or emptied by a centrifugal pump. The method employs
pump operating point estimates, which are determined based on the characteristic
performance curves of the pump and the estimates of the VSD for rotational speed
and shaft power. An ID run sequence is presented as part of the method enabling
calculation of the dynamic flow resistance of the pump system based on operating
point estimates recorded during the ID run. The method was tested with laboratory
measurements and its accuracy, as expected, was found to depend highly on the accuracy of the operating point estimation. Given accurate pump curves and rotational
speed and shaft torque estimates, the method can be considered accurate enough for
instance to prevent cavitation caused by a low surface level or the overflow of a
reservoir.
The laboratory tests were designed, conducted, and their results analyzed by the
present author. The paper was written by the present author with valuable feedback
from Prof. Ahola.
Publication III (Pöyhönen et al., 2018b) presents a method in which estimated fan
operating points are used to quantify the pressure drop of a filter in a fan system.
The progress of fouling is observed as an increase in the pressure drop of the filter,
which also affects the fan operating point. The method, along with operating point
estimation, can be implemented programmatically in the VSD that controls the fan
that delivers air through the filter. The applicability of the presented method is limited to fan systems where the filter is the only cause of change in the total dynamic
flow resistance of the system. The method was tested with laboratory measurements
and deemed feasible to be used in the detection of the need to replace a filter because
of fouling.
The laboratory test measurements were designed by the present author in cooperation with the other coauthors. The measurements were conducted and their results
analyzed by the present author in cooperation with the other coauthors. The paper
was written by the present author with valuable feedback and suggestions from the
other coauthors.
Publication IV (Pöyhönen et al., 2017) presents an output pressure soft sensor for
twin-screw compressors. A linear model for output pressure estimation as a function
of the compressor shaft torque and rotational speed is constructed based on known
torque-vs-pressure operating points at at least two rotational speeds. For this, a
tuning method for compressors run using a pressure switch is suggested. Once set
up, the method can continuously estimate output pressure based on the rotational
speed and shaft torque estimates of the variable-speed drive when the compressor is
running. The method was evaluated with laboratory measurements and its accuracy,
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when properly tuned, was found high enough to be used in the sensorless pressure
control of variable-speed-driven twin-screw compressors.
The laboratory test measurements were conducted by the present author. The results
were analyzed by the present author in cooperation with Dr. Ahonen. The paper
was written by the present author with valuable feedback and suggestions from Dr.
Ahonen and useful commentary from an industrial point of view from Mr. Saukko.
Publication V (Pöyhönen et al., 2018a) presents a method for estimating the leakage flow rate of a twin-screw-compressor-powered compressed-air system. The
method comprises an identification run sequence that is commenced at a time of
no deliberate compressed-air consumption. Data from a variable-speed-drive-based
mass flow soft sensor of the screw compressor and a system pressure measurement
are used to estimate the compressed-air system volume and the leakage mass flow
rate as a function of system pressure. The feasibility of the method is supported by
the conducted laboratory measurements.
The laboratory test measurements were conducted and their results analyzed by the
present author, who also wrote the article with valuable improvement suggestions
and commentary from the other coauthors.
The present author is a coauthor also in the following publications that are related to the
topics discussed in this dissertation.
Tamminen, J., Ahonen, T., Ahola, J., Pöyhönen, S., and Tiainen, T. (2015). Variable Speed Drive-Based Fan Impeller Contamination Build-Up Detection: Industrial case study. In: 2015 17th European Conference on Power Electronics and
Applications (EPE’15 ECCE Europe), pp. 1–6.
Ahonen, T., Pöyhönen, S., Ahola, J., and Siimesjärvi, J. (2017). Remote monitoring of fluid handling systems with variable-speed drive. In: 2017 19th European
Conference on Power Electronics and Applications (EPE’17 ECCE Europe), pp.
1–10.
Ahonen, T., Pöyhönen, S., Siimesjärvi, J., and Tolvanen, J. (2019). Graphic determination of available energy-saving potential in a reservoir pumping application
with variable-speed operation. Energy Efficiency, 12(5), pp. 1041–1051.
In addition, the present author is designated as a coinventor in the following patent concerning the method presented in Publication V: EP3409953B1, ”Method in a compressed
air system and related arrangement.”

1.4

Outline of the dissertation

Chapter 2 discusses the applicability of VSDs as an intelligent monitoring tool in fluid
handling systems. The properties and capabilities of VSDs that enable its application
as such are discussed, followed by a review of existing VSD-based diagnostic methods.
Section 2.1 reviews monitoring methods that use the signals of a VSD directly to detect
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unwanted phenomena or estimate process-related variables. Section 2.2 gives an introduction to methods that use the VSD signals in conjunction with characteristic performance
models of pumps, fans, and compressors to estimate their operating points and to derive
further analyses from the produced estimates.
Chapter 3 introduces a method to estimate the flow rate of a centrifugal pump.
Chapter 4 presents two methods that make use of model-based operating point estimates
of the operating points of pumps and fans. First, a soft sensor for the surface level in
a variable-speed-driven reservoir pumping system is presented. The second subsection
presents a VSD-based method to estimate the pressure drop of a filter in a fan system.
Chapter 5 presents two VSD-based monitoring methods for compressed-air systems
powered by twin-screw compressors. The first introduced method relates to the sensorless
estimation of the output pressure of the compressor, and the second presents an approach
to estimate the leakage rate of a compressed-air system.
Chapter 6 concludes the dissertation with a summary of the main results and suggestions
for future research.
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2

VSD as an intelligent process sensor

In addition to its main function—rotational speed control—a VSD is capable of estimating the shaft torque and rotational speed of the electric motor it powers. In modern vectorand direct-torque-controlled (VC and DTC, respectively) drives, the shaft estimates are
derived from a motor model using the internal current and voltage measurements of the
drive. In a DTC VSD powering an induction motor, the estimation accuracy for rotational speed and shaft torque can be as high as 0.2% and 2%, respectively (Ahonen et al.,
2011a), and similar accuracy values for a VC drive were reported by Mar (2013). Some
systems employ drives that provide only the more simple scalar control method, which
does not offer such a high accuracy, but is often sufficient in terms of control owing to the
low requirement for dynamic performance of typical pump, compressor, and fan systems.
However, development in digital signal processing hardware and software has made DTC
a viable option not only for dynamically demanding applications, but also for more general use (ABB, 2015). As a result, DTC and VC have become commonplace in drives
used in fluid handling systems (Krause et al., 2013).
The VSD-based estimation and condition monitoring methods presented in this dissertation and previous research rely on the rotational speed and shaft torque estimates of the
drive. On a general note, the methods make use of the fact that the motor shaft is connected to and thus its state is influenced by the states of different variables and phenomena
in the fluid handling system further down the shaft, for instance a pump, piping, or equipment such as heat exchangers. In research on VSD-based monitoring and diagnostics, one
of the goals is to find the analytic relationship between the variable of interest—whether
it be for example fan flow rate or the pressure loss of a component further down the
system—and the estimated rotational speed and shaft torque. Additional key aspects enabling VSD-based estimation methods as well as properties of modern industrial VSDs
that support its application as an intelligent process sensor are discussed in the following.
Some modern VSDs enable the inclusion of additional application programs within the
control scheme of the drive. The application program can make use of drive system
services, as exemplified in the case of the ACS880 VSD from ABB, and illustrated in Fig.
2.1. Such an arrangement enables the development and use of a wide variety of different
control and diagnostic functions, such as the methods presented in this dissertation. The
IEC 61131 standard, which is widely used in programmable logic controllers, provides the
basis for many of the VSD programming environments (ABB, 2019b; Nidec Corporation,
2019). The code composing tools for developing custom applications in a certain VSD
are usually provided by the manufacturer of the respective drive (ABB, 2019b; Nidec
Corporation, 2019).
In addition to analog inputs and outputs, various protocols for digital communication are
available in VSDs (ABB, 2018; Vacon Ltd, 2016). This kind of connectivity enables
the drive to communicate with process control systems and remote diagnostic services.
The signals—whether it be standard signals such as rotational speed or shaft torque estimates, or signals generated by a monitoring or diagnostic application implemented within

20

2 VSD as an intelligent process sensor

Control unit with firmware (FW)
FW parameters
User parameters

FW events
User events

System Info

Symbol data

Run-time system

Retain variables

Application program

Boot application
Source code

DriveInterface

System functions

Retain parameters
Memory unit

FW parameters
(I/O, drive control)

Dride-to-drive communication,
external I/O, etc

Figure 2.1: Programmability within the control unit of an industrial VSD (ABB, 2019b).

the drive—can thus be utilized in analysis and decision-making outside the drive. Furthermore, connectivity enables control of the drive, parameter configuration, and troubleshooting over the network.
In VSD-based estimation methods, two distinct approaches can be identified: direct and
model based. The direct methods comprise detection of phenomena or calculation of
variables of interest directly from the rotational speed and shaft torque estimates. Modelbased methods, on the other hand, employ models of components of the fluid handling
system (e.g. a pump) to reach the desired estimate.
Another classification can be made based on how the method interacts with how the system is controlled. Some methods can be considered passive and nonintrusive: once they
are set up, they are continuously executed in the background and do not affect the process
of the fluid handling system. In some cases, however, taking over the control of the system to conduct an ID run sequence can provide information that could not be gained under
normal operation of the system. Such methods are executed when permissible by the control logic of the process, for example at the end of a scheduled maintenance break when
the motor is again started. In the following, a review of previously developed methods is
given.

2.1 Direct methods

2.1
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Direct methods

At its simplest, a direct method can encompass monitoring the rotational speed estimate
and comparing it with a maintenance threshold value. An example of such a case was
discussed in (Pöyhönen, 2016), where a VSD was used to control the speed of a fan that
produced flow through a fouling heat exchanger. In the example case, the rotational speed
nearing or reaching its maximum value could be used as an indication of the need for
cleaning the heat exchanger; when the maximum rotational speed value is reached, but
fouling continues, the required flow rate can no longer be sustained. In another similarly
straightforward approach applied in some commercial VSDs, an underload curve for shaft
torque as a function of rotational speed can be defined in the drive parameters, and when
the value of the shaft torque estimate falls under the curve, the drive issues a warning of
the pump running dry (ABB, 2019a).
Previous research has resulted in numerous methods that use the rotational speed and shaft
torque estimates in condition monitoring analysis in a more refined manner. Deriving
from the estimates, the methods aim to detect abnormal operation of the flow-generating
device or another component in the fluid handling system, which is something that would
typically be done either using extra equipment or by visual inspection. The methods
typically detect abnormal operating states by comparing the temporal behavior of the shaft
variables with previously recorded behavior under normal operation. In the following, a
summary of past research is provided.
• In (Tamminen et al., 2013b), the VSD estimates for rotational speed and shaft torque
were used to estimate the mass of contaminant buildup on the impeller of an
industrial centrifugal fan. The method was later tested in an industrial case study
with promisingly positive results (Tamminen et al., 2015).
• A method for detecting the failure of a non-return valve with a VSD was presented in (Ahonen et al., 2015a). The occurrence of return flow through the valve,
and thus also the pump, caused by a jammed-open valve is detected from the behavior of shaft torque during a pump shutdown.
• Frequency components of the rotational speed and shaft torque signals from a VSD
were analyzed to determine the correct rotational direction of a centrifugal device in (Tamminen et al., 2013a). The algorithm of the method includes a test run
during which the device is rotated in both directions. When tested with laboratory
measurements, the method detected the incorrect direction more often than 90% of
the time and produced no false positives.
• Ahonen (2011) presented a method for the detection of pump cavitation based on
rotational speed and shaft torque signals of a VSD. The algorithm monitors the root
mean squares of the alternating components of the signal and compares them with
preset reference values for cavitation-free operation.
• The detection of fan surge with VSD estimates was proposed in (Tamminen et al.,
2012). The rotational speed and shaft torque estimates were utilized to detect low-
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frequency fluctuation in the shaft power of the fan suffering from surging. Sensing
surging of a centrifugal compressor by VSD signals has been studied and demonstrated in (Orkisz and Lipnicki, 2014).

2.2

Model-based methods

The methods reviewed in this chapter use the characteristic performance curves of the
flow device and the rotational speed and shaft torque signals from the VSD to estimate
the operating point of the flow device. While the operating point of a pump, fan, or
compressor is interesting information in and of itself, some methods aim at further analysis based on recorded time series of the estimated operating points to monitor also the
condition of the system beyond the flow device. In the following, the model-based operating point estimation for centrifugal flow devices is discussed, followed by a review of
methods that use the estimated operating point in further analysis.
2.2.1

Sensorless operating point estimation

Instead of directly measuring the flow rate and pressure output of a centrifugal pump,
compressor, or fan, they can be estimated using the estimates of the VSD for rotational
speed and shaft torque and the characteristic performance model of the flow device. For
a pump, with the produced pressure differential expressed as meters of head, the model
constitutes the QP (flow rate vs. shaft power) and QH (flow rate vs. head) performance
curves. For fans and compressors, pressure is used instead of head, and thus, for them,
Qp curves are used. In the following discussion, where reference is made to QH curves,
the conclusions apply also for Qp curves of fans.
The characteristic curves can be acquired from the manufacturer of the flow device, or in
some cases determined by measurements on site. A single pair of QP and QH curves is
always valid for a certain rotational speed and density of the transferred fluid. The curves
can be converted into other speeds using the affinity laws:
n

Qnom ,
nnom

2
n
H=
Hnom ,
nnom
3

n
P =
Pnom ,
nnom
Q=

(2.1)
(2.2)
(2.3)

where Q is the flow rate, H is the head, P is the shaft power, n without subscript is the
rotational speed for which the curves are to be defined, and nom denotes the nominal
values for which the performance curves are originally known.
Furthermore, the shaft power estimate of the flow device can be calculated based on the
rotational speed and shaft torque estimates (T est and nest , respectively) of the VSD:
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Pest = 2π

nest
Test .
60

(2.4)

Given instantaneous estimates for rotational speed and shaft power, the operating point
of the flow device can be determined from its characteristic curves, as exemplified in
Fig. 2.2. In terms of computation, the curves can be presented either by analytical equations—Q(n,P) and H(n,Q)—or by numeric vectors from which the outputs are linearly
interpolated. Estimating the operating point in the described manner is referred to as the
QP method in previous research (Ahonen et al., 2010). The simplicity of the QP method
makes it relatively easy to apply locally in a VSD, which has led to its inclusion as a
standard function in some commercial drives (ABB, 2019a; Danfoss, 2005).

Pest

Hest

Qest

Qest

Figure 2.2: Pump operating point estimation based on VSD estimates for rotational speed
and shaft power and the performance curves of the pump.
The accuracy of the QP method is highly dependent on the shape and accuracy of the
characteristic performance curves of the flow device. Centrifugal pumps, for instance,
tend to have a relatively steep QP curve, meaning a high dP/dQ value across most of the
flow rate range, which lends itself well to operating point estimation. With such curves,
uncertainty in the shaft power estimate leads to a smaller error in the flow estimate than
when using a curve with a low dP/dQ. Devices that direct the flow more axially tend to
have flatter QP curves, often with a local maximum, which can lead to more than one
possible flow rate estimate with a certain value of shaft power (Gülich, 2014; Stepanoff,
1957), thus rendering the basic QP-curve-based soft sensor unusable for them. At flow
rates above the best-efficiency-point (BEP) flow rate, centrifugal flow devices also commonly have an operating range in which the dP/dQ value is low or near zero. However, it
is less of an issue because these devices are typically oversized (evident from recent discussions with industry experts and suggested in (Lawrence Berkeley National Laboratory,
2006)): their systems tend to be designed so that they run at flow rates less than the nominal value, and as such, operation in this problematic operating range is avoided altogether.
Previous research has suggested VSD-based monitoring methods primarily for centrifugal devices owing to their ubiquity and the suitability of their characteristic performance
curves. However, it should be noted that some axial devices with downward-sloped QP
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curves may also be suitable for operating point estimation, if the |dP/dQ| of their curves
can be considered high enough for sufficient flow rate estimation accuracy.
The accuracy of the performance curves provided by manufacturers is subject to manufacturing inconsistencies and the accuracy of the instrumentation used to determine the
curves. With regard to pumps, for example, many manufacturers abide by the ISO 9906
standard (International Organization for Standardization (ISO), 2012), which lays out
three different grades for the performance tolerance of the supplied characteristic curves.
The commonly applied grade 2B of the standard gives tolerances of ±8%, ±5%, and +8%
for flow rate, head, and shaft power, respectively. Correspondingly, for industrial fans, the
ISO 13348 standard states tolerances of ±5% for flow rate and pressure output and +8%
for shaft power (The International Organization for Standardization (ISO), 2007).
In addition to the aforementioned tolerances in the supplied curves, uncertainty in operating point estimation is also caused by phenomena that modify the actual performance
curves during the operation of the flow device. Impeller wear in centrifugal pumps, for
instance, shifts the QH curve downward, leading to erroneous head estimation (Gülich,
2014). In addition, mechanical deterioration, such as wear in the bearings or seals of the
flow device, can increase the shaft power demand, which offsets the actual QP curve upward. Moreover, a given set of QP and QH curves are specific to a certain fluid and its
properties. Thus, uncertainty can also be caused by a difference between the density or
viscosity of the delivered fluid and the corresponding values related to the curves used in
operating point estimation. Moreover, the validity of given performance curves can also
suffer from operation far from the BEP and the ensuing effects of fluid recirculation or
cavitation in pumps or surge and stalling in fans. These phenomena may lead the actual
flow rate, pressure output, or shaft power of the flow device to a point off the characteristic
curve, which leads to erroneous estimates.
When the rotational speed of a pump, fan, or compressor is reduced, its inherent energy
losses reduce at a relatively smaller rate than the energy output into the transferred fluid
(Muszyński, 2010). The affinity laws do not take into account the resulting change in
efficiency when rotational speed is varied. Thus, the farther a flow device operates from
the nominal speed for which its performance curves are known, the more uncertainty is
introduced into operating point estimation by the constant-efficiency assumption of the
affinity laws.
It is also worth noting the impact of dynamic properties of the drive system and the fluid
on operating point estimation accuracy. For example, when the rotational speed of the
flow device is increased, additional shaft power is required by the inertia of both the fluid
and the rotating equipment. Thus, in practice, the aforementioned basic QP-curve-based
estimation approach is not as accurate during rotational speed transients as it is during
steady-state operation.
In addition to pumps and fans, also centrifugal compressors can accommodate modelbased operating point estimation. The VSD-based operating point estimation for centrifugal turbocompressors was studied in (Niinimäki et al., 2013). While both QP and Qφ

2.2 Model-based methods

25

(here, φ is the output/input pressure ratio of the compressor) methods were found applicable to these compressors, it was noted that the affinity laws tend to produce less accurate
characteristic curves than in the case of pumps and fans as a result of the compression of
air and the resulting change in density.
Several methods have been proposed for dealing with the previously discussed sources
of uncertainty and improving the accuracy of operating point estimation based on VSD
estimates and flow device performance curves. A comparison of such methods was presented in (Tamminen et al., 2014), along with an additional new method for systems that
have instrumentation for measuring the pump head. The method includes estimating the
operating point with the QP method and the QH method, in which the measured pump
head and the QH curve are used to determine flow rate in an otherwise similar way as in
the QP method. Then, the slopes of the QP and QH curves at the estimated flow rates
are compared to determine which method is likely to produce a more accurate flow rate
estimate, and the presumably more accurate estimate is chosen.
Ahonen et al. (2010) evaluated the accuracy of the QP method and suggested a systemcurve-based operating point estimation method that can improve estimation accuracy in
the flow rate range where the QP curve is flat. The QP and system-curve-based methods
were combined into a hybrid method in (Ahonen et al., 2012), in which the presumably
more accurate of the two is applied depending on the situation.
Kernan et al. (2011) suggested tuning the manufacturer’s QP curve by running a pump
against a closed valve to record and compare its shaft power with the shutoff power of
the manufacturer’s curve. Their difference is applied to the manufacturer’s curve as a
static offset to make it better match the actual performance of the pump. The method can
be used to also tune the QP curve of a centrifugal fan. The method can also be applied
correspondingly in fan systems to tune the fan QP curve.
The tuning procedure of (Kernan et al., 2011) is expanded upon in Leonow and Mönnigmann (2013), where the tuning is done, in addition to against a closed valve, also at a
certain maximum pump capacity. This improves the accuracy of the method in steadystate operation. Moreover, the suggested method aims to improve estimation accuracy
during rotational speed transients by considering a dynamic model for the relationship
between the rotational speed and the chosen electric input signal of the method. The dynamic model is tuned by time constants that are observed in the input signals during the
tune-up runs.
The problem of non-monotonic QP curves producing two flow rate estimates from a single
shaft power value was addressed by Leonow and Mönnigmann (2016). As a solution, the
authors presented an algorithm including a stepwise increase in the pump rotational speed
for deducing on which side of the maximum-shaft-power point of the QP curve the pump
operates. The behavior of shaft power immediately following the speed step—and as the
flow rate still increases for a brief time because of the inertia of the fluid—is observed to
determine whether the dP/dQ slope of the curve at the present operating state is positive
or negative.
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Another operating point estimation method combining the QP and QH methods is presented in (Janjic et al., 2015). The authors propose combining the probability density
functions of the flow rate estimates given by the QP- and QH-curve-based estimation
methods to derive the final estimate. As a result, the method also deals with the problem
of non-monotonicity in the QH curve.
Previous research on operating point estimation from VSD signals has mainly focused on
centrifugal flow devices. However, a VSD-based mass flow rate estimation method for
twin-screw compressors was presented in (Järvisalo et al., 2016). Estimation of the full
operating point—both flow rate and pressure output—of a twin-screw compressor is completed in Publication IV, which presents an estimation method for the output pressure of
the compressor.
2.2.2 Applications of operating point estimates
Knowledge of the operating point of a flow device can be used in the control and monitoring of the performance of a fluid handling system as well as in the identification of system
parameters (Ahonen et al., 2013a). Analysis and decision-making based on diagnostics
using operating point estimates can reduce the life cycle costs of fluid handling systems
through improved energy efficiency and reliability. The sensorless operating point estimation done by a VSD can deliver such benefits without the extra cost of additional sensors.
In the following, methods that apply VSD-based flow device operating point estimates are
listed.
• In (Viholainen et al., 2013), an energy-efficient control strategy based on operating
point estimates was proposed for a parallel pump system. In addition to striving
to minimize energy use, the method involves controlling the pumps so that their
operating points stay in their respective recommendable operating regions.
• In (Ahonen et al., 2013b), operating point estimates and an identification run sequence are used to determine the characteristic parameters, namely the static head
and the flow friction coefficient, of a pump system.
• Ahonen et al. (2015b) proposed a frequency-converter-based method for finding the
most energy-efficient rotational speeds for reservoir pumping applications, where
the process static head varies during the pumping task.
Publications II and III of this dissertation (Pöyhönen et al., 2020, 2018b), which constitute Chapter 4, present methods that use estimated pump and fan operating points.
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Specific-speed-based sensorless estimation of pump flow
rate

The flow rate of pumps is essential information when auditing the energy efficiency of
pumping operations at industrial facilities. However, the large number of pumps on an
industrial site may make an exhaustive audit through traditional means—that is, using
dedicated measuring instrumentation—exceedingly laborious, leading to only the most
critical pumps being considered. Moreover, using temporary audit-specific measurement
instrumentation on a large number of pump units can make auditing efforts spanning a
long period of time too laborious. In a large-scale long-term pump energy audit, a modelbased soft sensor may thus prove more plausible as the source of data on pump flow rate.
Model-based estimation of the pump operating point requires the parametrization of the
pump model, that is, the QP and QH curves, on the platform where the flow rate and head
calculation is conducted, whether it be the configurable parameters of a VSD, a program
on a separate programmable logic controller (PLC), or a cloud-based remote monitoring
system that takes the rotational speed and shaft power estimates of the VSD as inputs.
Depending on how the operating point estimation is conducted programmatically, the
pump model can be applied either as a series of operating points from the QP and QH
curves, or as analytical representations of the curves, for instance as the coefficients of
second- or third-degree polynomial functions representing the curves. Originally, the
curves are typically expressed as graphical illustrations in pump datasheets, which are
provided by the manufacturer, and in some cases, only the nominal operating point may
be available. When available, the curves have to be converted into the chosen digital
format, which can make the QP- or QH-curve-based monitoring on a large pump drive
population very laborious. A soft sensor that can be set up with less effort could thus
prove beneficial and lower the decision-making threshold of engaging in energy auditing
of pumps.
In their works, Stepanoff (1957) and Gülich (2014) present sets of dimensionless characteristic QP and QH curves as a function of pump specific speed (see Fig. 3.1). Specific
speed describes the ratio of flow rate and pressure output of a pump and as such depends
on the shape of the impeller; centrifugal (i.e. radial) pumps cover the lower end of the
specific speed range, and axial impeller flow configurations correspond with higher specific speeds. Depending on the source, a few ways exist to calculate the specific speed
of a pump, but in reference to (Stepanoff, 1957; Gülich, 2014), the following form is
considered here:
nq = nBEP

√

QBEP
3/4

HBEP

,

(3.1)

where nq is the specific speed, and the rotational speed n is given in rpm, the flow rate Q
in m3 /s, and the pump head H in m.
Once the specific speed of a given pump is calculated, its relative QP and QH curves can
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Figure 3.1: Relative QP and QH curves for different specific speeds by (a) Stepanoff
(1957) and (b) Gülich (2014). Note: * denotes a value relative to the BEP value of the
corresponding variable, e.g. P* = P/PBEP × 100%. The solid curves are as they appear
in the cited works and the dashed curves represent third-degree polynomial curves fitted
onto digitized data of the original curves.
be approximated based on a reference curve set such as those in (Stepanoff, 1957; Gülich,
2014). For digitizing the reference curves, third degree polynomial equations were found
to be appropriate. They are shown plotted as dashed curves on top of the original curves
in Fig. 3.1. Thus, the reference curves take on the following forms:
P ∗ = c1 (nq )Q∗3 + c2 (nq )Q∗2 + c3 (nq )Q∗ + c4 (nq ),

(3.2)

H ∗ = c1 (nq )Q∗3 + c2 (nq )Q∗2 + c3 (nq )Q∗ + c4 (nq ).

(3.3)

When the reference curves (and their polynomial coefficients c1...4 ) are known for multiple
specific speeds, the polynomial coefficients of the characteristic curves of a given pump
can be determined by linear interpolation from the reference curves, based on the specific
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speed of the pump. The affinity laws (2.1)–(2.3) can then be applied to the curves to
convert them into the instantaneous rotational speed, and the QP- or QH-curve-based
operating point estimation can be conducted. Therefore, once a set of reference curves
has been chosen, the presented method only requires as tuning parameters the pump BEP
values of flow rate, head, and shaft power, and the corresponding rotational speed. The
principle of the method is illustrated in Fig. 3.2.

PBEP
QBEP
HBEP

Calculate
nq

nBEP

Interpolate
nq-based curves
from reference
curves

Use affinity laws
to determine
curves at present
rotational speed

P* nq,3
or nq,2
H*
nq,1

P*est or H*

Q*

Derive estimate for flow rate

P*

or H*
Q*

Q*

Q*est

Figure 3.2: Principle of the specific-speed-based pump operating point estimation
method.
The performance of the specific-speed-based soft sensor was evaluated with simulations
and laboratory measurements. In the simulation, the performance curves of four centrifugal pumps were approximated as per the presented method using the reference curves in
(Stepanoff, 1957; Gülich, 2014) and compared with the manufacturer’s curves. An empirical test was done on two of the four pumps under consideration with a pump laboratory
test setup, which is described in detail in Appendix A. The pumps used in the study are
listed in Table 3.1.
Fig. 3.3 shows the approximated, manufacturers’, and measured QP curves of the pumps
under study. As seen in the figure, the Stepanoff-based relative QP curves match the
manufacturers’ curves noticeably better than those based on Gülich’s set of curves. The
results also demonstrate how pumps of similar specific speed, but of different nominal absolute shaft power, can have relative QP curves of differing shapes. This is not taken into
account in the presented method and should be acknowledged as a source of uncertainty.
Considering the manufacturers’ QP curves at flow rates between 60% to 120% of QBEP ,
their difference from flow rates on the Stepanoff-based curves at corresponding shaft powers are within ±7% of the BEP flow rate. For the two pumps used in the laboratory test,
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Table 3.1: Pumps with which the performance of the presented method was evaluated.
Pump

nq

H BEP
(m)

QBEP
(m3 /s)

PBEP
(kW)

n (rpm)

Sulzer Ahlstar A11-50
Sulzer Ahlstar A22-80
Apex TD 200-315
Apex TD 65-125

24
28
51
52

13.6
21.0
24.6
18.5

0.014
0.037
0.149
0.0254

2.7
9.8
44.3
6.2

1420
1450
1475
2900

Impeller
diameter
(mm)
210
265
307
131

Figure 3.3: Comparison of QP curves generated by the presented method, corresponding
curves published by manufacturers, and measured curves.
a comparison of flow rate estimation errors with the three different versions of QP curves
is provided in Fig. 3.4. The error is calculated as follows: for the actual relative flow rates
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listed in Fig. 3.4, the corresponding shaft power values from the measured curve are used
to derive flow rate estimates (Q∗est ) based on the three curve variants. The error (E) is then
defined as the difference between the actual and estimated flow rates:
E = Q∗est − Q∗actual .

(3.4)

Figure 3.4: Flow rate estimation errors of the basic QP method and the specific-speedbased estimation method expressed as a percentage of the BEP flow rate. For ease of
comparison, the vertical axis of the graph on the left has been flipped.
The suitability of the specific-speed-based method of tuning the pump model was tested
also for QH-curve-based flow rate estimation. The results are shown in Fig. 3.5. The
shutoff head of the Gülich-based curves is noticeably higher than that of the measured
and manufacturers’ curves, more significantly so for the higher-nq pumps. With regard to
estimating flow rate using a head measurement, another challenge is posed by the nonmonotonous shapes of some of the curves. However, this is a general limitation that has
to do with the shape of the curves of some centrifugal pumps, rather than a limitation
inherent specifically to the presented method.
In the case of the four pumps under consideration, the presented method does not fall
much short of the estimation accuracy of the basic QP method. When allowed by the
curve shapes, such is also the case with the QH-curve-based flow rate estimation. Although it cannot rival the accuracy of dedicated measuring instrumentation, the presented
approach should be accurate enough to detect if a pump operates outside its recommended
operating region.
The limited sample size of the study on the performance of the presented method—four
pumps—should be acknowledged. However, already with such a small sample size it
could be observed that pumps of similar specific speed can have performance curves of
noticeably different shapes, which limits the accuracy of the presented method. A more
extensive study with a larger group of pumps could shed more light on just how justified
it is to tune or approximate a pump model based on reference curves such as the ones
presented by Stepanoff and Gülich. It may also be possible to compile more appropriate
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Figure 3.5: Comparison of QH curves generated by the presented method, corresponding
curves published by manufacturers, and measured curves.
reference curve sets based on the pump curves of certain pump types from certain manufacturers. Such more up-to-date and better targeted curves could improve the accuracy of
the presented method without reducing its ease of utilization.
Even though the main purpose of the curves originally published by Stepanoff and Gülich
may have been to illustrate and exemplify the dependence of the shape of the characteristic
performance curves of pumps on a specific speed and impeller construction, they can be
useful as a concept of universal reference curves for implementing a fast-to-employ flow
rate soft sensor such as the one presented here. Although the presented approach is likely
to sacrifice some estimation accuracy because of its simplicity, it can reduce the effort to
configure flow rate soft sensors on a greater scale, which can be a significant advantage
when a very large number of pump drives is to be monitored.
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Pump and fan operating point estimates in system
monitoring

The operating point of a pump or a fan is determined by its performance characteristics
and the dynamic and static flow resistance of the surrounding system. With the flow device
modeled, and its contribution to the operating point thus understood, observed temporal
changes in the pump or fan operating point can be traced and attributed to changes in the
surrounding system and its components. Moreover, if it can be known that only a certain
part of the system is subject to change over time, the very change can be quantified based
on the estimated pump or fan operating points over time.
As more specific examples of the general approach described above, this chapter presents
VSD-based soft sensors for the surface level in the reservoir of a pump system and the
pressure drop of a filter in a fan system. Both methods make use of knowledge of the
operating points of a pump or a fan, which can be estimated with a VSD using for instance the basic QP method. As such, they can be applied as an added functionality in
programmable VSDs.

4.1

Soft sensor for pump system reservoir surface level

Delivery of fluid to and from reservoirs and tanks is one of the typical process functions of
centrifugal pumping systems (Ahonen et al., 2011c). Often, measurement or detection of
the reservoir surface level is required to ensure meeting the demands of fluid delivery in
processes and to prevent reservoir overflow. Level sensing also helps detect the threat of
complete emptying of a reservoir, which could lead to the pump running dry. In systems
where the reservoir is situated on the suction side of the pump, monitoring the water level
can also help in cavitation avoidance: the water level can be controlled and kept above a
level below which cavitation-inducing low suction pressure could occur.
Instead of dedicated sensors, the reservoir level can be estimated based on the pump operating point and knowledge of the flow resistance coefficient of the system into which the
pump delivers fluid. The operating point estimate can be provided by a VSD employing
the QP-curve-based method, which was discussed in Section 2.2.1.
In (Ahonen et al., 2013b), a VSD-based method for determining the flow resistance coefficient was presented. However, it does not consider the possible change in the system
parameters during the execution of the method, which may make it unsuitable for reservoir pumping systems in which the static head changes as a result of water level changing
when the pump is run. The flow resistance coefficient of the pump system can be determined with the alternative method presented in this chapter: an ID run sequence and a
calculation procedure that uses the operating point estimates recorded during the ID run.
In the following, the ID run for determining the flow resistance coefficient as well as how
it can be used in the estimation of the reservoir surface level are explained.
The total head produced by a pump consists of a static and a dynamic component:
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H = Hst + Hdyn = Hst + kQ2 ,

(4.1)

where H is the total head, H st is the static head, H dyn is the dynamic head, and k is the
flow resistance coefficient of the system surrounding the pump. The pump operates at the
intersection of its QH curve and that of the system it delivers fluid into, as exemplified in
Fig. 4.1.

(Q, H)

Hst

Figure 4.1: Intersection of the QH curves of the pump and the surrounding system defines
the operating point of the pump.
When a pump draws fluid from a reservoir, delivers into one, or both, the static head the
pump has to work against is affected by the surface levels in the connected reservoirs.
The static head also depends on the elevation difference of the origin and destination of
the pumped fluid and on possible difference in the atmospheric pressure between these
locations. In many cases, especially with open reservoirs, the atmospheric pressure difference can be assumed negligible. Thus, in a system where the surface level of a single
reservoir affects the pump static head, the relationship between the level in the reservoir,
the elevation of fluid delivery, and the pump static head will be as illustrated in Fig. 4.2.
Given that the elevation Z from the bottom of the reservoir to the fluid delivery or origin
point on the other side of the pump is known, and deriving H st (Q, H, k) from (4.1), the
reservoir surface level h can be calculated by
h = Z − Hst = Z − H + kQ2 .

(4.2)

To calculate h, the value of k must be determined. It can be done with an ID run, during
which the pump is run at a constant rotational speed, and as a result, the surface level of
the reservoir increases, as illustrated in Fig. 4.3.

4.1 Soft sensor for pump system reservoir surface level
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Hst

Z
h

Figure 4.2: Surface level of a reservoir can be deduced from the pump static head and
physical elevations of the pumping system.

(Q2, H2)
(Q1, H1)
Hst,1+ΔHst

Hst,1

Figure 4.3: ID run for determining the flow friction coefficient k.

The following equations apply for the pump head at the beginning and end of the ID run
(denoted by 1 and 2, respectively) and the change in the pump static head during the ID
run:

H1 = Hst,1 + kQ21

(4.3)

H2 = Hst,1 + ∆Hst + kQ22

(4.4)
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∆Hst =

R2
1

Q(t)dt
,
A

(4.5)

where A is the cross-sectional area of the reservoir, which should be as easily available as
the elevation parameter Z. It should be noted that for (4.5) to be valid during the ID run,
the flow rate of the pump should be equal to the net flow rate of the reservoir. Thus, no
flow from the reservoir nor extra flows into it should exist during the ID run.
If the value of k does not change during the ID run, which can typically be expected, it
can be calculated by combining (4.3–4.5):
R2

H2 − H1 − 1
k=
Q22 − Q11

Q(t)dt
A

.

(4.6)

Once a value for k has been estimated with the ID run, the reservoir fluid surface level can
be continuously calculated by (4.2), using the VSD-based operating point estimates.
The performance of the reservoir level soft sensor was tested with laboratory measurements. The used measurement setup is described in detail in Appendix A. Instead of an
actual reservoir or water tank, an emulated virtual reservoir was employed as part of the
pump test setup. The static head caused by the water column in the virtual reservoir was
implemented with a control valve, as proposed in (Simola et al., 2019). The pressure
difference over the control valve was measured and a proportional-integral (PI) controller
within the measurement program was used to keep it at a value that would correspond
to the virtual water level. The emulated static head was defined based on (4.5), using
the virtual cross-sectional area of 5 m2 and the pumped volume that was integrated from
measured volumetric flow rate.
First, the QH curve of the pump system was determined by measuring the pump operating
point at multiple rotational speeds, and then fitting the polynomial curve of (4.1) into the
measured data using the least-squares method. To verify the viability of the static head
emulation, the system curve was measured at five different emulated static heads. Correct
operation of the static head emulation method should lead to near-equal values of k for the
five system curves with different emulated static heads. The measured operating points
and the fitted system curves are shown in Fig. 4.4, and the applied static head references
as well as the static head and flow friction coefficient values of the fitted system curves
are listed in Table 4.1. The small variation between the k values of the system curves
suggests that the static head emulation method is suitable for implementing the virtual
water reservoir to be used in the empirical evaluation of the presented surface level soft
sensor. The mean of the five values for the flow friction coefficient will be considered the
reference value (kmeas = 5.38 ×10−3 (m/(l/s)2 ), with which the later estimated values of k
will be compared.
The virtual reservoir was filled from an initial water level of 5 m to a level of 13 m in
two instances of the ID run, one at 1200 rpm and the other at 1400 rpm. The value of k
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Figure 4.4: Measurement of results of five system curves with emulated static heads.
Table 4.1: Virtual static head references, the corresponding measured static heads, and
the resulting flow friction coefficients of the measured five system curves.
H st reference (m)
2.00
5.00
8.00
11.00
14.00

Measured emulated
H st (m)
2.07
4.92
7.91
10.93
13.89

k (m/(l/s)2 )
5.40 ×10−3
5.46 ×10−3
5.40 ×10−3
5.31 ×10−3
5.32 ×10−3

was then estimated with (4.6) in two ways. First, to test the feasibility of the level soft
sensor in principle, without the effect of possible inaccuracy in the estimation of the pump
operating point, k was calculated based on the measured pump operating points. Then,
for evaluation of the soft sensor as it would be applied in practice, the operating point
estimates determined with the basic QP method were used in the calculation of k. As
discussed earlier, the basic QP curve can have varying accuracy over the flow rate range
of a pump. To test how the the water level soft sensor fares at different pump capacities,
k was calculated for a variety of water level ranges within the 5-m-to-13-m fill-up. The
error of the estimates for k is given in Table 4.2. It is calculated according to
E=

kest − kmeas
× 100%,
kmeas

(4.7)

where E is the relative estimation error and kest and kmeas are the estimated and previously
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measured flow resistance coefficients, respectively.
Using measured operating points, the error of kest was at most 13.6%. Because of inaccuracy in the shaft torque estimates of the laboratory VSD and a mismatch between the
manufacturer’s pump curves and the actual performance of the pump, the operating point
was estimated with a poor accuracy. This may have been partly caused by the fact that
no full ID run had been conducted with the pump motor, and thus, the best possible VSD
torque estimation accuracy could not be achieved. Moreover, during its lifetime in the test
environment, the pump may have undergone slight changes with regard to its seals and
impeller clearance, which may have had an effect on its performance, thus rendering the
manufacturer’s curves inaccurate. As a result, the error of kest was considerably large, as
much as -50% during one of the ID runs.
Table 4.2: Error of kest . For clarity, the greatest error is bolded.
Estimation error (%) using measured operating
points

Estimation error (%) using operating points estimated based on manufacturer's pump curves

1200 rpm

1200 rpm

Hst,1 (m)
10

11

Hst,2
(m)

13

-24.2 -20.5 -18.1 -15.2 -11.2 -4.5

-1.9

12

-27.7 -24.0 -22.0 -19.5 -15.7 -8.2

11

-30.8 -27.2 -25.5 -23.4 -19.9

10

-34.5 -31.1 -30.2 -29.6

9

-35.8 -31.8 -30.8

8

-37.6 -32.6

7

-40.5

Hst,2
(m)

5

6

7

8

9

10

11

13

4.8

5.6

4.1

2.7

2.1

-1.2

-1.9

12

4.3

5.2

3.3

1.4

0.3

-5.4

11

7.1

8.8

7.1

5.7

6.2

10

8.6

11.1

9.6

8.6

9

7.7

10.6

8.1

8

8.7

13.6

7

7.2

1400 rpm

Hst,2
(m)

Hst,1 (m)

Hst,1 (m)

5

1400 rpm

5

6

7

8

9

10

11

13

6.5

6.5

5.5

8.2

12

3.5

3.2

1.3

3.7

5.0

6.7

5.7

-2.0

-2.9

11

6.7

6.9

5.4

10.0

4.2

10

6.3

6.4

4.2

10.5

9

8.0

8.8

6.5

8

3.4

2.2

7

9.6

7

8

9

Hst,1 (m)
5

Hst,2
(m)

6

6

7

8

9

10

11

13

-36.2 -32.3 -31.2 -26.6 -23.8 -16.7 -14.3

12

-41.7 -38.4 -38.4 -34.9 -34.1 -30.0

11

-42.4 -38.6 -38.6 -33.9 -32.2

10

-46.0 -42.3 -43.5 -39.5

9

-47.0 -42.5 -44.4

8

-50.0 -45.1

7

-49.5

The principle behind the method is supported by the results of k estimation using the
measured operating points. To further test how well k could be estimated in a sensorless
manner with the VSD, but with less inaccuracy in the pump model and VSD estimates, the
QP and QH curves of the pump were redetermined at 1200 rpm using the head and flow
rate measurements and the shaft power estimate of the VSD, derived from its rotational
speed and shaft torque estimates. As previously, the redetermined pump curves were used
to estimate the pump operating point during the ID runs and kest was calculated again. The
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recalculated error of kest is shown in Table 4.3. Here, the error of kest is at most 12.3%
and for most of the ID run water level ranges within ±5%, which supports the feasibility
of the sensorless application of the method.
Table 4.3: Error of kest when using accurate pump curves and VSD estimates. For clarity,
the greatest error is bolded.
1200 rpm
Hst,2
(m)

Hst,1 (m)
5

6

7

8

9

10

13

2.3

2.4

1.9

2.5

4.8

10.5 12.3

12

0.2

0.1

-1.0

-0.9

0.9

7.3

11

-1.0

-1.4

-3.1

-3.7

-2.4

10

-2.5

-3.4

-6.2

-8.5

9

-0.3

-0.8

-3.8

8

1.8

2.0

7

3.3

1400 rpm

Hst,1 (m)
5

6

7

8

9

10

11

Hst,2
(m)

13

1.7

1.7

-0.5

1.6

2.1

8.0

8.4

12

-3.3

-4.1

-7.6

-7.0

-9.1

-6.7

11

-0.5

-0.9

-4.7

-2.7

-3.9

10

-2.0

-2.8

-8.3

-7.2

9

1.3

1.2

-5.4

8

1.8

2.0

7

8.5

11

The estimated and actual virtual water levels during the ID runs are shown in Fig. 4.5.
The water level estimates are calculated based on kest from the 1200-rpm ID run, using
the water level range from 5 m to 13 m. For simplicity, H st is considered equal to the
water level and thus, it is calculated directly by
h = Hst = H − kQ2 .

(4.8)

Figure 4.5: Emulated actual and estimated water levels during the ID runs.
The operating points estimated based on the rotational speed and shaft torque estimates of
the VSD and the pump curves are used in place of Q and H in (4.8), which demonstrates
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the sensorless capability of the presented soft sensor. Throughout the ID runs, the water
level estimate stayed within ±7% of the actual emulated value when accurate pump curves
and VSD estimates were used.
The empirical test of the performance of the method supports its feasibility. Given accurate pump operating point estimation (which requires accurate knowledge of the pump
curves and a VSD with accurate shaft torque and rotational speed estimates), the presented
soft sensor should be able to estimate the surface level well enough to at least detect insufficient or exceedingly high levels, thus helping prevent cavitation and reservoir overflow.
As to the applicability of the method, certain limitations should be noted:
• The method can only work in systems where only one reservoir is directly connected to the pump, that is, the level of only one reservoir affects the static head of
the pump.
• In addition, once the ID run is completed and k estimated, the level estimation is
from thereon conducted in an open-loop manner. Thus, if k were to change, and
thereby invalidate further level estimates, the method would not as such detect it.
• During the ID run of the method, the net flow rate into or from the reservoir should
be equal to the flow rate produced by the pump.
• The method is able to estimate the surface level only when the pump is running.

4.2

Sensorless estimation of the pressure drop caused by filter fouling
in fan systems

Fans are used to transfer process and flue gases in the industries as well as to provide
air flow in municipal and commercial heating, ventilation, and air conditioning (HVAC)
applications. In most fan systems, particulate filtering of the transferred gas is required. In
a typical industrial scenario, filters are used to prevent particles from fouling equipment,
such as heat exchangers, downstream of the fan, whereas in HVAC systems, filters ensure
that as few particles as possible end up in the air breathed by building occupants.
In HVAC applications, up to 30% of the energy consumed by the fan may be spent on
overcoming the flow resistance of the filter (Nassif, 2012; Brelih et al., 2012; Walker et al.,
2012). The pressure drop over a filter, which is what defines its energy consumption at
a given flow rate, increases over the course of its lifetime as a result of the inevitable
accumulation of particles on the filter media, that is, fouling. The increase in energy
consumption and other adverse effects of fouling—potential flow recirculation or even
tear of the filter media—require that the filter be replaced periodically.
Typically, filters in HVAC systems are replaced according to predefined schedules. In
some cases, a pressure difference transducer is used to measure the pressure drop of the
filter, and the filter is replaced when a certain threshold pressure drop is reached. Monitoring the pressure drop of a filter also enables the determination of its energy consumption,
which can be used in the cost optimization of its replacement schedule.
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Instead of a direct measurement, the pressure drop caused by filter fouling can be determined based on the fan operating point, which can, in turn, be estimated without additional sensors using a VSD and fan performance curves, as in the case of centrifugal
pumps and the previously introduced basic QP-curve-based estimation method. In the
following, a VSD-based method for estimating the pressure drop caused by fouling is
introduced.
Akin to the flow rate vs. head system curve for a pump system, the total pressure drop of
the system surrounding a fan can be expressed as
p = kQ2 ,

(4.9)

where p is the total pressure drop of the system and k is the flow resistance coefficient,
a measure of dynamic flow resistance of the entire system, including the filter. A fan
operates at the intersection of the flow rate vs. total pressure (Qp) curves of the fan and
the surrounding system. As a filter becomes increasingly fouled with particulate matter,
its pressure drop increases, which also increases its contribution to the value of k. As
illustrated in Fig. 4.6, the increased flow resistance can have two kinds of effects on
the operation of the fan, depending on how it is controlled. For a fan run at a constant
rotational speed, the operating point will shift toward the left on the constant-speed fan Qp
curve (A to B in Fig. 4.6). In systems where the rotational speed is controlled to maintain
a constant flow rate, the operating point will move directly upward as higher speeds are
required to produce the same flow rate with a system curve steepened by filter fouling (A
to C in Fig. 4.6).

Figure 4.6: Emulated actual and estimated water levels during the ID runs.
The total flow resistance coefficient k of a fan system is the sum of all the corresponding
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coefficients of components in the way of the flow, such as piping and ductwork, flowadjustment dampers, heat exchangers, and filters (see Fig. 4.7). Given that an adequate
filter has been installed in the system, no notable fouling that would increase the k value
of the downstream system should occur. If no other effects change the total dynamic
flow resistance of the system, for example no flow-throttling dampers are adjusted or duct
branches opened or closed with shutoff dampers, k will gradually increase because of
filter fouling alone.
Δpequipment

Δpfan

Atmospheric
pressure

Δpduct,out

Δpduct,in
Δpfilter

Inlet-side duct

Filter

Fan

Equipment,
such as heat
exchangers,
etc.

kduct,in

kfilter(t)

Qfan

kequipment

Output-side duct
kduct,out

Figure 4.7: Pressure losses over fan system components.
The operating point of a fan can be estimated based on the rotational speed and shaft
torque estimates of a VSD and the QP and Qp curves of the fan, as was discussed in Section 2.2 of this dissertation. However, in systems where the properties of air at the fan inlet—temperature, pressure and relative humidity—correspond with those of atmospheric
air, the fan curves should be corrected accordingly. The aforementioned properties define
the density of air—and if they vary over time, for example because of changing weather
conditions, the use of a single set of fan curves valid for a certain density will cause error
in the operating point estimation. To reduce this error, the fan curves can be corrected to
instantaneous inlet air densities with

p=
P =

ρ
ρnom
ρ
ρnom





n
nnom
n
nnom

2

3

pnom ,

(4.10)

Pnom ,

(4.11)

where ρ is the density or air at the fan inlet at any given time and and nom denotes the
nominal values for which the performance curves are originally known.
The total flow resistance coefficient of a fan system can be determined based on the fan
operating point (Q, p) with
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(4.12)

If the flow resistance of other parts than the filter does not change, the change in the fan
operating point can be attributed solely to fouling. Before a new clean filter is installed,
the system flow resistance without the filter can be determined by running the fan for a
short amount of time and calculating (k0 ) with (4.12) using the operating point estimated
by the VSD. Subsequently, over the course of filter fouling, the total system k can be
continuously estimated based on the instantaneous fan operating point. The pressure drop
caused by the filter (pfilter ) then depends on the increase in k and the instantaneous flow
rate as follows:
pfilter = (k − k0 )Q2 = kfilter Q2 .

(4.13)

Some systems may forbid running the fan without the filter because of a low tolerance
to fouling. In these cases, the filter-free k0 can be determined by recording k with a
clean filter installed and reducing from it the value of k that results from (4.12) when the
manufacturer’s flow rate and pressure drop specifications of the filter are considered.
Laboratory tests on a fan test setup were conducted to evaluate the accuracy of the filter
pressure drop estimation method. The used measurement setup is described in detail in
Appendix B. A flow-adjusting damper on the inlet side of the fan was used to emulate the
flow resistance caused by different stages of fouling. The operating point of the fan was
measured and estimated at five different damper positions using seven different rotational
speeds, from 800 rpm to 1400 rpm with increments of 100 rpm. Operating points were
estimated using the basic QP method. To minimize the effect of uncertainty in the operating point estimation on the accuracy of the presented method, the fan QP and Qp curves
were specifically measured for use in the fan model in this test. The resulting measured
and estimated fan operating points are shown in Fig. 4.8.

Figure 4.8: Fan curves and the measured and estimated operating points.
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In the test, the most open position of the damper is chosen to represent a system corresponding to the initial k0 . The four other damper positions emulate operation with a
fouled filter. The pressure loss added by closing the damper from the most open position
to the four more closed positions was both measured and estimated in accordance with the
presented method, using the estimated fan operating points. The results are listed in Table
4.4. With the exception of one operating point, where the error was 15.6%, the estimated
pressure drop was within 10% of the measured value.
Table 4.4: Measured and estimated pressure drops added by closing the control damper.
Position 1 corresponds to the most open position and 4 to the most closed one.
Damper position
1400
rpm

1300
rpm

1200
rpm

1100
rpm

1000
rpm

900
rpm

800
rpm

4

3

2

1

Meas. (Pa)

1284

1044

740

469
494

Est. (Pa)

1278

1059

715

Error (%)

-0.5

1.4

-3.4

5.5

Meas. (Pa)

1108

893

643

405

Est. (Pa)

1098

908

597

414

Error (%)

-0.9

1.8

-7.1

2.3

Meas. (Pa)

945

765

549

342

Est. (Pa)

931

768

509

370

Error (%)

-1.5

0.5

-7.3

8.3

Meas. (Pa)

793

637

455

287

Est. (Pa)

778

642

424

296

Error (%)

-1.9

0.8

-6.8

3.0

Meas. (Pa)

655

525

379

232

Est. (Pa)

645

538

362

268

Error (%)

-1.5

2.5

-4.4

15.6

Meas. (Pa)

531

425

299

189

Est. (Pa)

517

428

287

201

Error (%)

-2.6

0.6

-4.0

6.3

Meas. (Pa)

419

336

236

151

Est. (Pa)

407

336

234

162

Error (%)

-2.9

-0.2

-0.6

6.9

1

The principle and theory behind the suggested filter pressure drop estimation method are
supported by the empirical test on its performance. The perceived accuracy of ±10%
across wide flow rate and rotational speed ranges suggests that the method can be useful
in the estimation of the energy consumption of a filter. In further analysis, the estimated
energy consumption can be used to determine the cost-optimal replacement time of the
filter.
It should be noted that the requirement of the method that filter fouling is the only cause
of change in the system curve can limit the applicability of the method. Some industrial or
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HVAC fan systems, for instance as exemplified in (Wang et al., 2012), may have control
dampers and multiple fans in the same duct network as the fan that primarily delivers air
through the filter. In such systems, the operating point of the primary fan is thus affected
by more factors than just filter fouling, which makes estimation of the pressure drop of
the filter as per the suggested method impossible.
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5

VSD-based monitoring methods for compressed-air
systems

VSDs are used in compressed-air systems (CAS) to match the production of compressed
air with its demand more closely than the traditionally employed start/stop and load/unload
flow regulation methods. In the start/stop and load/unload control, a pressure band is used
with lower and upper limits for the start or load and stop or unload of the compressor, respectively. Through variable-speed control, the system pressure can be controlled more
accurately and maintained closer to the minimum pressure permitted by the end-use devices of the CAS. A lower system pressure saves energy both at the compressor, since it
can operate at a reduced capacity, and further downstream in the system through reduced
leakage losses (U.S. DoE, Office of Energy Efficiency and Renewable Energy, 2016).
The twin-screw compressor is one of the most common types of compressor used in industries. It comprises two intermeshing rotors with extremely small clearances within a
housing that has inlet and discharge ports at the ends of the rotors. As the screws rotate,
they entrap a volume of air in a space that moves along the axial length of the rotors as
they rotate. The geometry of the screws makes the pocket of air decrease in volume on its
way from the inlet port to the discharge side, which increases its pressure.
The geometry and the displacing nature of the screw compressor result in a near-linear
relationship between its rotational speed and produced volumetric flow rate (Wennemar,
2009). This relationship, much like the characteristic performance curves for pump and
fan models, can be easily acquired from the nameplate of the compressor or from other
performance documentation from the compressor manufacturer. A flow rate soft sensor
for the screw compressor can thus be configured within a VSD, as discussed in (Järvisalo
et al., 2016). In the aforementioned study, the flow rate soft sensor was applied in newly
proposed ID runs for the sensorless estimation of the CAS volume and for the determination of the specific energy consumption of the compressor as a function of rotational
speed and system pressure. To date, research and applications of VSD-based monitoring
and diagnostics for compressors has been sparse. Unlike for pump and fan systems, a
literature review into published research and VSD application-specific features does not
at this time reveal other existing applications.
This chapter expands the sensorless monitoring and diagnostics functionalities of VSDs in
CASs by two methods. First, a soft sensor for the output pressure of a screw compressor
is presented. The subsequently introduced method proposes a VSD-based estimator for
the leakage rate of a CAS.

5.1

Output pressure soft sensor for twin-screw compressors

As suggested in (Wennemar, 2009; Liu et al., 2016) and apparent from the test results
shown in Fig. 5.1, given a constant rotational speed, the relationship between the shaft
torque and output pressure of a screw compressor can be considered linear. The dependence of output pressure on shaft torque and rotational speed can be expressed as a linear
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model, which can be implemented within a programmable VSD to estimate the output
pressure without additional sensors based on the speed and torque estimates of the drive.

Figure 5.1: Output pressure and shaft torque of a screw compressor at different rotational
speeds. The behavior of shaft torque at output pressures less than 4 bar is caused by a
minimum pressure valve that keeps the pressure at the screw discharge at approximately
4 bar.
When the output pressure vs. shaft torque (pout T) curves are known for two or more
rotational speeds, the output pressure can be estimated at any rotational speed and shaft
torque as explained in the following. First, using for example the method of least squares,
linear curves of the following form should be fit on the pout T data, separately for each
rotational speed:
T = kpout + b,

(5.1)

where k is the slope of the pout T curve and b is the shaft torque when the compressor runs
against zero gauge pressure. Then, values for k and b can be determined at any speed (as
k(n) and b(n)) by linear interpolation from the values of k and b of the fitted curves and
their corresponding rotational speeds. The output pressure can thus be estimated with
pout =

T − b(n)
.
k(n)

(5.2)

Unlike in the case of pumps and fans, where the required information for their models
is usually available from their manufacturers, the characteristic pout T curves of a screw

5.1 Output pressure soft sensor for twin-screw compressors

49

compressor are not typically available as such. A potential method for determining these
essential curves is discussed in the following.
Many builds of screw compressors include a built-in pressure switch, which enables operation of the compressor within a certain pressure band in the start/stop or load/unload
control schemes. With an ID run that can be implemented in the control scheme of a
VSD, the pout T characteristics of the compressor can be determined by recording the
shaft torque and running the compressor with the start/stop or load/unload mode. The
shaft torque values at the low and high pressure limits of the pressure switch, which are
known, can be determined from the observed temporal behavior shaft torque data during
the ID run. The screw compressor model of (5.1) can then be fitted on the two operating
points gathered from the ID run. The process should be repeated using at least one other
rotational speed to fully tune the soft sensor for variable-speed use. Alternatively, minimum pressure and safety (maximum pressure) valves can be used to provide these two
reference operating points, as exemplified, using shaft power instead of torque, in Fig.
5.2.

Figure 5.2: Behavior of shaft power during pressurization from atmospheric pressure to a
pressure that causes the opening of a maximum pressure valve.
The accuracy of the output pressure soft sensor was evaluated with laboratory measurements. The used measurement setup is described in detail in Appendix C. The focus of
the empirical test was to assess the validity of the assumed linear approach to modeling
the compressor performance. Therefore, an actual measurement of the output pressure
and the shaft torque estimate of the VSD were used to tune the soft sensor. In the test
runs, the system was filled up from atmospheric pressure to 7 bar (gauge) at five different
rotational speeds, as illustrated in Fig. 5.3.
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Figure 5.3: Compressor output pressure and rotational speed during the test run.
The soft sensor was tuned according to the output pressure measurement and VSD shaft
torque data of the 1752-rpm and 2920-rpm fill-ups: for each of the two speeds, linear
curve fits according to (5.1) were done on the data. Because of the minimum pressure
valve of the compressor, the curve fits were done on data with output pressures of 4 bar
(gauge) and above. Having defined the values of k and b as a linear function of rotational
speed according to the curve fits of the two fill-ups at 1752 rpm and 2920 rpm, the output
pressure of the compressor during the test run was then calculated by (5.2). The error
of the output pressure estimate during the test runs is shown in Fig. 5.4. It is calculated
by deducting the measured pressure value from the estimated value and shown only for
pressures of 4 bar and above because of the minimum pressure valve of the compressor.
Throughout the tested output pressure range and for each of the tested speeds, except for
2920 rpm, the estimation error was within ±0.15 bar of the measured value. Ripple in the
torque estimate at 2920 rpm caused a greater noise-like error in the estimates at that speed.
However, such an error could be easily filtered out, making the soft sensor as accurate as
at lower speeds.

Figure 5.4: Error of the output pressure estimate during the test runs.
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Since the pressure band of a screw compressor driven with start/stop or load/unload control is usually between 0.3 bar to 1 bar (Atlas Copco Airpower, 2015), the observed accuracy of the soft sensor, ±0.15 bar, should be accurate enough for the sensorless pressure control of a screw compressor. As such, a VSD with the soft sensor implemented
in it could be retrofitted in a CAS that employs the pressure-switch-operated start/stop
or load/unload controle schemes to enable more efficient variable-speed pressure control
without the added cost of a system pressure sensor.
It is worth noting that in the laboratory tests, the soft sensor was tuned, that is, the screw
compressor model determined, with practically the most accurate way possible—using
measurement for the compressor output pressure. Tuning of the soft sensor in an actual
use environment, using for example the suggested pressure-switch method, may introduce
yet undiscovered uncertainty into its performance.

5.2

Estimation of compressed-air system leakage

To varying extents, all compressed-air systems suffer from leakage. Compressed air can
escape the system for example through pipe fittings, couplings, hoses, condensate traps,
shut-off valves, and pressure regulators (U.S. DoE, Office of Energy Efficiency and Renewable Energy, 2016). Before measures to reduce leaks are undertaken, leakage rates
in an industrial CAS can commonly reach up to 25% of the compressor capacity (Terrell,
1999; Atlas Copco Airpower, 2015). Considering the relatively poor efficiency of the
production on compressed air in general, leakage reduction is an important aspect in the
optimization of the life cycle costs of CASs (Saidur et al., 2010).
To assess the energy and financial losses resulting from leakage, the leakage rate of
the CAS needs to be quantified. A common practice in the industry is to compare the
powered-on and -off or unload times of a compressor when no compressed air is consumed deliberately. This approach provides only a rough estimate of the leakage rate
with respect to compressor capacity. Leaks can also be measured more accurately with
dedicated instrumentation (C.S. Instruments Gmbh, 2020; Dudić et al., 2012), albeit with
related extra equipment and labour costs.
This section introduces a leak estimation method that can be executed within the control
scheme of a VSD. The method makes use of a VSD-based soft sensor for the mass flow
rate of a screw compressor and its application in an ID run sequence to estimate the
volume of a CAS. The method also uses a measurement of the CAS pressure, which can
be found in most variable-speed driven CASs, as it is required as a feedback signal in
their pressure control loops.
When no deliberate consumption of compressed air exists, the leakage rate of a CAS can
be determined with an ID run that comprises two sequences: a fill-up phase at the nominal
rotational speed of the compressor from system pressure p1 to p2 and a subsequent leak
phase back to p1 . Pressure data from the leak phase are used to determine an exponential
decay factor, which serves as a measure of the condition of the system in terms of leakage.
The leakage mass flow rate as a function of system pressure is derived from the decay
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factor and data from the fill-up phase of the ID run: recorded pressure data and VSD-based
estimates for the mass flow of the compressor and the CAS volume. In the following, the
sensorless estimation of the screw compressor mass flow rate and the volume of a CAS
with a VSD is first introduced. Then, the leakage rate estimation method is explained in
detail.
The displacing nature of the screw compressor causes that each full rotation of the rotors
delivers a constant volume of air from the inlet of the compressor to the discharge end
(Wennemar, 2009). As a result, the volumetric flow rate produced by the compressor
(qv,est ) can be estimated with the equation
qv,est =

nest
qv,nom − qv,offset ,
nnom

(5.3)

where qv,nom is the nominal volumetric flow rate at the nominal rotational speed nnom ,
nest is the rotational speed estimate of a VSD, and qv,offset is an offset caused by losses
in the compression process. The nominal flow rate and rotational speed are typically
available from the compressor nameplate or a manufacturer’s data sheet. The conversion
of volumetric flow rate into mass flow rate requires the density of the delivered gas. This
can be achieved by considering the ideal gas law:
(5.4)

pV = mRair T,

where V is volume, m is mass, Rair is the specific gas constant of air (e.g. 287.06 J
kg−1 K−1 for dry air), and T is temperature. Density can then be expressed as
ρ=

psuc
m
=
,
V
Rair Tsuc

(5.5)

where ρ is the density of air and suc denotes conditions on the suction side of the compressor. Finally, the mass flow rate of the compressor, qm,est , can be estimated with
qm,est = qv,est ρair = qv,est

psuc
.
Rair Tsuc

(5.6)

As derived from the ideal gas law in (Järvisalo et al., 2016), the volume of a CAS can be
estimated with

Vsys =

R

t2
t1

qm,est (t)dt −
p2
T2

R t2
t1

−


qm,leak (t)dt Rair

p1
T1

,

(5.7)

where V sys is the CAS volume, qm,leak is the leakage mass flow rate, t is time and the
subscripts 1 and 2 denote the start and end moments of the considered time frame, respectively. If the system temperature is not measured specifically, it can be assumed equal
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to the ambient temperature (i.e. T 1 = T 2 = T suc ). Using (5.7), the CAS volume can be
estimated based on the data recorded during the fill-up sequence of the proposed ID run.
Although the mass flow rate during the fill-up phase of the ID run can be estimated at any
rotational speed with (5.3) and (5.6), it is recommended that the fill-up is done at the nominal rotational speed of the compressor. The flow rate estimate at the nominal speed can
be expected to be more accurate than estimates at other speeds because it is the original
flow-vs-speed point provided by the manufacturer.
As leakage can account for a notable share of the flow produced by the compressor, the
leakage mass flow rate should be taken into account for proper estimation of V sys . For
this, an iterative procedure is be presented later in this section.
During the leak phase of the ID run, if no other compressed-air consumption exists than
leakage, the pressure in the system should decay exponentially. As exemplified in Fig.
5.5, an exponential curve can be fitted on the pressure measurement data of the leak
phase. The equation corresponding to the curve is of the form
psys (t) = ae−kt ,

(5.8)

where k is the exponential decay coefficient and a is the initial value of the function
(i.e. psys (t = 0)). In the following, steps to manipulate the ideal gas law and (5.8) are
presented, which lead to the expression of the leakage mass flow rate as a function of
system pressure.

Figure 5.5: System pressure during the ID run and the exponential fit on the leak phase
pressure data.
As per the ideal gas law, the mass of air contained within the CAS can be expressed as
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msys =

psys Vsys
.
Rair Tsys

(5.9)

As the volume of CAS is large in comparison with the volumetric flow rate of the leakage
from the system, the temperature drop resulting from the pressure decay is considered
negligible. Assuming that V sys and Rair stay constant during the ID run, the following
form for leakage mass flow rate can be derived from (5.9):
dpsys Vsys
dmsys
=
= qm,leak .
dt
dt Rair Tsys

(5.10)

Considering (5.8), the time derivative of system pressure takes the form
dpsys
d
= (ae−kt ) = −kae−kt .
dt
dt

(5.11)

Next, (5.8) is manipulated to express time as a function of system pressure:

t(psys ) =

a
)
ln( psys

k

.

(5.12)

Finally, time t in (5.11) can be substituted with its expression in (5.12), which yields
dpsys /dt as a function of psys . Inserting the resulting equation into (5.10) yields the leakage flow rate as a function of system pressure:
qm,leak (psys ) = −kae−k

ln( p a )
sys
k

Vsys
Vsys
= −kpsys
.
Rair Tsys
Rair Tsys

(5.13)

To take into account the leakage mass flow rate in the estimation of CAS volume, (5.7)
and (5.13) should be used in the following iterative procedure:
1. V sys is calculated by (5.7) using a range of guessed values (e.g. from 0% to 100%
of qm,est during the fill-up phase) for the leakage flow rate qm,leak (p2 ). Note: as
suggested by (5.13), the value of qm,leak is assumed to behave linearly with respect
to system pressure (i.e., when psys,gauge = 0 bar, the leakage is assumed zero).
2. Using the calculated V sys values, corresponding values for qm,leak (p2 ) are calculated
by (5.13).
3. The round of iteration where the leak mass flow rate chosen for (5.7) is equal to
that calculated by (5.13) is identified and the corresponding value of V sys is deemed
appropriate.
It should be noted that consumption other than leakage during the ID run would cause the
CAS volume estimator to produce erroneous results as well as invalidate the value of the
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pressure decay factor k as a measure of the leakage rate of the system. During the fill-up
phase, intermittent consumption can be detected by fitting a second-degree polynomial
curve on the pressure data, using the least-squares method. Fluctuating consumption will
be visible as reduced goodness-of-fit indicators (e.g. R2 or sum of squares due to error
(SSE)), as illustrated in Fig. 5.6. Similarly, intermittent consumption during the leak
phase can be detected from the goodness-of-fit values of the exponential fit done on the
pressure data. The procedure to conduct the leakage rate estimation method in its entirety
is illustrated as a flow diagram in Fig. 5.7.

R2 = 0.99702
SSE = 4.5825

R2 = 0.99999
SSE = 0.055229

Figure 5.6: Detection of compressed-air consumption through goodness-of-fit values.
The feasibility of the leakage rate estimation method was tested with five fill-up-and-leak
runs on a screw compressor laboratory test setup with different levels of leakage. The
used measurement setup is described in detail in Appendix C. In each run, the test system
was pressurized at the nominal rotational speed of the screw compressor from an initial
pressure p1 to a higher pressure p2 . Subsequently, the compressor was unloaded and the
system pressure was bled back to p1 . Five different leakage hole diameters were used
to cause the pressure decay during the leak phase: 1 mm, 2 mm, 3 mm, 4 mm, and 5
mm. Then, the presented method was used to estimate the leakage rate during the leak
phases of the test runs. To provide a reference for evaluating the error of the method, the
following approach was taken to indirectly measure the actual leakage mass flow rate.
Using pressure and temperature measurement data and knowledge of the actual system
volume (350 l), the average leakage mass flow rate within a time frame can be calculated
by

qm12 =

m1 − m2
=
∆t

p1 Vsys
Rair T1

−

∆t

p2 Vsys
Rair T2

.

(5.14)

Since the leakage mass flow rate can be considered linearly dependent on system pressure,
the average leakage rate during a decay from p2 to p1 corresponds to the leakage at the
average pressure of the examined time frame: (p1 +p2 )/2. The leakage mass flow rates
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End ID run.

Start ID run at
predetermined
appropriate time.

FALSE

Release control of the
compressor drive.

psys ≤ p1 ?
TRUE

FALSE

Run compressor at nn.
Start storing nest, psys, and qm,est
with timestamps. Stop
compressor when psys ≥ p2 to
end fill-up phase.

Fit exponential curve on
psys data, determine its
coefficient k and iterate
system volume Vsys with (6)
and (12).
TRUE

No
consumption
detected during
leak phase, thus
results valid.

No consumption
detected during fill-up phase,
thus results
valid.

TRUE

TRUE

FALSE

Start compressor and
run it until psys ≥ p2,
then stop it.

psys ≤ p1?
FALSE

Figure 5.7: Flow diagram of the CAS leakage rate estimation method.
measured in this manner as well as those estimated with the presented method are shown
in Fig. 5.8.
At approximately 5 bar and above, the discrepancy between the measured and estimated
values is likely to have been caused by leakage through the check valve of the compressor,
which opens for a limited amount of time when the compressor is unloaded, thus increasing the leakage rate of the system. At system pressures below 5 bar, the estimates differed
from the measured values by at most 10%.
The presented method provides a cost-effective way to estimate the leakage rate of a
CAS. As a feature in the control scheme of a VSD, it can be implemented without extra
equipment or physical modifications in the CAS. In addition to leakage quantification, the
method can also be used to identify locations of leaks if certain parts of the CAS can be
opened to the compressor in whose VSD the method is applied.
The final accuracy of the presented leakage estimation method depends directly on the
accuracy of the CAS volume estimate. In the laboratory tests, the estimated volume differed from the actual volume of the system by up to 14%. The accuracy of the leakage
rate estimate could be improved by applying possibly existing knowledge of the actual
CAS volume.
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Figure 5.8: Measured and estimated leakage mass flow rates during the test runs.
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6

Conclusion

In addition to controlling the output of electric-motor-powered pumps, fans, and compressors, modern variable-speed drives (VSD) can accurately estimate the shaft torque and rotational speed of the motor. These signals and knowledge of the surrounding process can
be used to construct methods that enable the detection of interesting phenomena and the
estimation of process variables beyond the motor. The results of previous research support
the viability of such an approach and have provided numerous applications of VSD-based
soft sensing and detection of abnormal equipment behavior in pump, fan, and compressor systems. The results of this doctoral dissertation further expand the potential of the
VSD as an intelligent process monitoring and diagnosis tool by presenting five additional
methods, originally introduced in the five publications that make up this dissertation.
The method presented in Publication I provides an easy-to-employ soft sensor for the
centrifugal pump flow rate. Although the presented method cannot rival the accuracy
of dedicated flow meters, it can be considered accurate enough to determine if a pump
is running outside its recommended operating region. Because of the low number of
required parameters, the presented method is less laborious to set up than other previously
published sensorless flow rate estimators, which makes it an appealing choice for the
continuous monitoring and energy efficiency auditing of large fleets of VSD pumps.
Publication II shows that VSD-based operating point estimates for a pump can be used
in the sensorless estimation of the level in a reservoir that is either supplied or emptied
by the pump. In reservoir pumping systems, where only level switches are used, the
presented soft sensor enables level estimation between the upper and lower level limits
of the switches. This can prove useful, for example, when running the pump at a level
close to the level of the lower switch has been noted to cause a risk of cavitation; the
level estimate can be used to control the pump and the reservoir level so that the risky
cavitation-inducing level is avoided.
The approach presented in Publication III makes use of fan operating point estimates
to implement the sensorless determination of the pressure drop of a particulate filter in a
fan system. The filter pressure drop estimate can be used to determine the energy consumption of the filter over the course of fouling. This information can be used in further
analysis to determine the optimal filter replacement schedule.
Publication IV presents a soft sensor for the output pressure of a twin-screw compressor.
It enables the pressure control of the compressor without a pressure sensor, which can
thus enable sensorless retrofits of VSDs into systems originally operated with pressure
switches and on/off or load/unload control.
Publication V introduces a method for the quantification of leakage in compressed-air
systems. The information provided by the method can be used in determining whether
measures against leakage should be taken.
The viability of the presented methods was demonstrated analytically and verified empirically through laboratory tests. The actual performance and accuracy of the methods
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in real-world applications might vary due to uncertainty in the available inputs (VSD
estimates for shaft torque and rotational speed) and parameters (pump or fan curves). In
addition, unexpected process changes can introduce uncertainty in the estimates produced
by the presented methods. Such is the case when the system characteristics are required
to stay constant for the proper utilization of the method (e.g. those in Publications II, III,
and V). Before application in an actual use case, the quality of the available information
should be assessed and the process-related requirements of the method compared with the
actual process to get an idea of the practical viability of the considered method.
The methods can be employed within the control scheme of modern programmable VSDs
as an added functionality. Moreover, they do not require extra instrumentation or other
equipment to function, nor physical modifications of the applicable systems. Owing to
these advantages, and to the ubiquity of VSDs in industries, the benefits of the presented
methods can be reached cost-efficiently in a significant number of fluid handling systems.

6.1

Suggestions for future work

Regarding the compressed-air system volume estimation method used in Publication V,
a further study into possibly overlooked uncertainties would be advisable. The simplifications made in the volume estimation procedure may have produced error that could be
avoided with a closer look at the underlying rules of thermodynamics.
Since the methods presented in this dissertation essentially rely on the motor torque and
rotational speed estimates of VSDs, of interest would also be a study on the accuracy
of these estimates on the field, in practical applications. While promising, the accuracy
figures presented in (Ahonen et al., 2011b) and (Mar, 2013) may not always be achieved
in practice. To what extent the estimates of a VSD in an industrial setting can be expected
to deviate from the actual values, and if this accuracy can be expected to be retained over
time, remains an open question to the present author at this time.
It is likely that the analytical studies and empirical tests conducted so far have not uncovered all the limitations when it comes to the applicability and feasibility of the presented
methods in practical use. More considerations could be revealed by pilot testing the methods in actual industry applications.
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Appendix A Pump measurement setup
In addition to the Sulzer Ahlstar pumps of types A11-50 and A22-80, whose specifications
were introduced in Table 3.1 of Chapter 3, the following hardware and software were used
in the test setup:
• Shaft torque and rotational speed of Sulzer A22-80 were measured with a Dataflex
22/100 torque and speed measurement shaft. The torque and speed of A11-50 were
estimated with the ACS880 VSD.
• Pump head and pressure difference over the control valve were measured with pressure transducers.
• Flow rate was measured with ABB FEP321 electromagnetic flow meter.
• The induction motors running the pumps were powered by ACS880 VSDs employing DTC.
• The measurement data were recorded with a measurement computer running the
National Instruments software LabVIEW.
Of the two pumps, Sulzer A22-80 was used in the tests of Publication II. The measurement setup is illustrated in Fig. A.1.

qv

Measurement
computer

Δpvalve

Shutoff
valves

Data
acquisition
modules

Control valve

nest
Test

Water tank

VSD

VSD
p2

n, T
p1

Sulzer A22-80

p2
p1

Sulzer A11-50

Figure A.1: Pump measurement setup.
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Appendix B

Fan measurement setup

Appendix B Fan measurement setup
The fan test setup included a FläktWoods Centripal EU 4 MD 630 centrifugal fan driven
by an ABB M2AA 132 M-4 induction motor, the specifications of which are listed in
Table B.1. The fan motor was powered with an ACS880 VSD employing DTC.
Table B.1: Fan test setup.
Fan
Rotational
speed (rpm)

Power
(kW)

1449

4.59

Motor

Flow rate
Fan total
(m3/s)
pressure (Pa)
2.90

1190

Impeller
diameter
(mm)
630

Rotational
speed (rpm)

Power
(kW)

Current
(A)

cosφ

1450

7.5

15.7

0.80

1

The following measurement equipment was used:
• Static pressure difference produced by the fan was measured with pitot static tubes
and a Rosemount 2051 C pressure transmitter.
• Total fan discharge pressure was measured with a WIKA SL-1 pressure transmitter.
• Flow rate was measured at the inlet side of the fan with an Eldridge 9800MPNH
mass flow meter.
• Measurement data was recorded with a PC running a LabVIEW-based measurement
program.
• An NI9215 analog input module was used for measurement data readout.
The fan measurement setup is shown in Fig. B.1.

Damper

Inlet-side pitot
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Figure B.1: Fan measurement setup.
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Appendix C

Compressor measurement setup

The test setup includes a Kaeser SM 9 twin-screw compressor with a nominal flow rate
of 0.9 m3 /min at the rotational speed of 2920 rpm and the system pressure of 7.5 bar. It is
controlled with an ABB ACS380 employing vector control. The following measurement
equipment was used in the setup:
• Ambient and compressor-output temperatures were measured with Class A Pt100
temperature sensors.
• A V-Cone flow meter was used to measure compressor flow rate.
• The system pressure was measured with an Aplisens PCE-28 pressure transmitter.
• The sensors were connected to the measurement computer through two NI9203
±20 mA current analog measurement modules.
• VSD rotational speed and shaft torque estimates were transmitted to the measurement PC through a Modbus/TCP fieldbus connection.

The compressor measurement setup is illustrated in Fig. C.1.
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Figure C.1: Compressor measurement setup.
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Abstract Due to their notable share of the total energy
consumption of industries, pumps hold particular significance in industrial energy audits. In industrial facilities, pumps exist in large numbers, which leads to only
the pumps most critical to the process being monitored.
Meanwhile, many old or poorly sized pumps may operate inefficiently without attention. To determine the
energy efficiency of a pump, information on the pump’s
flow rate is required. To this end, flow meters are often
used to determine the flow rate produced by a pump,
which can be used in determining the pump’s specific
energy consumption. However, flow meters tend to be
costly and impractical for some applications and are
laborious for energy auditing, if no preexisting metering
can be found in the audited process setup. Thus, soft
sensor approaches to estimate flow rate are suggested by
several authors. However, the use of model-based flow
rate estimators is still uncommon, because they require
detailed information on the pump characteristic curves
and manual configuration of the device employing the
flow rate estimator. This paper introduces a novel flow
rate estimator tuned with only four variables: the nominal flow rate, head, shaft power and rotational speed of
a centrifugal pump. The estimator operation is based on

the expected characteristic performance curves of the
centrifugal pump according to its specific speed. Due to
a small number of required input parameters, and no
need for manufacturer’s pump curves, the proposed
estimator is easier to commission than existing solutions
available both in fixed speed systems and commercial
variable-speed drives. The performance and accuracy of
the presented estimator are studied by comparing it with
the basic QP and QH-curve-based estimation methods
through simulations with four different centrifugal
pumps and through measurements with two different
centrifugal pumps in a test laboratory. In the experimental evaluation, the suggested estimator estimated the
flow rate produced by centrifugal pump with an error
of 7–15% of the nominal flow rate through a flow rate
range of 60–100% of the nominal flow rate. Thus, the
presented method is accurate enough to be used in
continuous large-scale energy auditing, for example to
highlight inefficiently running pumps from large pump
populations.
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Pumps account for approximately 8% of the global
electric energy consumption (Waide and Brunner
2011). The role of energy efficiency in securing competitiveness, security and sustainability of energy systems has been widely recognized, (European
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Commission 2014) and legislative measures have been
taken to improve the energy efficiency within the European Union (European Commission 2012). Legislative
pressure to enhance energy efficiency and discovered
energy saving potential in electric motor systems (de
Almeida et al. 2015; United States Department of
Energy 1998; Fleiter and Eichhammer 2012; Kaya
et al. 2008) work as incentives to conduct energy audits
in the industrial sector (Saidur 2010; Price and Lu 2011).
An energy audit provides situational information on the
energy consumption and energy-saving possibilities of
an energy consumer (Backlund and Thollander 2015).
Flow rate produced by a centrifugal pump is often
essential information for the control and monitoring of
fluid-related processes as well as for determining the
pump’s energy efficiency as a part of an energy audit
(Mamade et al. 2015). Information on flow rate is typically generated with sensors dedicated for this purpose,
such as electromagnetic, orifice plate or ultrasonic flow
meters (Nesbitt 2006). However, they can be costly,
prone to failure, require maintenance and may simply
be an impractical option for processes, where the fluid
level or pressure is the primary controlled variable. In
some cases, it may be hard to find a suitable operating
location for a flow meter in a pumping system. In
addition, using flow meters to define the output of a
pump for energy auditing purposes requires manual
labour if there is no preexisting metering in the process
setup. Thus, energy audits are often only conducted on
the most critical pumps of processes, which may leave
large populations of less important pumps running inefficiently. To this end, soft sensor approach can be a
viable solution for getting information on the produced
flow rate without additional hardware or sensors. In soft
sensing, the flow rate is determined with the help of a
model-based estimator that is tuned with the known
characteristics of the pump or the surrounding process.
Several soft-sensing methods have been developed,
with which a pump’s operating state can be estimated
without direct metering of the pump’s output. The
methods are based on either the flow rate vs. head
(QH) or flow rate vs. shaft power curve (QP) of a pump,
or both (Leonow and Mönnigmann 2013; Ahonen et al.
2012a; Tamminen et al. 2014). The operating point of a
pump on its characteristic curve can be located by
defining the produced head with pressure measurements
across the pump and applying it to its QH curve, or by
estimating or measuring the shaft power of the pump
and applying it to the pump’s QP curve. Using a QP-
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curve-based method, the shaft power can be estimated
through motor models as in (Ahonen et al. 2012b;
Tinazzi and Zigliotto 2015), with a VSD (Nash 1997),
or it can be measured using, for instance, shaft torque
and rotational speed sensors. As the estimation accuracy
of this method is directly affected by the shape of the
characteristic QP curve (i.e. dP/dQ), the method is
usually only applied to radial-flow devices. For QHcurve-based flow rate estimation, pressure measurements present in the piping near a pump can be used
to define the produced head.
Electrical current measurements can be used in an
electric motor model to estimate the shaft power supplied to a pump and to enable the use of a flow rate
estimation method, as demonstrated in (Ahonen et al.
2012b). Electrical current measurements exist in most
pump systems for condition monitoring purposes. In
addition, load monitors and some soft starters, which
can be found in many pump systems, enable continuous
monitoring of the electrical current.
Furthermore, a possible unit for employing these
estimators is the variable-speed drive (VSD), which is
increasingly often employed in pump systems. Modern
VSDs are capable of providing estimates for the shaft
torque, rotational speed and power consumption of a
flow device. The accuracy of these estimates has been
found to be sufficient to be used in verifying whether a
pump runs in the vicinity of its best efficiency point
(BEP) (Ahonen et al. 2011; Ahonen et al. 2010).
Some commercially available VSDs utilize the QP
curve of a pump as a model for the pump’s operation at
its nominal speed. The use of the basic QP curve estimation method in a VSD often requires manual configuration of over ten parameters, making the use of flow
calculation a too laborious task for the end user. Therefore, simplified flow rate estimators are an interesting
option to be implemented in a VSD, if the smaller
amount of variables does not compromise their estimation accuracy. Such a solution is already available in the
ITT PS200 VSD, where the QP-curve-based estimation
method is tuned with four variables: power consumption
at zero flow, flow rate and power consumption at the
pump best efficiency point (BEP) and the rotational
speed at which these variables are known (Kernan
et al. 2007).
By using a data collecting and storing system together with the information gained from an estimation method, it can be possible to remotely monitor the operation
of pumps. Thus, with an Internet connection and an
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easy-to-employ pump monitoring method, a large population of pumps can be continuously monitored with a
relatively low cost. A monitoring method, which can be
utilized with little effort and which can cover a large
amount of pumps could significantly benefit pump system operators and maintenance staff carrying out activities such as mass auditing and condition monitoring.
In this paper, a novel approach to implement a flow
rate estimator is presented. The estimator is based on the
expected dependence of the pump’s QP and QH curves
based on the pump specific speed nq. The presented
estimator uses a continuous measurement or estimate
of the pump shaft power, or a measurement of the head
produced by the pump as an input and continuously
produces an estimate for the pump flow rate as an
output. Also, this flow rate estimator can be tuned with
only four variables (BEP values for flow rate, head and
power consumption of the pump and the rotational
speed at which these variables are known). Unlike ITT’s
Smartflow method included in their VSD PS220, which
requires running the pump against a closed discharge
valve to define some of the tuning variables, tuning of
the presented estimator is possible with the nominal
flow rate, head, shaft power and rotational speed of the
pump. However, the model’s simplicity in terms of
small number of parameters and the assumptions made
may compromise the estimation accuracy. This is studied by comparing the proposed estimator with the basic
QP and QH-curve-based estimation methods through
simulations with four different centrifugal pumps and
through measurements with two different centrifugal
pumps in a test laboratory.
The study is started by describing the operating principle of the proposed flow rate estimator in BFlow rate
estimation with specific speed-based estimator^. Simulation and experimental evaluations of the proposed
estimator are provided in BAnalysis of estimator operation through simulations and laboratory evaluation^.
Finally, the obtained results are summarized with conclusions given in BConclusion^.

Flow rate estimation with specific speed-based
estimator
Through a literature review, it was found that works
exist, in which universal dimensionless characteristic
curves for centrifugal pumps are presented. Gülich
(Gülich 2014) and Stepanoff (Stepanoff 1957) have
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published such relative dimensionless characteristic
curves for head, efficiency and shaft power for a range
of specific speeds. Specific speed nq characterizes the
pump impeller shape regardless of pump size and can be
defined on the basis of the pump’s BEP values with the
equation
nq ¼ nBEP

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
QBEP
;
H BEP 3=4

ð1Þ

where n is the rotational speed (rpm), Q is flow rate
(m3/s) and H is the head of the pump (m). The BEP
values required to calculate the specific speed of a
pump can be found in the files received along with
the pump upon purchase, in the pump user’s device
database or, in some cases, on the pump nameplate.1
The characteristic QP and QH curves of the pump in
question can then be estimated on the basis of the
calculated specific speed and the dimensionless
characteristic curves. Furthermore, the estimated
curves can be used in a pump model to estimate
the flow rate produced by a pump. To this end, the
relative flow rate vs. shaft power and flow rate vs.
head curves presented in (Gülich 2014; Stepanoff
1957) were digitized and polynomial curves were
fitted on the digitized data. To determine a sufficient
order for the polynomial equations, an analysis was
carried out, where the goodness of fit was tested
with polynomials of degrees of 3, 4 and 5. The norm
of residuals and coefficient of determination were
calculated for each of the polynomial curves fitted
on the digitized Stepanoff’s set of QP curves. The
average of the norm of residuals of all the curves
and the corresponding average coefficient of determination (R2) are shown in Table 1. The average of
the norm of residuals for specifically the nq = 17–77
curves is also shown in the table, because the curves
of nq > 77 would not be suitable for flow rate estimation due to their low |dP/dQ| and because the
present study focuses on centrifugal pumps, whereas
nq > 77 encompasses mostly mixed flow and axial
pumps.
Considering the accuracy of the reference data, no
significant improvement in the goodness of fit can be
achieved by increasing the polynomial degree from 3 to
higher. Thus, third degree polynomials were fitted on
1
In most cases, the pump nameplate includes the duty point of the
pump, which can significantly differ from the pump’s BEP point.
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Table 1 The goodness of fit tested with polynomial degrees of 3,
4 and 5
Degree Average norm
of residuals

Average norm of residuals, Average
when nq = 17–77
R2

3

13.935

6.723

0.9983

4

8.721

4.141

0.9993

5

5.892

3.485

0.9996

each of the digitized curves. The digitized curves and
the third degree polynomials fitted on them are shown in
Fig. 1. In the graphs, solid lines represent digitized
values and dashed lines represent the third degree polynomial curves fitted on the corresponding digitized data.
When the nq of a given pump is between the
values of nq for which Gülich (Gülich 2014) and
Stepanoff (Stepanoff 1957) have provided characteristic pump curves, the relative characteristic QP and
QH curves of the pump at its nominal rotational
speed can be determined by interpolating the coefficients of the pump’s relative curve’s polynomial
equation based on the surrounding curves’ equations. Once the relative QP and QH curves for the
pump have been generated, a measurement or an
estimate for the shaft power or a measurement of
the pump’s head can be used to derive an estimate
for the flow rate produced by the pump.
As seen in Fig. 1, it should be noted that depending
on specific speed, either the QH- or QP-based estimation approach may prove more feasible than the other.
At the lower end of the nq values of the range for
centrifugal pumps (approximately nq = 20–50), the accuracy of QP-curve-based flow rate estimation will be at
its highest, because |dP/dQ| can be seen to decrease with
increasing specific speed. The opposite effect can be
observed in the relative QH curves, where increasing
specific speed leads to a greater |dH/dQ|. The aim of this
study is to evaluate the performance of both approaches
individually, and if both shaft power and head measurements are available, the uncertainty calculation method
presented in (Tamminen et al. 2014) can, for instance, be
employed to determine which approach is more likely to
produce accurate results with a certain pump.
If the pump is variable-speed-driven, the rotational speed estimate provided by a VSD and the affinity laws for the flow rate, head and required shaft
power can be used to determine the QP and QH
curves at rotational speeds that differ from nBEP

(Gülich 2014; Sulzer Pumps Ltd., Centrifugal
pump handbook 1998; Volk 2005):
Q
n
¼
QBEP nBEP

H
¼
H BEP

P
PBEP



2

n
nBEP


¼

ð2Þ

n

ð3Þ

3

nBEP

ð4Þ

The coefficients of the third-degree polynomial equations for the curves fitted on the digitized sets of curves
are presented in Table 3 of Appendix. To calculate the
relative shaft power, head or flow rate, the following
equations may be used:
  3
  2
 
 
P* ¼ c1 nq Q* þ c2 nq Q* þ c3 nq Q* þ c4 nq

ð5Þ

  3
  2
 
 
H * ¼ c1 nq Q* þ c2 nq Q* þ c3 nq Q* þ c4 nq : ð6Þ

In the equations above, (2)–(4) may be applied when
necessary, to convert the equations to non-BEP rotational speeds. A flow diagram of the presented method is
illustrated in Fig. 2.
It is worth noting that the curves provided by
Stepanoff for specific speeds nq = 17–110 are mentioned
to apply to double-suction pumps. In contrast, the
pumps, with which the performance of the presented
flow rate estimator is analysed in this paper, are of the
single-suction type. However, in this study, the curves
are used as such, since the nq of both single-suction and
double-suction pumps are calculated based on their
output values.
In addition to the curves by Gülich and Stepanoff,
no other curves were found in the literature review
conducted for the present study. The considered
curve sets differ from each other, which is especially
visible in the relative shaft power and head values
they indicate at zero flow rate at nq > 80. At lower
specific speeds, however, the difference is not as
drastic, and comparing the curve sets as bases for
the flow rate estimator is reasonable.
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Fig. 1 Relative QP and QH
characteristic curves provided for
a range of pump specific speeds.
Here, P* = P/PBEP, H* = H/HBEP
and Q* = Q/QBEP (Gülich 2014;
Stepanoff 1957)

The accuracy of the presented method can suffer
because of phenomena that alter the performance of
a pump during its lifetime, such as impeller wear or
accumulation of matter inside the pump. This effect,
however, is also present in the already existing estimation methods, in which manufacturers’ QP and
QH curves are used as pump models. Furthermore,
the difference between the curve sets by Gülich and
Stepanoff hints at the fact that pumps of equal specific speeds may have curves of different shapes,
Fig. 2 The principle of the
presented flow rate estimation
method

PBEP
QBEP
HBEP

especially pumps that have been designed several
decades apart. The generalization that stems from
using a single set of curves can be expected to limit
the accuracy of the presented method. However, the
aforementioned uncertainty could be reduced by utilizing more modern corresponding curves when the
operation of modern pumps is estimated. Such curve
sets could, for example, be compiled from pump
curves of certain pump manufacturers to represent
their pumps or certain pump types of theirs.

Calculate
nq
with (1)

nBEP
P*est or H*

Interpolate
nq-based relative
QP or QH curve
P* nq,3
or nq,2
H*
nq,1

Use (2)–(4) to
determine QP or
QH curve at present
rotational speed

Q*

Derive estimate for flow rate

P*

or H*
Q*

Q*

Q*est
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Analysis of estimator operation through simulations
and laboratory evaluation
Using the method described in the previous chapter, the
relative QP and QH curves of four pumps with different
specific speeds were generated with linear interpolation
based on the curves published by Gülich and Stepanoff
(Gülich 2014; Stepanoff 1957). Centrifugal pumps used
in industries typically fall within the range of specific
speeds of nq = 20–50. In addition to the two Sulzer
Ahlstar series pumps present in the pumping laboratory
system used in the practical evaluation of the presented
estimator, two pumps from the other end of the aforementioned specific speed range were chosen for the
analysis. The pumps chosen for the analysis are shown
in Table 2.
Laboratory test setup
To evaluate the accuracy of the presented flow rate estimation method, the actual QP and QH curves of Sulzer
Ahlstar pumps A11-50 and A22-80 were determined
with a laboratory test setup. In addition to the two tested
pumps, the laboratory pumping system includes piping, a
water tank, through which water is taken, a control valve
and metering. The pumps were run at constant rotational
speeds of 1420 rpm for A11-50 and 1450 rpm for A2280, and the flow was throttled with a control valve to
record a range of operating points, upon which the characteristic QP and QH curves could be fitted. The laboratory measurement setup is illustrated in Fig. 3.
To determine the operating points on the QP and QH
curves, the shaft power, head and produced flow rate of
the pumps were defined and recorded. Shaft power was
calculated with

Pshaft ¼ T ∙ω ¼ T ∙

2∙π∙n
;
60

ð5Þ

where T is torque (Nm), ω is angular speed (rad/s) and n
is rotational speed (rpm). For A11-50, shaft power was
calculated using torque and rotational speed estimates
provided by the frequency converter ABB ACS880,
which was used to run the pump. For A22-80, shaft
power and rotational speed were measured with a
Dataflex 22/100 torque and speed measurement shaft.
Head was measured with pressure transducers, and flow
rate was measured with ABB’s FEP321 electromagnetic
flow meter. The measurement data was recorded with a
measurement computer running the National Instruments software LabVIEW.
A third-degree polynomial curve was fitted on the
measured operating points to represent the pump’s characteristic QP and QH curves. Then, the published BEP
values for shaft power, head and flow rate were applied
to convert the curve into its dimensionless relative form.
The coefficients of the measured curves’ equations are
presented in Tables 3 and 4 of Appendix.
QP-curve-based flow rate estimation
The relative shaft power vs. flow rate curves of the four
studied pumps, both generated by the presented method
and as provided by the manufacturers, along with the
measured curves, are shown in Fig. 4. In the case of the
lower nq pumps, for which measurements were conducted, the practical accuracy of the presented estimation
method can now be evaluated and compared with the
accuracy of the basic QP method, which is based on the
manufacturer’s QP curve. For the higher nq pumps, as
no measured curves are available, the presented method
is evaluated with respect to the manufacturer’s QP
curve.
In Fig. 4, it can be seen that the curves generated
using Stepanoff’s set of nq-based relative characteristic
curves better comply with the manufacturer’s curves
than those based on Gülich’s corresponding set of

Table 2 The pumps, for which the published and method-based characteristic curves were compared (Apex Fluid Engineering Ltd, BTD
End-Suction Pumps 2003; Sulzer Pumps Finland Oy n.d.; Sulzer Pumps Finland Oy 2005)
Pump

nq

HBEP (m)

QBEP (m3/s)

Sulzer Ahlstar A11-50

24

13.6

0.014

Sulzer Ahlstar A22-80

28

21.0

0.037

Apex TD 200-315

51

24.6

Apex TD 65-125

52

18.5

PBEP (kW)

nBEP (rpm)

Impeller diameter (mm)

2.7

1420

210

9.8

1450

265

0.149

44.3

1475

307

0.0254

6.2

2900

131
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Fig. 3 The laboratory measurement setup

curves. Using Gülich’s work as the source for the nqbased relative characteristic curves, the difference between the flow rate derived from the manufacturer’s
curve and the curve generated with the presented method is significant at low relative flow rates.
It can also be seen that two pumps of a similar
specific speed but of two different sizes in terms of
nominal shaft power can have relative QP curves of
different shapes. More specifically, the published manufacturer’s curve for APEX TD 65-125 has a greater
dP*/dQ* than that of the curve for APEX TD 200-315.
The presented method, as suggested, does not take into
account the possibility that pumps of different sizes in
terms of nominal shaft power have relative QP curves of
different shapes.
The measured QP curves can be seen to noticeably
differ from the manufacturer’s QP curve and the curves
generated with the presented estimation method. For
both pumps, the shut-off power indicated by the manufacturer’s curve is higher than the actual measured one.
For Sulzer Ahlstar A11-50, the difference between the
measured and published curves is almost static, whereas
for Sulzer Ahlstar A22-80, it is dynamic and the curves
intersect at approximately 20% of the BEP flow rate.
The measured estimation errors of the analysed
curves are presented in Fig. 5. The error is calculated
as follows: a relative flow rate is considered, then the
corresponding shaft power according to the measured
relative QP curve is determined, and finally the acquired
relative shaft power is applied to the published and nqbased curves to determine the flow rate according to
them. The error is defined as the difference between the
initially considered flow rate and the flow rate derived in

the aforementioned way. For Sulzer Ahlstar A11-50, the
analysed estimation methods tend to underestimate the
produced flow rate. In contrast, for Sulzer Ahlstar A2280, the estimation methods provide flow rate estimates,
which are greater than the actual measured flow rate.
The results suggest that the presented estimation method
can produce flow rate estimates close to the basic QPcurve-based method in terms of accuracy when
Stepanoff’s work is used as the source for the nq-based
relative characteristic curves. The difference between
the flow rate estimate of the presented method and the
measured flow rate is 7 to 15% of QBEP through a flow
rate range of 60 to 100% of QBEP. At 120% of QBEP for
Sulzer A22-80, the error is 23%, which is caused by the
Stepanoff-based curve’s third-degree polynomial shape
and location. With this accuracy, the presented method
will be able to determine whether a pump is operating
outside its preferred operating region. Thus, instead of
laborious and costly metering and instrumentation, the
presented flow rate estimator can be used in large-scale
energy auditing to spot inefficiently running pumps
from large pump populations.
In Fig. 6, differences of the manufacturers’ QP
curves and the curves generated with the presented nqbased method are illustrated. The difference is calculated as follows: for example, for 85% of BEP flow rate,
the corresponding relative shaft power according to the
manufacturer’s QP curve is used to generate a flow rate
estimate with the nq-based method’s characteristic
curve. The difference of the generated flow rate estimate
and the flow rate Q* = 85% is then expressed as a
percentage of the BEP flow rate. As seen in Figs. 4
and 6, the difference between the characteristic curves
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Fig. 4 Characteristic shaft power
vs. flow rate curves created with
the presented method compared
with manufacturers’
corresponding curves (Apex
Fluid Engineering Ltd, BTD EndSuction Pumps 2003; Sulzer
Pumps Finland Oy n.d.; Sulzer
Pumps Finland Oy 2005) and
measured curves

based on Gülich’s set of curves and the manufacturers’
curves falls within a range of − 5 to 21% of QBEP. When
Stepanoff’s curves are used, the corresponding difference ranges from − 7 to 6% of QBEP.

QH-curve-based flow rate estimation
The operation of the presented method when head vs.
flow rate curves are used was evaluated with the same
analysis procedure as in the previous sub-section. Figure 7 presents the relative QH curves of the studied
pumps.
As seen in Fig. 7, the shut-off head of the Gülichbased curves is significantly higher than that of the
manufacturers’ and the measured curves. Furthermore,
Stepanoff-based curves of lower specific speeds can
produce more than one flow rate estimate with a certain
head value, which can limit their usability at low flow
rates. The global maximum present in Stepanoff-based
curves of low nq can also lead to a flow rate value being
unavailable for values of head that the pump may produce. This can be seen in Fig. 7: head values of H* >
110%, which can be found on the measured curves, do
not yield flow rate estimates when using the Stepanoffbased curves.

Figure 8 presents the measured estimation error
for the curves when head is used to derive flow rate
estimates. The error is calculated as described in the
previous sub-section. Due to the global maximum of
the Stepanoff-based curve, no difference to the measured curve could be calculated at 60% for the first
pump and at 60 and 70% of QBEP for the second
pump shown in Fig. 8. Between 85 and 120% of
Q BEP, the estimation error of the Gülich-based
curves is within − 7 to 8% of QBEP, while for the
Stepanoff-based estimator it is within − 10 to 7% of
QBEP. The results show that the demonstrated accuracy of the presented method, also with the QHmethod approach, is sufficient for detecting if a
pump is running outside its recommended operating
range.
In Fig. 9, a comparison of the flow rate estimates
provided by the basic QH method and the nq-based
method is presented. The difference is calculated as
described in the previous sub-section, where the QP
method was used as the basis of the comparison. The
Gülich-based curves can be seen to differ from the
manufacturers’ curves by 10 to 21% of QBEP at flow
rates between 60 and 70% of QBEP. At flow rates from
85 to 120% of QBEP, the difference is within − 5 to 7% of
QBEP. The Stepanoff-based curves correspond with the
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Fig. 5 The errors of the basic QP estimation method and the presented estimation method with respect to the measured values expressed as a
percentage of the BEP flow rate. For ease of comparison, the vertical axis in the graph for Sulzer Ahlstar A11-50 has been inverted

The monitoring and control of large populations of
pumps could be conducted cost-efficiently through
the use of an Internet connection and an easy-toemploy flow rate estimation method, which employs
the nominal operating values of the pumps and
estimates or measurements of their shaft powers or

produced heads. Currently existing flow rate estimation methods can be cumbersome to use due to the
amount of data required to execute them. Also,
many of the methods employ a variable-speed drive
to estimate the flow rate, while the majority of
pumps are actually fixed-speed.
In this paper, a novel fast-to-employ flow rate
estimator for centrifugal pumps was presented. The
presented estimator requires the input of a pump’s
nominal operating parameters, which makes it easier
to employ than other so far developed estimators. Its
performance was evaluated by comparing its operation and accuracy to the already existing estimation
methods, where a characteristic QP or QH curve
provided by a pump manufacturer is used to provide
estimates for flow rate. The presented estimation

Fig. 6 Difference between the estimates provided by the presented method and the manufacturer’s QP curve expressed as a percentage of the BEP flow rate. For 120% of BEP flow rate, due to

the shapes of the curves for APEX TD 65-125, no difference could
be calculated between the flow rates indicated by the published
curve and the presented Stepanoff-based estimation method

manufacturers’ curves more closely. With the exception
of flow rates from 60 to 70% of QBEP with Sulzer
Ahlstar A22-80, where the global maximum head value
limits the usability of the curves for flow rate estimation,
the difference between Stepanoff-based and manufacturers’ curves is within − 2 to 4% of QBEP.

Conclusion
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Fig. 7 Characteristic head vs. flow rate curves created with the presented method compared with manufacturers’ corresponding curves (Apex
Fluid Engineering Ltd, BTD End-Suction Pumps 2003; Sulzer Pumps Finland Oy n.d.; Sulzer Pumps Finland Oy 2005) and measured curves

Fig. 8 The errors of the basic QH estimation method and the presented estimation method with respect to the measured values expressed as
a percentage of the BEP flow rate
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Fig. 9 Difference between the estimates provided by the presented method and the manufacturer’s QH curve expressed as a
percentage of QBEP. For 60% of QBEP, due to the shapes of the

curves for Sulzer Ahlstar A22-80, no difference could be calculated between the flow rates indicated by the published curve and the
presented Stepanoff-based estimation method

method is based on sets of relative QP and QH
curves, in which the curves’ shapes are defined as
a function of the pump specific speed. In this study,
the curve sets published by Gülich (Gülich 2014)
and Stepanoff (Stepanoff 1957) were used to generate the QP and QH curves of four pumps, and the
accuracy of flow rate estimation based on these
curves was evaluated.
The QP and QH curves of the studied pumps were
generated with the presented estimation method and
compared with the corresponding curves provided by
the pumps’ manufacturers. With flow rates other than at
the immediate vicinity of the BEP flow rate, the QP
curves generated with the presented method significantly deviated from the manufacturer’s curves when using
Gülich’s work as the source for the nq-based relative
characteristic curves. When Stepanoff’s work was used
as the source, the estimated characteristic curves followed the manufacturer’s published curves more closely,
their difference staying within ± 7% of BEP flow rate.
Also out of the generated QH curves, Stepanoff-based
curves corresponded better with the manufacturers’
curves. At low specific speeds, however, a global maximum head value may occur on the Stepanoff-based QH
curves, which can limit their usability at low flow rates.
The actual QP and QH curves of two pumps were
measured in a laboratory pumping system. The accuracy
of the basic QP and QH-curve based estimation method
and that of the presented estimation method was evaluated based on the measured curves. The flow rate estimator based on Stepanoff’s set of relative QP curves
deviated from the measured curves approximately as
greatly as the basic QP-based estimation method did.

The error of the Stepanoff-based method was 7 to 15%
of the BEP flow rate through a flow rate range of 60 to
100% of the BEP flow rate. In QH-curve-based estimation, the presented method, although not always usable
at low flow rates with low specific speed pumps, shows
accuracy similar to the basic QH method.
The accuracy of the method can be expected to be
limited by the deviation in the performance of pumps of
equal specific speeds and by the performance changes
that pumps go through during their lifetimes, such as
impeller wear and fouling. As such, the accuracy of the
presented estimator cannot rival that of an actual flow
measurement. However, the experimental evaluation
and the simulation suggest that the accuracy of the
estimator is sufficient to highlight inefficiently running
centrifugal pumps from large pump populations. Furthermore, the accuracy of the estimator could be improved by using more suitable and modern sets of
relative nq-based curves when they become available.
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Appendix

Table 3 The coefficients of the third-degree polynomial curves fitted on the digitized values and for the measured QP curves
Source
Gülich

Stepanoff

nq

c1

c2

c3

c4

20

− 4.988 × 10−5

1.124 × 10−2

− 1.728 × 10−3

36.822

50

− 3.692 × 10−5

9.139 × 10−3

− 7.409 × 10−2

51.151

100

− 2.549 × 10−5

8.303 × 10−3

− 4.710 × 10−1

90.243

150

− 1.500 × 10−4

3.362 × 10−2

− 2.489

1.614 × 102

250

− 2.931 × 10−4

6.391 × 10−2

− 5.352

2.889 × 102

17

4.423 × 10−6

− 1.146 × 10−3

7.463 × 10−1

31.957

29

− 1.362 × 10−5

1.540 × 10−3

5.954 × 10−1

38.014

43

− 1.857 × 10−5

2.768 × 10−3

3.999 × 10−1

49.762

58

− 7.106 × 10−6

− 1.342 × 10−4

4.650 × 10−1

61.831

77

− 1.346 × 10−5

2.260 × 10−3

− 8.097 × 10−3

91.058

110

− 7.226 × 10−5

1.946 × 10−2

− 2.141

1.907 × 102

178

− 2.428 × 10−5

7.058 × 10−3

− 2.287

2.805 × 102

Measured Sulzer A11–50

24

− 1.637 × 10−5

3.310 × 10−3

0.379

38.572

Measured Sulzer A22–80

28

− 1.082 × 10−5

2.418 × 10−3

0.423

48.553

Table 4 The coefficients of the third degree polynomial curves fitted on the digitized values and for the measured QH curves
Source
Gülich

nq
20

c2

c3

− 8.987 × 10−6

− 1.385 × 10−3

−5

−4

2.372 × 10−2
−1

− 1.503 × 10

− 1.996 × 10−5

1.044 × 10−3

− 3.495 × 10−1

1.447 × 102

−5

−4

−1

1.536 × 102

−1

−5

− 8.218 × 10

−4

− 1.59 × 10

1.207 × 102

40

− 1.207 × 10

− 1.547 × 10

c4

30
50

− 3.305 × 10

1.329 × 102

60

− 2.043 × 10

4.232 × 10

− 4.500 × 10

1.616 × 102

70

− 2.936 × 10−5

1.587 × 10−3

− 5.343 × 10−1

1.677 × 102

80

− 3.761 × 10−5

2.508 × 10−3

− 5.921 × 10−1

1.728 × 102

−5

−3

−1

− 8.479 × 10

1.808 × 102

−2

100

− 7.165 × 10

−4

− 2.650 × 10

7.739 × 10

− 5.052

3.402 × 102

17

− 1.401 × 10−5

− 1.052 × 10−3

1.873 × 10−1

1.055 × 102

29

− 1.709 × 10−5

− 3.945 × 10−4

9.690 × 10−2

1.108 × 102

−5

−3

250
Stepanoff

c1

5.307 × 10

−2

43

− 2.402 × 10

− 7.656 × 10

1.195 × 102

58

− 7.002 × 10−6

− 2.597 × 10−3

− 5.300 × 10−4

1.319 × 102

77

− 1.269 × 10−5

− 2.290 × 10−3

− 1.772 × 10−1

1.531 × 102

−5

−3

− 1.030

1.997 × 102

−3

110

− 3.320 × 10

−6

3.520 × 10

− 2.185

2.968 × 102

Measured Sulzer A11-50

24

2.200 × 10−6

− 4.062 × 10−3

2.142 × 10−1

1.139 × 102

Measured Sulzer A22-80

28

1.923 × 10−5

− 7.801 × 10−3

5.099 × 10−1

1.089 × 102

178

− 9.731 × 10

1.133 × 10

3.283 × 10
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Abstracts
This paper proposes a soft sensor for estimating the surface level of a reservoir in a centrifugal pumping
system. The proposed soft sensor can be implemented in the control scheme of a variable-speed drive
and requires no extra equipment to function.

Introduction
Pumps are a significant end-user of electricity, accounting for approximately 8 % of all the electric
energy consumed globally [1]. Increasing legislative pressure towards energy efficiency [2] and discovered energy-saving potential [3] have led to the wide implementation of variable-speed drives (VSD) in
the capacity control of pumps. With a VSD, the energy loss associated with throttling the flow with a
valve can be avoided by instead adjusting the pump’s rotational speed to meet varying process demands.
In addition, some pump systems with less strictly defined demand for the pump’s output may encompass
degrees of freedom and control-wise flexibility that allow the use of variable-speed control strategies,
which aim to minimize the overall energy consumption of the process [4]–[6].
The benefits of VSDs in pump systems are not limited to efficient control. They provide accurate estimates of the shaft power, rotational speed, and shaft torque of the electric motor running the pump [7].
These estimates can be used as inputs to computational models of the process beyond the motor shaft,
which enables the development of methods for monitoring the pumping process from the points of view
of energy efficiency and maintenance. Moreover, the computational capacity and programmability of a
modern VSD makes it possible to execute the methods directly within the control scheme of the drive,
making it an intelligent process diagnostics tool, which can simultaneously log data, carry out analyses,
and generate signals of interest [8]. Previous research has yielded, for instance, VSD-based methods for
the sensorless estimation of the centrifugal pump operating point [9]–[10], detection of cavitation [11],
and detection of non-return valve failure [12]. Some studies have also explored the possibility of process
variable estimation through algorithm-based control sequences embedded in the control scheme of the
drive: in [13], an identification (ID) run sequence was proposed, with which the process characteristics
of a pump system could be determined. VSD-based soft sensing and condition monitoring methods have

also been developed for fan and compressor systems [14]–[16], and some have been implemented as
added functionality in commercial VSDs [17]–[18].
The delivery of fluid to and from reservoirs and tanks (hereinafter, simply referred to as reservoirs) is a
common process task handled by pumps. In many such applications, measurement or detection of the
fluid surface level in the reservoir is required. Depending on the process, the level is either continuously
measured with a continuous level sensor, or a level switch is used to detect when the level reaches certain
points of elevation. The level can be measured and controlled to meet the demands of the rest of the
process, or simply to prevent reservoir overflow. In applications where the pump draws water from a
reservoir, level sensing helps to prevent the complete emptying of the reservoir, which could lead to the
pump running dry. Measuring the level can also help pump cavitation avoidance: the suction-side reservoir level can be kept above a threshold, below which cavitation-inducing low pump suction pressure
would occur.
This paper presents a VSD-based soft sensor for estimating the surface level of a reservoir to or from
which a centrifugal pump delivers fluid. The proposed method requires no extra equipment or instrumentation to function and can be implemented within the control scheme of a modern VSD, making it
virtually cost free. Systems with level switches can benefit from the soft sensor, since it enables estimation of the fluid level between the measuring points of the switch. In systems with level sensors, the
proposed method improves the reliability of the level measurement by providing a redundant estimate.
In the following section, the theory of the proposed soft sensor is explained. In the subsequent section,
the results of the laboratory tests for verifying the feasibility of the soft sensor are presented.

Sensorless estimation of reservoir surface level
The method presented in this paper enables continuous sensorless estimation of the fluid level of a reservoir in a pump system. It is based on sensorless pump operating point estimation with a VSD and on
an identification (ID) run sequence for determining the dynamic flow resistance of a pumping system.
As such, the method only estimates the level when the pump is running and producing flow. Furthermore, the suitability of the method is limited to pump systems, in which the dynamic flow resistance of
the system does not change over time. The method can be implemented directly in the control scheme
of a programmable VSD. In the following, the principle of and more detailed restrictions and requirements related to the presented fluid level soft sensor are first discussed. Subsequently, the identification
run sequence included in the presented method is introduced.
The operating point of a pump can be determined based on the pump’s characteristic performance curves
and a VSD’s estimates for the pump’s shaft power and rotational speed. The pump-specific flow rate vs.
shaft power (QP) and flow rate vs. head (QH) curves at a certain rotational speed n0 are available from
the pump manufacturer. To estimate the operating point based on the curves with a pump that is run at
varying rotational speeds, they must be converted into the instantaneous speed using the following pump
affinity laws:
Q=

n
Q
n0 0
n 2

H = (n ) H0
0

(1)

(2)

n 3
n0

P = ( ) P0 .

(3)

When the curves at the present speed have been defined, an estimate for the flow rate can be interpolated
from the QP curve based on the pump shaft power. Subsequently, using the flow rate estimate, an estimate for the pump head can be interpolated from the QH curve. The VSD-based operating point estimation is illustrated in Fig. 1. Centrifugal pumps, in particular, are suitable for this kind estimation due to
the high |dP/dQ| of their QP curves and due to the curves’ typical monotonic shape – an estimate for
shaft power will lead to only one possible estimate for flow rate.

Fig. 1. Pump operating point estimation based on the pump’s characteristic performance curves and a
VSD’s estimates for the shaft power and rotational speed of the pump’s motor.
The total head produced by the pump consists of a static component Hst and a dynamic component Hdyn:
H = Hst + Hdyn = Hst + kQ2,

(4)

where k is the dynamic flow resistance factor of the system the pump is connected to.
The operating point of a pump lies in the intersection of the QH curves of the pump and the system as
shown in Fig. 2.

(Q, H)

Hst

Fig. 2. Pump operating point at the intersection of the curves of the pump and the surrounding system.
With (4) and an estimate of the pump’s operating point, the static head Hst can be determined with the
equation:
Hst = H – kQ2.

(5)

The method presented in this paper can be applied in pump systems, where a reservoir is connected to
either the discharge or suction side of the pump in such a way that the surface level in the reservoir
affects the static pressure difference over the pump. In such systems, the value of Hst depends on the
surface level of the fluid in the reservoir, the elevation of the pumping system components, and the
atmospheric pressure differential between the suction and discharge sides. If the atmospheric differential
can be assumed to be negligible, i.e. the atmospheric pressure felt on the surface of the fluid in the
reservoir can be considered equal to the atmospheric pressure where the fluid leaves the system on the
other side of the pump, Hst depends on the fluid level as illustrated in Fig. 3. Thus, when the elevation
from the bottom of the reservoir to the height to which the pump delivers fluid (Z) is known, the height
of the fluid column (h) in the reservoir can be calculated with the equation:
h = Z – Hst = Z – H + kQ2.

(6)

Hst
Z

h

Fig. 3. Knowledge of the pump static head and the elevation from the bottom of the reservoir to the
height to or from which the fluid is pumped can be used to determine the surface level in the reservoir.
To estimate h according to (6), the value of k must be known. It can be determined with an ID run
sequence, in which the pump is run at a constant speed, and the operating point shifts due to the change
in the reservoir’s surface level, as illustrated in Fig. 4.

(Q2, H2)
(Q1, H1)
Hst,1+ΔHst

Hst,1

Fig. 4. System curves and the corresponding pump operating points at the start and end of the ID run.
For the pump head at the start and end points of the ID run (denoted 1 and 2, respectively) and the
change in static head, the following equations apply:

H1 = Hst,1 + kQ21

(7)

H2 = Hst,1 + ΔHst + kQ22

(8)

2

ΔHst =

∫1 Q(t)dt

,

A

(9)

where A is the cross-sectional area of the reservoir. Similarly to how the elevation parameter Z is determined, the value of A can be defined by inspecting and measuring the dimensions of the reservoir. Given
that the value of k does not change during the ID run, it can be calculated by combining (7)–(9):
2

k=

∫ Q(t)dt
H2 – H1 – 1

Q22 – Q21

A

.

(10)

Once k is defined, (6) can be constantly used to estimate the surface level in the reservoir when the pump
is running.

Experimental evaluation of the proposed soft sensor
The feasibility of the presented estimator was evaluated with laboratory measurements. The method’s
ID run was conducted in a pump system with a virtual water reservoir. The static head caused by the
water level was emulated with a flow-throttling valve, as proposed in [19].

Test setup
The laboratory pump system includes a Sulzer A22-80 centrifugal pump driven with an 11-kW induction
motor and an ABB ACS880 VSD employing direct-torque control (DTC). The pump is connected to a
closed loop system comprising piping, a water tank, and a control valve. No static head exists in the
system. The test setup is illustrated in Fig. 5.

Control valve
Q
Data
acquisition
modules

Measurement
computer

Δpvalve

nest, Pest

VSD

Water
tank

p2

Pump
p1

Fig. 5. The laboratory setup.

The flow rate (Q in Fig. 5) of the pump is measured with an ABB FEP321 electromagnetic flow meter,
and pressure transducers are used to measure the pressure before and after the pump (p1 and p2) for the
determination of the pump head as well as the pressure drop over the control valve (Δpvalve). The measuring instruments are connected to an analog data acquisition module, from which the data are read and
recorded with a computer running a LabVIEW-based measurement program. Measurement data is
logged by reading 250 samples per second and recording the mean of those values each second.
A virtual water tank was implemented in the measurement program. In the implementation, one can set
the cross-sectional area of the virtual tank and the initial water level to desired values. The change in
water level in the tank is then determined according to the tank’s cross-sectional area and the volume of
the water pumped into the tank, as defined in (9). The control valve is operated with a PI controller
within the measurement program to maintain a pressure difference across the valve equal to the back
pressure that would be caused by the virtual water level. With this setup, the ID run presented in this
paper can be conducted.

Test results
First, the actual flow resistance factor k of the laboratory pump system was determined by recording the
pump operating point at different speeds while maintaining a constant artificial static head with the
control valve, and subsequently fitting the polynomial equation (4) on the operating points with the
least-squares method. The value of k was determined at different emulated static heads to verify the
feasibility of the method to create an artificial static head; correct operation of the method would require
that the values of k at different emulated static heads take on similar values. Fig. 6 presents the measured
system curves at the emulated static heads of 2 m, 5 m, 8 m, 11 m, and 14 m. The resulting small
discrepancy between the values of k with different artificial static heads suggests that the static head
emulation method can be used in the verification test for the ID run of the method presented in this
paper. The mean value of these five measurements, kmeas = 5.38×10-3 m/(l/s)2, will be used as the reference which the k values estimated by the presented method will be compared with.

Hst reference
(m)

Measured
emulated
Hst (m)

k (m/(l/s)2)

2.00

2.07

5.40×10-3

5.00

4.92

5.46×10-3

8.00

7.91

5.40×10-3

11.00

10.93

5.31×10-3

14.00

13.89

5.32×10-3

Fig. 6. System curves with five different emulated static heads.
The ID run of the presented method was conducted at constant rotational speeds of 1200 rpm and 1400
rpm. The cross-sectional area of the virtual water tank was set to 5 m2, and the tank was filled from an
initial virtual water level of 5 m to a level of 13 m. Then, (10) was used to estimate the value of k in the

two following ways. First, to demonstrate the feasibility of the method in principle, k was determined
using the measured pump operating points. Second, to study the practical sensorless use of the method,
the VSD-based sensorless operating point estimation method was used to provide the operating point
data to (10).
Fluctuation was observed in the position control of the control valve over the course of the filling of the
virtual tank, which led to variation in measured variables that depend on the valve position: flow rate,
head, and shaft power. Since the method involves using instantaneous values in (10), the fluctuation can
cause uncertainty in the estimation of k. To reduce the error, a median filter was applied to the shaft
power estimate and the flow rate and head measurements. The filter replaces each data point with the
median of the signal within 60 seconds before and 60 seconds after the data point in question. The
fluctuation and the filtered signal are shown in Fig. 7.

Fig. 7. Filtered and original signals.
To evaluate the performance of the method at different pump capacities, the calculation of k was done
for multiple water level ranges within the executed 5–to–13 m fill-up. Table 1 presents the error of the
estimates for k with respect to its actual measured value earlier, kmeas = 5.38×10-3 m/(l/s)2. The error is
calculated with

E=

kest – kmeas
kmeas

100 %,

(11)

where E is the relative estimation error and kest is the estimated flow resistance factor. Results are shown
for when the measured pump operating points are used in the calculation, and when the estimated operating point were used. Using the measured operating points, the estimate was within 13.6 % of the actual
value, whereas the error using estimated operating points was at its largest -50.0 %. The latter significant
error can most likely be attributed to mismatch between the performance curves provided by the manufacturer and the actual performance of the pump and uncertainty in the shaft power estimate of the VSD.
Together they lead to erroneous pump operating point estimation. However, the results imply that given
accurate knowledge of the pump operating point, the method presented in this paper can provide a reasonably accurate estimate of the pump system’s flow resistance factor k.

Table 1. Estimation error of the flow resistance factor k. The largest absolute error value of each ID run
is written in bold.
Estimation error (%) using measured operating points

Estimation error (%) using operating points estimated
based on manufacturer's pump curves

1200 rpm

1200 rpm

Hst,1 (m)
10

11

Hst,2
(m)

13

-24.2 -20.5 -18.1 -15.2 -11.2

-4.5

-1.9

12

-27.7 -24.0 -22.0 -19.5 -15.7

-8.2

11

-30.8 -27.2 -25.5 -23.4 -19.9

10

-34.5 -31.1 -30.2 -29.6

9

-35.8 -31.8 -30.8

8

-37.6 -32.6

7

-40.5

Hst,2
(m)

5

6

7

8

9

10

11

13

4.8

5.6

4.1

2.7

2.1

-1.2

-1.9

12

4.3

5.2

3.3

1.4

0.3

-5.4

11

7.1

8.8

7.1

5.7

6.2

10

8.6

11.1

9.6

8.6

9

7.7

10.6

8.1

8

8.7

13.6

7

7.2

1400 rpm
Hst,2
(m)

Hst,1 (m)

Hst,1 (m)
5

6

7

8

9

10

11

13

6.5

6.5

5.5

8.2

5.0

6.7

5.7

12

3.5

3.2

1.3

3.7

-2.0

-2.9

11

6.7

6.9

5.4

10.0

4.2

10

6.3

6.4

4.2

10.5

9

8.0

8.8

6.5

8

3.4

2.2

7

9.6

5

6

7

8

9

1400 rpm

Hst,1 (m)

Hst,2

13

-36.2 -32.3 -31.2 -26.6 -23.8 -16.7 -14.3

12

-41.7 -38.4 -38.4 -34.9 -34.1 -30.0

11

-42.4 -38.6 -38.6 -33.9 -32.2

10

-46.0 -42.3 -43.5 -39.5

9

-47.0 -42.5 -44.4

8

-50.0 -45.1

7

-49.5

5
(m)

6

7

8

9

10

11

To analyze the practical accuracy of the presented method without the effect of the uncertainties in the
manufacturer’s pump curves and the VSD shaft power estimate, the pump’s QP and QH curves were
determined at 1200 rpm using the head and flow rate measurements and the VSD’s shaft power estimate.
The measured pump curves were used as basis for the operating point estimation and k was calculated
again with (10). Table 2 presents the estimation error when the pump curves’ and shaft power estimate’s
uncertainties have been alleviated in this manner. The estimation error was at most 12.3 %, and in most
of the tested ID run water level ranges, within ±5 %.
Table 2. Estimation error of k using operating points estimated based on measured pump curves. The
largest absolute error value of each ID run is written in bold.
1200 rpm
Hst,2
(m)

13

Hst,1 (m)

1400 rpm

5

6

7

8

9

10

11

2.3

2.4

1.9

2.5

4.8

10.5

12.3

7.3

12

0.2

0.1

-1.0

-0.9

0.9

11

-1.0

-1.4

-3.1

-3.7

-2.4

10

-2.5

-3.4

-6.2

-8.5

9

-0.3

-0.8

-3.8

8

1.8

2.0

7

3.3

Hst,2
(m)

Hst,1 (m)
5

6

7

8

9

10

11

13

1.7

1.7

-0.5

1.6

2.1

8.0

8.4

12

-3.3

-4.1

-7.6

-7.0

-9.1

-6.7

11

-0.5

-0.9

-4.7

-2.7

-3.9

10

-2.0

-2.8

-8.3

-7.2

9

1.3

1.2

-5.4

8

1.8

2.0

7

8.5

A comparison of the estimated and the actual emulated water levels during the 1200 rpm and 1400 rpm
ID runs is shown in Fig. 8. Here, the k estimate is based on the 1200-rpm ID run from 5 m to 13 m. Two
estimates of k are calculated: based on the re-measured pump curves and based on the manufacturer’s
curves. In this example, Hst is equal to the water level, and thus (5) is used to calculate the level instead
of (6). To demonstrate the sensorless capability of the presented method, the VSD-based operating point
estimates are used in place of Q and H in (5). Throughout the runs, the estimate remained within ±7 %
of the actual value when accurate pump curves were used.

Fig. 8. Emulated and estimated water levels during the ID runs.

Conclusion
This paper presents a variable-speed-drive-based soft sensor for the surface level of a water reservoir
that is filled or emptied with a centrifugal pump. The soft sensor employs the characteristic performance
curves of a pump as parameters and the shaft power and rotational speed signals provided by a VSD as
inputs and requires no extra instrumentation to function. The method includes an ID run to determine
the flow resistance factor of the piping surrounding the pump. After the ID run, provided that the flow
resistance factor does not change over time, and that the pump is being run, the static head of the system
can be continuously estimated. Considering the physical elevation of the reservoirs and the destination
of the pumped fluid, the water level can be calculated from the static head of the pump with a simple
subtraction.
The accuracy of the presented soft sensor was tested with laboratory measurements. The suggested ID
run was conducted in a laboratory pump system where the static head caused by the changing water
level in a reservoir was emulated with a flow-throttling control valve. From the results, it is evident that
the accuracy of the presented soft sensor depends highly on the accuracy of the pump operating point
estimate, which in turn depends on the accuracies of the pump performance curves and the VSD’s estimate for shaft power. In test runs with accurate pump curves and shaft power estimation, the error of
the presented soft sensor was within ±7 % of the actual value.
As such, the presented soft sensor can improve the reliability of existing surface level measurements by
providing a redundant estimate. In the absence of pre-existing sensors, when for instance level switches
are used, it enables the estimation of the level between the switches. Suggested future studies include
further laboratory testing with an actual reservoir and evaluating the practical applicability of the soft
sensor in a real industrial reservoir pumping application.
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Abstract
Variable-speed drives (VSD) can be utilized in fluid handling system diagnosis and monitoring methods.
Many of these methods can be implemented without additional sensors, which together with the ubiquity
of VSDs makes them cost-efficient. This paper proposes a sensorless VSD-based method for estimating
the pressure drop caused by air filter fouling.

Introduction
In addition to efficient capacity control of pumps, fans and compressors, modern variable-speed drives
(VSD) possess computational power and programmability, which can be utilized in estimation methods
and soft sensors to monitor the energy efficiency and condition of fluid handling system components
[1]. The methods rely on models for the performance of pumps, fans, and compressors and the accurate
estimates for the motor shaft torque and rotational speed [2] provided by most vector and direct-torquecontrolled VSDs. Research of soft sensors for the operating point estimation of flow devices [3]–[4] has
led to studies about how these soft sensors can be further used in optimizing the energy consumption of
e.g. pumping systems [5]–[6]. For condition monitoring, methods have been developed, for instance,
for the sensorless detection of contaminant build-up on a fan impeller [7]–[8] and for determining the
specific energy map of screw compressors [9]. In addition to academic research, some of the aforementioned methods have been implemented in commercial VSDs, for example, for pumping and air handling
applications [10].
Fans and blowers account for 19% of the energy consumed by electrical motors globally [11]. Their
application ranges from clean air handling in HVAC systems to the transfer of various gases in industrial
processes. In both municipal and industrial fan systems, VSDs are used to meet capacity demands under
circumstances where the system condition (e.g. dynamic flow resistance) or the capacity requirements
change over time. In these systems, it is often necessary to filter the transferred gas. Air conditioning
applications, for instance, utilize filters used to ensure building occupants get clean breathable air, and
in many industrial applications in dirty environments, filters prevent equipment damage and fouling.
Typically, filters accumulate the filtered matter on the filter media, which has an adverse effect on the
operation of the filter in the long term. Fouling increases the pressure drop of the filter, which can lead
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to energy waste [12], and can in some cases introduce undesired flow bypass around the filter [13].
Sometimes, the increased flow obstruction caused by fouling can prevent a fan from producing a required flow rate [12]. Consequently, replacing dirty filters with new clean ones is a necessary regular
maintenance task in many fan systems. To decide the best time to change the filter, its degree of fouling
should be monitored. Replacing a filter too early brings unnecessary costs and replacing one too late can
lead to problems in the process where the fan is situated.
The degree of fouling in a filter has traditionally been monitored with a measurement of the pressure
drop across the filter. In this paper, a novel sensorless variable-speed-drive-based method for estimating
the filter pressure drop is presented. The method relies on the readily available characteristic curves of
a fan and the VSD’s ability to estimate the operating point of the fan and requires no measurement
instrumentation to work.
In the next section, the principle of fan-operation-point-based estimation of pressure drop caused by
filter fouling is introduced together with a method to use a VSD to estimate the operating point. In the
following section, the performance of the presented method is evaluated with laboratory measurements.

Fan-operation-point-based estimation of the effects of filter fouling
When matter accumulates on a filter, its dynamic flow resistance increases, which affects the operation
of the fan that generates flow through the filter. If the flow resistance of the rest of the system components remains unchanged during the course of filter fouling, the resulting change in the location of the
fan operating point can be attributed exclusively to fouling. In the following sub-section, a method is
presented in which knowledge of the fan operating point is used to estimate the filter pressure drop
increase caused by fouling. Subsequently, a variable-speed-drive-based method for determining the operating point of a fan without flow or pressure transducers is presented.

Estimation of the increase of filter pressure drop
The total pressure loss of a fan system is made up of losses caused, in general, by piping, adjustment
valves, heat exchangers, and air filters. The distribution of the total pressure loss over fan system components is exemplified in Fig. 1.
Δpequipment

Δpfan

Atmospheric
pressure

Δpduct,out

Δpduct,in
Δpfilter

Inlet-side duct

Filter

Fan

Equipment,
such as heat
exchangers,
etc.

kduct,in

kfilter(t)

Qfan

kequipment

Output-side duct
kduct,out

Fig. 1: Static pressure over fan system components. The filter’s factor dynamic resistance k changes as
a function of time t.
When a filter becomes dirty, its pressure drop increases, which in turn has a direct effect on the operation
of the fan. The operating point of a fan is located at the intersection of the fan and system curves for the
flow rate and pressure difference produced by the fan. The system curve describes the dynamic flow
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resistance in the system, i.e. the total pressure loss of the system as a function of flow rate. The flow
resisting effect of these components is quantified by the dynamic resistance factor k:
k=

p
Q2

,

(1)

Total pressure (Pa)

where p is the total pressure difference and Q is the flow rate produced by the fan. The effect of filter
fouling on the operation of a fan is exemplified in Fig. 2. In applications with constant fan rotational
speed, increasing system resistance will gradually move the operating point of the fan to the left along
its flow rate vs. total pressure difference (Qp) curve (A→B in Fig. 2). In systems where the fan is speed
controlled, and a certain flow rate reference is used, a dirty filter will require a higher rotational speed
of the fan to maintain the set flow rate than a clean filter would (A→C in Fig. 2).

Fig. 2: The effect of filter fouling on the fan operating point.
Having defined the initial system resistance with a clean filter (k0), and assuming that the resistance of
the rest of the system components remains constant, the resistance caused by fouling of the filter can be
calculated at any time with (1) if the current fan operating point is known. The difference between the
values of k for system states with dirty and clean filters can be used to calculate the filter pressure loss
(pd,dirt) attributable to filter fouling at any given flow rate:
pd,dirt = k – k0 Q2 = kdirt Q2.

(2)

Variable-speed-drive-based estimation of the fan operating point
The flow rate vs. shaft power (QP) and flow rate vs. pressure curves of a fan are usually acquired along
with the fan’s purchase or are otherwise available from the fan manufacturer. The curves and an estimate
of the shaft power of the fan can be used to estimate the fan’s operating point, as illustrated in Fig. 3.

Fig. 3: The operating point of a fan can be estimated based on the fan's QP and Qp curves and an estimate
for the fan shaft power.
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The motor torque and rotational speed estimates (Test and nest, respectively) of a VSD can be used to
calculate the shaft power (Pest) of a fan with the equation:
Pest = 2π

nest
T .
60 est

(3)

If a fan is operated with variable-speed control, the characteristic QP and Qp curves need to be adjusted
to the instantaneous rotational speed to be able to estimate the operating point. This can be done with
the fan affinity laws:
Q=

n
Q
n0 0

(4)

p=

n 2
p0
n0

(5)

P=

n 3
P0 ,
n0

(6)

where n is the instantaneous rotational speed and the subscript 0 denotes the values of the characteristic
curves supplied by the manufacturer. The fan affinity laws do not consider the change in the fan’s efficiency as rotational speed is changed. Therefore, if allowed by the system, it is recommended to estimate
the fan operating point and the system resistance factor k at the nominal rotational speed to avoid the
estimation error caused by the constant-efficiency assumption of the fan laws.

Laboratory evaluation of the estimator
The accuracy of the presented estimation method was tested with laboratory measurements. Filters were
used to emulate the flow resistance caused by fouling. The filters’ pressure drops were measured and
estimated with both constant-speed and variable-speed constant-flow-rate control.

Fan test setup
The laboratory fan setup comprises a FläktWoods Centripal EU 4 MD 630 radial fan driven by an induction motor (see Table 1) and an ABB ACS880 VSD employing the direct-torque control (DTC)
method. The fan is installed into a system with straight ducts on both the inlet and output sides of the
fan. In the ducts, a filter box and measurement instrumentation are located as seen in Fig. 4.
The static pressure difference produced by the fan is measured with pitot static tubes and a Rosemount
2051 C pressure transmitter. One of the pitot static tubes in the output side is also used to measure the
total fan discharge pressure with a WIKA SL-1 pressure transmitter. Flow rate is measured at the inlet
side of the fan with an Eldridge 9800MPNH mass flow meter. The motor shaft speed and torque were
estimated by the VSD. Measurement data was recorded with a PC running a LabVIEW-based measurement program. An NI9215 analog input module was used for measurement data readout.
Table 1: Nominal values of the radial fan and the induction motor used in the laboratory measurements.

Rotational
speed (rpm)

Power
(kW)

1449

4.59
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Fan
Flow
rate
(m3/s)
2.90

Motor
Fan total
pressure
(Pa)
1190

Impeller
diameter
(mm)
630

Rotational
speed
(rpm)
1450

Power
(kW)

Current
(A)

cosφ

7.5

15.7

0.80

ISBN: 978 - 9 - 0758 - 1528 - 3 - IEEE catalog number: CFP18850-ART

Assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)

P.4

Variable-speed-drive-based estimation of the pressure drop caused by filter fouling in
fan systems

Filter box

Inlet-side pitot
static tubes and
mass flow meter

PÖYHÖNEN Santeri

Outlet-side pitot
static tubes

Fig. 4: Radial fan test setup and the location of the filter box and measuring instrumentation.
Filters were installed at the end of the inlet side duct to emulate the pressure drop caused by filter fouling.
Three magnitudes of pressure drops were caused by installing two filters with different flow resistances
in the filter box in series and individually. The filters are shown in Fig. 5.

Fig. 5: Filters with different flow resistances that were installed into the filter box to cause different
magnitudes of pressure drop.

Test results
A filter-free duct was chosen to represent the initial condition of a clean filter. The operating points of
the fan with the different filter setups were recorded at a constant rotational speed, and to test the presented method with a constant flow rate, at speeds which would result in the same measured flow rate
as with the filter setup with the highest pressure drop in the constant-speed test.
In contrast to the manufacturer’s fan characteristic curve, which is available for the rotational speed of
1449 rpm, 1400 rpm was used to avoid mechanical resonance in the duct and the measurement instrumentation. For use in the estimation method’s constant-speed approach, the manufacturer’s curves were
transformed to 1400 rpm with (4)–(6). Using the pressure measurements, the pressure drop over the
filter was determined for each of the operating points. The measured filter pressure drops can then be
compared with the corresponding estimates produced by the presented method.
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Total pressure (Pa)

Shaft power (kW)

In the results presented in the following, filters 1 and 2 correspond with the filters with the lower and
higher flow resistances, respectively. Filter 3 represents the setup where the two filters were installed in
series into the filter box. The measured and estimated operating points at the constant rotational speed
of 1400 rpm and with variable speeds at a constant measured flow rate are shown in Fig. 6. The measured
operating points can be seen to deviate from the manufacturer’s QP curve. Considering the accuracies
of the shaft power estimate and flow rate measurement, which can both be expected to be within 2% of
the recorded values [2], [14], it is likely that the fan’s actual performance differed from the manufacturer’s curve. In the case at hand, this leads to notable underestimation of the flow rate and an overestimation of the fan total pressure difference.

Fig. 6: Measured and estimated operating points at 1400 rpm and the manufacturer’s curves transformed with affinity laws from the original 1449 rpm to the used rotational speeds.
For each of the operating points with filters installed, the pressure drop estimates were calculated with
(2) using the flow rate estimates. The resulting estimates and the measured pressure drops are shown in
Fig. 7. Compared with the measured values, the presented method underestimated the pressure drop
caused by each of the filter setups by 9% to 35% of the measured value. In this case, part of the error
can be attributed to the underestimation of the flow rate, which leads to a negative error in the pressure
drop estimate when (2) is used.
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Fig. 7: Measured and estimated filter pressure drops.
Once estimates for the system resistance factor k are determined, the added pressure drop can be estimated at any given flow rate to avoid the error caused by the inaccuracy of instantaneous flow rate
estimates. To assess the accuracy of the estimator without the effect of using inaccurate flow rate estimates in (2), the measured and estimated system resistance factors caused by the filter setups are listed
in Table 2. For constant-speed operation, although the instantaneous estimated values for k can be seen
to differ from the measured ones, the difference between the measured and estimated increase in k caused
by filters 1 and 2 is relatively small. With filter 3, the underestimation of the flow rate at low flow rates
causes a notable positive error in the estimated increase in k. Similarly, the inaccuracy in operating point
estimation leads to uncertainty also in variable-speed constant-flow-rate operation.
Table 2: Measured and estimated increases in the system resistance factor.
k − k0
Measured,
Estimated,
Measured,
Estimated,
(Pa s2/m6) constant speed constant speed variable speed variable speed
Filter 1

21.6

26.5

18.9

31.4

Filter 2

69.3

66.7

72.6

68.4

Filter 3

150.5

198.3

148.5

189.4

Estimation with a corrected QP curve
To analyse the accuracy of the estimator without the effect of the discrepancy between actual and manufacturer’s performance curves, a relative offset was applied to the manufacturer’s QP curve. At the
measured flow rates at 1400 rpm, the shaft power values estimated by the VSD fell short of the manufacturer’s curve by 11% of the manufacturer’s curves shaft power values on average. Thus, a correction
factor of 0.89 was applied on the manufacturer’s QP curve’s shaft power values and the filter pressure
drop was estimated again. In practice, the correction factor can be determined by running the fan against
a fully close valve, if possible, and comparing the shaft power to that of the manufacturer’s curve at zero
flow rate. The operating point estimation results with the corrected QP curve are shown in Fig. 8.
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Fig. 8: Measured and estimated operating points with the corrected manufacturer’s QP curve.
The filter pressure drop estimation results with the corrected QP curve are shown in Fig. 9. The accuracy
of pressure drop estimation improved significantly with a better-fitting QP model. Here, the estimated
values for filter pressure drop differed from the measured values by at most 8% of the measured values.

Fig. 9: Measured and estimated filter pressure drops.
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The measured and estimated system resistance factors caused by the filter setups are listed in Table 3.
In contrast to the results with the original manufacturer’s curve, the value of k−k0 for filter 3 was estimated much more accurately with the corrected QP curve. Here, a difference can also be seen between
the estimates at constant and variable-speed control: estimated filter-induced increases in k match the
measured values more closely when the constant speed of 1400 rpm was used – an effect which may be
caused by the constant-efficiency assumption of the affinity laws.
Table 3: Measured and estimated increases in the system resistance factor.
Measured,
Estimated,
Measured,
Estimated,
k − k0
(Pa s2/m6) constant speed constant speed variable speed variable speed
Filter 1

21.6

24.7

18.9

26.2

Filter 2

69.3

54.4

72.6

56.2

Filter 3

150.5

148.1

148.5

139.4

Conclusion
In this paper, a variable-speed-drive-based estimation method for the pressure drop caused by fan filter
fouling is presented. The method makes use of the shaft rotational speed and torque estimates provided
by a VSD and the characteristic flow rate vs. shaft power and flow rate vs. total pressure difference
curves of a fan. The aforementioned data are employed in a fan-operating-point estimation method to
monitor the change in the fan operating point caused by filter fouling. In a fan system where fouling is
solely responsible for the change in the fan system’s total flow resistance, the observed change in the
fan operating point can be used to calculate the pressure drop caused by filter fouling at any given flow
rate. When implemented in the control loop of a variable-speed drive, the proposed method is able to
automatically determine the added fouling-based pressure loss without extra equipment or metering and
without costly labour.
The accuracy of the presented method was tested with laboratory measurements by using the method to
estimate the pressure drop caused by different setups of filters in a fan test system. Significant difference
between the manufacturer’s and actual flow rate vs. shaft power curves caused the estimates to have a
negative error of up to 35% of the measured pressure drop. However, in practice it may often be possible
to tune the model’s flow rate vs. shaft power curve by running the fan against a closed valve and comparing the resulting shaft power reading to the shutoff shaft power of the manufacturer’s curve. With a
correction factor based on the manufacturer’s and measured shutoff shaft power differences, the error
of the pressure drop estimates was within 8% of the measured value. Based on the results, it can be
concluded that the method can be used to detect filter fouling, and given accurate manufacturer’s curves,
the accuracy of the method is high enough for its results to be used in deciding whether a filter is in need
of replacement.
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Abstract
Compressed-air systems account for a notable share of the industrial electricity consumption. At the
same time, a significant potential to improve the energy efficiency of compressed-air generation has
been recognized. Variable-speed drives provide an efficient and flexible way to regulate the output of
a screw compressor and to match the typically intermittent demand of compressed air. In addition to
capacity control, drive estimates for the electric motor operation can be used in soft-sensing methods.
This paper proposes a novel soft sensor, which can monitor the output pressure of a twin-rotary screw
compressor based on the variable-speed drive’s estimates for the compressor’s rotational speed and
shaft torque. First, the working principle of the soft sensor is explained in detail and suggestions for
commissioning, i.e. tuning it, are given. Finally, the feasibility of the soft sensor is verified with
laboratory measurements.

Introduction
Compressed-air systems (CAS) are a significant end-user of electric energy in a wide variety of
industries. In the European Union and the United States, air compressors account for 10 % of the
industrial electric energy consumption [1]–[2]. In a study conducted in Europe, significant improvement
potential was found to exist in the energy efficiency of compressed air generation [3]. Considering also
that the energy costs of a CAS constitute most of its entire life cycle costs [4], research on the energy
efficiency of compressed-air generation and ways to improve it has a specific importance to the enduser.
One of the potential improvements of energy efficiency in CASs lies within the control strategies of the
systems [3]. In a typical CAS, either the start/stop, load/unload or throttle control schemes are used.
However, especially under conditions of varying compressed-air demand, using a variable-speed drive
(VSD) to control the output of the compressor can prove more energy-efficient than other control
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schemes [3]–[5]. The more flexible control enabled by a VSD makes it possible to keep the CAS system
pressure at a lower level, which brings further energy savings through reduced unregulated compressedair usage, such as leakage [4].
VSDs are employed increasingly often in electric motor applications, such as pumping, fan and
compressed-air systems. A VSD controls the output of e.g. a compressor by regulating its rotational
speed. In many applications, variable-speed control enables operation at a higher system energy
efficiency than operation at a fixed rotational speed would. Furthermore, in addition to just controlling
the rotational speed of electric motors, VSDs provide estimates for the motor’s torque and rotational
speed. The estimates provided by a VSD are accurate enough to be used in sensorless model-based
methods with which the operation of an electric motor application can be monitored [6]. Such methods
for pumps, fans and compressors have been developed and evaluated in e.g. [7]–[11].
In addition to studies in academic research, model-based methods to monitor the operation of pumps
and fans are applied in numerous commercial VSDs. For example, in water pumping and air handling
applications, VSDs employ energy-efficiency monitoring and optimizing tools, which make use of the
aforementioned model-based methods [12]. However, such tools are more rarely found in VSDs used
with compressors. The extensive literature review conducted for this study did not reveal any already
existing sensorless methods for estimating the pressure of compressed-air systems.
In this paper, a sensorless VSD-based method for estimating the output pressure of a twin rotary screw
compressor is proposed. By estimating the output pressure, the soft sensor enables the sensorless
pressure control of a variable-speed driven screw compressor. Also, when implemented in a VSD, the
method can be retrofitted in a compressed-air system to replace its start/stop or load/unload control
scheme. As compressors controlled with the start/stop and load/unload schemes usually include
pressure switches, commissioning the soft sensor can be done without separate pressure measurements.
In the next section, the principle of the soft sensor is introduced, followed by propositions on how to
tune and commission the sensor without the use of a dedicated separate pressure measurement. Finally,
the performance of the presented soft sensor is evaluated with laboratory measurements.

Sensorless estimation of the twin-rotary screw-compressor output pressure
Based on measurements conducted for this study seen in (a) of Fig. 1 and the conclusions in [13]–[14],
the relationship between the compressor output pressure and its motor torque can be considered linear.
This information can be used in a model, which employs the torque and rotational speed estimates of a
VSD to derive an estimate for the output pressure as seen in (b) of Fig. 1.
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Fig. 1. The proposed estimator employs a linear output pressure vs. motor torque curve. In (a), the
torque behaviour below 4 bar is caused by the compressor’s minimum pressure valve.
In the following, the working principle of the presented VSD-based output pressure estimator is
explained in two parts. First, the general principle of the method, when output pressure vs. motor torque
(poutT) data is available, is explained. Second, methods to define the poutT curves, i.e. to tune the soft
sensor, without a pressure measurement are proposed.

Estimation of output pressure with VSD-based torque and rotational speed estimates
When the poutT curves are available for at least two rotational speeds, the output pressure can be
continuously estimated at any rotational speed in the following way. First, linear curves are fitted on
the poutT data, using for example the least squares method. The curves are of the form
ܶ ൌ ݇  ܾ,

(1)

where T is motor torque (Nm or % of nominal torque), and p is pressure (bar). Then, the value for the
slope k can be defined with linear interpolation based on the previously defined curves’ k values. In
addition, each fitted linear curve has a unique value for the offset b, and when b is assumed to be directly
proportional to the rotational speed n, its value at any rotational speed can be linearly interpolated based
on the fitted curves’ b values. Finally, the torque and rotational speed estimates provided by a VSD can
then be used to continuously estimate the output pressure with a modified version of (1):
ൌ

்ିሺሻ
.
ሺሻ

(2)

To estimate the compressor output pressure without a pressure measurement as described above, the
output pressure vs. torque curve needs to be defined for the compressor. Unlike e.g. with pump flow
rate estimation through their published flow rate vs. shaft power curves, characteristic output pressure
vs. torque curves for screw compressors are usually not available as such. In the following, two methods
to tune the proposed soft sensor are suggested.
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Tuning of the output pressure estimator

Power (kW)

The poutT curve can be fitted on two operating points, in which compressor output pressure can be
determined. For this, the pressure switches of the start/stop or load/unload control schemes can be used
to provide two reference points. Alternatively, the reference points can also be provided by minimum
pressure and safety (maximum pressure) valves, when it is known at which pressures they open. With
an identification run (ID), which can be programmed in a VSD, the motor torque and rotational speed
values at the reference points can be determined by observing the temporal behaviour of the motor
torque, dT/dt, or shaft power, dP/dt, as illustrated in Fig. 2. Based on two reference points determined
in the aforementioned ways, the linear poutT curves at different rotational speeds can be defined.

Fig. 2. Starting at atmospheric pressure, a pressure vessel was filled at three different rotational speeds
until the pressure allowed by its maximum pressure valve was reached.
Alternatively, when two pressure reference points cannot be determined, but the compressor’s
manufacturer has provided the shaft power requirement Pshaft at the compressor’s nominal output
pressure pnom, an ID run can be used to define the poutT curve. First, the pressure of the surrounding
compressed-air system (CAS) is relieved to be equal to the atmospheric pressure. After this, the system
is closed so that the mass balance of the CAS with respect to the atmosphere is affected only by the air
flow produced by the compressor. Then, the compressor is run at its nominal rotational speed, and the
pressure of the CAS is increased until the nominal shaft power is reached. Finally, the volume of the
CAS can be calculated with a modified version of the ideal gas law, which is suggested in [10]:
ܸ௦௬௦ ൌ

ౣ ୲భమ ோ౨
మ భ
ି 
మ భ

,

(3)

where qm is the mass flow rate of the compressor (kg/s), ǻt12 is the duration of the ID run (s), Rair is the
specific gas constant of air (e.g. 287.06 J/kgK), T is the temperature of the air in the CAS (K), and p2
and p1 are the compressor’s nominal pressure and atmospheric pressure, respectively.
Due to the linear relationship between the produced volumetric flow rate and the rotational speed of a
screw compressor [13], the volumetric flow rate qv during the ID run can be estimated based on the
rotational speed estimate provided by a VSD as suggested and analysed in [10]:
୴ݍǡୣୱ୲ ൌ
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where qv is the volumetric flow rate of the compressor (m3/s), n denotes the nominal values of the
compressor, and qv,offset is an offset resulting from compression losses. The nominal rotational speed
and volumetric flow rate are usually provided with the compressor. Volumetric flow rate can be
converted into mass flow rate with equation
ݍ୫ǡୣୱ୲ ൌ ୴ݍǡୣୱ୲ ߩୟ୧୰  ൌ ୴ݍǡୣୱ୲ 

౩౫ౙ
,
ோ౨ ்౩౫ౙ

(5)

where ȡ is density (kg/m3) and suc denotes conditions at the compressor inlet.
When the volume of the system is determined, (3) can be modified to calculate the discharge pressure
during the ID run:
ሺݐሻ ൌ ܶ௧ ൬

ோౣ ௧
ೞೞ



 ்భ ൰

(6)

భ

Then, using the previously defined system volume, the poutT curve can be defined with ID runs at one
or more rotational speeds other than the nominal one. In these runs, the compressor can be run until (6)
results in the nominal pressure of the compressor. Instead of the known nominal Pshaft, this method can
also employ a pressure reference point defined by a safety valve opening.

Laboratory evaluation of the proposed soft sensor
The accuracy of the presented estimator was assessed with laboratory measurements. The purpose of
this analysis is to evaluate the validity of the proposed linear relationship between motor torque and
output pressure. Thus, measurements with pressure transducers are used to tune the soft sensor. In this
section, the compressor test setup and the conducted test runs are described, followed by the test results
and analysis.

Compressor test setup
The laboratory test setup comprises a Kaeser SM 9 screw compressor (qv,nom = 0.9 m3/min, nn = 2920
rpm and psys,nom = 7.5 bar), which is controlled with an ABB ACS380 variable-speed drive. The
compressor draws ambient air from the laboratory room and discharges it into the piping and the
following pressure vessel. The system includes measurement instrumentation, a pressure vessel of 350
litres and a valve for releasing pressurized air into the atmosphere. The measurement setup is illustrated
in Fig. 3.

p
Control valve

Ambient
air

Compressor

Pressure vessel

Fig. 3. The compressor test setup.
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The compressor output pressure is measured with an Aplisens PCE-28 pressure transmitter, which has
a published accuracy of 0.2% and works within a gauge pressure range of 0-16 bar. Due to the difficulty
of using dedicated instrumentation to measure torque and rotational speed within the compressor
cabinet, their values were read from the VSD running the compressor.
The measurement data is recorded with a time interval of 100 ms with a National Instruments
LabVIEW-based measurement program. NI9203 ±20 mA current analog measurement modules are
used to connect the sensors to the measurement computer. To monitor the VSD’s estimates for motor
torque and rotational speed, a Modbus/TCP fieldbus connection is utilized for their direct read-out.

Test results

Gauge pressure (bar)

Rotational speed (rpm)

Starting at atmospheric pressure, the compressor was run at a constant rotational speed until the
system’s pressure reached 7 bar, after which the compressor was unloaded and the system was emptied
back to atmospheric pressure. This pressurisation run was conducted at five rotational speeds, 60%,
70%, 80%, 90%, and 100% of the nominal rotational speed 2920 rpm. The conducted test run is
illustrated in Fig. 4.

Fig. 4. The conducted test run.
Pressure measurement, motor torque, and rotational speed data from the fill-up runs at 1752 rpm and
2920 rpm were used to tune the estimator according to (1) and (2). To this end, linear curves were fitted
on poutT data points, at which the compressor minimum pressure could be confirmed to have opened.
The soft sensor was used to estimate the compressors output pressure during the test runs’ pressurisation
phases. In Fig. 5, the pressure estimates of the presented soft sensor are presented together with the
corresponding pressure measurements. When the compressor was run at 2920 rpm, the motor torque
can be seen to experience ripple. This effect is likely to have been caused by a phenomenon related to
the components of the test system – the compressor or surrounding system, as VSD was operating
normally in terms of average motor torque and current consumption.
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Fig. 5. Estimated and measured system pressure during the test run.
To illustrate the accuracy of the soft sensor in greater detail, its error is presented in Fig. 6. The error is
calculated by deducting the measured pressure value from the estimated value. For the speeds from
60% to 90% of the nominal rotational speed, the error of the pressure estimate was within ±0.1 bar,
with a neglectable amount of data points having a difference of up to ±0.15 bar to the measured value.
At the nominal rotational speed of 2920 rpm, ripple was present in the motor torque, which increased
the error to up to ±0.3 bar. The error caused by this kind of motor torque behaviour can be reduced by
applying a filter to its data. As the pressure range, i.e. the difference between the minimum and
maximum pressures of load/unload control is usually between 0.3 and 1 bar [15], the accuracy of the
presented soft sensor is sufficient to reduce the average pressure of the system when it is employed in
a variable-speed pressure control scheme.

Fig. 6. Error of the soft sensor's estimates during the test runs.
Furthermore, the accuracy of the estimator was tested with pressurisation runs with on-going
compressed-air consumption. Compressed-air consumption was simulated by opening the control valve
intermittently. Compressor output pressure, the presented soft sensor’s pressure estimate and its error
are presented in Fig. 7. It is seen that consumption during the test run did not have a noticeable effect
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on the accuracy of the presented soft sensor. During this test run, the error stayed within ±0.15 bar for
2336 rpm and 2628 rpm, and within ±0.3 bar for 2920 rpm.
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Fig. 7. Pressure measurement data, pressure estimate, and its error during a test run with intermittent
compressed-air consumption.

Conclusion
In this paper, a variable-speed-drive-based soft sensor for the screw-compressor output pressure is
presented. The sensor employs the rotational speed and motor torque estimates of a VSD to estimate
the output pressure when the compressor is producing mass flow into the compressed-air system.
Solutions for the sensorless tuning of the soft sensor are proposed. As a detailed analysis of their
feasibility falls outside the scope of this study, future research will reveal their effect on the final
practical accuracy of the soft sensor.
The accuracy of the presented estimation method, when tuned with pressure measurements, was tested
with laboratory measurements and it was found to have an accuracy of ±0.15 bar through a system
gauge pressure range of 4 to 7 bar, which is sufficient for it to be used in the pressure control of twin
rotary screw compressors.
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Variable-Speed-Drive-Based Estimation of the
Leakage Rate in Compressed Air Systems
Santeri Pöyhönen , Jero Ahola, Tero Ahonen , Simo Hammo , and Markku Niemelä

Abstract—Leakage is a significant cause of energy losses
in compressed air systems (CASs). This paper presents
a novel method for estimation of the leakage flow rate of
a screw compressor-powered CAS using variable-speeddrive-based soft sensing. The proposed method utilizes an
identification run sequence applied in the control scheme
of the variable-speed drive at a time of no intended compressed air consumption. Data from a mass flow soft sensor of the screw compressor and pressure measurement
are employed to produce estimates for the CAS volume and
leakage mass flow rate as a function of system pressure.
The feasibility of the approach is verified with laboratory
measurements. The proposed method offers a practical and
effective solution for monitoring of leakage in CASs.
Index Terms—Compressed air leakage, system identification, variable-speed drive (VSD).

I. INTRODUCTION
OMPRESSED air is utilized throughout the industrial sector and compressed air systems (CASs) contribute significantly to energy consumption in many industrial facilities.
Owing to its versatility as a form of energy, compressed air is
used in a wide variety of different applications, including but not
limited to power tools, conveying systems, process controls, and
actuators [1], as well as for energy storage [2]. In the European
Union and the United States, air compressors account for approximately 10% of the total electricity consumption of typical
industrial facilities [3], [4]. A typical industrial CAS showing
key components is illustrated in Fig. 1.
CASs often possess notable energy savings potential [5], [6].
Typically, the biggest preventable energy losses in CASs can
be attributed to air leaks [7], [8], which can often account for
10%–30% of the produced compressed air flow [1], [9]. The
most common origins of leakage include couplings, pipe fittings,
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Fig. 1.

Typical composition of an industrial CAS [1].

hoses, condensate traps, shut-off valves, and pressure regulators
[1]. Monitoring and determination of the magnitude of leaks in
an industrial CAS can show when maintenance measures to reduce air leaks should be carried out. Currently, the magnitude of
leakage is often verified by manual pressurize-and-bleed-down
tests, which yield only rough estimates of the leakage [10]–[12],
by surveys with ultrasonic sensors, with which also the location
of the leaks can be ascertained, but which are laborious to undertake [13]–[15], or with dedicated flow measurement instrumentation [16], [17]. Thus, demand exists for an inexpensive
and nonlaborious online method to quantify leaks in CASs.
Modern variable-speed drives (VSDs) allow accurate estimation of the motor rotational speed and shaft torque [18]. The
increasing computing performance of contemporary VSDs and
their internal measurements of drive energy consumption make
VSDs a feasible monitoring device for motor-driven systems.
The estimates provided by a VSD can be used in soft-sensing
methods to estimate process variables that would traditionally
be monitored with dedicated sensors. These soft-sensing models can be embedded within the control scheme of a VSD, as
exemplified in Fig. 2. The potential of a VSD as an intelligent
process sensor can be further exploited by connecting it to a
remote process control and monitoring system [19]–[21].
Several commercial VSDs provide application-specific functions for pumps and fans, allowing, for instance, sensorless
estimation of the pump or fan flow rate [22], [23]. However,
not much research has been done nor applications developed for
making use of the potential of VSDs for monitoring of CASs.
In [24], soft sensors for the screw-compressor mass flow rate

0278-0046 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 2. Inclusion of a CAS-related system model into the control
scheme of a direct torque controlled (DTC) VSD.

and CAS volume, which can both as such be applied in modern
VSDs, were studied. In the model presented in [25], pressure
measurement and knowledge of the cross section of the leakage
hole are utilized to estimate compressed air leakage. In [26], a
remote monitoring and reporting system that employs process
measurements is used to detect abrupt leakage and estimate its
costs in terms of energy losses.
The twin rotary screw compressor is one of the most common types of compressor used in CASs [27], [28]. Due to its
geometry, the volumetric flow rate produced by the compressor
is nearly directly proportional to its rotational speed [29]. Thus,
if the compressor is equipped with a VSD, the rotational speed
estimate provided by the VSD can be used to estimate the produced volumetric flow rate. The flow rate estimate can further
be employed to determine the leakage flow rate of a CAS.
In this paper, a novel method for estimation of the leakage
flow rate of a screw compressor-powered CAS using variablespeed-drive-based soft sensing is presented. The method employs VSD-based soft sensors for the mass flow rate of the screw
compressor and for the CAS volume. In addition, a measurement
for the CAS pressure is required. Once implemented in the control scheme of a VSD, the method can operate autonomously,
which makes the method virtually labor-free. Furthermore, as
instrumentation for measuring the system pressure is typically
found in CASs, no extra equipment is required. Unlike currently
available approaches, the presented method can quantify CAS
leakage accurately and effectively without requiring expensive
additional equipment or labor-intensive procedures.
The structure of the paper is as follows. In Section II, the
theory and practicality of the proposed method are discussed.
Section III presents the laboratory tests of the method, with an
introduction of the compressor test setup and analysis of the test
results. Finally, conclusions are given in Section IV.
II. ESTIMATION OF COMPRESSED AIR LEAKAGE RATE
The proposed method is based upon an identification (ID) run
to determine the condition of the CAS with respect to leakage.
By conducting the ID run periodically, the rate of leakage can
be monitored over long periods of time to evaluate the condition of the system and its development. Moreover, the ID run
sequence yields estimates on the CAS leakage rate at any given

Fig. 3.

Programmability within the control unit of an industrial VSD [31].

system pressure, which enables economic analysis of the CAS
leakage, and the leakage costs and payback time of maintenance
measures can be estimated.
The method employs system pressure measurement (psys ),
which is found in most CASs as system pressure is often used
to generate feedback information for the pressure control loop
of compressors. In addition, soft sensors for the compressor
mass flow rate and the volume of the CAS are utilized. The
soft sensors require a measurement or estimate of the rotational
speed of the compressor, a system pressure measurement, and
knowledge of the compressor’s nominal volumetric flow rate
and rotational speed.
The ID run and the leakage flow rate calculations can be
implemented in a VSD as a programmed function, as exemplified in Fig. 3. The application program has access to drive
system services, which enables the application of a wide variety of different control and diagnostic functions. Many of
the VSDs that provide programming environments make use
of the IEC 61131 standard [30], [31], which is widely used
in programmable logic controllers. The standard supports code
composing in accordance with a variety of language standards,
such as e.g., structured text, function block diagram, and ladder
diagram. The code composing tools for VSD programming are
usually provided by the drive manufacturers [30], [31].
The ID run should be conducted at a time when no deliberate
compressed air consumption exists. The ID run consists of two
main sequences: a fill-up phase, where the system is pressurized
from system pressure p1 to p2 , and a leak phase, where the
system is allowed to leak back to p1 (see Fig. 4). The pressure
decay data of the leak phase is used to determine an exponential
decay factor for the rate of leakage. The determined decay factor
is used together with pressure data from the fill-up phase and soft
sensors for the compressor’s mass flow rate and CAS volume
to define the leakage mass flow rate as a function of system
pressure.
In the presented method, the VSD will function simultaneously as a signal generator (executing soft sensor for mass flow),
a data logger (collecting pressure measurement data), and a data

8908

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 11, NOVEMBER 2018

The net mass flow rate of the CAS qm ,net is affected by the
leakage flow qm ,leak
qm ,net = qm ,est − qm ,leak .

(5)

As suggested in [24], the volume of the CAS Vsys can be
estimated by the following equation derived from the ideal gas
law:
 t2

∫ qm ,est (t) dt − ∫tt12 qm ,leak (t) dt Rair
(6)
Vsys = t 1
p2
p1
T2 − T1
Fig. 4. System pressure behavior during the ID run of the suggested
leakage estimation method.

analyzer (estimating system condition with respect to leakage).
Already found in many industrial CASs, VSDs provide a convenient platform for the implementation of the method.
The aforementioned soft sensors are introduced in the following section, and the proposed method for estimation of CAS
leakage is then explained in detail.
A. Estimation of the Screw-Compressor Mass Flow Rate
and the CAS Volume
Due to the geometry and the displacing nature of the twin
rotary screw compressor, each full rotation of the rotors delivers
a constant volume of air from the suction inlet to the discharge
end of the compressor [29]. Thus, when the rotational speed of
the compressor is known, the produced flow rate (qv,est ) can be
estimated with the equation
qv ,est =

nest
qv ,n − qv ,est
nn

(1)

where qv ,n is the nominal volumetric flow rate at the nominal
rotational speed nn , nest is the estimated rotational speed of the
compressor, and qv ,offset is an offset resulting from compression
losses. The values for qv ,n and nn are usually available from the
compressor nameplate or in the datasheet documents provided
with the compressor, and the actual rotational speed can be
accurately estimated by the VSD running the compressor [18].
To convert the volumetric flow rate into mass flow rate, the ideal
gas law is applied
pV = mRair T

(2)

where p is the pressure, V is the volume, Rair is the gas constant
of air (287.06 J/kgK for dry air), m is the mass, and T is the
temperature. From (2), a representation for the gas density can
be derived
psuc
m
=ρ=
(3)
V
Rair Tsuc
where suc denotes the conditions at the compressor suction side
and ρ is the density of the gas. Then, the mass flow rate of the
compressor qm ,est can be estimated with the equation
qm ,est = qv ,est ρ = qv ,est

psuc
.
Rair Tsuc

(4)

where t is the time and subscripts 2 and 1 denote the end and the
start moments, respectively. Most CASs include measurements
for the system pressure and temperature. In the absence of a temperature measurement, the system temperature can be assumed
equal to the surrounding ambient temperature (T1 = T2 = Tsuc ).
Using (6), the volume of a CAS can be determined with a fillup identification sequence, which increases the system pressure
from p1 to p2 . Because the leakage rate of a CAS can be as
high as a third of the compressor mass flow rate [1], [9], the
leakage mass flow qm ,leak needs to be taken into account for the
volume estimation to be accurate. A procedure for considering
the leakage is proposed in the following section.
B. CAS Leakage Estimation
The compressed air consumption of a CAS may be nonexistent during nighttime and at weekends [9], [32]. The same can
be assumed to apply to system start-ups and shutdowns. As all
of the compressed air consumption occurring at these times can
be attributed to leakage, the leakage condition of the system can
be determined by conducting the following proposed ID run
sequence. First, the compressor is run at a constant rotational
speed to increase the system pressure psys from a level p1 to a
level p2 (fill-up phase), after which the compressor is stopped
and the system is allowed to leak to a level p1 (leak phase). The
condition of the system is then determined based on the rate of
the pressure decay during the leak phase of the ID run. A flow
diagram of the presented method is shown in Fig. 5.
When leakage and other potential constant consumption are
the only cause of mass exiting the CAS, pressure should decay
exponentially. An exponential curve can be fitted on the pressure
measurement data of the leak phase, as shown in Fig. 6.
Thus, the behavior of system pressure psys as a function of
time t during the leak phase can be expressed as
psys (t) = ae−k t

(7)

where k is the exponential decay coefficient and a is the initial
value of the exponential function [i.e., psys (t = 0)]. According
to the ideal gas law, the mass of the air contained in the CAS is
expressed as
msys =

psys Vsys
.
Rair Tsys

(8)

Because the volume of the air stored in a CAS is typically
relatively large compared to that of the leakage flow exiting
the system, the temperature drop caused by the pressure decay
can be considered as negligible. When also Vsys and Rair are
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equation is obtained for the leakage mass flow rate:

Fig. 5.

Flow diagram of the proposed leakage estimation method.

Fig. 6.
data.

Exponential curve fitted on the leak phase system pressure

assumed constant, the following equation for the leakage mass
flow rate qm ,leak can be derived from (8):
dpsys Vsys
dmsys
=
= qm ,leak .
dt
dt Rair Tsys

(9)

With (7), the time derivative of system pressure dpsys /dt takes
the form
d  −k t 
dpsys
=
ae
= −kae−k t .
dt
dt

(10)

Next, we modify (7) to express time t as a function of psys


ln p say s
.
(11)
t (psys ) =
k
In order to express dpsys /dt as a function of psys , we substitute the time t in (10) with (11). Thus, from (9), the following

( p say s )

Vsys
Vsys
= −kpsys
.
Rair Tsys
Rair Tsys
(12)
To consider the leakage mass flow rate in the estimation of
the system volume Vsys , (6) and (12) can be used iteratively
to determine the system volume Vsys . First, Vsys is calculated
with (6) using a chosen range of values (from 0% to 100%
of qm ,est ) for the leakage flow rate qm ,leak (p2 ). The value of
qm ,leak is assumed to behave linearly with respect to system
pressure (i.e., when psys,gauge = 0 bar, the leakage is assumed
zero). Subsequently, based on the calculated values for Vsys ,
corresponding values for qm ,leak (p2 ) are calculated with (12).
The iteration, where the leak mass flow rate chosen for (6) is
equal to that calculated with (12), will yield an appropriate value
for Vsys , because the leakage mass flow rate during the fill-up
sequence has been taken into account.
The exponential coefficient k serves as a measure of the leakage condition of the CAS, and its value can be monitored over a
long period to determine when maintenance measures to reduce
system leakage are necessary. The comparability of the results
for k acquired from ID runs conducted at different times can be
assessed by comparing the estimated values for Vsys . ID runs
with similar values for Vsys suggest that the system was in the
same state (i.e., the same parts the CAS was accessible by the
compressed air produced by the compressor) during the runs
and the results for k can be compared. Thus, to enable the comparison of the results of long-term monitoring with the proposed
method, it should be ensured that the CAS network is always in
the same state when the leakage ID run is conducted. If the CAS
network cannot be adjusted in such a way, monitoring the value
for Vsys can help overcome the issue of changes in the estimated
system and identify comparable ID run instances. Furthermore,
if Vsys varies with multiple executions of the leakage ID run over
time, and it is known which parts of the CAS were accessible by
the air produced by the compressor during the ID run instances,
it may be possible to locate the estimated leakage.
qm ,leak (psys ) = −kae−k

ln

k

C. Detection of Intermittent Consumption During the
ID Run
When the system volume is estimated, the leakage mass flow
rate qm ,leak is assumed to be linearly dependent on the system
pressure psys . Therefore, intermittent compressed air consumption during the fill-up phase would cause the CAS volume estimator to produce erroneous results. In addition, to account for
pressure decay by leakage only, the exponential fit for the leakphase needs to be fitted on pressure data without intermittent
consumption. Thus, to ensure the validity of the results provided
by the proposed method, compressed air consumption occurring
during the fill-up and leak phases of the sequence run should be
detected. In the following, methods to detect intermittent compressed air consumption and measures to take upon its detection
are proposed.
If fluctuating plant operation-based consumption occurs during the fill-up phase, it should be visible through deviation of the
time derivative of the system pressure, the dp/dt value, as seen in
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Fig. 7. Second-degree polynomial curves fitted on pressure data of
fill-up runs (a) without intermittent consumption and (b) with intermittent
consumption.

Fig. 9. Compressor test setup with a Kaeser SM 9 screw compressor
and an ACS380 VSD.

Fig. 8. Exponential curves fitted on a pressure decay data (a) without
intermittent consumption and (b) with intermittent consumption.

Fig. 7(b) between 420 and 450 s. A second-degree polynomial
curve can be fitted on the pressure data of the fill-up phase and
its goodness of fit can be analyzed to decide whether consumption occurred during the fill-up phase, as demonstrated in Fig. 7.
The goodness of fit can be examined through the coefficient of
determination (i.e., R-squared) or the sum of squares due to error
(SSE). If consumption is detected this way, the system pressure
is allowed to decay back to p1 and the fill-up phase is repeated
until a consumption-free iteration is achieved.
Similarly, consumption during the leak phase can be detected
by analyzing the goodness of the exponential fit that is fitted on
the pressure measurement data of the leak phase of the ID run.
Ideally, if no intermittent consumption occurs during the leak
phase, the correlation between the pressure decay data and the
exponential fit will be very high (i.e., R2 > 0.99), as seen in
Fig. 8(a). By evaluating the time derivative of pressure during
the leak phase, periods of intermittent consumption, as seen
from 150 to 200 s in Fig. 8(b), can be isolated from the data
and exponential fitting can be done on data from periods during
which no intermittent consumption occurred.
III. LABORATORY TESTS
To evaluate the performance of the presented estimator, laboratory measurements were carried out with a compressor test
setup. In the following, the compressor setup and its measurement equipment are introduced, after which the conducted test
runs are described and the results analyzed.
A. Compressor Test Setup
The test setup comprises a Kaeser SM 9 screw compressor
controlled with an ABB ACS380 VSD employing a vector-

Fig. 10.

Illustration of the compressor test setup.

TABLE I
MEASUREMENT RANGE AND PUBLISHED ACCURACY OF THE MEASUREMENT
EQUIPMENT
Measurement
pa
pb
T a and T b
qv , b

Range

Accuracy

0–1.6 bar (absolute)
0–16 bar (gauge)
0–100 °C
0.1–1.2 m3 /min

0.25%
0.2%
0.1%
0.1%

control scheme. The compressor draws ambient air from the
laboratory room and discharges it into the piping and the following pressure vessel. The nominal volume flow of the compressor is 0.9 m3 /min at a rotational speed of 2920 r/min and psys
of 7.5 bar. The system includes measurement instrumentation,
a pressure vessel of 350 L, two valves for releasing pressurized air into the atmosphere, and a pipe end-piece with a hole
for controlled leakage. The measurement setup is illustrated in
Figs. 9 and 10.
The measuring instrumentation comprises pressure measurements for ambient air and for compressed air after the pressure
vessel (denoted by subscripts a and c, respectively, in Fig. 10).
Temperature is measured with two Class A Pt100 temperature
sensors (Ta and Tb ), one for ambient air and the other for the
compressed air after the compressor. In addition, there is a
V-Cone volume flow meter (qv ,b ) in the setup, situated immediately downstream from the compressor. Table I presents the
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TABLE II
SYSTEM VOLUME ESTIMATES FOR THE CONDUCTED TEST RUNS
Leakage-hole diameter (mm)
CAS volume estimate (L)

Fig. 11.

1

2

3

4

5

322.1

325.0

331.9

321.8

302.3

Pipe-end pieces with holes of different diameters.

measurement range and published accuracy of the aforementioned sensors.
Because the configuration of the compressor and its cabinet
prevented installation of a rotational speed transducer, the shaft
speed estimate provided by the VSD was used. The accuracy
of the shaft speed estimate of a vector control-based and DTCbased VSD can be within 0.4% and 0.2%, respectively [33],
[18]. Thus, considering that in the international standard for the
acceptance tests of displacement compressors the requirement
for the accuracy of the measurement of shaft speed is set at
±0.5% [34], the estimate provided by the VSD can be deemed
sufficiently accurate.
The measurements were recorded with a PC running a
LabVIEW-based measurement program. The sensors were connected to the measurement computer with two NI9203 ±20 mA
current analog measurement modules. The VSD rotational speed
and shaft torque estimates were transmitted to the measurement
PC via a Modbus/TCP fieldbus connection.
B. Test Runs
The operation of the estimator was tested with fill-up-andleak runs. First, the system was pressurized from pressure p1 to
pressure p2 at the nominal rotational speed of the compressor.
Then, the compressor was shut down and the system was allowed
to leak back to pressure p1 . To test the presented method at
different magnitudes of leakage, the test runs were conducted
with five different round leakage hole diameters: 1, 2, 3, 4, and
5 mm (see Fig. 11). The pressure p2 , at which the compressor
was stopped, was chosen based on the leakage-hole diameter.
For example, with the 5-mm-diameter hole, the leakage flow rate
reached the flow rate produced by the compressor at a pressure
below 4 bar, while with the 1-mm hole, a pressure of over 6 bar
was reached relatively fast due to lesser leakage.
C. Test Results
As is evident from (12), the accuracy of the presented method
depends on the accuracy of the system volume estimator. The
accuracy of the system volume estimator was studied by calculating the volume with (6) and (12), and using the iteration
procedure proposed in Section II-B. The estimates for the system volume resulting from the test runs are given in Table II.
Compared to the actual volume of the system, which is approximately 350 L, the estimates fall short by up to 13.6%.

Fig. 12. Accuracy of the compressor mass flow rate estimator during
the fill-up phase of the test run with the 3-mm-diameter leakage hole.

Also, the accuracy of the compressor mass flow rate soft
sensor has a direct effect on the accuracy of the presented leak
estimation method. Fig. 12 presents the relative error of the
mass flow rate estimate during the fill-up phase of the test run
with the 3-mm-diameter leakage hole. The error was determined
by first calculating the absolute difference of the estimated and
measured flow rates and then expressing the difference as a
percentage of the measured value. During the examined period,
the error was within 1% to 1.7%. During other test runs, a similar
trend was seen—the error ranges were between 0.5% and 3%.
To evaluate the accuracy of the leakage mass flow estimator,
the estimator was used to estimate the leakage flow rate during
the test and its estimates were compared with the leakage mass
flow rate determined with the system pressure measurement and
knowledge of the actual system volume (350 L). Using pressure
measurement data, the average leakage mass flow rate within a
range of time can be calculated with
p V

p V

1 sys
− R2a i rsTy 2s
m1 − m 2
= Ra ir T1
.
(13)
Δt
Δt
Then, as the leakage mass flow rate can be assumed to depend
linearly on the system pressure, the average leakage rate between
the decay from p1 to p2 corresponds with the leakage at the
average pressure of the examined time period at (p1 + p2 )/ 2.
The leakage mass flow rates measured in the aforementioned
way and estimated with the presented method are illustrated in
Fig. 13.
With test runs in which the system pressure was increased to
more than 5 bar, the measured leakage mass flow rate can be
seen to deviate from its expected linearity. This discrepancy is
likely to have been caused by leakage through the compressor’s
check valve for a limited amount of time after the compressor
was unloaded to let the system leak to a lower pressure. This
extra leakage can only affect the correctness of the estimation
if the exponential fit is done on pressure data that includes the

qm 12 =
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Fig. 13.

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 11, NOVEMBER 2018

Measured and estimated leakage mass flow rates during the test runs with leakage holes of different sizes.

extra pressure decay due to compressor leakage while assuming
that leakage is occurring only in the CAS outside the compressor. If such compressor-related leakage is known to exist when a
compressor becomes unloaded, the exponential fit can be done
on pressure data during which it is known that this extra leakage
was no longer present. In the results, at pressures lower than 5
bar, the estimates differ from the measured values by approximately up to 10% of the measured value. The constant underestimation of the system volume estimator causes a negative error
in the estimated leakage values. The accuracy of the system volume estimator, and thus that of the presented leakage estimation
method, could be improved with more detailed study into the
cause of the underestimation of the system volume. However,
the accuracy of the method, as proposed, is high enough to detect
the need for leak reducing maintenance measures.
IV. CONCLUSION
Quantification of compressed air leakage and associated costs
enables informed decision making when leakage prevention
measures are considered. In this paper, a novel method to
estimate the leakage rate of an industrial screw-compressorpowered CAS was proposed. The method is based on an identification run sequence that is executed during times of no
compressed air consumption. A screw-compressor mass-flow
soft sensor, an estimator for the CAS volume and a system pressure measurement are employed to determine the mass flow rate
of the CAS as a function of the system pressure and the system’s
leakage condition. If permitted by the configuration and operation of the CAS, adjustments to the system piping network can
be made to open certain pipe branches to the compressor during
the leakage identification run sequences, which would enable
the proposed method to be extended to identification of leaks in
certain parts of the compressed air piping network.

The presented method offers distinct benefits over the currently used leakage quantification methods. The commonly
used and suggested pressurize-and-bleed-down test and monitoring the compressor operating times to estimate leakage rate
[10]–[12], [15], while relatively nonlaborious, only provide
rough estimates of the average leak rate during the test. The
method presented in this paper allows more accurate estimation
of the leakage rate as a function of system pressure. Ultrasonic
measurement allows precise locating of the leaks, albeit with a
significant labor cost; with these technologies, the sensor will
have to be taken to the vicinity of the leakage to detect it. However, quantifying leaks based on sound generated by them is
inaccurate because of variables such as surface roughness of the
leak orifice affecting the quality of the produced ultrasound [15],
[35]. Direct measurement of the leakage flow rate with a flow
sensor [16], [17] upstream of the leaking system is the most accurate solution but is rarely done because of the investment cost.
The method presented in this paper can be implemented without extra equipment or modifications to existing CASs. After
its initial setup, the method can be used automatically without
costly man-hours. In addition, due to the ubiquity of VSD s, their
computational abilities and programmability, and the possibility to connect them to remote control and monitoring systems,
the proposed method can be widely implemented in industrial
CASs.
Laboratory tests were conducted to test the accuracy of the
presented method. In the test results, the estimated leakage rate
differed from the measured rate by up to 10%. The accuracy of
the method can be improved if measured or known values of
the actual CAS volume are applied instead of an estimate. Future studies include evaluating the applicability of the proposed
method in an industrial case study and improving the accuracy
of the CAS volume estimator.
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