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Abstract— Fluid handling systems such as pump and fan systems are found to have a significant potential
for energy efficiency improvements. To deliver the energy saving potential, there is a need for easily implementable
methods to monitor the system output. This is because information is needed to identify inefficient operation of the
fluid handling system and to control the output of the pumping system according to process needs.
Model-based pump or fan monitoring methods implemented in variable speed drives have proven to be able
to give information on the system output without additional metering; however, the current model-based methods may
not be usable or sufficiently accurate in the whole operation range of the fluid handling device. To apply model-based
system monitoring in a wider selection of systems and to improve the accuracy of the monitoring, this paper proposes
a new method for pump and fan output monitoring with variable-speed drives. The method uses a combination of
already known operating point estimation methods. Laboratory measurements are used to verify the benefits and
applicability of the improved estimation method, and the new method is compared with five previously introduced
model-based estimation methods. According to the laboratory measurements, the new estimation method is the most
accurate and reliable of the model-based estimation methods.

Index Terms— Energy efficiency, Fans, Fluid flow measurement, Pumps, Variable-speed drives
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Introduction

FLUID HANDLING SYSTEMS, such as pump and fan systems, are widely used in industry, and they are responsible
for a significant part of electrical energy usage. It is estimated that a quarter of all electricity consumption in the
industrial sector is caused by pump and fan applications (de Almeida et al 2005). Nowadays, the energy efficiency of
these systems has become more important as the political and ecological pressure to reduce energy consumption is
increasing (European Parliament 2009). In variable-flow fluid handling systems, the use of rotational speed control
instead of throttle control has shown to improve the system energy efficiency, and many studies make a strong
argument to increase the number of frequency converters, often called simply variable speed drives (VSDs) in fluid
handling systems (de Almeida et al 2005; European Parliament 2009; de Almeida et al. 2003; Binder 2008).
The energy efficiency of a fan or a pump is dictated by its operating point location, which represents the
pump or fan output of the system in terms of flow rate, pressure and power consumption. Traditionally, the operating
point of a certain pump or fan in a system is studied using direct flow rate and pressure measurements. However, such
direct metering is seldom available or can be difficult to implement in industrial systems, and thus, pump and fan users
are often satisfied when the delivered output serves the process without unexpected interruptions. However, as the
location of the fan or pump operating point is essential information when evaluating the energy saving potential of the
system, it has become increasingly relevant for the users to find out how the pumps and fans are actually operated.
To avoid the direct metering of the system output, some easily implementable output monitoring methods
have been developed. VSDs can nowadays estimate the mechanical power and rotational speed of the motor with a
good accuracy as model-based motor control methods have evolved over the years. This makes it possible to estimate
the pump or fan operating point with the help of the VSD without using any additional measurements of the fluid
handling system. The idea of model-based operating point estimation used in the VSDs is to apply the pump or fan
characteristic curves or system details and selected monitoring values (e.g. pressure in the inlet and outlet sections of
the pump, measured input power or torque) to estimate the pump operating point. Giving information of the pump
operating point, model-based methods can be used in the energy efficient control of pumping systems for instance in
the parallel pump control strategy proposed by Viholainen (2011).
The simplest examples of model-based methods that are suitable to find the pump and fan online monitoring
are the basic QH-curve-based method in Fig. 1a and the QP-curve-based method in Fig. 1b. These methods use the
VSD rotational speed estimate (Nash 1996; Ahonen et al. 2011) and the measured pressure or the VSD power estimate
as inputs in the QH- and QP-curve-based methods, respectively. The pressure as a function of flow rate (QH or Qp)
and power as a function of flow rate (QP) characteristic curves, given by the manufacturer (Sulzer Pumps 2010), are
used as the model in these methods in combination with the well-known affinity laws.
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The affinity laws are
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where the subscript 0 denotes the initial values, 𝑄𝑄 is the flow rate, 𝐻𝐻 is the output pressure, 𝑃𝑃 is the mechanical power

and 𝑛𝑛 is the rotational speed. It is not taken into consideration in the basic methods that the affinity laws are not exactly

correct when the rotational speed 𝑛𝑛 differs by more than 20% from the initial rotational speed 𝑛𝑛0 (Muszynski 2010).

This is because the efficiency of the fan is affected by changing rotational speeds. This causes error in the estimation
method, especially in the QP method.
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Fig. 1 Application of model-based pump operating point estimation methods in estimating the flow rate. The
characteristic curves are shifted to the instantaneous rotational speeds using affinity laws and the flow rate
corresponding to the measured head (Fig. 1a, QH method), or the estimated power (Fig. 1b, QP method) is defined
based on the shifted curve.

The major drawback of the basic QH- and QP-curve-based methods is that they may not be applicable to the
whole operating region of the pump or the fan. For example, if the fan in Fig. 1 is operated at 1450 rpm and it produces
a 1600 Pa pressure, it cannot be said whether the fan produces 0.2 m3/s or 1.8 m3/s resulting in that the basic QHcurve-based methods would not give adequate results on the operating point location. Moreover, if the applied
characteristic curve is flat, even a small error in the model or the input can have a significant effect on the estimated
operating point. The functionality of these basic estimation methods and the associated problems are discussed
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extensively in (Ahonen et al. 2010; Ahonen 2010; Hammo and Viholainen 2006; Tamminen et al. 2011; Liu 2002;
Wang and Liu 2005; Kernan 2007). In this paper, these estimation methods are referred to as the QH method and the
QP method.
An improvement in increasing the accuracy and applicability of the basic QP method has been studied in
(Ahonen et al. 2011). In this study, the QP method is used to identify the system curve near the pump nominal
rotational speed. The resulting information on the shape of the system curve can be used together with the VSD
rotational speed estimate and the fan QH curve to estimate the operating point of the pump. This hybrid method has
shown to improve the accuracy of the operating point estimation especially at low rotational speeds, but with the same
deficiencies as the basic QP method: if the pump QP characteristic curve is inaccurate or unsuitable for this estimation
method, the hybrid method cannot improve the estimation accuracy compared with the normal QP method, since the
system curve cannot be identified.
In a patent by Kernan et al. (2011), the accuracy of the pump QP characteristic curve is improved with a
closed valve test. This test gives the actual pump shut-off power with different rotational speeds, and the characteristic
curve can be treated with this information. However, the method requires that the pump must be operated in abnormal
operating conditions. Moreover, because the fan QP curve is only verified in a no-flow situation, the operation at other
flow rates remains unknown, and thus, operation for example at nominal flow rates cannot be verified. In addition to
the QP method, the same limitations apply to the Kernan method as well. Alternatively, the Kernan method can also
be used with a shut-off pressure measurement. This is done in the same manner as in the normal Kernan method,
where instead of power in shut-off conditions, the shut-off pressure is measured with different rotational speeds and
these measurements are used to correct the QH curve. This estimation method is referred to as the Kernan–QH method.
However, this method also has the same limitations as the normal QH method and suffers from the same deficiencies
as the Kernan method.
The aim of this paper is to present a solution that allows the model-based methods to be applied to a wider
selection of systems and to increase the accuracy of the model-based methods compared with the existing methods.
Since the introduced solution is based on the selective use of basic estimation methods, the suggested new method is
referred to as the QH/QP method. The suggested method uses the calculated uncertainties of the QH and QP methods
to find the most suitable estimation method. In addition, if the methods are equally uncertain, the method combines
the QH and QP flow rate estimates to ensure more accurate flow rate estimation. The benefits and usability of the
proposed method are validated by exemplary laboratory measurements and compared with other known model-based
estimation methods.
The structure of the paper is as follows. In Section 2, a method to improve the flow rate estimation of pumps
and fans with the suggested combined QH/QP estimation is studied. The laboratory measurements to confirm the
benefits of the suggested estimation method are presented in Section 3, and the results are discussed in Section 4.
Section 5 concludes the paper.
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Combined QH/QP estimation method

The proposed QH/QP estimation method selects and combines two known operating point estimation methods (the
QH and QP methods) in a novel way to determine the operating point location of a pump or a fan more reliably than
the previously introduced methods. The QH method estimation typically has its best accuracy when operating
approximately at the nominal flow rate or above it. Correspondingly, the QP method can typically give the most
accurate estimation at nominal flow rates or below it. This is because of the inherent shape of the fan and pump
characteristic curves (Ahonen et al. 2011; Tamminen et al. 2011; Kernan et al. 2011; Sulzer Pumps 2010). Thus, the
overall accuracy of the model-based operating point estimation can be improved by the selective use of the basic QH
and QP methods in appropriate regions.
The performance curve regions, which would cause uncertainty to the basic flow estimation methods, can be
automatically calculated based on the characteristic curve data and the estimated error in the pressure measurement
and power estimate. For example, the derivative of the characteristic curve gives a rough estimate of the error that can
be produced by the erroneous pressure measurement or power estimate. Because of this, it is justified to use the
characteristic curves to determine the usable regions associated with each estimation method. An example of the
calculation of this flow rate estimation uncertainty 𝑈𝑈QH for the QH method is
𝑈𝑈QH (𝑄𝑄) =

d𝑝𝑝�𝑄𝑄Est,QH , 𝑛𝑛Est �
∆𝑝𝑝Meas
d𝑄𝑄

(5)

where ∆𝑝𝑝Meas is the expected error in the pressure measurement, and the subscripts

Est

and

QH

denote the estimated

value and the QH method, respectively. Thus, the flow rate estimation uncertainty can be calculated as a function of
flow rate and rotational speed. In addition, a more complex equation for the estimation uncertainty can be formulated
using the ISO 43348 standard that gives the tolerances of the fan characteristic curves. For example, in standard
industrial fans, the accuracy is given with the ISO 13348 class AN3 accuracy (IS0 2012). The standard defines the
tolerance for the flow rate and the fan pressure to be within ±5 % and the power +8 % of the given curves. In addition,
the tolerances change when the fan is operated at flow rates where the fan efficiency has decreased to less than 90%
of the best efficiency. Therefore, the tolerances for the performance curves can be a significant error source in system
output monitoring.
The procedure of the QH/QP method is as follows: first, both the QH and QP methods are used to estimate
the flow rate, and the uncertainty in the estimates is calculated. Secondly, the estimate that has a lower uncertainty is
selected as the estimate of the flow rate. If the uncertainties in the estimates are approximately the same, the flow rate
estimates can be weighted so that both flow rate estimates are taken into account. This can be done in various ways,
but for example the uncertainties calculated by (5) can be used in the weighting with

𝑄𝑄Est =

𝑈𝑈𝑄𝑄𝑄𝑄 ∙ 𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸,𝑄𝑄𝑄𝑄 + 𝑈𝑈𝑄𝑄𝑄𝑄 ∙ 𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸,𝑄𝑄𝑄𝑄
𝑈𝑈𝑄𝑄𝑄𝑄 + 𝑈𝑈𝑄𝑄𝑄𝑄

(6)
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where the subscript Est denotes the estimation result, and QP and QH denote the QP and QH methods, respectively.
To demonstrate why the uncertainty of one method is multiplied by the flow rate estimate of the other method, an
example is given: if UQP is 0.5 m3/s and UQH is 0.3 m3/s, the QH method is less uncertain. The flow rate estimate of
the QH method has now a weight of five-eights and the QP method flow rate estimate only three-eights, and thus, the

less uncertain method has a higher weight.
There can be certain characteristic curves where the QH or QP methods would produce two or more estimates
for the flow rate based on a single head or power value, causing the estimation methods to be unusable in a certain
part of the curve. In these cases, the characteristic curve is divided into monotonic parts, and the unambiguous
estimation method is used to choose the correct monotonic part for the estimation method. Then, the previously
unusable estimation can be used to estimate the flow rate. When both methods have produced an estimate of the flow
rate, the method with a lower uncertainty is chosen or the flow rate estimates are combined. An example of this can
be seen in Fig. 2, where the QH method estimation produces several flow rate estimates, and the QP method is used
to select the correct monotonic part of the QH curve. The QH method is then used with the selected monotonic part to
estimate the flow rate. In the last step, the flow rate estimate with the lowest uncertainty is chosen as the flow rate
estimate of the QH/QP method.

Estimate flow rate
using QP-curvebased method

QH-curve-based
method produces several
flow rate estimates
H
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QQPQ
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Fig. 2 Method to apply the QH/QP method in cases where the other estimation method produces several flow rate
estimates while the other one produces only one estimate. The subscript QP refers to the estimate of the QP method;
the subscript QH to the estimate of the QH method; PEst is the power estimate, and HMeas is the measured head.
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Combined use of the QH/QP and hybrid methods

The proposed method can be further improved by using the QH/QP method with the hybrid method presented in
(Ahonen et al. 2012). This can be executed as follows: similarly as in (Ahonen et al. 2012), the system curve is
estimated near the fan nominal rotational speed. Instead of using the QP method only, the QH/QP estimation method
is used to identify the system curve. The purpose of using the hybrid method with the QH/QP method is to increase
the flow estimation accuracy especially at low rotational speeds (Ahonen et al. 2012). Consequently, the relative error
in the pressure and power estimation can increase when operating at lower rotational speeds. In such cases, using the
hybrid method can reduce the risk of inaccurate output estimation.

3.

Laboratory measurements

The presented method was tested with a fan system consisting of a FläktWoods Centripal EU 630 MD radial blower
(nominal values: 2.9 m3/s, 1190 Pa, 4.6 kW, 1446 rpm), an ABB induction motor (nominal values: 400 V, 21 A,
7.5 kW, 1450 rpm), and an ABB ACS850 variable speed drive (nominal current: 35A). The observed system contains
six meters of piping on the blower inlet and outlet. The blower static pressure was measured using pitot static tubes
and a Rosemount 2051C differential pressure meter. The produced flow rate was measured using an Elridge Series
9800MPNH thermal flow meter. The VSD estimates of the mechanical power and rotational speed are used in the
results. The laboratory test setup is presented in Fig. 3.

Fig. 3 Radial blower system used for the test measurements.

3.1

Blower characteristic curves

To verify the blower characteristic curves in the laboratory setup, the output of the blower was measured at 1500 rpm
and compared with the QH and QP curves given by the blower manufacturer. The blower characteristics and the
measured values can be seen in Fig. 4. Based on these results, both the measured QH and QP curves have some
difference compared with the manufacturer’s curve. Naturally, this causes error when using the presented estimation
methods. For instance, based on the shape of the performance curves, the basic QH method would give two different
flow rate estimates for each measured pressure value within a range of about 0–2 m3/s when operating at 1500 rpm as
seen from the manufacturer’s curve. Correspondingly, the QP method would give two different flow value results for
each measured power value when operating in a range above 3 m3/s flow rates. Thus, the flow rate range where the
basic QP or QH methods are usable is limited.
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Fig. 4 Measured blower characteristics and the characteristics given by the manufacturer. The TestPoints indicated by
a circle are the actual measured values used in the results section to compare the different flow rate estimation methods.
The difference in the test point compared with the measured curve results from the measurement equipment
repeatability and the effect of ambient conditions.

The decision on which estimation method is used as the QH/QP method flow rate estimate is based on the
estimation uncertainty calculated by (5). The power estimation uncertainty is assumed to be 0.2 kW and the pressure
measurement uncertainty 50 Pa. The estimation uncertainties in the QH and QP methods are given for 1500 rpm in
Fig. 5. The flow rate region where both basic flow rate estimation methods are combined as a single estimate was
selected to be the flow rate region where the uncertainties are within two times from each other (𝑈𝑈𝑄𝑄𝑄𝑄 ≤ 2𝑈𝑈𝑄𝑄𝑄𝑄 and

𝑈𝑈𝑄𝑄𝑄𝑄 ≤ 2𝑈𝑈𝑄𝑄𝑄𝑄 ). It can be seen that in the flow region of 0–1.9 m3/s, the uncertainty of the QH method is more than two

times the uncertainty of the QP method Therefore, the QP method is used as the only estimation method in this flow
region. At flow rates above 2.8 m3/s, the estimation uncertainty of the QP method is more than two times the
uncertainty of the QH method. Thus, at these flow rates only the QH method is used. At flow rates between 1.9 and

2.8 m3/s, both estimation methods are used and the flow rate estimates are combined according to (6). It has to be
noted that the regions are a function of rotational speed as can be seen from (6).
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Fig. 5 Resulting uncertainty in the estimation methods with the given power estimate uncertainty of 0.2 kW and the
pressure measurement uncertainty of 50 Pa calculated from the manufacturer’s characteristic curves by (5) and for the
nominal rotational speed of the blower.

The uncertainty in the estimation methods is calculated solely on the manufacturer’s characteristic curves
and can thus be misleading. In this case, the measured QH curve has a clear difference (8–10%) compared with the
manufacturer’s curve up to ~3.3 m3/s where the curves intersect (Fig. 4). In the region of 2–3.3 m3/s, the QH method
seems to be more accurate, even though this may not be the case because of the erroneous QH curve. This case
demonstrates that it is not always the optimal estimation method that is selected in the QH/QP method.

3.2

Test points and applied estimation methods

The estimation methods were tested with seven different rotational speeds and five different system curve settings. In
this paper, the operation of the estimation methods is studied in nine operating points in more detail; the points are
shown in Fig. 4. These operating points result in 50, 95 and 130% relative flow rates when operating at 1500rpm, and
the studied rotational speeds are 900, 1500 and 1800 rpm. In the result section, the measured values given by the
presented laboratory equipment are referred to as ‘True values’. The flow rate estimation methods examined are the
following:
•

Basic QH-curve-based method (Liu 2002)

•

Hybrid method (Ahonen et al. 2012)

•

Kernan method (Kernan et al. 2011)

•

Basic QP-curve-based method (Wang and Liu 2005)

•

Kernan–QH method (Kernan et al. 2011)
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•

Hybrid QH/QP method
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Results

In Fig. 6, the flow rate estimates of the various methods are presented for a system curve that produces a 50% flow
rate at the nominal rotational speed. It can be seen from Figs. 4 and 5 that the QH method is unusable at this flow rate
region as it has a much larger estimation error than the QP method. The QH method is significantly more accurate at
all of the three rotational speeds than the QP method.
As can be seen in Fig. 6, the Kernan method gives more accurate estimates than the QP method, the reason
being that the error in the affinity laws is corrected with the shut-off power measurement. When operated at 900 rpm,
the hybrid method is able to compensate the rotational speed better than the normal QP method, and it also gives about
the same accuracy in the 1500 and 1800 rpm rotational speeds as the normal QP method.
The QH/QP method selects the QP method as the sole estimation method to base its estimates on, because it
is has a much lower uncertainty in this flow rate region. Thus, the QH/QP method gives the same results as the QP
method. The hybrid QH/QP method gives slightly different results than the hybrid method; this is because the actual
pressure measurement is used in the definition of the system curve and not the estimated value for pressure.
The Kernan–QH estimation method significantly improves the basic QH estimation method. The low
estimate of the flow rate in this system curve setting is a result of the fact that the shapes of the actual and given
characteristic curves differ from each other. Thus, even though the shut-off pressure is corrected, the QH curve is not
corrected in the normal operating region of the fan.

3

True
QP

2.5
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Flow rate (m3 /s)

QH

2

Kernan-QH
QH/QP

1.5
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1500
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1800

Fig. 6 Flow rate estimation results with a system curve that results in approximately a 50% flow rate at 1500 rpm.
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The accuracy of the flow rate estimates of the model-based methods is clearly different when the fan is
operated in a system where there is 130% flow at the nominal rotational speed, as can be seen in Fig. 7. Compared
with the QP method, the QH method gives accurate flow rate estimates at the nominal rotational speed and above.
The QP method is the more accurate one at 900 rpm, because in this case the two erroneous models of the affinity
laws and the QP curve seem to compensate for each other’s errors. Moreover, the hybrid method and the Kernan
method also give significantly erroneous results because they use the QP curve, and the shape of the QP curve suggests
infeasible accuracy for estimation in this flow region, as mentioned in the previous chapter.
Correspondingly, the QH/QP uses only the QH method in this high flow rate region, because the estimation
uncertainty is much lower than the estimation uncertainty of the QP method. Hence, the flow rate estimates of the
QH/QP method are equal to the QH method. As it can be seen in Fig. 7, the hybrid QH/QP method does not
significantly improve the estimation accuracy compared with the basic QH/QP method. All in all, both the QH/QP
and hybrid QH/QP method can give considerably more accurate results than the QP method and its modifications.
The Kernan–QH method is less accurate in this flow rate region than the basic QH method. This is because the
manufacturer’s curve suggests already too low fan output pressures for this flow rate region, and this is corrected to
be even lower with the shut-off pressure measurements. However, the Kernan–QH method is more accurate than the
QP methods in this flow region.

5
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1

0

Kernan-QH
QH/QP
Hybrid QH/QP
900
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Fig.7 Flow rate estimation results with a system curve that results in a 130% flow at 1500 rpm.

The estimation results with a system curve that produces approximately the nominal flow at the fan nominal
rotational speed are presented in Fig. 8. In this flow rate region, both of the QH and QP methods produce
approximately the same uncertainty to the estimation results, as shown in Fig. 5. Therefore, the accuracy of these basic
estimation methods is approximately the same in this flow region, as shown in Fig. 8. Thus, the QH/QP method
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combines these estimation methods with the weighting equation given in (5) as explained above. At 900 rpm, the
uncertainty of the QH method is much less than the uncertainty of the QP method, and thus, only the QH method is
used in the QH/QP estimation.
The results show that at 1500 rpm and 1800 rpm rotational speeds, the combined QH/QP method estimates
the flow rate closest to the measured values. The hybrid QH/QP estimation compensates the error produced by the
rotational speed change at 900 rpm resulting in a flow rate closer to the measured value compared with the QH/QP
method. The difference between the QH/QP and hybrid QH/QP methods at 1500 and 1800 rpm can be explained by
the fact that the hybrid QH/QP method also includes the estimated system curve in the estimation.
The hybrid method and the Kernan method give approximately the same estimation results as the QP method.
The bias in the QH curve is compensated too much in the Kernan–QH method. Hence, the Kernan–QH method gives
too low estimates of the flow rate, and the accuracy is approximately the same as in the QP method in this flow region.
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Fig. 8 Flow rate estimation results with a system that produces approximately the nominal flow at 1500 rpm.

4.1 Analysis of the flow rate estimation error in the studied methods
The average error and the standard deviation of the error in the whole test series with the six different system curves
ranging from 50 to 130% of the fan nominal flow rate and nine rotational speeds ranging from 600 to 1800 rpm is
presented in Fig. 9. Thus, 35 different operating points are examined. The average error of the ith measurement is
calculated by

𝑄𝑄Error,i =

�𝑄𝑄Est,i − 𝑄𝑄Measured,i �
100%
𝑄𝑄Measured,i

(7)
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It can be seen from Fig. 9 that the mean error of the QH method is the greatest, because in the low flow region
the error is significant in each rotational speed. It can clearly be seen that the Kernan–QH method improves the
estimation accuracy of the QH method across the fan operation, even though the total accuracy is still worse than with
the methods that are based on the QP curve. Moreover, the high standard deviation of the error is also due to the high
difference in the of the flow rate estimation accuracy across the whole fan operation.
In the QP-curve-based estimations, the error is lower than in the QH-curve-based methods, because the
reduced rotational speed corrects the otherwise highly erroneous model at the high flow rates. This is also the reason
why the improvements seem to have a negative effect on the basic QP method. At high flow rates and nominal
rotational speed where the basic estimation has a high uncertainty with the hybrid method, the model is improved, and
thus, the error is more significant also at lower rotational speeds than with the QP method. As it happens, the QP
method compensates in the right direction with the erroneous models. In the Kernan method, the shut-off power also
corrects the erroneous QP curve to be more erroneous, and is thus more inaccurate than the QP method. The deviation
of these methods is approximately the same, which shows that the accuracy of the methods does not change over the
fan operating compared with each other, and also the deviation is half of the deviation of the QH method.
Moreover, the QH/QP and hybrid QH/QP methods have the best accuracy across the fan operation indicating
that the methods are improvements to the previous methods. The standard deviation of the error is also approximately
5%, which indicates that there is no significant change in the error over the fan operation. However, according to the

Flow rate error standard deviation
Average flow rate error (%)

laboratory measurements, the hybrid QH/QP method enhances the estimation method most.
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Fig. 9 Average error and standard deviation in the flow rate estimation errors of the different methods.

5.

Conclusion

Pump and fan systems are responsible for a quarter of the European industrial electricity consumption. As the studies
have shown, there is a significant energy saving potential in pumping applications. To identify the inefficient pumping
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processes, there is a clear need for easily implementable methods that can be used to estimate the pump or fan operating
point by a frequency converter and to give information that can be used in the energy-efficient control of fluid handling
systems. Even though there already are model-based methods suitable for frequency-converter-driven pump and fan
operating point estimation, these models have limitations and error sources that can produce erroneous results and
render the methods unusable. Consequently, these methods may even reduce the system efficiency if used for control
purposes.
In this paper, a method that combines two existing model-based pump operating point estimation methods is
presented aiming to improve the usability and accuracy of the previously introduced methods. The method
automatically selects the more accurate one from the QP or QH methods to be used for the operating point estimation,
hence reducing the risk of erroneous estimation. In addition, a method that combines the QH/QP method and the
previously introduced hybrid method is presented. These methods are compared with the previously introduced
methods.
Based on the measurement results, the hybrid and hybrid QH/QP methods are able to compensate for the
uncertainties produced by the rotational speed change, but may overcompensate at higher than nominal rotational
speeds. In addition, if one characteristic curve is known to be accurate, for example by previous measurements, then
it should be the primary estimation method as it is assumed to be a more accurate model of the fan. This can be seen
for example in the Kernan–QH method, where the accuracy of the basic methods is improved in regions where the
basic methods are extremely erroneous.
The measurement results indicate that the suggested QH/QP method is able to select the most suitable
characteristic curve for the flow rate estimation, and thus provide accurate flow rate estimates. In addition, when both
of the methods are equally uncertain, the method can combine the estimates to include both estimation methods to
give a more reliable and accurate estimate of the flow rate. Combining the QH/QP method with the hybrid method
enhances the performance at low rotational speeds and is thus the most reliable and accurate operating point estimation
method.
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