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Abstract Variable speed operation is often the most
energy-efficient flow control method for pumping sys-
tems, as the pump performance can be adjusted to meet
the process demand instead of adjusting additional hy-
draulic losses. Often, the process demand is a direct
indicator of the rotational speed to be used. However,
there are several pumping applications where the ap-
plied rotational speeds can be selected more freely. A
reservoir pumping application without strict time limits
is the primary example of a system having degrees of
freedom for the selection of the rotational speed to be
applied. In this application, the rotational speed selec-
tion is also affected by the time-varying process charac-
teristics, which can be determined by separate measure-
ments or preferably by a frequency converter without a
need for additional instrumentation. This paper proposes
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. The proposed method
relies on frequency converter-based identification of the
process characteristics, which is introduced in detail.
The energy efficiency of the resulting rotational speed
profiles is studied both by simulations and laboratory
measurements. The applicability of the studied speed
control method in a common waste water pumping
application is also discussed. As reservoir pumping

systems are an elementary part of municipal waste water
treatment, these systems are globally used and thereby
have a notable energy conservation potential.
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Introduction

PUMPING SYSTEMS are a common end-use applica-
tion of electrical energy, globally accounting for 19% of
electrical energy consumed in motor applications and
often having a significant potential for savings in their
energy consumption (de Almeida et al. 2005; Ferreira
et al. 2011; Waide and Brunner 2011). Variable speed
operation of pumping systems is shown to be one of the
possible methods to improve their energy efficiency, as
the pump operation is controlled according to the actual
process demand instead of adjusting additional hydrau-
lic losses in the surrounding process (Ferreira et al.
2011). However, the applied variable speed drive, such
as a frequency converter, is merely a tool to deliver the
pumping system operation at a desired rotational speed:
Energy-efficient operation of a pumping system also
requires a sophisticated speed control algorithm into
the converter.

Depending on the pumping task, a pumping system
may have degrees of freedom such as the execution time
of the task (Zhang et al. 2012) or an opportunity to use
parallel-connected pumps with or without speed control
(da Costa Bortoni et al. 2008; Viholainen et al. 2013). If

Energy Efficiency (2015) 8:117–128
DOI 10.1007/s12053-014-9282-6

T. Ahonen (*) : J. Tamminen : J. Viholainen : J. Koponen
Institute of Energy Technology, Lappeenranta University
of Technology (LUT), 53851 Lappeenranta, Finland
e-mail: tero.ahonen@lut.fi



there are such degrees of freedom, the required task can
be completed in several ways, allowing for instance the
energy efficiency optimization with a proper selec-
tion of the pump rotational speed or by using pumps
of different sizes for different flow demands. For
parallel-connected pumps, this has been studied since
the 1980s by several pump manufacturers such as by
Göran Björkander at Flygt AB (Flygt Systems
Engineering 1994). As an example of recent studies,
Viholainen et al. (2013) discuss how parallel-
connected pumps should be operated with frequency
converters in order to improve the system reliability
and decrease the system specific energy consumption
Es (kWh/m3) compared with the traditional control
scheme for parallel pumping systems. In the case of
pumping tasks, Es is often the most convenient
optimization criterion for the rotational speed selection
as it describes the required amount of electrical energy E
to transfer a certain fluid volume V from the supply to
the destination. Aside from the efficiency of the pump
and drive train, Es also takes into account the effect of
the surrounding process static head Hst on the energy
consumption requirement:

Es ¼ E

V
¼ P

Q
¼ ρ⋅g⋅ H st þ k⋅Q2

� �
ηp⋅ηdt

; ð1Þ

where P is the power, Q is the fluid flow rate, ρ is the
fluid density, g is the acceleration due to gravity, k is the
friction loss factor, ηp is the pump efficiency, and ηdt is
the combined drive train efficiency of the motor and the
frequency converter (Hovstadius 1999).

Figure 1 illustrates a two-reservoir process common
in waste water treatment systems globally applied in
municipalities (Jones and Sanks 2008): Two examples
of waste water pumping stations of this kind are
introduced by Xylem (2013). In the process, a supply
reservoir is drained with a pumping system (i.e., a
pump and a motor) when the fluid level reaches the
high-level switch LS1, and the pumping is stopped
when the fluid level reaches LS2. Hence, a constant
fluid volume V is repetitively transferred from the
supply to a destination reservoir by the pumping sys-
tem. As the pumping lowers the fluid level in the
supply reservoir, the process static head increases dur-
ing the pumping task from Hst,s to Hst,e, thereby
affecting the instantaneous system Es. Since the pro-
duced flow rate is not adjusted with control valves

during normal operation, the friction loss factor k can
be assumed to remain constant.

Traditionally, the pump has been equipped with a
fixed speed motor, meaning that the pump is usually
driven at an excessive rotational speed in terms of
system energy consumption E per drained reservoir.
The pumping system is also often overdimensioned for
normal operation; normally, the pump has to operate
only for a fraction of time (e.g., for 5 min in every
20 min). These characteristics provide a notable energy
savings potential in fixed speed reservoir pumping ap-
plications, as the pumping system could be driven with
the smallest possible energy consumption by optimizing
the rotational speed of the pump. If the reservoir
pumping application has time constraints affecting the
rotational speed selection, they can be taken into ac-
count for instance by applying the variances method
proposed by Lindstedt and Karvinen (2014).

Related to the use of optimum rotational speeds,
Kallesøe et al. (2011) propose a method where a flow
sensor is used together with a power consumption esti-
mate to determine the energy consumption of a single
reservoir drainage event at different constant rotational
speeds. Thus, the optimum constant rotational speed can
be determined and used. A corresponding, but
sensorless, method is available in the Flygt SmartRun
frequency converters, which carry out the reservoir
drainage at a pre-selected constant rotational speed.
Based on the resulting energy consumption, either a
lower or higher constant rotational speed is selected
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Fig. 1 Schematic of a two-reservoir process used, e.g., in sewage
systems. The pump starts to discharge the fluid from the supply
reservoir to the destination reservoir when the fluid level reaches
LS1. The pumping stops when the fluid level reaches LS2. During
the task, the process static head changes from Hst,s to Hst,e
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for the next reservoir drainage event as the drained
volume remains approximately constant between the
drainage events. Thus, the reservoir is drained with the
most energy efficient constant rotational speed (Flygt
2013). These two methods are particularly suitable for
systems having a small relative change in the static head
during the pumping task.

Tamminen et al. (2013) have tested a similar kind of a
sensorless optimization method that is based on the
continuous selection of either a lower or higher rotation-
al speed during the pump operation and its effect on the
pumping system Es. More generally related to water
treatment systems, the optimization of constant-
pressure pumping applications according to the pump
efficiency has been studied in detail for instance by
Szychta (2004a, b; 2006). In addition, several papers
have been published on the energy savings by operating
the pump at a reduced rotational speed by applying a
frequency converter (e.g., de Almeida et al. 2005).

Nevertheless, none of these papers has taken into
account the change in the process static head during
the pumping task, which has a direct effect on the most
energy-efficient rotational speed when Hst is otherwise
relatively low. As an example, a reservoir drainage
application having a static head change from 5 to 10 m
results in a set of optimum rotational speeds rather than a
single optimum rotational speed for the pumping sys-
tem. Figure 2 illustrates how this increase in the process
static head affects the specific energy consumption of a
pumping system as a function of rotational speed (a) and

how there is always a single rotational speed at each
process static head that results in the minimum specific
energy consumption for the pumping system (b). Hence,
it is not always possible to achieve the minimum energy
consumption for the task with a single rotational speed,
which has also been shown by computer simulations by
dos Santos and Seleghim (2005).

Another improvement to these studies is the use of a
frequency converter to estimate the pump operating
state and identify the surrounding process instead of
having additional measurement sensors for flow rate
and pressure (Ahonen et al. 2012). With these capabil-
ities, a frequency converter is able to determine an
appropriate rotational speed for the pump, and the ener-
gy efficiency of the pumping task can be optimized
without separate controllers or metering.

In this paper, an energy efficiency optimizing speed
control method is proposed to be used with a frequency
converter to replace the traditional fixed speed reservoir
pumping application. The method considers the effect of
process changes on the most energy-efficient rotational
speed. In addition, the method can be directly retrofitted
to the existing reservoir pumping systems by installing a
frequency converter to drive the motor of the pump and
connecting the existing level switches to the digital
inputs of the frequency converter. Thus, no additional
sensors, instrumentation, or changes to the surrounding
process are required.

The speed control method, which can be embedded
in a modern frequency converter, applies a model-based
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Fig. 2 Dependence of the pumping system specific energy con-
sumption on the static head and the rotational speed in a reservoir
pumping application (a). This example applies a constant drive
train efficiency (ηdt=1), and thus, Es is only affected by the pump
and process according to (1)–(4). With centrifugal pumps, there is

always a single rotational speed at each process static head that
results in the minimum specific energy consumption for the
pumping system. This relationship between the process static head
and the rotational speed follows now a linear trend line (b)
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pump operating state estimation. First, the method iden-
tifies the pumping task with the adjustable process mod-
el and generates a rotational speed profile that results in
the minimum total energy consumption of the pumping
task. Then, the optimum rotational speed profile is used
during the task execution.

With the proposed method, the energy consumption
of the pumping task is reduced in two ways. First, the
possible oversizing of the pumping system is compen-
sated for by the use of a lower rotational speed instead of
the nominal motor speed. Second, the proposed method
reacts to the changing static head during the pumping
task by continuously selecting the most energy-efficient
rotational speed. This further enhances the energy effi-
ciency of the reservoir pumping system operation espe-
cially in systems having a relatively low static head and
a considerable change in it during the task execution.
With these enhancements, significant electrical energy
savings can be reached, as the reservoir pumping appli-
cations are among the most common pumping tasks. In
this paper, the resulting energy savings provided by the
proposed control method are studied both by simula-
tions and laboratory measurements.

The rest of the paper is organized as follows. In
“Model-based estimation of the pump operating state,”
the model-based estimation of the pump operating state
is presented. “Identification of the process in a reservoir
pumping application” focuses on the identification of
the pumping process and “Determination of the opti-
mum rotational speed for each operating state” on the
determination of optimal rotational speed values. In
“Evaluation of the proposed speed control method”, the
proposed method is evaluated by simulations and labo-
ratory measurements. “Applicability of the proposed
speed control method to waste water pumping” concen-
trates on the applicability of the proposed method to a
waste water pumping application. The key findings of the
paper are summarized and generalized in the last section.

Model-based estimation of the pump operating state

Estimation of the centrifugal pump operating state
(i.e., flow rate Q and head H) by a frequency con-
verter is based on the converter estimates, an adjust-
able pump model, and possible test measurements for
the pumping system. As the process identification
requires information on the pump operating state during
the pumping task, the frequency converter must be able

to provide this information during the draining or filling
of the reservoir.

In this case, theQP curve-based estimation method is
applied to determine the pump operating state during the
draining or filling of the reservoir. This estimation meth-
od uses the affinity law-corrected flow rate vs. shaft
power curve as a model of the pump operation. The
inputs to the model are the rotational speed and the shaft
power estimates (nest, Pest) provided by the frequency
converter. The estimation procedure is as follows: First,
the pump QP curve is shifted to the present rotational
speed by applying the affinity laws

Q ¼ n

n0

� �
Q0 ð2Þ

H ¼ n

n0

� �2

H0 ð3Þ

P ¼ n

n0

� �3

P0; ð4Þ

where the subscript 0 denotes the initial values. The
present flow rate Qest corresponding to the shaft power
estimate Pest is then found from the shifted QP curve
and the present head Hest from the shifted QH curve.
With the estimated flow rate, also the present Es can be
calculated by (1). A graphical representation of the QP
estimation method is given in Fig. 3.

The QP estimation method exploits the ability of a
frequency converter to estimate the motor rotational
speed and torque without sensors as verified by
Ahonen et al. (2011). As a downside, this sensorless
estimation method is only feasible with radial flow
centrifugal pumps having a rising QP characteristic
curve. Further, it cannot directly provide information
on the amount of inflow to the reservoir, affecting
its usability during excessive inflow. For this, there
are several other sensorless and measurement-assisted
methods that can be applied to the estimation of the
centrifugal pump operational state; these have been
reviewed by Tamminen et al. (2014). As a practical
example, Kallesøe and Eriksen (2010) propose a
model-based approach for continuous flow calcula-
tion, which also considers the calculation of inflow
to the reservoir. Correspondingly, the process curve-
based estimation method can be applied to the gen-
eration of specific energy consumption curves by
defining the pump operating state and efficiency at
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each rotational speed for the known pump and pro-
cess characteristic curves.

Identification of the process in a reservoir pumping
application

Pumps in reservoir drainage applications are tradition-
ally driven according to the reservoir fluid level deter-
mined with level switches (see Fig. 1 for an example).
As the pumping lowers the fluid level in the supply
reservoir, the process static head increases during the
pumping task from Hst,s to Hst,e. Piping and possible
flow-prevention valves usually have a constant effect on
the process dynamic head coefficient k, resulting in the
following surrounding process characteristics:

Hprocess ¼ H st þ k⋅Q2; ð5Þ
where Hst is always between Hst,s and Hst,e. Thus, iden-
tification of the process characteristics Hst,s, Hst,e, and k
during the reservoir drainage can be used to generate the
required process model for the energy efficiency opti-
mization of the pumping task.

Figure 4 introduces a two-phase process identifica-
tion run, which is carried out as follows: In phase 1, the
terms Hst,s and k are identified. In this phase, the fre-
quency converter drives the pump with a speed ramp

ranging from zero to the constant rotational speed
(e.g., nn) during which the operating state estimates
(Qest,i, Hest,i) are calculated by the QP curve method
and stored at the converter.

There are two limitations on the selection of the dn/dt
of the rotational speed ramp: First, the ramp has to be
slow enough so that the inertia of the pumped fluid,
motor, and impeller does not significantly affect the
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Fig. 3 Graphical illustration of
the QP method for the estimation
of the centrifugal pump operating
state. The shaft power estimate is
applied to determine the present
estimates for the flow rate and
head
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Fig. 4 Two-phase identification run, where the pump is first
started with a speed ramp to store a set of operating state estimates
(Qest,1, Hest,1…Qest,n, Hest,n) and then driven at a constant speed.
Before the pump is shut down, the operating state estimates Qest,e,
Hest,e are also stored for the process identification
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estimation accuracy. Second, the process static head
should not vary significantly during the ramp, which
defines the lower limit of dn/dt. If these limitations
practically prevent the use of the identification run, the
obtained results can be used to estimate the system Es at
each rotational speed.

After the speed ramp, the operation point set is ma-
nipulated by the Simplex method to find a combination
of Hst,s and k that minimizes

S ¼
X
i¼1

n

H est;i−H st;s−k⋅Q2
est;i

� �2
: ð6Þ

Phase 2 of the identification run instantly follows
phase 1. In the second phase, the pump is driven at a
constant rotational speed until the fluid level reaches the
low-level switch LS2. Before the pump is shut down, the
operating state estimates Qest,e and Hest,e that determine
Hst,e are stored to the converter. Since the dynamic head
coefficient can be assumed to remain constant, Hst,e can
be calculated by

H st;e ¼ H est;e−k⋅Q2
est;e: ð7Þ

After the identification phase, the required process
characteristics for optimization are known. To ensure
the quality of the collected estimates used in the identi-
fication, the speed ramp in phase 1 can be replaced with
a stepwise acceleration of the rotational speed, where
a set of estimates are collected during the steady
speed operation, and a median filter is applied to find
the filtered operating state for each rotational speed.
The determination of Hst,e can also be extended to
have a set of most recent operating state estimates
from which Qest,e and Hest,e are determined by using a
median filter.

If this identification run cannot be reliably carried
out for instance because of excessive inflow, the
process parameters or at least the expected Hst

values have to be inputted to the frequency converter
for correct process identification. In the latter case,
the optimum rotational speed profile can be eventu-
ally determined by the continuous Es optimization
method configured with the information on Hst,s

and Hst,e and Es estimation results from the identifi-
cation run (Tamminen et al. 2013).

Determination of the optimum rotational speed
for each operating state

When the process characteristics Hst,s, Hst,e, and k are
known or identified, the specific energy consumption
curves illustrated in Fig. 2a can be defined for the
pumping system. The curves are obtained by determin-
ing the pump operating state as a function of rotational
speed for the selected process static head (e.g.,Hst,s) and
by calculating the resulting Es with the latter form of (1).
The calculation is based on the fact that the centrifugal
pump always operates in the intersection of the pump
and process QH characteristic curves, and the effect of
rotational speed can be considered with (2) and (3).

When Es is known as a function of rotational speed
for a certain Hst, the related nopt can be determined by
finding the rotational speed with the smallest possible
Es. By repeating this procedure for a range of static
heads between Hst,s and Hst,e, a table of optimum rota-
tional speeds as a function of process static head can be
produced for the reservoir pumping application. Table 1
provides an example for the pumping application illus-
trated in Fig. 2.

Application of the nopt-based control method
in the frequency converter

When the optimum rotational speeds are known for the
process, the energy efficiency of the pumping applica-
tion can be optimized with this information. In the case
of a fixed speed pump retrofitted with a frequency
converter, the nominal speed of the pump and the motor
(e.g., 1,450 rpm) can be replaced with a rotational speed
profile that takes into account the instantaneous process
static head.

As the pump operating state is continuously estimat-
ed by the converter, the instantaneous process static
head can be calculated withQest,Hest, and k by applying
(7). This information can then be used together with the
table of optimum rotational speeds to continuously se-
lect the optimum rotational speed for the pumping sys-
tem. The main benefit of this approach is the opportu-
nity to detect unexpected changes in the reservoir
draining process, as the instantaneous process static
head is monitored, and it can be taken into account in
the selection of the pump rotational speed.

Alternatively, a linear rotational speed profile can be
generated for the reservoir draining application if the
fluid volume V to be transferred is known together with
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the flow rates Qs and Qe at the rotational speeds nopt,s
and nopt,e. As illustrated in Fig. 2b, the use of a linear
speed profile is a reasonable alternative for the continu-
ous search of nopt. If there are no unexpected changes in
the process, the reservoir can be energy-efficiently
drained with a linear speed profile ranging from nopt,s
to nopt,e with the following dn/dt derived according to
the average pump flow rate during the task execution:

dn

dt
¼ nopt;e � nopt;s

� �
⋅ Qe þ Qsð Þ

2⋅V
: ð8Þ

As an advantage over the lookup table approach, the
use of a linear speed profile provides the expected
behavior for the rotational speed, and it is not affected
by erroneous estimates during the pumping task; never-
theless, it cannot adapt to unexpected changes in the
process without a level measurement. For instance, the
fluid level may rise above the maximum allowed level
in the supply reservoir as a result of an increased fluid
supply. To avoid such incidents, the optimum rotational
speed should be overridden with a higher one if the
applied rotational speed does not decrease the fluid level
in the supply reservoir or the fluid is already at its
maximum allowed level.

Evaluation of the proposed speed control method

The operation of the proposed speed control method for
reservoir pumping applications was first evaluated by
computer simulations for a two-reservoir process having
a Sulzer APP22-80 centrifugal pump with a 255-mm
impeller and a 11-kW four-pole induction motor driven
by a frequency converter. The nominal speed of the
pump-motor combination is 1,450 rpm, and the pump
operates in its best efficiency point (BEP) at this speed
when the draining of the reservoir is started.

During the drainage, Hst changes from 5 to 10 m, k is
constant 0.0149 ms2/l2, and 3.75 m3 of fluid is transferred
from the supply to the destination reservoir. With these
reservoir characteristics, the optimum rotational speed
profile of the pump follows the information given in
Fig. 2 and Table 1, meaning that the pump should be
driven at 815–1,155 rpm depending on the instantaneous
Hst. The average energy-saving potential should be
around 39% based on the average of the relativeEs values
given in Table 1. As the motor and frequency converter
efficiencies were not known for all pump operating states,
this analysis focuses on the pump mechanical energy
consumption when the reservoir draining is carried out
at different rotational speeds without time constraints.

Figure 5 illustrates the resulting energy consumptions
and durations when the pump was operated at different
rotational speeds starting from the nominal speed of the
pump. The effect of the applied rotational speed on the
resulting energy consumption is evident. Compared
with the fixed speed operation at 1,450 rpm, 33 %
energy savings can be reached with a constant rotational
speed of 1,050 rpm if the doubled duration of a single
reservoir draining event can be accepted.

Even further, energy savings can be attained with the
use of an optimum rotational speed profile: Here, a
linear speed profile from 815 to 1,155 rpm with a 1-
rpm/s acceleration resulted in the lowest energy con-
sumption with an additional 4.7 % unit decrease com-
pared with the 1,050 rpm case.1 The total energy saving
by replacing the original fixed speed operation with the
optimized variable speed operation is thus 37.7 % per
drained reservoir, being close to the estimated average
energy saving potential. The simulation results also
demonstrate the adverse effects of too low rotational

Table 1 Resulting optimal rotational speeds for the reservoir
pumping application of Fig. 2. In this case, the use of a single
rotational speed cannot result in themost energy-efficient pumping

system operation because of the significant change in the process
static head. These results assume a constant drive train efficiency

Hst (m) nopt (rpm) Q (l/s) Es (Wh/m3) Es (% of Es at 1,450 rpm)

5 (Hst,s) 815 (nopt,s) 9.00 (Qs) 26.71 43.7

6.5 930 10.30 34.72 55.2

8 1,035 11.56 42.73 65.9

10 (Hst,e) 1,155 (nopt,e) 12.83 (Qe) 53.41 78.8

1 The same results were also achieved with the lookup table-based
speed control approach, where the process static head was con-
stantly calculated for the speed controller.
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speed, as the rotational speed decrease below 1,050 rpm
begins to increase both energy consumption and duration
of the reservoir draining task.

Compensation of pump oversizing

The capability of the proposed speed control method to
compensate for pump oversizing was studied with the
same process and pump having now a 265-mm impeller.
The oversizing of the impeller by 10 mm increases the
pump flow rate production by 12% and the head by 8%
at a constant relative operating point, meaning that the
pump operates away from its BEP and with a lower
efficiency during the reservoir draining event.

Figure 6 provides the simulation results for the over-
sized pump and a comparison of the energy consump-
tion values with the correctly sized pump. In this case,
37 % energy savings can be reached by using a 1,025-
rpm constant rotational speed instead of the original
1,450 rpm. Again, the lowest energy consumption is
achieved with a linear rotational speed profile, now
ranging from 790 to 1,115 rpm with the 1 rpm/s accel-
eration: Compared with the 1,025-rpm case, the energy
consumption is further decreased by 3.9% units with the
linear speed profile. Hence, the total energy saving
potential of the optimized variable speed operation is
40.9 % per drained reservoir. The simulation results also
show how a decrease in the applied rotational speed also

decreases the difference in the energy consumption per
drained reservoir. These results verify the ability of the
proposed speed control method to compensate for the
negative effect of the pump oversizing on the resulting
energy consumption.

Laboratory tests

Laboratory tests were carried out to detect the actual effect
of the applied rotational speed on the pumping system
energy consumption per drained reservoir. The laboratory
setup consists of a Sulzer APP22-80 centrifugal pump and
an 11-kW induction motor driven by a DTC frequency
converter (see Fig. 7). The pump was attached to the
supply reservoir from which about 1 m3 of water was
drained to the destination reservoir located 5 m above the
supply reservoir (i.e., Hst increases from 5 to 6 m). In
addition, the pump was equipped with an electromagnetic
flowmeter and absolute pressure transducers allowing the
determination of the actual pump operating state.

The identification run algorithm was implemented in a
LabVIEWenvironment. The LabVIEWprogramprovides
remote access and operation control of the frequency
converter by using a Modbus TCP/IP protocol. The pro-
gram sends rotational speed reference to the frequency
converter and collects the frequency converter estimates
nest,i,Pest,i, andQest,I once in every 250ms. An estimate for
the pump head is calculated according to the obtained

1450 1300 1200 1100 1050 Linear 1025 1000
140

180

220

260

Rotational speed (rpm)

E
n

er
g

y
 c

o
n

su
m

p
ti

o
n

 (
W

h
)

1450 1300 1200 1100 1050 Linear 1025 1000
140

200

260

320

380

440

Rotational speed (rpm)

D
u

ra
ti

o
n

 (
s)

815-1155

815-1155

Fig. 5 Simulated energy
consumptions and durations of a
single reservoir draining event.
The lowest possible energy
consumption was achieved with
the linear speed profile ranging
from 815 to 1,155 rpm

124 Energy Efficiency (2015) 8:117–128



Fig. 7 Laboratory pumping
system comprising supply and
destination reservoirs and a
variable speed-driven centrifugal
pump
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estimates with the LabVIEWprogram as it is not available
in the frequency converter. It was noted that the values
collected from the frequency converter had to be median
filtered in order to have feasible estimates for the process
characteristics (Hst,s, Hst,e, and k). Additionally, the pro-
gram stores measured values of flow rate and pressure to
provide reference values for the obtained estimates.
During draining of the reservoir, the drive electric output
power estimates were used to determine the energy con-
sumption of a single reservoir draining event at each
rotational speed. Trapezoidal integration was used to de-
termine the energy consumption according to the obtained
power estimates. A total of three test runs were performed
at each rotational speed to determine the average energy
consumption for each rotational speed. The algorithm
was successfully tested both with the frequency con-
verter estimates and the measured values for the pump
flow rate and head.

With the actual flow rate and pressure difference
sensors, the optimum linear speed profile is within 880–
955 rpm with the 0.5 rpm/s acceleration based on (8).
The measured average energy consumption values and
durations are illustrated in Fig. 8. As expected, a decrease
in the rotational speed significantly reduces the energy
consumption. In this case, the replacement of the mea-
sured fixed speed operation at 1,300 rpm with the linear
speed profile has decreased the energy consumption by
31 % per drained reservoir. Although the difference in
energy consumptions between the 900-rpm constant

speed and the linear speed profile is very small (1.4 %
units) because of only a 1-m change in Hst, the proposed
speed control method has been able to produce the lowest
possible energy consumption for this setup.

Applicability of the proposed speed control method
to waste water pumping

The global interest in finding energy savings in pumping
applications has boosted the use of variable speed con-
trol in many reservoir pumping applications that have
traditionally been controlled with the on-off control for
fixed speed pumps. Considering only the idea of the
method, it can be stated that the proposed method is
applicable to systems where the system dynamic resis-
tance remains constant during the reservoir drainage. If
the surrounding process changes between the draining
events, the method is able to identify the new character-
istics at the start-up and adjust the rotational speed so
that the most energy-efficient operation is delivered.

However, as the proposed method uses model-based
operating state estimates, the factors limiting the use of the
QP curve-based estimation method apply also in this case
(Ahonen et al. 2012). For instance, if the pump QP
characteristic curve has a flat shape (i.e., |dP/dQ| ≈ 0),
the resulting process curve estimates can lead to an erro-
neous rotational speed profile and even to pump operation
at too low rotational speed. In such a case, the process
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Fig. 8 Measured energy
consumptions and durations of a
single reservoir draining task.
Again, the lowest energy
consumption per drained
reservoir was achieved with the
linear rotational speed profile
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characteristics have to be separately determined so that a
correct rotational profile can be identified for the applica-
tion. Further, the QP curve-based estimation method can-
not directly provide information on the amount of inflow
to the reservoir, affecting its usability during excessive
inflow. In practice, the excessive inflow can be detected
during the commissioning of the converter so that the first
identification runs can be carried out at a later time.

Suitable pumping applications for the use of the
proposed speed control method can be found in waste
water treatment, where water is often lifted from a sump
or a reservoir to a sewer located at a higher level. In
these pumping applications, the fluid level in the desti-
nation sewer normally remains constant, and thus, only
the fluid level in the supply reservoir affects the process
static head Hst.

The proposed method is feasible also in reservoir
filling applications where the fluid level or pressure at
the inlet (supply) section remains constant. In such cases,
the low- and high-level switches required for the process
identification can be located in the upper reservoir.
Examples of such application types are potable water
pumping with booster pumps and raw water pumping
from a large inlet reservoir or delivery pipeline.

Besides the abovementioned evaluations, the energy-
saving potential of the proposed speed control method
was determined for a waste water pumping station lo-
cated in Pietarsaari, Finland, according to the results
documented by Ruuskanen (2007). In the station, waste
water is transferred from an inlet reservoir to treatment
facilities by using 22 kW, 1,460 rpm Sarlin S2-224 L
submersible pumps. The average flow rate caused by the
reservoir drainage is approximately 100 l/s resulting in
60,500 m3 of fluid transfer in a week. The annual
pumped volume is approximately 3,000,000 m3. The
process static head varies typically from 2 to 5 m, mean-
ing a considerable change in it during the task execution.
The amount of dynamic head in the process is between 1
and 4 m depending on the flow rate.

The pump-specific energy consumption curves of
this system are illustrated in Fig. 9. When the static head
is 2 m, the specific energy use of the pump is the lowest
when operating at a 50 % relative rotational speed,
resulting in 54 % lower specific energy consumption
compared with the nominal speed.2 When the process

Hst reaches 5 m, the pump should be driven at a 75 %
relative speed, resulting in 22 % lower specific energy
consumption than with the nominal speed. Based on the
assumption that the fixed speed pump energy consump-
tion per drained inlet reservoir is the average of these
two cases, the energy savings potential is around 38 %
with the use of an optimum speed profile instead of
fixed speed operation at 1,460 rpm. Annually, the opti-
mized variable speed operation could result in over
40,200 kWh savings in the pumping station energy
consumption. If the process static head could be
maintained at 2 m without the risk of reservoir over-
flow, the resulting energy saving potential with the
optimum rotational speed would be 54 %, meaning
annually, over 53,700 kWh of saved energy in this
pumping station alone.

Conclusion

Variable speed operation of pumping systems is shown
to be one of the most beneficial methods to improve
their energy efficiency, as the pump operation is con-
trolled according to the actual process demand.
However, the applied variable speed drive, such as a
frequency converter, is merely a tool to deliver the
pumping system operation at a desired rotational speed:
Energy-efficient operation of a pumping system also
requires a sophisticated speed control algorithm into
the converter.

In this paper, an energy efficiency-optimizing
speed control method especially for reservoir pumping

2 Settlement of the fluid into the piping because of too low flow
velocity and other possible limitations has not been considered in
this selection of the optimum rotational speed.
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Fig. 9 Specific energy consumption of the pump in a sewage
pumping station. Depending on the instantaneous process static
head, the optimum rotational speed is within 50–75 % of
1,460 rpm, delivering a 22–54 % Es savings potential
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applications was proposed. The method can be adapted
to the existing process conditions, and it can take into
account the effect of a changing process static head on
the optimum rotational speed of the pump.

The proposed method was studied both by simula-
tions and laboratory measurements. According to the
tests, replacing the fixed speed operation with the opti-
mum variable speed operation can result in an over 30%
decrease in the energy consumption per drained reser-
voir. If there is only a small or no change in the process
static head during reservoir pumping, the proposed
method can in any case improve the energy efficiency
of the pumping by simply optimizing the pump rota-
tional speed of the system, thereby compensating for the
possible pump oversizing. Since reservoir pumping ap-
plications are one of the most common pumping tasks,
significant electrical energy savings can be globally
reached with the proposed speed control method.
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