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Abstract:  Energy saving control algorithms of centrifugal fans/pumps are based on the use of the frequency-
controlled induction motor drives and pressure or flow rate sensors, the costs of which are
comparable to the cost of the fans/pumps for low-power applications. The paper develops a new
and simple estimation approach of the pressure and flow rate, utilising the measured Root Mean
Square (RMS) value of the stator current, estimated motor’s input active power, reference stator
voltage frequency and feed-forward backpropagation artificial neural network. The error
percentage for both flow rate and pressure in experimental and estimated data is within the range
of +5%, which conforms to the ISO 13348 standard. A test rig for the rapid control prototyping
of the fan is designed, and necessary design and test procedures are developed. The estimation
approach is verified experimentally and demonstrates better estimation accuracy compared to the
existing and possible similar simple approaches. The developed algorithm can be easily
embedded into the industrial variable frequency drives without any hardware changes.
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1. INTRODUCTION

Water and air supplies are essential in many industrial applications. In Europe, pumps and fans that
deliver these resources consume through their electrical drives approximately 22% and 16% of the total
electricity demand, respectively [1,2,3]. These systems are usually based on centrifugal
turbomechanisms, which are generally driven by squirrel cage induction motors (IMs).

The IMs possess high robustness, reliability and efficiency and they are relatively cheap [4]. Single-
phase IMs are usually used only for low power applications where turbomechanisms’ pressure or flow
rate are regulated via valves/ducts. Three-phase IMs are used for a wide power range, and they can be
combined with variable frequency drives (VFDs) to implement pressure or flow rate control according
to consumers’ demand. Since the power consumed by the turbomechanisms is proportional to their cubic
velocity, there is a significant potential for energy savings during the transportation [5,6,7,8,9].
Interestingly, even simple pressure or flow rate stabilization systems allow to adjust automatically the
turbomechanism’s velocity depending on the air/water consumption to meet consumer demands.
However, the implementation of such control requires installation of corresponding sensors. For low-
power applications the cost of the pressure and flow rate sensors is comparable to the cost of the
turbomechanisms, including their driving motors. That results in a new research direction in sensorless
closed-loop control of the turbomechanisms, aiming to replace the expensive pressure and flow rate
sensors by the estimators based on the IM’s variables measurements, and to achieve the quality of
control comparable to the systems utilizing pressure or flow rate sensors.

It is essential to acknowledge that the precision and dependability of these estimation techniques may
be influenced by specific factors, notably the existence of solid particles within the water or air that the
system circulates. In fact, as indicated in a study [10], estimating flow rate and pressure might prove to
be unattainable in scenarios involving inhomogeneous water or air systems. This is attributed to the
substantial fluctuation in power demands across various operational conditions, contingent on the
quantity of solid particles in the system. Industrially produced sensorless controllers of centrifugal
pumps are based on measurements of the IM’s velocity and estimation of its input active power [11],
usually available in the monitoring systems of VFDs. Further cost reduction of the turbomechanisms
sensorless control implementation can be achieved via the motor’s velocity estimation using only cheap
current transducers for stator current measurements [12,13,14], which is quite popular and well-
established area of research. The accuracy of the pressure and flow rate estimations can be improved via
utilizing the estimated pump’s shaft power instead of the estimated motor’s input active power [11]
since the estimation algorithms are based on the centrifugal pumps/fans pressure-flow rate and shaft
power-flow rate curves determined experimentally at velocities. A simpler but less accurate solution is
proposed in Ref. [15], where the reference frequency of the stator voltages is used instead of the velocity,
combined with the input active power of the motor. It is based on the feed-forward backpropagation
artificial neural networks (ANNS) trained based on the experimental data. The ANNs are also widely
used in electric machines and power converters sensorless control [16,17,18,19].

Another popular estimation approach is based on the affinity laws of turbomechanisms. When the
aerodynamic or hydraulic resistance of the network is constant, the flow rate is proportional to the
velocity, and the pressure is proportional to the squared velocity. As a result, the estimations are very
simple but have limited applicability [20].

The purpose of the present paper is to assess the further potential of applying ANNs for accurate
prediction of the turbomechanisms’ pressure and flow rate. Three inputs for the ANN estimators are
considered, including the reference frequency of the stator voltages, the estimated active input power of
the motor and the RMS value of the stator current. All three variables are typically accessed via
monitoring systems in industrial VFDs, making it easy to embed the estimation algorithms into VFDs
through software modification. Since the set of these inputs allows to determine the turbomechanisms’
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velocity and shaft power, the accuracy of this new estimation algorithm improves compared to [15] and
it is simpler compared to [12]. The proposed approach is verified using a specially developed test rig for
rapid control prototyping of a centrifugal fan with induction motor drive based on dSpace DS1104
controller board. It provides more flexibility in research and design compared to using an industrial
VFD. The control and estimation algorithms are designed in Matlab/Simulink environment and
converted into the dSpace code. The “ControlDesk” software is used to create a virtual control panel to
set the references and monitor the operation of the system.

The rest of the paper is structured as follows: First, a detailed description of the test rig and test procedure
is provided. Following that, the paper presents the experimental data to be used in training ANNs and

explains the design of the newly proposed pressure and flow rate ANN estimators. Consequently, the
paper presents the verification of results and analyses the quality of the estimations.

2. EXPERIMENTAL TESTING OF A CENTRIFUGAL FAN FOR ESTIMATORS DESIGN
2.1. Test Rig Description

IGBT SIGNALS : 1LA9070-2KA11-Z

ib
IRS26310D) ~ (ee— Nl
VSI \\\\

r ) ground

Vdc

REM 48-0200-2D-07 Gate

DS1104
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Figure 1. Functional block diagram of the control prototyping test rig of the centrifugal fan.

The industrial centrifugal fan REM 48-0200-2D-07 from Nicotra-Gebhardt is utilized in the test rig. The
functional block diagram of the rig is depicted in Fig. 1. The optimal recommended operating point of
the fan is with the flow rate of 1215 m®h and the angular velocity of 2840 rpm. The static pressure
achieved in this point is 680 Pa and the overall datasheet efficiency is 53.5%. The fan is equipped and
driven directly by the Siemens three-phase squirrel cage induction motor 1LA9070-2KA11-Z. The rated
power of the motor is 0.37 kW, and the rated velocity is 2840 rpm. The motor is delta connected and
the rated voltage is 230 V. The parameters of the motor determined experimentally, using standard no-
load and locked rotor tests are the stator resistance of 14.6 Ohm, the stator inductance of 1.1023 H, the
rotor resistance of 16.53 Ohm, the rotor inductance of 1.1023 H, and the magnetizing inductance of
1.0541 H. The no-load test and locked rotor test require the motor dismounting from the fan since the
fan always develops the motor load torque when moving and there is no mechanical way to lock the
rotor. To avoid further complications with the motor remounting due to extremely high sensitivity to
misalignment, an identical motor (without the fan) was bought from the fan manufacturer and tested.

The output of the fan is connected to an air duct as shown in Fig. 2. The output area of the duct is
manually regulated from fully open to fully closed, using a gate. The air flow rate in the duct is measured
by the Anemometer HHF141 Omega which turbine is mounted inside the duct. The air pressure in the
duct is measured by the differential pressure sensor Ziehl Abegg DSG2000.
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Figure 2. The test rig of the centrifugal fan.

The induction motor is supplied from the IRS26310DJ gate driver evaluation board, which implements
a two-level full-bridge three-phase voltage source inverter (VSI) based on IGBTSs fed from a single-
phase full bridge diode rectifier through a DC link capacitor. The input rated voltage of the rectifier is
230 Vrus. The continuous output rated power of the inverter is 400 W. The digital control of the
evaluation board is switched off. The control pulses of the transistor switches are generated externally
using dSpace DS1104 controller board connected to the VSI via digital isolators. The stator currents of
the motor are measured using Hall effect-based transducers LTS 6-NP. The DC link voltage of the VSI
is measured by the LV 25-P voltage transducer.

DS 1104 implements the open loop control of the fan’s velocity. It includes a ramp unit providing smooth
increase of the motor voltage frequency reference, a functional block providing Vv / f*=const control
and a block generating the duty ratio three-phase references for the three-phase PWM generator
imbedded into the DS1104 (see Fig. 3). The Vv / f*=const control is a preferred option for centrifugal
fans/pumps available in industrial VFDs along with the well-known V / f =const control [21,22]. The
centrifugal fans/pumps develop a ‘fan’ type of the load torque at the motor shaft; the load torque is
proportional to the squared velocity. The critical torque of the induction motor under V / f*=const
control reduces with the frequency reduction (for V / f =const it is almost constant) and its difference

with the load torque at corresponding frequencies remains roughly the same allowing smooth transients
even with the frequency step change. The experiments and design procedures presented in the paper can
easily be replicated for V / f =const control as well.

The sinusoidal PWM technique was selected for pulses generation. All sensors of the test rig are with
analogue voltage outputs which are converted into digital through the ADC inputs of the DS1104.
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Figure 3. Block diagram of DS1104 based open-loop control of fan’s velocity.

The RMS value of the stator line current is computed based on the instantaneous values of the stator line
currents in each phase. In case the DC link voltage is constant, the fundamental components of the stator
phase voltages are assumed to be equal to the corresponding reference voltages. Note that this is open
loop scalar control without stator currents close loops. Therefore, there is no mechanism to adjust the
voltage references due to Pl currents controllers till the required currents are reached accurately.
Additionally, due to the single-phase rectifier, the DC link voltage V, was found to be slightly floating.

This means that the fundamental components of the stator voltages can also be floating. So the reference

voltages V., V, and V" in Figure 3 are the initial voltage references scaled by the factor of V. /V,

cmin dc

to compensate the V, fluctuations, before being converted into the duty ratio references of the three

legs of the VSI: d,, dp and dc. As result, the instantaneous values of the fundamental components of the
stator phase voltages are estimated based on the scaled stator reference voltages and the measured
voltage of the DC link. The stator power is computed using the measured stator currents and the
estimated voltages.
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where i, i, i, and V_, V,_, V_ are the instantaneous values of the stator line currents and fundamental

components of the phase voltages, respectively, i_,, is/j and V_,,V,, are the o and  components of the
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stator current vector and stator fundamental voltage vector, respectively, in the stationary reference
frame a-B. | __and P, denote the stator RMS current and the stator active power. V. is the maximum

input

possible amplitude of the unscaled voltage references.

In Fig. 3, H, Q and Hes:, Qest are the measured pressure and flow rate and the estimated pressure and flow
rate. Uia, Uib and Uic are the output voltages of the current LTS 6-NP transducers, further converted
into the stator currents values. Udc is the output voltage of the LV 25-P voltage sensor, further converted
into the DC link voltage value. Lastly, UQ and UH are the voltages proportional to the values of the
flow rate and pressure measured by the Omega HHF141 Anemometer and the Ziehl Abegg DSG2000
differential pressure sensor, respectively.

2.2. Test Methodology for Data Acquisition

The width of the centrifugal fan’s duct is 11 ¢cm and it has been marked for each centimetre as shown in
Figs. 4(a,b). The gate is used to close the duct of the system. If the position of the gate is at zero (a=0),
this means the duct of the centrifugal fan is fully open. If the position of the gate is at a=11, the duct of

the system is fully closed.
234561111011

01234567891011

|

(@) (b)
Figure 4. Fan obstruction at position (a) 9 cm and (b) 5 cm closed, respectively.

Q-H Characteristic of Centrifugal Fan
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Figure 5. Q-H characteristics of the centrifugal fan.

To adjust the velocity of the system, the frequency is set constant at the intervals of 2 Hz between 30
Hz and 50 Hz. For each constant frequency, the gate position is changed between 0 and 11 with the step
of 1 cm. Fig. 5 shows Q-H characteristics of the centrifugal fan obtained experimentally for 11 different
frequencies. For each operating point corresponding to a specific frequency and gate position, the RMS
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stator current value and the estimated input active power were recorded as well. In total, 132 operating
points were tested.

3. ANN ESTIMATORS ARCHITECTURE AND TRAINING

The experimental data described in Section 2.1 are arranged into three arrays. The array of inputs
contains information about the frequency, the RMS current and the input active power. The inputs array
is depicted in Fig. 6 as a 3-D plot.

The first 11 columns of the inputs array are the values obtained for a=0 and for frequencies from 50 Hz
to 30 Hz with the step 2 Hz. The final 11 columns are the values obtained for a=11 and the same
frequencies. The arrangement is shown in Fig. 7. In particular, substantial differences in the lines
between step changes result from the shift in frequency from 50 Hz to 30 Hz. The two target arrays
contain the corresponding experimental pressure and flow rate values. This arrangement was found
leading to more accurate estimation results comparing when the inputs array contains first information
for 30 Hz, then for 32 Hz and etc, according to Fig. 5.

ANN Inputs to Estimate Both Pressure and Flow Rate
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Figure 6. ANN inputs to estimate both pressure and flow rate.
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Figure 7. Training array of network resistance for system.

The feed-forward backpropagation ANN architecture is used to implement both pressure and flow rate
estimators. For the flow rate estimation, a 3 layer ANN is used with 3, 3 and 1 neurons in each layer,
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respectively. For the pressure estimation, a 3 layer ANN is used with 5, 5 and 1 neurons in each layer,
respectively. Activation functions are chosen as hyperbolic tansig for the first and second layer neurons
and as purelin for the output layer for both ANNs. The ANNs were created using MatLab nntool. The
number of neurons in the first and second layers was determined iteratively as minimum possible and
providing the estimation accuracy satisfying the 1SO 13348 standard.

Bayesian Regularization (trainbr in Matlab) is used, for both flow rate and pressure estimations, as a
training function owing to the fact that it can provide good generalization for the systems which have
difficult, small and noisy datasets. The gensim Matlab command converts the trained ANNs into
Simulink blocks which are added into the Simulink model for DS1104 implementing the algorithm of
Fig. 3, allowing to compare the measured and estimated values of the pressure and flow rate. The
sampling time of the ANNSs and the whole control algorithm are the same as 0.01 s.

4. RESULTS AND DISCUSSION

The 1SO 13348 standard requires +/-5% pressure accuracy, +/-5% flow rate accuracy and +/-8% power
accuracy. This section assesses the accuracy of the pressure and flow rate estimators with different set
of the inputs. The number of layers and neurons remain the same. The same activation functions are
used. However, the ANNSs are trained accordingly based on the modified input arrays.

Fig. 8 and Fig. 9 show the error of steady state pressure estimation with respect to the experimental data
for 4 cases of the inputs set, for the trained 132 operating points. Similar results are depicted in Fig. 10
and Fig. 11 for steady state flow rate estimation with respect to the corresponding experimental data.
The smallest discrepancy between the experimental and estimated data is when the inputs are frequency,
RMS stator current and consumed active power. In this case the error of the pressure estimation is
between -3.8% and +4%, and for the flow rate it is between -4.1% and +4.2%. The best results compared
to the estimators with the different inputs, including the simplest and tested in [13] with the frequency
and the input active power only as inputs, are because this set of parameters contains the most accurate
information of the motor velocity and fan’s shaft power. Interestingly, that even the set including the
input active power and the RMS stator current is sufficient for the pressure and flow rate estimation.

Both the pressure sensor and flow rate sensor brands shown in Fig. 1 have a measurement accuracy of
+0.25. This implies that the overall impact on the difference between experimental pressure and flow
rate measurement and pressure and flow rate estimated data are significant. After accounting for the
accuracy of the sensors, the error percentage of the pressure estimation is expected to be within the range
of -4.05% to +4.25%. Similarly, for the flow rate, the error is anticipated to be between -4.35% and
+4.45%. However, these values remain within the acceptable limits defined by the ISO standard.

Céamparison of ANN Pressure Estimation with Different Input
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Figure 8. Comparison of ANN pressure estimation with different inputs.
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Comparison of ANN Pressure Estimation with Different Inputs
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Figure 9. Comparison of ANN pressure estimation with different inputs.
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Figure 10. Comparison of ANN flow rate estimation with different inputs.

Comparison of ANN Flow rate Estimation with Different Inputs

when inputs[input power,RMS current]
— — —when inputs[frequency,input power]

Error Percentage between
Measured and ANN Estimated data

-15

0 20 40 60 80 100 120 140
Sample Points

Figure 11. Comparison of ANN flow rate estimation with different inputs.

Fig. 12, Fig. 13, Fig. 14 and Fig. 15 demonstrate the accuracy of the estimation of the flow rate and
pressure with respect to the experimental data presented for all positions of the fan’s gate, for the
algorithm with the three input signals. The smallest discrepancy for the flow rate and pressure
estimations are in position 3 (+1.7467% - 0.9748%) and position 4 (-0.4189% + 0.1013%), respectively.
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The worst flow rate estimation is for position 11, where the fan’s gate is completely closed, and the flow
rate is the smallest measured. The worst pressure estimations are for positions 0 and 1 where the fan’s
gate is fully opened, and the measured pressure is the lowest measured. This is as expected since the
relative error is higher for the lower measured values. Note that these positions are boundary for the
duct and the fan is usually selected to work mainly in the middle positions.
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Figure 12. Comparison of pressure error percentage based on position of the gate.
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The ANN pressure and flow rate estimators were imbedded into the test rig control algorithm and
verified experimentally for the operating points not used for ANNSs training, gate position 7 and odd
values of the frequency between 31 Hz and 49 Hz. As can be seen from Fig. 16, the error percentage
between experimental and estimated data is also within the range of the ISO standard.
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Figure 15. Comparison of flow rate error percentage based on position of the gate.
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Figure 16. Pressure estimation error percentage for position 7 with different frequencies.

The comparison of the obtained results with other methods are shown in Table 1. The accuracy of the
estimations is improved both for pressure and flow rate estimations compared to the existing approach
without the measured RMS stator current. When the existing approach is employed, which relies on
velocity (or frequency) and input power, the estimation results in an error rate of more than 11% for
pressure and over 12% for flow rate. However, with a new and simplified estimation method, the
maximum error percentages are reduced to 4% for pressure and 4.2% for flow rate, respectively. It does
not make the estimations more complicated since all three inputs of the estimators are accessible through
the monitoring systems of industrial VFDs and are either extracted from control algorithm or based on
relatively cheap current transducers.

In addition, the paper [23] develops a universal model of a centrifugal pump operating as a turbine. The
parameters of the model are determined based on the data sheet without knowledge of the pump
geometry. Nevertheless, the model's complexity, characterized by an excessive number of parameters,
renders it challenging for control design and simulation purposes. Notably, when employed without
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knowledge of the pump's geometry, it exhibits an error rate of approximately 21.4% at optimal operating
conditions, which reduces to 7.2% when geometric information is accounted for. Furthermore, the study
discussed in reference [24] examines the estimation of head and flow rate in a scenario where the motor
is supplied by a constant AC voltage source, such as an AC grid. It illustrates the implementation of
motor velocity and shaft power estimation techniques, facilitating subsequent estimation of head and
flow rate through a QP curve-based methodology. Reported findings indicate a 16% error in flow rate
estimation and a 3.2% error in shaft power prediction utilizing this approach. While the method's
simplicity is noted, its accuracy for sensorless control is limited, albeit falling within acceptable ranges
for pressure estimation. Nevertheless, it holds potential for application in energy audit procedures for
high-power pump systems.

Table 1. Comparison of obtained results with the literature.

Max. Discrepancy of Flow Max. Discrepancy of
Number Method Rate Estimation [%] Pressure Estimation [%]

1 Obtained Novel Method 4.45% 4.25%
2 ANN (Freg. and Input Power) 12.5% 13%
3 ANN (RMS Current and Input 77% 15%

Power)
4 ANN (Freg. and RMS Current) 8.05% 9.6%
5 Model Estimating of a Centrifugal 720 7.2%

Pump operating as a Turbine [23] '
6 Q-P Curve-based Estimation [24] %16 within the range of +/-5%

5. CONCLUSION

The paper has made substantial contributions to the domain of state estimation and control in centrifugal
fans and pumps with induction motor drives. It introduces a novel approach for the estimation of
pressure and flow rate in these systems, which relies on feed-forward backpropagation neural networks.
This novel approach necessitates input data, specifically the stator voltages frequency, the estimated
motor in. The proposed method achieves a maximum error of only 4% for pressure and 4.2% for flow
rate, demonstrating its effectiveness. put active power, and the measured RMS stator current. The
investigation also confirms that the estimations are feasible, although less accurate, if only the frequency
and the RMS stator current, or the RMS stator current and the input motor active power are used as the
two inputs for the estimators. The paper also presents a test rig for the fan’s control prototyping, which
allows accurate data collection for the necessary ANNs training and reveals features that useful for
practical engineers regarding the design and testing procedure.
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