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ABSTRACT: Moving toward a sustainable energy future requires improving the efficiency of energy 
systems. The fact that about 22% of industrial electricity is consumed by induction-motor-driven 
centrifugal pumps, highlights the importance of continuous monitoring of such systems to ensure they 
are operating at their best efficiency points. This results in the overall reduction of energy consumption 
and consequently lowers the carbon footprint of pumping systems. This paper presents a non-intrusive 
approach towards estimating the efficiency of the whole motor pump chain. The motor efficiency is 
calculated using only motor electrical signals along with the nameplate information. To estimate the pump 
efficiency, a hybrid method is adopted which uses the pump characteristic curve, impeller speed, and 
affinity laws. Both estimation algorithms are based on electrical signature analysis (ESA) which requires 
only motor terminal quantities i.e. current and voltage. The proposed methods are tested on laboratory 
setups and the experimental results show their accuracy in estimating the efficiency of induction-motor-
driven pumps. Given the non-intrusive nature of the proposed method, a simple data acquisition system 
to acquire motor current and voltage signals along with a microprocessor to implement the algorithms 
discussed here can be integrated into a single affordable board to be used in utilities for continuous 
efficiency monitoring purposes.
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1- Introduction
Using electric motors to drive pumps, fans, and 

compressors comprises almost 46% of the electric energy 
consumed in industries[1]. The European Commission 
mentioned that electric motor applications in pumping 
systems consumed nearly 22% of this energy [2]. As stated 
in [3],  changing pump system components or applying 
other flow control techniques can save about 30% of wasted 
energy. Increased energy prices and environmental issues are 
the other reasons that highlight the importance of efficiency 
monitoring in these systems.

The three-phase induction motor and a centrifugal pump 
are the two main parts of an industrial pumping system. 
Electric energy converts to mechanical power in the motors 
and then transforms to hydraulic power in the pump units. 
To estimate the efficiency of the overall system, some 
mechanical variables, such as motor speed and its output 
torque, and some hydraulic variables including pump head 
and flow rate, are required. However these variables are not 
always available, and installing related sensors to measure 
them directly is not a viable solution since these sensors are 
too costly and decrease the system’s reliability.

An increasing number of studies have been published 

for three-phase induction motor efficiency estimation. 
Motor nameplate information was used in [4] to derive 
some estimation methods. Although these techniques 
are non-intrusive, they are not accurate enough.  The 
standard equivalent-circuit method was mentioned in [5]. 
This technique required intrusive tests, including no-load, 
variable voltage, removed-rotor, and reverse rotation, so it 
is not feasible to apply this method for in-service systems. 
In [6,7], the last technique was modified to omit intrusive 
tests; however, these new algorithms need accurate motor 
parameters that may not be easy to obtain since some 
parameters, such as rotor and stator winding resistance, tend 
to change during motor operation. In [8–11] optimization 
techniques are used for efficiency estimation. These methods 
suffer from intrusive direct measurement of the stator winding 
resistance at ambient temperature. 

There have been numerous studies on pump efficiency 
estimation methods in recent years, mainly based on the 
pump characteristic curves. Methods based on pump power 
consumption vs. flow rate (QP) and head vs. flow rate (QH) 
reported in [12] and a hybrid technique developed in [13] , 
estimate the operating point and the efficiency of centrifugal 
pumps. In [14] the characteristic curves are estimated based 
on the pump-specific speed and then these curves are used 
for hydraulic variables estimation. In [15], centrifugal pump 
characteristic curves are predicted based on a particle swarm *Corresponding author’s email: asadighi@ut.ac.ir
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optimization algorithm. In [16], pumping systems consisting 
of cascade centrifugal pumps and in [17], parallel pumps 
have been investigated. A method based on an interpolation 
algorithm on motor speed vs. motor shaft power curve is 
reported in [18]. This technique requires the measurement 
of motor speed and output power at different flow rates, 
and changing the flow rate is sometimes impossible for in-
service systems. In all of these estimation techniques, the 
pump impeller speed and its input power are obtained by the 
variable frequency drive (VFD) used in the pumping system, 
so they cannot be implemented in systems where motors are 
not driven by this apparatus, or where the installed VFDs 
cannot estimate these quantities. Furthermore, the VFDs’ 
estimated values have some errors since they usually come 
from the model-based algorithm that results in inaccurate 
operating points.

In [19–23], sensorless methods that use voltage and 
current to estimate mechanical variables such as speed and 
torque to control electric machines are investigated. The same 
techniques can also be employed to estimate the pumping 
system’s efficiency. This paper introduces an online and 
non-intrusive algorithm that only needs voltage and current 
signals along with motor nameplate information and pump 
characteristic curves for efficiency estimation of induction-
motor-driven centrifugal pumps. Regardless of whether 
the motor is powered by a VFD or not, this technique can 
be applied to all centrifugal pumps driven by three-phase 

induction motors, and this algorithm improves the accuracy 
of the estimated variables compared to the previous methods. 

Fig. 1 shows an overview of the proposed algorithm. 
Section 2 is devoted to motor efficiency and output torque 
estimation, where a non-intrusive air-gap technique is 
discussed. In Section 3 stator resistance estimation method 
using motor nameplate information is presented. Next, 
Section 4 introduces a spectral analysis algorithm for rotor 
speed estimation. Finally, Section 5 explains the estimation 
of the pump operating point and its efficiency using input 
power and modified characteristic curves based on impeller 
rotational speed and affinity laws.

2- Motor Efficiency Estimation
Induction motor power flow is shown in Fig. 2. The input 

electric power transforms to air-gap power (electromagnetic 
power) on the stator side. Then on the rotor side, it converts to 
mechanical output power. According to Fig .2 for calculating 
the motor output power and efficiency, first, the air-gap 
power should be obtained, and then, converted power is 
determined based on the motor speed. Finally, by subtracting 
losses associated with friction and windage ( )mechP  and also 
stray load on the rotor side ( stray rP ), the output power is 
obtained. 

Air-gap torque is the key to determine induction motor 
efficiency. Based on [24,25] this quantity can be calculated 
using motor line voltage, phase current, stator resistance, and 
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Fig.  1. The general approach for online efficiency estimation of an in-service pumping system. Fig. 1. The general approach for online efficiency estimation of an in-service pumping system.
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also motor nameplate information as the following equation:
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pT i i v R i i dt

i i v R i i dt
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 (1)

Stator resistance is the only unknown parameter in (1), 
and its estimation algorithm is discussed in Section 3. It also 
should be noted that numeric methods like Simpson’s rule 
can be used to calculate the integrals in (1).

As the rotor speed ( )rω  is estimated according to Section 
4, the converted power can be calculated as:
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 Next, the motor output power is obtained by subtracting 
the  mentioned losses from the converted power  as the 
following equation:
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 The no-load test determines the value of these losses, but 
their estimations can be used instead to avoid this intrusive 
test. The mechanical loss is about 1.2% of the rated output 
power, and the stray load loss is estimated based on the 
rated output power multiplied by the associated fraction, 
summarized in Table. 1.

The motor input power is obtained using electrical 
quantities as:

Input Power

Stator Stray Load Loss Core Loss

Stator Copper Loss

Air-gap Power
(Electromagnetic Power)

(Rotor Input Power)

Rotor Copper Loss

Rotor Stray Load Loss

Friction and Windage Loss
(Mechanical Loss) 

Shaft Power
(Mechanical Output Power) 

RRoottoorr  SSiiddeeSSttaattoorr  SSiiddee

Converted Power
(Developed Mechanical Power)

 

Fig. 2. Induction motor power flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Induction motor power flow.

Table 1. Stray load loss fraction at  rated output power [5]
Table 1. Stray load loss fraction at  rated output power [5] 

Rated Output Power (kW) Stray Load Loss Fraction 

0-90 0.018 

91-375 0.015 

376-1850 0.012 

>1850 0.009 
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Finally, the motor efficiency can be calculated as:
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𝜂𝜂motor = 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑐𝑐

 (5) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = √3 𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝐼𝐼𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝑃𝑃𝑃𝑃 (6) 

𝑃𝑃𝑙𝑙𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 (7) 

 

𝑆𝑆𝑖𝑖𝑐𝑐 = 𝑃𝑃𝑖𝑖𝑐𝑐
𝑃𝑃𝑃𝑃 (8) 

𝑄𝑄𝑖𝑖𝑐𝑐 = √𝑆𝑆𝑖𝑖𝑐𝑐
2 − 𝑃𝑃𝑖𝑖𝑐𝑐

2  (9) 

 

𝐼𝐼𝑝𝑝ℎ𝑎𝑎𝑠𝑠𝑐𝑐𝑟𝑟 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑗𝑗 𝑄𝑄𝑖𝑖𝑐𝑐
𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟

 (10) 

 

𝑠𝑠 = 1 − 𝑁𝑁. 𝑝𝑝
60 𝑓𝑓1

 
 

(11) 

 (5)

3- Stator Resistance Estimation
As reported in [26], direct measurement is the most 

accurate and straightforward way to determine stator winding 
resistance. However, this method is intrusive, and the 
obtained results are valid only for test temperature [27]. In 
[28–30],  some model-based methods are introduced. These 
techniques need some motor equivalent-circuit parameters, 
including the magnetizing inductance and the rotor and 
stator leakage inductance with high accuracy, especially in 
the high-speed range [31]. DC signal injection is the other 
approach mentioned in  [31]. Although this technique does 
not depend on motor parameters, provides accurate and 
reliable estimation for stator resistance, and takes temperature 
into account, it needs an extra electric circuit to be inserted 
into one phase of the motor and causes pulsation in torque 
and power dissipation. Some studies, such as [32–35],  
apply Fuzzy theory and neural networks to estimate stator 
resistance, but these methods need a command current signal 
and cannot be used for open-loop systems.

This paper estimates stator resistance through a non-
intrusive approach mentioned in [36]. This algorithm is 
based on motor nameplate information and provides a 
simple way with acceptable accuracy that is sufficient for the 
energy auditing of these systems. The following nameplate 
information is required in this method:

rated output power ( )outP
rated voltage ( )ratedV
rated current ( )ratedI
full load power factor (PF)
full load speed ( N )
number of pole pairs ( p )
supply frequency ( 1f )
To obtain the stator resistance estimation, first, the input 

power and total loss at the rated condition should be calculated 
as mentioned below:

   

   

3 { 2
3
2 }

ag a b ca s a b

a b ab s a b

pT i i v R i i dt

i i v R i i dt

       

       

 (1) 

 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑎𝑎𝑎𝑎 𝜔𝜔𝑟𝑟 (2) 

 

𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑐𝑐ℎ − 𝑃𝑃𝑠𝑠𝑜𝑜𝑟𝑟𝑎𝑎𝑠𝑠𝑟𝑟   (3) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (−𝑣𝑣𝑐𝑐𝑎𝑎(𝑖𝑖𝑎𝑎 + 𝑖𝑖𝑏𝑏) − 𝑣𝑣𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏) (4) 

 

𝜂𝜂motor = 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑐𝑐

 (5) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = √3 𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝐼𝐼𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝑃𝑃𝑃𝑃 (6) 

𝑃𝑃𝑙𝑙𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 (7) 

 

𝑆𝑆𝑖𝑖𝑐𝑐 = 𝑃𝑃𝑖𝑖𝑐𝑐
𝑃𝑃𝑃𝑃 (8) 

𝑄𝑄𝑖𝑖𝑐𝑐 = √𝑆𝑆𝑖𝑖𝑐𝑐
2 − 𝑃𝑃𝑖𝑖𝑐𝑐

2  (9) 

 

𝐼𝐼𝑝𝑝ℎ𝑎𝑎𝑠𝑠𝑐𝑐𝑟𝑟 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑗𝑗 𝑄𝑄𝑖𝑖𝑐𝑐
𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟

 (10) 

 

𝑠𝑠 = 1 − 𝑁𝑁. 𝑝𝑝
60 𝑓𝑓1

 
 

(11) 

 (6)
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 (1) 

 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑎𝑎𝑎𝑎 𝜔𝜔𝑟𝑟 (2) 

 

𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑐𝑐ℎ − 𝑃𝑃𝑠𝑠𝑜𝑜𝑟𝑟𝑎𝑎𝑠𝑠𝑟𝑟   (3) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (−𝑣𝑣𝑐𝑐𝑎𝑎(𝑖𝑖𝑎𝑎 + 𝑖𝑖𝑏𝑏) − 𝑣𝑣𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏) (4) 

 

𝜂𝜂motor = 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑐𝑐

 (5) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = √3 𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝐼𝐼𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝑃𝑃𝑃𝑃 (6) 

𝑃𝑃𝑙𝑙𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 (7) 

 

𝑆𝑆𝑖𝑖𝑐𝑐 = 𝑃𝑃𝑖𝑖𝑐𝑐
𝑃𝑃𝑃𝑃 (8) 

𝑄𝑄𝑖𝑖𝑐𝑐 = √𝑆𝑆𝑖𝑖𝑐𝑐
2 − 𝑃𝑃𝑖𝑖𝑐𝑐

2  (9) 

 

𝐼𝐼𝑝𝑝ℎ𝑎𝑎𝑠𝑠𝑐𝑐𝑟𝑟 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑗𝑗 𝑄𝑄𝑖𝑖𝑐𝑐
𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟

 (10) 

 

𝑠𝑠 = 1 − 𝑁𝑁. 𝑝𝑝
60 𝑓𝑓1

 
 

(11) 

 (7)

Then, apparent and reactive input powers are calculated 
as:
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 (1) 

 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑎𝑎𝑎𝑎 𝜔𝜔𝑟𝑟 (2) 

 

𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑐𝑐ℎ − 𝑃𝑃𝑠𝑠𝑜𝑜𝑟𝑟𝑎𝑎𝑠𝑠𝑟𝑟   (3) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (−𝑣𝑣𝑐𝑐𝑎𝑎(𝑖𝑖𝑎𝑎 + 𝑖𝑖𝑏𝑏) − 𝑣𝑣𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏) (4) 

 

𝜂𝜂motor = 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑐𝑐

 (5) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = √3 𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝐼𝐼𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝑃𝑃𝑃𝑃 (6) 

𝑃𝑃𝑙𝑙𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 (7) 

 

𝑆𝑆𝑖𝑖𝑐𝑐 = 𝑃𝑃𝑖𝑖𝑐𝑐
𝑃𝑃𝑃𝑃 (8) 

𝑄𝑄𝑖𝑖𝑐𝑐 = √𝑆𝑆𝑖𝑖𝑐𝑐
2 − 𝑃𝑃𝑖𝑖𝑐𝑐

2  (9) 

 

𝐼𝐼𝑝𝑝ℎ𝑎𝑎𝑠𝑠𝑐𝑐𝑟𝑟 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑗𝑗 𝑄𝑄𝑖𝑖𝑐𝑐
𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟

 (10) 

 

𝑠𝑠 = 1 − 𝑁𝑁. 𝑝𝑝
60 𝑓𝑓1

 
 

(11) 

 (8)
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ag a b ca s a b

a b ab s a b

pT i i v R i i dt
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 (1) 

 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑎𝑎𝑎𝑎 𝜔𝜔𝑟𝑟 (2) 

 

𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑐𝑐ℎ − 𝑃𝑃𝑠𝑠𝑜𝑜𝑟𝑟𝑎𝑎𝑠𝑠𝑟𝑟   (3) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (−𝑣𝑣𝑐𝑐𝑎𝑎(𝑖𝑖𝑎𝑎 + 𝑖𝑖𝑏𝑏) − 𝑣𝑣𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏) (4) 

 

𝜂𝜂motor = 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑐𝑐

 (5) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = √3 𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝐼𝐼𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝑃𝑃𝑃𝑃 (6) 

𝑃𝑃𝑙𝑙𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 (7) 

 

𝑆𝑆𝑖𝑖𝑐𝑐 = 𝑃𝑃𝑖𝑖𝑐𝑐
𝑃𝑃𝑃𝑃 (8) 

𝑄𝑄𝑖𝑖𝑐𝑐 = √𝑆𝑆𝑖𝑖𝑐𝑐
2 − 𝑃𝑃𝑖𝑖𝑐𝑐

2  (9) 

 

𝐼𝐼𝑝𝑝ℎ𝑎𝑎𝑠𝑠𝑐𝑐𝑟𝑟 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑗𝑗 𝑄𝑄𝑖𝑖𝑐𝑐
𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟

 (10) 

 

𝑠𝑠 = 1 − 𝑁𝑁. 𝑝𝑝
60 𝑓𝑓1

 
 

(11) 

 (9)

So the phasor input current is obtained as:
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 (1) 

 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑎𝑎𝑎𝑎 𝜔𝜔𝑟𝑟 (2) 

 

𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑐𝑐ℎ − 𝑃𝑃𝑠𝑠𝑜𝑜𝑟𝑟𝑎𝑎𝑠𝑠𝑟𝑟   (3) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (−𝑣𝑣𝑐𝑐𝑎𝑎(𝑖𝑖𝑎𝑎 + 𝑖𝑖𝑏𝑏) − 𝑣𝑣𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏) (4) 

 

𝜂𝜂motor = 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑐𝑐

 (5) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = √3 𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝐼𝐼𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝑃𝑃𝑃𝑃 (6) 

𝑃𝑃𝑙𝑙𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 (7) 

 

𝑆𝑆𝑖𝑖𝑐𝑐 = 𝑃𝑃𝑖𝑖𝑐𝑐
𝑃𝑃𝑃𝑃 (8) 

𝑄𝑄𝑖𝑖𝑐𝑐 = √𝑆𝑆𝑖𝑖𝑐𝑐
2 − 𝑃𝑃𝑖𝑖𝑐𝑐

2  (9) 

 

𝐼𝐼𝑝𝑝ℎ𝑎𝑎𝑠𝑠𝑐𝑐𝑟𝑟 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑗𝑗 𝑄𝑄𝑖𝑖𝑐𝑐
𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟

 (10) 

 

𝑠𝑠 = 1 − 𝑁𝑁. 𝑝𝑝
60 𝑓𝑓1

 
 

(11) 

 (10)

The full load slip is calculated as:
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a b ab s a b

pT i i v R i i dt
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 (1) 

 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑎𝑎𝑎𝑎 𝜔𝜔𝑟𝑟 (2) 

 

𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑐𝑐ℎ − 𝑃𝑃𝑠𝑠𝑜𝑜𝑟𝑟𝑎𝑎𝑠𝑠𝑟𝑟   (3) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (−𝑣𝑣𝑐𝑐𝑎𝑎(𝑖𝑖𝑎𝑎 + 𝑖𝑖𝑏𝑏) − 𝑣𝑣𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏) (4) 

 

𝜂𝜂motor = 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑐𝑐

 (5) 

 

𝑃𝑃𝑖𝑖𝑐𝑐 = √3 𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝐼𝐼𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟 . 𝑃𝑃𝑃𝑃 (6) 

𝑃𝑃𝑙𝑙𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜 (7) 

 

𝑆𝑆𝑖𝑖𝑐𝑐 = 𝑃𝑃𝑖𝑖𝑐𝑐
𝑃𝑃𝑃𝑃 (8) 

𝑄𝑄𝑖𝑖𝑐𝑐 = √𝑆𝑆𝑖𝑖𝑐𝑐
2 − 𝑃𝑃𝑖𝑖𝑐𝑐

2  (9) 

 

𝐼𝐼𝑝𝑝ℎ𝑎𝑎𝑠𝑠𝑐𝑐𝑟𝑟 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑗𝑗 𝑄𝑄𝑖𝑖𝑐𝑐
𝑉𝑉𝑟𝑟𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟

 (10) 

 

𝑠𝑠 = 1 − 𝑁𝑁. 𝑝𝑝
60 𝑓𝑓1

 
 

(11)  (11)

 Next, the losses associated with stray load, 
mechanical, and core are estimated as fractions of the total 
loss and the rated output power.

 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚ℎ  (12) 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (13) 

𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 .  𝐹𝐹𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 (14) 

 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 + 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ + 𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐 (15) 

 

𝑃𝑃𝑠𝑠𝑎𝑎 = 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐
1 − 𝑠𝑠 (16) 

 

𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑠𝑠𝑎𝑎 − 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (17) 

 

𝑅𝑅𝑙𝑙 = 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆
|𝐼𝐼𝑝𝑝ℎ𝑠𝑠𝑙𝑙𝑙𝑙𝑐𝑐|2 (18) 

 

𝑓𝑓ecc = 𝑓𝑓1 (1 ± (1−𝑙𝑙
𝑝𝑝 ))      (19) 

 

𝑁𝑁 = 60 𝑓𝑓1 (1 − 𝑠𝑠)
𝑝𝑝  (20) 

 

𝑄𝑄
𝑄𝑄nom 

= 𝑁𝑁
𝑁𝑁nom 

 (21) 

𝐻𝐻
𝐻𝐻𝑐𝑐𝑙𝑙𝑚𝑚

= ( 𝑁𝑁
𝑁𝑁𝑐𝑐𝑙𝑙𝑚𝑚

)
2
 

 

(22) 

𝑃𝑃
𝑃𝑃nom 

= ( 𝑁𝑁
𝑁𝑁nom 

)
3
 (23) 

 (12)

 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚ℎ  (12) 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (13) 

𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 .  𝐹𝐹𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 (14) 

 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 + 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ + 𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐 (15) 

 

𝑃𝑃𝑠𝑠𝑎𝑎 = 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐
1 − 𝑠𝑠 (16) 

 

𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑠𝑠𝑎𝑎 − 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (17) 

 

𝑅𝑅𝑙𝑙 = 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆
|𝐼𝐼𝑝𝑝ℎ𝑠𝑠𝑙𝑙𝑙𝑙𝑐𝑐|2 (18) 

 

𝑓𝑓ecc = 𝑓𝑓1 (1 ± (1−𝑙𝑙
𝑝𝑝 ))      (19) 

 

𝑁𝑁 = 60 𝑓𝑓1 (1 − 𝑠𝑠)
𝑝𝑝  (20) 

 

𝑄𝑄
𝑄𝑄nom 

= 𝑁𝑁
𝑁𝑁nom 

 (21) 

𝐻𝐻
𝐻𝐻𝑐𝑐𝑙𝑙𝑚𝑚

= ( 𝑁𝑁
𝑁𝑁𝑐𝑐𝑙𝑙𝑚𝑚

)
2
 

 

(22) 

𝑃𝑃
𝑃𝑃nom 

= ( 𝑁𝑁
𝑁𝑁nom 

)
3
 (23) 

 (13)

 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚ℎ  (12) 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (13) 

𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 .  𝐹𝐹𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 (14) 

 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 + 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ + 𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐 (15) 

 

𝑃𝑃𝑠𝑠𝑎𝑎 = 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐
1 − 𝑠𝑠 (16) 

 

𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑠𝑠𝑎𝑎 − 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (17) 

 

𝑅𝑅𝑙𝑙 = 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆
|𝐼𝐼𝑝𝑝ℎ𝑠𝑠𝑙𝑙𝑙𝑙𝑐𝑐|2 (18) 

 

𝑓𝑓ecc = 𝑓𝑓1 (1 ± (1−𝑙𝑙
𝑝𝑝 ))      (19) 

 

𝑁𝑁 = 60 𝑓𝑓1 (1 − 𝑠𝑠)
𝑝𝑝  (20) 

 

𝑄𝑄
𝑄𝑄nom 

= 𝑁𝑁
𝑁𝑁nom 

 (21) 

𝐻𝐻
𝐻𝐻𝑐𝑐𝑙𝑙𝑚𝑚

= ( 𝑁𝑁
𝑁𝑁𝑐𝑐𝑙𝑙𝑚𝑚

)
2
 

 

(22) 

𝑃𝑃
𝑃𝑃nom 

= ( 𝑁𝑁
𝑁𝑁nom 

)
3
 (23) 

 (14)

As discussed in [37], mechanical and core loss fractions 
can be considered to be about 0.14 and 0.12, respectively. 
stray load loss fraction can be obtained according to Table1 .

As mentioned in (15) and illustrated in Fig. 2, the converted 
power is the summation of output power, mechanical loss, 
and stray load loss on the rotor side.

 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚ℎ  (12) 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (13) 

𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 .  𝐹𝐹𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 (14) 

 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 + 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ + 𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐 (15) 

 

𝑃𝑃𝑠𝑠𝑎𝑎 = 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐
1 − 𝑠𝑠 (16) 

 

𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑠𝑠𝑎𝑎 − 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (17) 

 

𝑅𝑅𝑙𝑙 = 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆
|𝐼𝐼𝑝𝑝ℎ𝑠𝑠𝑙𝑙𝑙𝑙𝑐𝑐|2 (18) 

 

𝑓𝑓ecc = 𝑓𝑓1 (1 ± (1−𝑙𝑙
𝑝𝑝 ))      (19) 

 

𝑁𝑁 = 60 𝑓𝑓1 (1 − 𝑠𝑠)
𝑝𝑝  (20) 

 

𝑄𝑄
𝑄𝑄nom 

= 𝑁𝑁
𝑁𝑁nom 

 (21) 

𝐻𝐻
𝐻𝐻𝑐𝑐𝑙𝑙𝑚𝑚

= ( 𝑁𝑁
𝑁𝑁𝑐𝑐𝑙𝑙𝑚𝑚

)
2
 

 

(22) 

𝑃𝑃
𝑃𝑃nom 

= ( 𝑁𝑁
𝑁𝑁nom 

)
3
 (23) 

 (15)

The air-gap power can be obtained as:

 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚ℎ  (12) 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (13) 

𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 .  𝐹𝐹𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 (14) 

 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 + 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ + 𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐 (15) 

 

𝑃𝑃𝑠𝑠𝑎𝑎 = 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐
1 − 𝑠𝑠 (16) 

 

𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑠𝑠𝑎𝑎 − 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (17) 

 

𝑅𝑅𝑙𝑙 = 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆
|𝐼𝐼𝑝𝑝ℎ𝑠𝑠𝑙𝑙𝑙𝑙𝑐𝑐|2 (18) 

 

𝑓𝑓ecc = 𝑓𝑓1 (1 ± (1−𝑙𝑙
𝑝𝑝 ))      (19) 

 

𝑁𝑁 = 60 𝑓𝑓1 (1 − 𝑠𝑠)
𝑝𝑝  (20) 

 

𝑄𝑄
𝑄𝑄nom 

= 𝑁𝑁
𝑁𝑁nom 

 (21) 

𝐻𝐻
𝐻𝐻𝑐𝑐𝑙𝑙𝑚𝑚

= ( 𝑁𝑁
𝑁𝑁𝑐𝑐𝑙𝑙𝑚𝑚

)
2
 

 

(22) 

𝑃𝑃
𝑃𝑃nom 

= ( 𝑁𝑁
𝑁𝑁nom 

)
3
 (23) 

 (16)
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According to Fig. 2, the stator copper loss can be 
calculated as:

 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚ℎ  (12) 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .  𝐹𝐹𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (13) 

𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 .  𝐹𝐹𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 (14) 

 

𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑙𝑙𝑜𝑜𝑠𝑠 + 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ + 𝑃𝑃𝑙𝑙𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐 (15) 

 

𝑃𝑃𝑠𝑠𝑎𝑎 = 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑐𝑐
1 − 𝑠𝑠 (16) 

 

𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑃𝑃𝑖𝑖𝑐𝑐 − 𝑃𝑃𝑠𝑠𝑎𝑎 − 𝑃𝑃𝑚𝑚𝑙𝑙𝑐𝑐𝑚𝑚 (17) 

 

𝑅𝑅𝑙𝑙 = 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆
|𝐼𝐼𝑝𝑝ℎ𝑠𝑠𝑙𝑙𝑙𝑙𝑐𝑐|2 (18) 

 

𝑓𝑓ecc = 𝑓𝑓1 (1 ± (1−𝑙𝑙
𝑝𝑝 ))      (19) 

 

𝑁𝑁 = 60 𝑓𝑓1 (1 − 𝑠𝑠)
𝑝𝑝  (20) 

 

𝑄𝑄
𝑄𝑄nom 

= 𝑁𝑁
𝑁𝑁nom 

 (21) 

𝐻𝐻
𝐻𝐻𝑐𝑐𝑙𝑙𝑚𝑚

= ( 𝑁𝑁
𝑁𝑁𝑐𝑐𝑙𝑙𝑚𝑚

)
2
 

 

(22) 

𝑃𝑃
𝑃𝑃nom 

= ( 𝑁𝑁
𝑁𝑁nom 

)
3
 (23) 

 (17)

Finally, the stator resistance is obtained based on the 
following expression:
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4- Rotor Speed Estimation
In [38–40], some model-based techniques for rotor speed 

estimation are investigated. These approaches provide a 
suitable estimate at high speed and are computationally 
cheap, meaning that they do not require more time or memory 
to solve than other techniques. But like other model-based 
methods needs accurate parameters for motor equivalent-
circuit. Signal-based techniques consist of spectral signal 
analysis, and signal injection methods are the other estimation 
approaches. Frequency signal injection methods studied in 
[41–43] add a low or high-frequency signal to motor voltage. 
Since this signal interrupts the normal operation condition, 
these techniques are considered intrusive approaches and 
cannot be used for in-service systems. Spectral signal analysis 
is a non-intrusive approach for rotor speed estimation. It is 
based on particular harmonics in both voltage and current 
spectrum, provides accurate results, can be used for in-service 
systems in all load ranges, and does not depend on motor 
parameters [44]. Using a current signal for speed estimation 
is more common because current sensors are cheaper than 
voltage sensors and they usually found in motor control 
systems [38,45] In this paper spectral signal analysis method 
is used to determine rotor speed.

As discussed in [38], harmonics arise in the spectrum of 
current signals usually because of:

fundamental frequency;
winding distribution on the stator surface;
stator slots;
rotor slots;
air-gap eccentricity.
Among the  mentioned harmonics, air-gap eccentricity 

and rotor slots are related to motor slip and can be used for 
rotor speed estimation. As mentioned in [40], calculated 
speeds from both methods are very close. However, the rotor 
slot harmonic algorithm is more complicated due to more 
parameters in this approach that should be identified first. 
So this paper focused on speed estimation based on air-gap 
eccentricity harmonics in current signals.

Air-gap eccentricity harmonics arise on both sides of 
the fundamental frequency due to motor design, installation 
issues, or bearing problems. 

The motor slip and the eccentricity harmonic frequency 

are related through the following equation [40].
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Sometimes detecting the eccentricity harmonics may be 
challenging because they are close to fundamental frequency 
and have low amplitudes. Calculating the current spectrum 
with high resolution plays a crucial role in speed estimation 
since the accuracy of fundamental and eccentricity harmonics 
in the calculated spectrum determines the accuracy of the 
estimated speed.

The fast Fourier transform (FFT) is commonly used to 
calculate the spectrum. However, using this method alone 
is not usually enough, and some additional techniques, such 
as interpolation, zero padding, zoom, etc., are necessary to 
improve the resolution of the calculated spectrum, but it 
should be considered that applying each of these techniques 
increases computational cost. Another Fourier transform 
algorithm called chirp-Z transform (CZT) can calculate the 
spectrum in a specified frequency range. This technique 
provides a higher resolution for the calculated spectrum with 
the same sample points than the FFT algorithm [46]. Fewer 
sample points and the possibility to specify the frequency 
range make CZT a suitable replacement for FFT in the speed 
estimation algorithm.

Fig. 3 shows the proposed method for rotor speed 
estimation using eccentricity harmonics. First, the stator 
current is measured. Then, a low pass filter is used to prevent 
aliasing in the sampling step. As the current signal is sampled 
and collected, a Hanning window function is applied to 
reduce the leakage error. Next, the CZT technique is applied 
in the range of 0-80 Hz to find the fundamental harmonic. 
To increase the accuracy, the frequency range is limited to 
±5 Hz around the obtained frequency in the previous step, 
and the CZT algorithm is applied again. Using the calculated 
frequency of fundamental harmonic and setting slip in the 
range of 0.001-0.07 in (19), a searching window in which 
the eccentricity harmonics are expected to be present is 
obtained. By applying the CZT technique in this frequency 
range, eccentricity harmonic is distinguished, and motor 
slip is calculated using (19) again. Then, rotor speed can be 
calculated as mentioned in [40]. 
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5- Pump Efficiency Estimation
The proposed method to estimate the pump operating 

point and efficiency is based on characteristic curves 
consisting of pump power consumption vs. flow rate (QP) 
and head vs. flow rate (QH) as discussed in the following. 
Note that this technique is only applicable to centrifugal 
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pumps driven by three-phase induction motors. Therefore, the 
impeller rotational speed of the pump can be estimated using 
the algorithm given in Section 4, assuming it is equal to the 
induction motor rotor speed. Also, the pump input and motor 
output power are considered equal and can be estimated using 
the discussed approach in Section 2. 

As the pump characteristic curves report at nominal 
speed, and the operating point estimation algorithm requires 
these curves at instantaneous speed, affinity laws mentioned 
in [47] are used to modify them as:
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|𝐼𝐼𝑝𝑝ℎ𝑠𝑠𝑙𝑙𝑙𝑙𝑐𝑐|2 (18) 

 

𝑓𝑓ecc = 𝑓𝑓1 (1 ± (1−𝑙𝑙
𝑝𝑝 ))      (19) 

 

𝑁𝑁 = 60 𝑓𝑓1 (1 − 𝑠𝑠)
𝑝𝑝  (20) 

 

𝑄𝑄
𝑄𝑄nom 

= 𝑁𝑁
𝑁𝑁nom 

 (21) 

𝐻𝐻
𝐻𝐻𝑐𝑐𝑙𝑙𝑚𝑚

= ( 𝑁𝑁
𝑁𝑁𝑐𝑐𝑙𝑙𝑚𝑚

)
2
 

 

(22) 

𝑃𝑃
𝑃𝑃nom 

= ( 𝑁𝑁
𝑁𝑁nom 

)
3
 (23)  (23)

As illustrated in Fig.4 the pump flow rate is estimated by 

the intersection of the motor output power and modified QP 
curve. Then, according to Fig. 5, the pump head is determined 
by the intersection of the obtained flow rate and modified QH 
curve [12].

As the pump flow rate and head are estimated, the 
efficiency can be calculated based on fluid density as 
mentioned in [47].  

 

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌
(𝑃𝑃𝑖𝑖𝑖𝑖)𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 (24) 

 

𝜌𝜌process = 𝑎𝑎 + 𝑏𝑏 𝜌𝜌2 (25) 

 

 

 (24)

The rotational speed affects the estimated results obtained 
from this algorithm. As reported in [13], the allowable 
deviation is about 20% of the pump nominal speed, meaning 
that the accuracy decreases out of this range, and the proposed 
method is not valid anymore. Also, as discussed in [41], this 
method failed in some abnormal operating conditions, such 
as flow recirculation or cavitation.

Since the estimation algorithm is based on the 
characteristic curves, the accuracy of the obtained results is 
highly dependent on the accuracy of these curves. On the other 
hand, the published curves  have some errors and are different 
from the actual ones. As suggested in [12], the QP curve can 
be corrected by closing the discharge valve, calculating the 
pump input power, and moving the entire curve according 
to this obtained value. This technique significantly improves 
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Fig. 3. Speed estimation algorithm using eccentricity harmonics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Speed estimation algorithm using eccentricity harmonics.
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the QP curves.
The shape of QP curves is also important in this algorithm, 

and these curves should have a sufficient slope. Fig.6 
illustrates that a little shift in input power changes the flow 
rate significantly in QP curves with a gentle slope.

Another proposed method for pump operating point 
estimation is based on the hydraulic system process curve. 
This curve represents the relationship between the flow 
rate and the process head. As shown in Fig.7 the process 
head comprises static and dynamic head parts. The static 
part expresses the fluid vertical lift, and the dynamic head 
describes the losses associated with piping, valves, fittings, 

enlargements, contractions, etc., in the hydraulic system.
The process curve can be expressed using a second-order 

polynomial as:

 
 

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌
(𝑃𝑃𝑖𝑖𝑖𝑖)𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 (24) 

 

𝜌𝜌process = 𝑎𝑎 + 𝑏𝑏 𝜌𝜌2 (25) 

 

 

 (25)

External measurement of static and dynamic heads in the 
hydraulic system is the general approach for determining 
parameters a  and b  in (25).
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Fig. 4. Flow rate estimation using QP curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Flow rate estimation using QP curve.
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Fig. 5. Head estimation using QH curve. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Head estimation using QH curve.
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Using variable frequency drive (VFD) to adjust the 
rotational speed is one of the most  efficient and popular 
techniques for flow rate control. Under this condition, 
parameters in (25) do not change so much and can be identified 
using the least square algorithm and the QP algorithm for 
some operating points at steep areas of this curve. As the 
static head (a ) and dynamic coefficient (b ) of the process 
curve are identified, the flow rate and head can be estimated 
by the intersection of the modified QH curve and obtained 
process curve, as illustrated in Fig.8. As the process curve is 
obtained, this hybrid algorithm can be a suitable substitution 

for the previous method to estimate the pump operating point, 
especially when the slope of the QP curve is not steep enough.

6- Experimental Results
6- 1- Motor- generator setup

To test and verify the proposed algorithms for speed and 
motor power estimation, an experimental setup, shown in 
Fig. 9 was designed and built. This setup consists of a 1.5-
kW SIEMENS induction motor (1AV1094B) fed by a three-
phase PENTAX (DSI-400-2k2G3-00) variable frequency 
drive, a LENZ dc generator (GN-100), and a resistor bank to 
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Fig. 6. The effect of QP curve slope in the estimation algorithm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The effect of QP curve slope in the estimation algorithm.
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Fig. 7. The process curve of a hydraulic system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. The process curve of a hydraulic system.
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dissipated the generated power. The motor supply frequency 
and mechanical load can be adjusted using the mentioned 
VFD and varying the resistance connected to the generator. 
A TS1 torque transducer is coupled to the induction motor 
and generator for direct measurement of output torque. 
Also, an OPKON encoder (PSI50SH) enables rotor speed 
measurement. An electric board consisting of three LEM 
voltage transducers (LV25-P), three LEM current transducers 
(LA55-P), and an eight-order Chebyshev anti-aliasing filter 
is used to measure the phase signals and prepare them to be 
sampled. An NI data acquisition board (USB-6210) samples 

the voltage and current signals at 8-kHz rate. Fig. 10 illustrates 
the schematic of this test setup.

Fig. 11 shows the eccentricity harmonics in the calculated 
spectrum of the current signal when the fundamental 
frequency is about 36 Hz.

Fig. 12 compares the estimated rotor speed obtained by 
the eccentricity harmonic approach with encoder results in 
some operating points. The maximum relative error obtained 
for this estimation technique is about 0.6% . Therefore, this 
method is accurate and can be considered a suitable substitute 
for encoders.
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Fig.  8. Head estimation applying the QH algorithm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Head estimation applying the QH algorithm.

 

Fig. 9. Motor-Generator experimental setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Motor-Generator experimental setup.
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Fig. 10. The Schematic of Motor-Generator setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. The Schematic of Motor-Generator setup.

 

Fig. 11. Eccentricity harmonic in the calculated current signal spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Eccentricity harmonic in the calculated current signal spectrum.
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 As discussed before, stator resistance is required to 
estimate motor output torque and its efficiency. Using motor 
nameplate information which is summarized in Table. 2, 
and the proposed algorithm, this parameter was estimated 
as 5.0592 Ù , while its actual value obtained by direct 
measurement was 5.8250 Ù .

The motor output power estimation algorithm mentioned 
in Section 1 was also tested in this setup at four operating 
points that defined the 45% (OP4), 65% (OP3), 80% (OP2), 
and 100% (OP1) of rated output power. Fig. 13 shows the 
estimated output power against the actual one obtained by 

measured output torque multiplied by measured rotational 
speed. This figure shows the input power as well.

According to Fig. 13, the accuracy of the estimation 
technique is reduced by moving away from the rated 
condition, as the relative estimation error at operating point 1 
is 0.8%, and it increases to 7.5% at operating point 4.

6- 2- Laboratory Pumping System
A test bench in the turbo machinery laboratory was used to 

verify the pump operating point and its efficiency estimation 
techniques. Fig.14 shows this setup which comprises an 

 

Fig. 12. Speed estimation using eccentricity harmonic technique in Motor-Generator setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Speed estimation using eccentricity harmonic technique in Motor-Generator setup.

Table 2. Motor nameplate information.Table 2. Motor nameplate information. 

Parameter Value 
Power (𝑘𝑘𝑘𝑘) 1.5 

Frequency (𝐻𝐻𝐻𝐻) 50 
Speed (𝑟𝑟𝑟𝑟𝑟𝑟) 1410 
Pawer factor  0.8 
Voltage (𝑉𝑉) 230/400 (Δ/Y) 
Current (𝐴𝐴) 6.1/3.35 (Δ/Y) 
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Fig. 13 . Power estimation for Motor-Generator setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Power estimation for Motor-Generator setup.

 

 

Fig. 14. Pumping system experimental setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Pumping system experimental setup.
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11-kW three-phase induction motor (VEM) coupled to an 
EBARA centrifugal pump (1000 80FS× ). The fluid flow 
rate is measured using FARASANG ABZAR electromagnetic 
flowmeter (MF300), the head is obtained using two TG1 
barometers installed in the inlet and outlet of the pump, and 
the data collection board is the same as the previous setup.

The estimation algorithm was implemented on this setup 

at five operating points, which correspond to the flow rate of 
17.4 (OP1), 14 (OP2), 10.5 (OP3), 7 (OP4), and 3.5 (OP5) 
liters per second.

Fig. 15 and Fig. 16 show the proposed method for flow 
rate and head estimation at operating point 1, where the 
estimated motor speed and output power were 1481  rpm and 
3.1047 kW.

 

Fig. 15. Flow rate estimation based on modified QP curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Flow rate estimation based on modified QP curve.

 

Fig. 16. Pump head estimation based on modified QH curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. Pump head estimation based on modified QH curve.
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Fig. 17 compares the estimated flow rate with the direct 
measurement at mentioned operating points. This figure 
shows that the estimation accuracy decreases as the pump 
operating point drifts from the best efficiency point (OP1). 
The maximum relative error is about 26.3%, but it reduces to 
0.3% at OP1.

Fig. 18 demonstrates the estimated and measured pump 
head at the discussed operating point. The maximum 
relative error for head estimation is 5.7%.

Fig. 19 compares the estimated pump efficiency 
with the actual one at operating point 1 to operating 
point 5.

 

Fig. 17. Flow rate estimation for the pumping setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Flow rate estimation for the pumping setup.

 

Fig. 18. Pump head estimation for the pumping setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18. Pump head estimation for the pumping setup.
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7- Nomenclature 

 
Fig. 19. Efficiency estimation for pumping system setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19. Efficiency estimation for pumping system setup.

Fundamental supply frequency, 𝐻𝐻𝐻𝐻 𝑓𝑓1  

Eccentricity harmonic frequency, 𝐻𝐻𝐻𝐻 𝑓𝑓ecc  

Gravitational acceleration, 𝑚𝑚. 𝑠𝑠−2 𝑔𝑔 

Pump head, 𝑚𝑚 𝐻𝐻  

Line current, 𝐴𝐴 𝑖𝑖𝑎𝑎, 𝑖𝑖𝑏𝑏 , 𝑖𝑖𝑐𝑐   

Phasor input current, 𝐴𝐴 𝐼𝐼𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  

Rated current, 𝐴𝐴 𝐼𝐼𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟  

Rotational speed, (𝑟𝑟𝑟𝑟𝑚𝑚) 𝑁𝑁 

Pole pairs number 𝑟𝑟 

Power, 𝑊𝑊 𝑃𝑃  

Air-gap power, 𝑊𝑊 𝑃𝑃𝑎𝑎𝑎𝑎  

Converted power, 𝑊𝑊 𝑃𝑃𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐   

Core loss, 𝑊𝑊 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑟𝑟   

Power factor 𝑃𝑃𝑃𝑃 

Total loss, 𝑊𝑊 𝑃𝑃𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎  

Mechanical load loss, 𝑊𝑊 𝑃𝑃𝑚𝑚𝑟𝑟𝑐𝑐ℎ   

Stator copper loss, 𝑊𝑊 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆  

Stray loss, 𝑊𝑊 𝑃𝑃𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑠𝑠   

Pump flow rate, 𝑚𝑚3. 𝑠𝑠−1 𝑄𝑄  

Reactive input power. 𝑉𝑉. 𝐴𝐴 𝑄𝑄𝑖𝑖𝑐𝑐  

Stator resistance, Ω 𝑅𝑅𝑎𝑎  

Slip 𝑠𝑠 

Apparent input power, 𝑉𝑉. 𝐴𝐴 𝑆𝑆𝑖𝑖𝑐𝑐  

Air-gap torque, 𝑁𝑁. 𝑚𝑚 𝑇𝑇𝑎𝑎𝑎𝑎  

Line voltage, 𝑉𝑉 𝑣𝑣𝑎𝑎𝑏𝑏  , 𝑣𝑣𝑏𝑏𝑐𝑐 , 
𝑣𝑣𝑐𝑐𝑎𝑎  

Rated voltage, 𝑉𝑉 𝑉𝑉𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟  

Efficiency 𝜂𝜂 

Fluid density, 𝑘𝑘𝑔𝑔. 𝑚𝑚−3 𝜌𝜌  

Rotor speed, 𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝑠𝑠−1 𝜔𝜔𝑎𝑎  

Fundamental supply frequency, 𝐻𝐻𝐻𝐻 𝑓𝑓1  

Eccentricity harmonic frequency, 𝐻𝐻𝐻𝐻 𝑓𝑓ecc  

Gravitational acceleration, 𝑚𝑚. 𝑠𝑠−2 𝑔𝑔 

Pump head, 𝑚𝑚 𝐻𝐻  

Line current, 𝐴𝐴 𝑖𝑖𝑎𝑎, 𝑖𝑖𝑏𝑏 , 𝑖𝑖𝑐𝑐   

Phasor input current, 𝐴𝐴 𝐼𝐼𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  

Rated current, 𝐴𝐴 𝐼𝐼𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟  

Rotational speed, (𝑟𝑟𝑟𝑟𝑚𝑚) 𝑁𝑁 

Pole pairs number 𝑟𝑟 

Power, 𝑊𝑊 𝑃𝑃  

Air-gap power, 𝑊𝑊 𝑃𝑃𝑎𝑎𝑎𝑎  

Converted power, 𝑊𝑊 𝑃𝑃𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐   

Core loss, 𝑊𝑊 𝑃𝑃𝑐𝑐𝑎𝑎𝑎𝑎𝑟𝑟   

Power factor 𝑃𝑃𝑃𝑃 

Total loss, 𝑊𝑊 𝑃𝑃𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎  

Mechanical load loss, 𝑊𝑊 𝑃𝑃𝑚𝑚𝑟𝑟𝑐𝑐ℎ   

Stator copper loss, 𝑊𝑊 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆  

Stray loss, 𝑊𝑊 𝑃𝑃𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑠𝑠   

Pump flow rate, 𝑚𝑚3. 𝑠𝑠−1 𝑄𝑄  

Reactive input power. 𝑉𝑉. 𝐴𝐴 𝑄𝑄𝑖𝑖𝑐𝑐  

Stator resistance, Ω 𝑅𝑅𝑎𝑎  

Slip 𝑠𝑠 

Apparent input power, 𝑉𝑉. 𝐴𝐴 𝑆𝑆𝑖𝑖𝑐𝑐  

Air-gap torque, 𝑁𝑁. 𝑚𝑚 𝑇𝑇𝑎𝑎𝑎𝑎  

Line voltage, 𝑉𝑉 𝑣𝑣𝑎𝑎𝑏𝑏  , 𝑣𝑣𝑏𝑏𝑐𝑐 , 
𝑣𝑣𝑐𝑐𝑎𝑎  

Rated voltage, 𝑉𝑉 𝑉𝑉𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟  

Efficiency 𝜂𝜂 

Fluid density, 𝑘𝑘𝑔𝑔. 𝑚𝑚−3 𝜌𝜌  

Rotor speed, 𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 𝑠𝑠−1 𝜔𝜔𝑎𝑎  
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8- Conclusion
This paper proposed an online non-intrusive approach for 

estimating the operating point and efficiency of a pumping 
system consisting of centrifugal pumps and three-phase 
induction motors. Since the mentioned algorithm needs rotor 
speed and stator resistance, these values were estimated 
using eccentricity harmonics in the calculated spectrum of 
current signal and motor nameplate information. Also, an 
air-gap technique was used to estimate motor output power. 
The pump head and flow rate were estimated using a hybrid 
method based on characteristic curves. Finally, a motor 
generator and pumping laboratory setups were introduced, 
and all the mentioned methods were implemented and verified 
experimentally. The obtained results showed the ability of the 
proposed approach to estimate the efficiency of the whole 
motor pump chain in a non-intrusive way with acceptable 
accuracy only by using motor voltage and current signals 
and its nameplate information along with pump characteristic 
curves.
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