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Abstract—Energy efficiency is a concept that we all have
heard of. The search for more efficient equipment or even the
improvement of existing ones is increasingly important as a form
of energy and economic savings, from the big industry to our
homes. The largest share of energy consumption is due to running
motors.

The majority of hydraulic pumping systems require pumps
and motors to run for extended periods of time, resulting in, some
cases, a constant starting-stop of the motor and only operates at
fixed speed, if fed directly from the electric power grid. Pumping
any kind of fluid requires flow and pressure depending on the
operating conditions. The induction motor, and hence the pump,
running at different speeds allow different flow rates and lift
heights.

The focus of this thesis is based on the study of the possibility
of increasing efficiency and energy savings by using an electronic
power converter that will allow pumps to run at different
frequencies than just the grid’s. Different methodologies for
efficiency estimation of the induction motor are studied so that
they can be compared for different loads, speeds and with the
motor associated or not to a power converter to achieve a variable
speed characteristic.

From all tested methodologies to motor efficiency estimation,
one puts in evidence that method that makes it possible to carry
out an on-site evaluation of the electric efficiency and the load of
the induction motor without interrupting its normal operation.

Index Terms—Induction motor, electronic power converter, V/f
speed command, energy efficiency, hydraulic pumping.

I. HYDRAULIC PUMPING SYSTEMS

A. Centrifugal pumps

Hydraulic pumps have emerged on the basis of the need for
transport and raising water for agricultural purposes. They can
be divided into two large groups: positive displacement pumps
and dynamic pumps (e.g. centrifugal pumps). Commonly, they
are used for various purposes and pumping different kinds of
fluids.

Centrifugal pumps main purpose is to supply energy to a
fluid, converting mechanical energy into pressure energy by
motors. It’s given movement to the fluid through immersed
impellers, causing the pressure and the flow to increase
through the pump outlet. Centrifugal pumps can be of radial,
axial or mixed flow, depending on the flow rate, the head and
the pumping direction.

The pump’s manometric head is the total lift load at which
the pump works and it’s given by equation (1)

H = −hs + hfs + hr + hfr (1)

where hs represents the static suction head, hfs the loss of
charge in the suction, hr the static head and hfr the loss of
charge in the pumping line [1].

The affinity laws allow to relate different flows, heads and
input power with the speed of rotation [2], as shown in
equations (2), (3) and (4).
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The efficiency of a pump is given by the quotient between
the power at the input - mechanical power Pmec - and the
available power at the output - hydraulic power Ph. The
hydraulic power can be calculated by equation (5)

Ph = γDH = ρgDH (5)

where γ is the volumetric weight of the fluid, ρ its density
and g is the gravitational acceleration constant.

B. Induction motors

Electric motors allow the transformation of electrical energy
into mechanical energy and can be synchronous, asynchroun-
ous (induction) or DC motors.

In the experimental work developed, a squirrel-cage in-
duction motor was tested. It’s known due to its robustness,
reliability, cost and it’s, actually, the most used electric motor
and also one of the simplest motors that can be used in variable
speed systems [3].

It’s a three-phase motor consisting of a rotor inside a stator,
with an air-gap between them. The stator is composed of thin
sheets of rolled steel, with slots for the windings, surrounded
by an iron or steel structure. The rotor consists of bars of a
conductive material which are located diagonally around the
agglomerate of laminated sheets, short-circuited at both ends.

The symmetrical three-phase system of alternating sinus-
oidal currents running through the stator windings creates a
rotating magnetic field. Its speed of rotation, usually referred
to as the synchronous speed Ns, depends on the power grid’s
frequency f and the number of pairs of poles pp of the motor
(equation (6)).

Ns = 60
f

pp
(6)

The magnetic field created induces an electromotive force
on the rotor windings that will cause currents to circulate.
Initially, with the rotor stopped, these currents will produce a
field that will rotate at the same speed as the rotating magnetic
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field created by the stator, resulting in a starting torque that
will cause the rotor to rotate.

There are losses in the energy conversion while the motor
operates: Joule losses in the windings, both stator and rotor,
iron losses - hysteresis and Foucault - and mechanical losses
caused by friction and ventilation [4].

If the induction motor power losses Plosses are known,
its efficiency η can be calculated by equation (7) or by
the quotient between the available mechanical power in the
coupling axis and the input power Pin (equation (8)).

η =
Pin − Plosses

Pin
(7)

η =
Pmec

Pin
(8)

However, the mechanical power is either obtained from
the induction motor equivalent circuit parameters or by direct
measurement: from the speed of rotation and torque T meas-
ured at the coupling axis between the two motors (or between
the motor and the pump), by equation (9)

Pmec = Tω (9)

where ω is the rotational angular speed, obtained from equa-
tion (10).

ω = N
2π
60

(10)

Figure 1 represents the induction motor equivalent circuit
[5], where: Re symbolizes the winding resistance of one of
the stator phases, Rr the winding resistance of one of the rotor
phases, referred to the stator, Le and Lr the stator and rotor
inductances, respectively, Lm the magnetization inductance,
Rc the iron losses resistance and s the slip.

Figure 1: Induction motor equivalent circuit.

C. Voltage converter + V/f speed command

The electronic power converter is directly fed from the
power grid. The input voltage will pass through three distinct
stages, which are shown in Figure 2.

On stage A - AC/DC conversion - the input voltage is
converted by a bridge diode rectifier, allowing the current
to flow in only one direction, whichever phase is the most
positive.

At the stage B input - DC bus - we have a DC voltage with
a slight AC ripple. The capacitor will reduce or even eliminate
this ripple.

Figure 2: Representative circuit of a voltage converter.

Lastly, on stage C - DC/AC conversion - each IGBT+diode
functions as a switch. When one of the top switches is closed,
the respective phase of the motor is connected to the positive
side of the DC bus and becomes positive and when one of the
low switches is closed, the phase is connected to the negative
side of the DC bus and becomes negative.

This kind of electrical drive allows to control the speed at
which the motor and the pump operates, varying the feeding
voltage and frequency, providing a torque value close to the
nominal in order to maintain the magnetic flux level on its
higher value for each tested frequency.

In order to maximize the efficiency of the induction motor,
the magnetic field created must have values in the linear zone
of the magnetization characteristic curve of the core material,
otherwise the losses caused by the magnetic saturation of the
material will increase [6].

A voltage u(t) which feeds the motor can be described as
in the equation (11)

u(t) = U cos(ωt) (11)

that relates with the magnetic flux φ by equation (12)

u(t) = n
dφ

dt
(12)

where n is the number of windings that generate the flux.
Substituting the voltage of equation (11) on equation (12),

integrating in time and solving in order to the flow, we obtain
the equation (13).

φ(t) =
U

nω
sin(ωt) (13)

The magnetic field B, on the other hand, relates with the
flux by equation (14)

B =
φ

A
=

U

nAω
sin(ωt) = Bmax sin(ωt) (14)

where A represents the unit of area. One can observe that the
maximum value of the magnetic field is proportional to the
quotient between the voltage and the frequency [7], wherefore:

Bmax ∝
U

ω
≡ V

f

The frequency variation and voltage adjustment are made
to maintain the magnetization level. In fact, the frequency in-
creases until the maximum voltage value is reached using this
type of V/f command to avoid field weakening or saturation
of the magnetic circuit [3].
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Probably the worst problem associated to electronic power
converters is the harmonic production, causing damage to the
converter’s electrical components, contributing to its overheat-
ing and also to the motor’s. Still, they are known to be highly
efficient equipment, ranging from 95 to 98 %, near the nominal
point, and close to 75 % for smaller loads and for frequencies
around 20 Hz [8], requiring no belts, chains or extra pulley
systems to vary speed.

D. Energy efficiency
EIA projections indicate that the world total energy con-

sumption will continue to rise unarguably, with an expected
increase of 56 % between 2010 and 2040 [9] due to excessive
consumption by non-OECD countries.

Electric motors represent about 70 % of the electric con-
sumption in the industry and 30 % in the commerce and
services, of which 60 % comes from compressors, pumps and
fans [10]. Hence, energy assumes a place of great prominence,
motivated by the energy availability uncertainties on Earth
or by environmental restrictions or policies or solely by a
reduction of costs due to the market competitiveness.

One knows that it’s no longer advantageous to have a
pump running at full speed when the maximum flow rate
is not available for the installed system or because a lower
flow rate and speed are enough to achieve the head that is
desired. However, it’s known that the electric motors are sized
to operate close to their nominal point of operation, being
essential a correct motors and pumps’ dimensioning, besides
the selection of a suitable electronic power converter.

In order to have a global standardization, CEMEP created
a standard energy performance classification system for IEC.
For instance, the international standard 640/2009 (IEC 60034-
30) divides into four classes the motor efficiencies:

• IE1: standard efficiency;
• IE2: high efficiency;
• IE3: premium efficiency;
• IE4: super premium efficiency.

It also describes the correct and necessary procedure for
measuring the motors’ efficiency levels: three-phase squirrel-
cage induction motors, from 1 to 3 pairs of poles, for nominal
voltages up to 1000 V and rated power from 0.75 to 375 kW.

Anyhow, the energy efficiency concept goes beyond the
standards and legislation to be followed. It ends up being a
way of money savings by reducing losses and adopting other
measures that allow a lower consumption of electric energy. It
also encompasses the importance of reducing greenhouse gas
emissions and reducing fossil fuel consumption and seeking
for sustainable alternatives.

Energy efficiency implies, therefore, the creation and im-
plementation of measures and/or strategies that can fight the
excessive consumption of electric energy, from the time it is
created until its final use.

II. METHODOLOGIES TO DETERMINE THE INDUCTION
MOTOR EFFICIENCY

A. Directly fed from the power grid
There are many standardized methods for analyzing motors’

efficiency. The most commonly used are IEEE 112-B, IEC

34.2 and JEC 37, presenting different results among them [4],
as such, other methods are also used.

The motor’s input current and voltage or the electronic
power converter’s are used to analyze the motor’s efficiency.
When directly connected to the power grid, with the auto-
transformer, they are very close to sinusoids whereas, when
using the V/f speed command, neither of them are close to
a sinusoidal curve and it was necessary to resort to the input
voltage and current of the converter.

It all depends on whether we can easily access to the motor
in order to study it in a no-load and in different load situations
or, if studying the pumps in their normal operating mode,
another method must be used for analysis without interrupting
its operation.

The different methods to obtain motor’s efficiency considers
the following three different situations:

• When one uses only the equivalent circuit of the motor;
• When one has the torque sensor, that allows determining

the mechanical power by its relation with the rotation
speed;

• When analyzing pumps in its normal operating mode,
where its load factor is used.

The product of current ij(t) and voltage vj(t) allows to
obtain the instantaneous power for each phase j, whose mean
value represents the active power. From the analysis of the
same voltage and current data, we obtain the phase shift ϕj

and it becomes possible to calculate the reactive power Qj

and also the apparent power.
Then, equations (15), (16) and (17) allow to obtain the

motor’s input active Ptotal, reactive Qtotal and apparent power
Stotal, respectively.

Ptotal =

3∑
j=1

(
1
T

∫ T

0
vj(t)ij(t)dt

)
(15)

Qtotal =

3∑
j=1

((
1
T

∫ T

0
vj(t)ij(t)dt

)
tanϕj

)
(16)

Stotal =

3∑
j=1

 1
T

∫ T

0 vj(t)ij(t)dt

cosϕj

 (17)

The power factor cosϕtotal can be calculated by equation (18).

cosϕtotal = cos

∑3
j=1 ϕj

3
(18)

1) Method 1 - Equivalent circuit: The motor’s equivalent
circuit parameters, shown in Figure 1, can be approximated
and determined from no-load and at full-load tests. In order to
simplify, the inductances Le and Lr are assumed small enough
to be neglected, once the slip of the motor is very small [11].

The rotor’s input power Protor of the motor is given by
equation (19)

Protor = Ptotal − 3Re|Ie|
2 − 3Rc|Ic|

2
(19)

where, on the right side of the equal sign, the second term is
the dissipated power on the stator and the third represents the
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histeresis and Foucault losses. If one subtracts to equation (19)
the rotor losses we obtain the mechanical power, given by
equation (20).

Pmec = Protor − 3Rr|Ir|
2

(20)

Thereby, the motor’s efficiency can be computed, according
to equation (7), by equation (21).

η =
Ptotal − 3Re|Ie|

2 − 3Rc|Ic|
2 − 3Rr|Ir|

2

Ptotal
(21)

2) Method 2 - Mechanical power: If directly measuring the
rotation speed N and the torque T in the coupling between
the motors, one can calculate the mechanical power Pmec by
equations (9) e (10).

Once we obtain, from equation (15), the motor’s input active
power, its efficiency can be obtained by its relation with the
mechanical power (equation (22)).

η =
Pmec

Ptotal
(22)

3) Method 3 - Load factor: When analyzing the motors
coupled to the pumps in their normal operation mode, none
of the previous methods can be used to calculate the motor’s
efficiency. One needs to approximate its calculation knowing
the motor’s load factor fc (equation (23)), the nominal oper-
ation point of the motor and the active power obtained from
equation (15) [4].

fc =
ω

ωN

ωs − ω
ωs − ωN

(23)

where ω is the angular working speed of the motor, ωN its
nominal angular speed and ωs the synchronous angular speed.
Thus, the motor’s efficiency is obtained from equation (24)

η = fc
Pn

Ptotal
(24)

where Pn is the motor’s nominal power.

B. Association with an electronic power converter with V/f
speed command

The voltage and current read at the output of the converter
aren’t purely sinusoidal. One could use the analysis of the
harmonic component, using the fast Fourier transform to
obtain the amplitude and the argument of each harmonic of
the motor’s input voltage and current.

The use of an oscilloscope to visualize the current and
voltage aren’t enough to obtain the argument, but only the
amplitude of both. However, recording both voltage and cur-
rent in time and selecting a suitable viewing window, they
could be described as a sum of harmonics, being known the
amplitude - Uh and Ih - and the phase angle - φh and φh -
of each harmonic h, according to the equations (25) and (26),
respectively, and consequently the calculation of motor’s input
powers [12].

u(t) =
∑
h=1

√
2Uh cos(hωt+ ψh) (25)

i(t) =
∑
h=1

√
2Ih cos(hωt+ φh) (26)

The active power P could be calculated by equation (27).

P =
∑
h=1

UhIh cos(ψh − φh) (27)

On the other hand, the aparent power S would be calculated
by equation (28)

S =

√
SR

2 + SX
2 + SD

2 (28)

where, SR
2 is an active power component, SX

2 a reactive
power component and SD

2 the distortion power. The active
aparent power would be given by equation (29)

SR
2 =

∑
n=1

Un
2
∑
n=1

In
2cos2(ψn − φn) (29)

where n symbolizes the harmonics common to the voltage and
current waves. The reactive aparent power (commonly desig-
nated by reactive power) would be calculated by equation (30)

SX
2 =

∑
n=1

Un
2
∑
n=1

In
2sin2(ψn − φn) (30)

and the distortion power by equation (31)

SD
2 =

∑
n=1

Un
2
∑
p=1

Ip
2 +

∑
m=1

Um
2

∑
n=1

In
2 +

∑
p=1

Ip
2


(31)

where m symbolizes the harmonics that only exists on the
voltage waves and p on the current waves [12]. The power
factor cosφ would be calculated by the relation between the
active and aparent power (equation (32)).

cosφ =
P

S
(32)

Thus, the motor’s efficiency could be calculated by the first
method with equation (21).

After several attempts, for different loads, speeds and re-
cording of many periods of voltage and current, we realized
that the noise, harmonics and the high switching frequency
of the converter switches didn’t allow any coherence nor
phisically correct results.

With LA 25-NP and LV 25-P transducers, one voltage and
one current sensor were built. Using appropriate software
and hardware - LabVIEWTM and a data acquisition device
from National InstrumentsTM - both voltage and current were
read and registered but, either way, one didn’t achieve any
coherence on the obtained results. That’s why we choosed to
read and register the converter’s input voltage and current,
which would allow an approximation to obtain the motor’s
efficiency.

The relation between the dissipated power Pdiss, measured
in the resistive load connected to the DC motor armature, with
the total active power, obtained from equation (15), allows
to calculate the global efficiency ηglobal of the converter, the
induction motor and the DC motor (equation (33))

ηglobal =
Pdiss

Ptotal
(33)
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where the global efficiency is the product of the efficiency of
each equipment (equation (34)).

ηglobal = η(ηconverter)(ηDC) (34)

If we know the DC motor power losses PDC
losses we can

calculate its efficiency ηDC by equation (35)

ηDC =
Pdiss

Pdiss + PDC
losses − Pexc

(35)

were Pexc is the DC motor excitation power and the DC motor
power losses are given by equation (36)

PDC
losses = PFe + Pfriction + PJoule (36)

where PFe represents the iron losses at the DC motor,
Pfriction the friction losses and PJoule the Joule losses
calculated by equation (37)

PJoule = ra(Ia)2 (37)

where ra represents the DC motor armature resistance, meas-
ured and equal to 1.8 Ω, and Ia the armature current.

Thus, one can calculate the efficiency of both converter and
induction motor as shown in equation (38).

η(ηconverter) =
ηglobal
ηDC

(38)

If we know the converter’s efficiency, substituting on equa-
tion (38) we obtain the induction motor’s efficiency by equa-
tion (39).

η =
ηglobal

ηDCηconverter
(39)

III. LABORATORY TESTS

A. Description

A 3 kW motor of a Grundfos pump was analyzed and a
set of laboratory experiments was performed with both the
autotransformer and the electronic power converter.

Figure 3 represents the first experimental assembly tested in
the laboratory. Both the converter and the autotransformer are
fed directly from the three phases of the power grid available
on the workbench, which will power each phase of the motor,
star-connected. The DC motor will be working as a generator
and it’s used to simulate the load for the induction motor, that’s
why a resistive load is connected to its armature terminals for
energy dissipation.

Figure 3: Schematic representation of the laboratory
assembly: A - DC motor; B - Torque sensor; C - Speed

sensor; D - Induction motor.

The Tables I and II resume the nominal data of the DC
motor and the induction motor used and Table III of the
electronic power converter.

Table I: DC motor nominal data.

Armature
voltage [V]

Armatute
current [A]

Power
[kW]

Speed
[rpm]

Excitation
voltage [V]

220 16 3 1500 220

Table II: Induction motor nominal data.

Voltage [V]
D / Y

Current [A]
D / Y

Maximum
current [A]

D / Y

Speed
[rpm] cosφ

220-240 /
380-415 11 / 6.3 12 / 6.9 2910 0.82 - 0.87

Table III: Electronic speed converter nominal data.

Input Output

Voltage [V] 380 / 500 380 / 500
Current [A] 21.9 14.3
Frequency [Hz] 50 / 60 0.5 - 500

B. Determination of the steady-state parameters of the equi-
valent circuit of the induction motor

It’s set with the autotransformer a phase-to-phase voltage
of 400 V at the induction motor, measuring and registering
the current ij(t) and voltage vj(t) of each phase j on the
oscilloscope. At the same time, the torque values T and speed
N were registered and also the voltage and excitation current
- Vexc and Iexc, respectively, - and of the armature - Va and
Ia, respectively, - of the DC motor.
Re value is directly measured on each one of the motor

stator phases, all with the same value of 1.6 Ω.
With the induction motor decoupled from the DC motor, the

no-load tests are performed. Figure 4 shows the voltage and
current of one phase at no-load, these tests allow to calculate
the parameters Rc and Lm of the induction motor.

-0.5 -0.495 -0.49 -0.485 -0.48 -0.475 -0.47 -0.465 -0.46
-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

9

10

C
u

rr
en

t [
A

]

Time [s]
-0.5 -0.495 -0.49 -0.485 -0.48 -0.475 -0.47 -0.465 -0.46

-500

-400

-300

-200

-100

0

100

200

300

400

500

V
ol

ta
ge

 [V
]

Figure 4: Voltage and current at no-load.

On the other hand, the full-load test allows to determine
Rr. By coupling the induction motor to the DC motor, with
the resistive load connected to its armature and the excitation
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switched off, the induction motor’s fed with a phase-to-phase
voltage of 400 V, simultaneously, the voltage and current
are read on the oscilloscope and the DC motor excitation is
increased until the current on the induction motor is at its
nominal value. Figure 5 shows the voltage and current of a
motor phase for its full-load test.
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Figure 5: Voltage and current at full-load.

The Table IV sums up the results obtained from the equa-
tions (15) and (16) and also from induction motor equivalent
circuit analysis, that are needed to calculate its parameters,
summed up at Table V. It was verified that the harmonics of
the current and voltage were less than 10 %, that’s why we
obtained the equivalent circuit parameters as shown before,
and not by a sum of harmonics.

Table IV: Results obtained at no-load and full-load.

No-load Full-load

P [W] 75.03 1192.6
Q [VAr] 654.71 748.37
Ie [A] 2.98 6.46
ϕ [rad] 1.46 0.56
Vin [V] 216.85 215.90
Vexc [V] – 65.5
Iexc [A] – 0.109
Va [V] – 163.1
Ia [A] – 15.01
s [%] – 2.37

Table V: Induction motor equivalent circuit parameters.

Re [Ω] Lm [mH] Rc [Ω] Rr [Ω]

1.6 227.58 770.80 0.95

C. Characterization of the energy efficiency of the electrical
drive

With the Altivar 31 converter connected to the power
grid, the three phases of the induction motor were fed. The

parameters in the converter were defined for a maximum
phase-to-phase voltage of 400 V and 50 Hz of maximum
operating frequency. Defining the frequency that we want
to be operating, the adjustment of voltage is automatically
made. The evolution of the V/f speed command registered in
the experimental tests for the full-load condition is shown in
Figure 6.

Those experiments were also executed for various load
situations and for frequencies varying between 10 and 50 Hz.
Other tests, with the DC motor coupled and decoupled from
the induction motor and also no-load tests, with and without
excitation in the DC motor, to determine the friction losses
and the DC motor iron losses, respectively, were carried out.
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Figure 6: Experimental results obtained with the V/f speed
command.

IV. CASE STUDY AND RESULTS DISCUSSION

A. Alameda Campus (IST) hydraulic pumps

Simultaneously with the laboratory experiments developed,
induction motors coupled to hydraulic pumps were analyzed
while operating, at the Alameda Campus, specifically in Pa-
vilhão de Civil and in Torre Norte.

In order to determine the motors’ pumps’ efficiency under
study, the nominal values of each one were registered, as well
as the voltage and current of each phase, while operating,
besides the measurement of its rotation speed. The Table VI
sums up the nominal data of the analyzed motors.

The motors analyzed were all delta-connected. They are
presented here with the nomenclature found on-site, where
(R) distinguishes the spare motor (and also the pump) from
the motor B###.

The obtained voltage and current allow to obtain the motor’s
input power and, using Method 3 and equation (24), the power
factor, making it possible to determine its efficiency. The
results obtained are presented in Table VII.

B. Results

The Table VIII summarizes the active and reactive input
powers of the laboratory-tested Grundfos induction motor,
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Table VI: Nominal data of analyzed pumps’ motors.

Pump Voltage [V]
D / Y

Current [A]
D / Y

Power
[kW]

Speed
[rpm] cosφ

BPC 1 380 / 660 34.5 / 19.9 18.5 1470 0.9
BPC 1 (R) 380 / 660 34.5 / 19.9 18.5 1470 0.9

BPC 2 380 / 660 9.1 / 15.7 7.5 1464 0.85
BPC 2 (R) 380 / 660 9.1 / 15.7 7.5 1464 0.85

BPF 1 380 / 660 9.1 / 15.7 7.5 1464 0.85
BPF 1 (R) 380 / 660 9.1 / 15.7 7.5 1464 0.85

BQ 1 380 / 660 9.1 / 15.7 7.5 1464 0.85
BQ 1 (R) 380 / 660 9.1 / 15.7 7.5 1464 0.85

B 19 380 / - 16.5 / - 7.5 1435 0.81
B 19 (R) 380 / - 16.5 / - 7.5 1435 0.81

Table VII: Obtained results for analyzed pumps’ motors.

Pump η [%] fc cosφ
P

[kW]
Q

[kVAr]
N

[rpm]

BPC 1 92.65 0.80 0.790 16.04 12.32 1476
BPC 1 (R) 87.21 0.80 0.808 17.04 12.29 1474

BPC 2 49.77 0.28 0.571 4.26 6.08 1490
BPC 2 (R) 63.29 0.28 0.435 3.35 6.89 1490

BPF 1 66.77 0.62 0.689 6.93 7.26 1478
BPF 1 (R) 49.95 0.51 0.723 7.60 7.24 1482

BQ 1 49.01 0.39 0.707 6.04 5.98 1486
BQ 1 (R) 77.31 0.42 0.754 4.10 3.53 1485

B 19 55.56 0.55 0.748 7.42 6.57 1465
B 19 (R) 67.17 0.66 0.738 7.33 6.63 1458

power factor and excitation power (equation (41)), as well as
the dissipated power (equation (40)) in the DC motor.

Pdiss = VaIa (40)

Pexc = VexcIexc (41)

Table VIII: Summary of results obtained for the induction
motor, powered by the autotransformer.

Load P [kW] Q [kVAr] cosφ Pexc [kW] Pdiss [kW]

100 % 3.58 2.25 0.847 7.14 2.45
90 % 3.25 2.21 0.828 6.01 2.23
80 % 2.90 2.10 0.810 4.70 1.98
75 % 2.72 2.14 0.786 4.49 1.84
70 % 2.60 2.04 0.786 3.69 1.71
60 % 2.26 2.02 0.746 2.46 1.47
50 % 1.88 2.02 0.681 1.70 1.23
40 % 1.64 1.97 0.640 1.51 0.98
30 % 1.40 1.91 0.592 1.01 0.75
25 % 1.24 1.93 0.542 0.76 0.63

The tests performed with the autotransformer grants to
obtain, in addition to the motor’s equivalent circuit parameters,
the experimental efficiency curves. From the three different
methods different efficiencies are obtained for the various
loads tested. Figure 7 allows the comparison of the efficiency

curves for the different methods with the one obtained from
the Grundfos supplier motor datasheet.
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Figure 7: Experimental and theorical efficiency curves.

As it can be easily seen from Figure 7, the disparatest
method from the supplier curve was Method 2, being 19.94 %
the relative error highest value. Method 1 shows a maximum
relative error, and the lowest among all the methods, of only
2.38 % and Method 3 of 5.89 %. Table IX summarizes
the relative error between efficiencies when compared to the
supplier’s.

Table IX: Relative error between efficiencies of the different
methods and the supplier’s.

ε [%]

Load Method 1 Method 2 Method 3

100 % 0.42 3.61 5.89
90 % 0.59 4.11 1.32
80 % 0.14 7.82 5.26
75 % 0.50 7.29 0.06
70 % 0.59 10.64 1.08
60 % 1.15 12.56 0.74
50 % 2.35 11.60 5.31
40 % 2.38 15.89 0.98
30 % 2.22 19.94 3.25
25 % 1.91 18.83 1.64

After the experiments with the autotransformer, tests were
carried out with the electronic power converter. As described
previously, it was necessary to determine the efficiency of the
DC motor in order to be able to approximate an efficiency
for the converter and the induction motor, since no efficiency
curves of the converter used in the laboratory were available,
nor was possible to determine the induction motor’s efficiency
from its input voltage and current.

Figure 8 sums up the electronic power converter active
power, for each speed and load tested.

The determination of the DC motor power losses and
dissipated power allows to obtain its efficiency, for each test
carried out, as shown in Figure 9.
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Figure 8: Electronic power converter active power.
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Figure 9: DC motor’s efficiency.

Figure 10 sums up the overall efficiency of the set, obtained
by the equation (33) for each speed and load situation tested
in the laboratory.
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Figure 10: Induction motor, converter and DC motor global
efficiency.

As we said before, from the global and the DC motor’s
efficiency, the converter and induction motor’s efficiency can
be obtained (equation (38)). Figure 11 shows up its evolution.
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Figure 11: Converter and induction motor’s efficiency.

The electronic power converter used in laboratory experi-
ments has a nominal power of 7.5 HP. Although, on-line, the
information found about the efficiency of these or similars con-
verters is few, some documentation of converters’ efficiency of
different power ranges for different loads was found, as shown
on Table X.

Table X: Converter’s efficiency (adapted from [13]).

ηconverter [%]

Power 1.6 % 12.5 % 25 % 42 % 50 % 75 % 100 %

5 HP 35 80 88 91 92 94 95
10 HP 41 83 90 93 94 95 96

In the absence of specific information for the equipment
being studied, it was decided to consider the two power ranges
of Table X. First, the tests performed let we know at which
load the electronic power converter is working, based on the
input current consumed by the equipment. Knowing its load,
we know its efficiency. Knowing its efficiency, the induction
motor’s efficiency can be obtained (equation (39)).

Figures 12 and 13, present the efficiency results obtained
for the induction motor. Since there was no information on an
electronic power converter of 7.5 HP, the efficiency is assumed
to oscillate between the values presented: in the first the values
oscillate between 53.21 % and 87.41 %, whereas in the second
between 54.86 % and 91.40 %.

In addition, with the induction motor at rated load, its hottest
and physically accessible spot temperature was measured, fed
both with the autotransformer and the converter, as shown in
Figure 14.
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Figure 12: Induction motor’s efficiency, with 5 HP converter
data.
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Figure 13: Induction motor’s efficiency, with 10 HP
converter data.

Figure 14: Induction motor’s temperature.

V. CONCLUSIONS

The industry turns out to be the largest consumer of elec-
tricity and the task of increasing energy efficiency starts by
making all systems already installed efficient. Electric motors
coupled to pumps are used for the most diverse purposes,
powered directly from the grid, they operate at fixed speed.
Although it’s the frequency that allows the engine to be
operating close to rated speed, the need for different flow rates
and water pumping heads can benefit from other rotational
speeds.

Three different methods were described to obtain the induc-
tion motor’s efficiency from different acquired data. Labor-
atory tests were also carried out on a Grundfos induction
motor, powered by an autotransformer and an electronic power
converter, coupled to a DC motor, operating as a generator, for
different loads. The development of a vast set of experimental
work was carried out to verify if the use of an electronic power
converter in the power supply of an induction motor provided
an increase of the energy efficiency, in detriment of a direct
connection to the power grid.

It was verified that the voltage and current that fed the
induction motor with the autotransformer don’t present har-
monics with an amplitude greater than 10 % of the funda-
mental, which allows us to use the values obtained only from
the fundamental harmonic.

The full-load and no-load tests carried out with the auto-
transformer allowed to obtain the induction motor equivalent
circuit parameters and it’s also used to determine its efficiency.
Comparing the efficiency curve obtained by Method 1 with
the supplier curve, a maximum relative error of 2.38 % was
obtained, which allows to infer that the parameters obtained for
the induction motor, as well as the approximations assumed,
breeds a good behavior for the motor analyzed, resulting in a
correct description for the efficiency values obtained for the
induction motor.

Method 2 allowed to calculate induction motor’s efficiency,
from the torque measurement in the coupling between the
induction motor and the DC motor and its speed. The acquis-
ition of both data were done with software and specific data
acquisition devices, temporarily available. However, this was
the method that obtained a greater relative error of 19.94 %,
compared to the values of the supplier, although for load
situations close to the maximum, the error is less than 10 %.

Electrical and environmental-controlled environments aren’t
always available to allow specific standards to be applied to
determine motor’s efficiencies. Method 3 grants this problem
to be overtaken. It had a maximum relative error of 5.8 %,
which proves to be a great method for determining the
efficiency of the induction motor.

Perhaps the greatest difficulty of this dissertation was the
data acquisition. The readings made to the voltage and current
values of the DC motor results from DC voltage and current,
thus, the problems occurred while reading and acquiring the
input voltage and current from the induction motor. Moreover,
it’s important to note that the induction motor directly fed from
the power grid, with the autotransformer, even if influenced by
other harmonics or external noise, both the voltage and current



10

are close to sinusoids, making it all easy to solve the data and
obtain results. However, all the data acquisition made for the
tests with the V/f speed command revealed several difficulties
and problems that we had to overcome.

The electronic power converter’s electronics are responsible
for adding noise and harmonics that appear on the induction
motor’s input voltage and current. The reading is limited by
the available equipment because it requires large time scales
and large sampling frequencies so that the recorded data is
reliable and has enough resolution. Also, we were limited on
the equipment available in the laboratory, since it was indicated
to work at the power grid’s frequency.

The first current and voltage acquired at the output of
the converter and recorded by the oscilloscope gave us two
alternatives: either we used the fast Fourier transform of the
voltage and current directly on the oscilloscope, which was
unsuccessful, since only the absolute value could be obtained,
and lacking its argument, in order to calculate the input
powers, or they were both time-recorded, and then we could
computationally use the fast Fourier transform to obtain the
absolute values and harmonic arguments and then obtain the
voltage and current as a sum of harmonics. However, the
results obtained were neither coherent nor meaningful.

The problem could be either in the noise or in the fact that
the oscilloscope didn’t have enough resolution due to the high
frequency harmonic component, introduced by the converter.
Thus, two hypotheses emerged: the construction of a low-
pass filter that filtered the high frequency component of the
induction motor’s input voltage and current or the acquisition
of a device to acquire them with higher resolution.

Firstly, a low-pass filter was tested, however, only the
current and voltage read were filtred and not the ones feeding
the motor, since it was not possible to make the motor work
by feeding the three phases with the three filters. That’s
when the possibility of buying two tranducers arose: one
voltage transducer and one current tranducer, with which two
different sensors were constructed. Specific software and a
data acquisition device were used to register the voltage and
current for the various tests performed, however, the results
obtained after data processing led again to incoherent values.

It’s known that the electronic power converter is a high
efficiency drive, so we had to acquire its input current and
voltage so that there was a chance to approximate or estimate
the induction motor’s efficiency. Based on the input data of
the drive and the values read on the excitation and armature
of the DC motor and its losses, it was possible to obtain the
global efficiency of the DC motor, the induction motor and
the converter.

When we tried to search the internet for documentation of
the converter used we weren’t able to obtain conclusive results.
We also tried to contact the motor’s supplier and another
supplier of similar equipment, but none usefull information
was provided. Nevertheless, some information was found,
although not of the same power range, but of a higher and
lower range, which allowed us to get to know the behavior of
the induction motor fed by the electronic power converter.

One of the main goals of using a V/f speed command is
to allow the motor to run at various speeds and, hence, allow

different flow rates and heads for the pump. However, the
results obtained didn’t result in efficiencies greater than 3 %
compared to those obtained with the autotransformer.

Two temperature measurement tests were performed on the
induction motor at the 50 Hz speed and nominal load, with
both the autotransformer and the electronic power converter.
One of the disadvantages of using a converter is that it adds
harmonics to the current and the voltage which feed the
motor, contributing to an increase in Joule losses, as well
as the negative impact they have on the equipment’s own
electronics, losses which contribute to a performance decrease,
corroborated by the higher induction motor temperature while
using the electronic power converter.

Parallel to the work developed in the laboratory, pumps’
motors were observed in their normal operation in Alameda
Campus. The load factor allows measuring how close the
motor is working to the nominal operating point. It was
intended to analyze its efficiency and its state of load, using
Method 3. With a load factor greater than 75 % one can
consider the motor appropriate for its installation purpose [4],
which confirms that all the analyzed motors were practically
running at less power than its nominal, except the first couple.

The pump’s motor, compared to the so-called spare motor,
presents a discrepancy between its efficiency. Working both
alternatively and with the same purpose, they present different
electrical energy consumptions and are both below its nominal
operating point.

One of the important aims of this work is the description of
a method that allows to analyze the motors without having to
stop the whole system in which they’re installed. Only with the
input voltage and current and the measurement of the speed,
it’s possible to obtain the load and to estimate an efficiency
for the motor, that will allow to infer if the motor is well sized
for its purpose.
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