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1. Introduction

Energy effectiveness of a production processes is a part of a ma-
chines building and exploitation discipline, whose significance was 
already noticed and is constantly being developed [3, 4, 9, 10, 11]. 
Authors of this paper focused an attention in their work on all factors, 
having an influence on the final electrical energy, consumed by the 
manipulation and transportation machines and particularly consumed 
by industrial robots.

This investigation is an extension of the work with power losses 
in the FANUC AM100iB robot electric motors, presented in [20], and 
introduces some partial improvement into a wider energy effective-
ness research.

The object of this investigation was a Fanuc AM100iB robot 
(Fig. 1), and more specifically its first electrical motor – working at 
steady-state at low range conditions, that are low speed and under low 
load.  Because the robot motors are powered by a power electroni-
cal amplifier, a significant power distortion and noise, produced by a 
diodebridge rectifiers and PWM technology, an internal inaccuracies, 
electrical unbalances or system nonlinearities such as transformer 
saturation had to be included [7, 12].

The limitation this work has to faced with, was a necessity to keep 
the investigated motor being connected to the original amplifier as the 

only one available power source and a control unit. Simultaneously 
significantly distorted electrical voltages waveforms caused high val-
ues fluctuations and the motor shafts could rotate only in a limited 
range because of an original robot control unit safety systems. As a 
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Straty mocy są jednym z wielu czynników wpływających na efektywność energetyczną procesów produkcyjnych, jednak pomimo 
tego, najczęściej badane zakresy strat mocy nie określają sposobu ich zmian w trybach pracy odmiennych od typowej pracy napę-
dowej. Opisane badania zostały skoncentrowane na niskim zakresie warunków pracy silnika robota przemysłowego oraz na wła-
snościach zmian postaci strat mocy podczas przechodzenia ze stanu pracy napędowej do pracy statycznej. Oprócz wyznaczonych 
wartości komponentów map mocy, w pracy przedstawiono techniczne rozwiązania umożliwiające wykonywanie pomiarów stanów 
elektrycznych robota w warunkach przemysłowych, którymi były zniekształcenia, zakłócenia oraz ograniczony zakres pozycji 
kątowych badanego przegubu robota. 
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Fig. 1. General view of the investigated Fanuc AM100iB robot
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consequence the steady-states had to be recognised and analysed in 
a separate off-line mode. This circumstance and requirements recon-
structed real exploitation conditions and can explain what measure-
ment equipment and measurement attitude had to be considered to 
achieve reliable results.

In order to properly determine electrical power values for low 
range conditions, the proper measurement methods for noise and dis-
torted waveforms had to be considered. From among of many known 
power calculation solutions, allowing for considering high distur-
bances, the IEEE 1459-2010 standard [8] has been chosen. The selec-
tion was affected by a pragmatic oriented goals, which were possibili-
ties to keep the results being mostly comparable with measurements, 
performed by currently manufactured power analysers [6]. The most 
common alternative power calculation methods proper for unbal-
anced systems, nonsinusoidal, disturbed and noised conditions 
and mainly used for scientific works are Budeanu’s, Fryze’s and 
Czarnecki’s methods [1, 5, 15, 18, 19].

2. The goals of investigations

The all of robot dynamical parameters are ones of its many 
properties, which affect the energy effectiveness of its work. In 
this research case, the attention was focused on identifying the 
power losses in the first electrical motor for the low range work-
ing conditions, particularly for low speed and low load range. 
A separate cognition of the electrical properties behavior while 
going from a driving work mode into a stand-still mode was 
cared about. Moreover, also those signal processing techniques 

were evaluated, which the measurement utilities could be extended 
by, in order to automatise measurement processes.

3. Measurement equipment

For performing an electrical power analyses and for acquisition of 
the kinematic parameters of the investigated Fanuc AM100iB robot, 
the specialised measurement equipment was designed and built up 
(Fig. 2a). The apparatus consisted of NI 6581, NI 3xTB-4300B and 2x 
NI PXIe-6363 cards allowed for high frequency sampling of the elec-
trical voltage and current waveforms in all power lines and for moni-
toring and decoding digital data containing shafts angle positions, 
generated by the Fanuc Pulse Coders. However, the alternative solu-
tion for determining kinematic parameters of electric motors shafts 

by a direct measurement of a robot arm angle positions - available to 
recalculate into shafts’ angle positions, could also be considered and 
is widely described in the following paper [13] for TCP robot point.  
The all acquisition devices were synchronised and controlled by a NI 
PXIe-1075 system and the LabVIEW SCADA application. The me-
chanical load of motor shaft and mechanical power was created and 
measured by the hysteresis brake MAGTROL HD-715 (Fig. 2b).

The wiring diagram and the mechanical connection scheme is 
shown in Fig. 3. The example raw data for an electrical voltage and 
current waveforms collected by this equipment show the graphs in 
Fig. 4. The specimen of the recorded signal is designated by the black 
fat line, which simultaneously indicates the rms value. The signals 
waveforms shapes result from the limited range of an angle position 
the motor shaft was able to rotate. 

The longer recording duration of the specimen in steady-state, the 
most accurately the disturbances and noise were reduced from the fi-
nal power calculation and the better final quality was achieved. Main-
ly the specimen’s recording duration influenced on the fundamental 
harmonic frequency identification correction from the value numeri-
cally identified by FFT analysis. Additionally the longest specimen’s 
recording duration, the more accurate angle phases shifts between 
electrical voltages and currents were recognised. From the other site, 
the maximum specimen’s recording duration was limited by the lim-
ited range of an available angle rotation.

The wiring temperature was monitored in an indirect measurement 
by the use of the FLIR E60 thermographic camera. The all measure-
ments were performed for the circumstances when the motors cover’s 
temperature was in the range between 42-48°C (Fig. 5).

4. Power calculation

The distortion and noise level in an electrical voltage and current 
waveforms is evaluated by the index called the total harmonic distor-
tion (THD), which according to IEEE 519-1992 is defined as the ratio 
of the rms of the harmonic content to the rms of fundamental quantity 
and is expressed as a percent of the fundamental harmonic [17]. The 
total harmonic distortions – THD, for an electrical voltage and cur-

b)

a)

Fig. 2.	 a) NI PXIe-1075 system with measurement cards; b) General view of 
the investigated robot electric motor

Fig. 3. Wiring diagram
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rent, in an accordance with the newest standard [7, 8] are expressed 
respectively by the equations (1) and (2):
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Vkrms and Ikrms mean an rms value of respectively harmonic com-
ponents of an electrical voltage and electrical current noise, V1 and I1 
mean an rms value of respectively a fundamental harmonic of electri-
cal voltage and electrical current values.

In electrical grids working with frequencies 50/60 Hz the most 
significant harmonics affecting the measurements are the 3rd, 5th and 
7th [7]. However, because the fundamental frequencies, the number 
of significant harmonic components and their values varied in a wide 

range and changed in different working conditions, therefore instead 
of a pure harmonic distortion measurement the combined total har-
monic distortion plus noise method (THD+N) for determining the val-
ues of THDV and THDI was finally used (3) [2, 14, 16, 22]:
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Sharm means the value of an electric voltage or current harmonic 
distortion, Snoise means the value of an electric voltage or current har-
monic noise and Srms represents the rms value of a total electric volt-
age or current waveform.

To determine the fundamental electric voltage and electric cur-
rent harmonics frequencies and to determine their magnitudes val-
ues and to evaluate their quality, the Fast Fourier Transform - FFT 
and a pattern sinusoidal signals were used. Pattern sinusoidal signals 
were manually tuned to the analised waveforms, extracted from the 
measured signals (4) and used for determining the proper sample in-
dex, which the specimens had to begin from. They were also used 
for determining a phase shifts between electrical voltage and current 
waveforms. Additionally the pattern signals were used for the cor-
rection of the fundamental frequencies values recognised by FFT if 
that was required. The waveforms of measured parameters became 
the waveforms of the total distortion and noise signals after extracting 
the fundamental signal harmonics from them (5). The resultant nor-
malised distortion, noise and fundamental harmonic waveforms are 
shown in Fig. 6.
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The example spectrum analyses of electrical voltage and cur-
rent waveforms for low working condition range are shown in 
Fig.  7. Based on the graphs in Fig. 6 and Fig. 7 the rms of total 

Fig. 5. Thermographic view of the electric motor cover

Fig. 4. Raw data
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disturbances and noise waveforms, the fundamental frequencies 
and their amplitudes were identified as well as the quality of dis-
turbances and noise reduction was evaluated. The example relation 
between disturbances, noise and fundamental frequencies are shown 
in Fig. 8.

An electrical active power in each phase, measured by a 3V3A/
Three-voltage three-current method [23], used for three-wire systems 
and line-to-line nonsinusoidal, unbalanced cases was calculated by 
(6), (7), (8) [8]:

	  A A A True AP V I PF= ⋅ ⋅ 	 (6)

	  B B B True BP V I PF= ⋅ ⋅ 	 (7)

	  C C C True CP V I PF= ⋅ ⋅ 	 (8)

VA, VB and VC mean an rms value of an electrical voltage in the 
phase A, B and C respectively, IA, IB and IC mean an rms value of an 

electrical current in the phase A, B and C respectively, PA, PB and PC 
mean an electrical power in the phase A, B and C respectively,  PFtrue 
means true power factor (9), consisted of PFdisp - displacement power 
factor (10) and PFdist - distortion power factor (11) like in [7, 8]:

	 true displ distPF PF PF= ⋅ 	 (9)

	 PFdispl = −( )cos δ θ 	 (10)
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where δ and θ mean voltage and current phase shifts respectively, 
THDV and THDI mean electrical voltage and current distortion and 
noise respectively.

Fig. 6. Normalised electrical voltage and current waveforms and sinusoidal patterns of their fundamental harmonics in each phase of the 1st robot motor

Fig. 7. Spectrum analyses for electrical voltage and current waveforms. In the top right corners the reduced fundamental harmonics are shown
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The total active electrical power was calculated by the equation 
(12) (Fig. 9), inter alia used for the three-wire star systems, for which 
the following balance IA+IB+IC=0 is true [8]:

	 T A B CP P P P= + + 	 (12)

The power losses map (13) (Fig. 10a) was calculated as a differ-
ence between the total active electrical power (12) (Fig. 10c) mea-
sured indirectly by the NI PXIe-1075 system and the mechanical pow-
er (Fig. 10b) measured by the hysteresis MAGTROL HD-715 brake: 

	 ( ) ( ) ( )1 1 1 1 1 1, , ,L T MP q P q P qτ τ τ= − 	 (13)

The energy efficiency map was calculated as the ration between 
input and output power (14) (Fig. 10d):
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Because of its comprehensive range of information, the power 
losses map (Fig. 10a) is the most significant input data for modelling 
electrical power losses, being the part of the total energy consump-
tion, evaluated in energy effectiveness analysis of industrial produc-
tion processes performed by investigated robot [20, 21, 24].

Performed investigations showed that the change of electrical 
states while changing work from the driving into stand-still mode is 
very abrupt, and in the case of investigated motor takes places be-
tween 0 and 6 rpm (Fig. 11). Additionally there is also a visible gap 
above 6 rpm, recorded for every load case (Fig. 11). Those facts have 
to be included in the numerical robot model being under development 
by the authors of this paper.

5. Conclusion

The measurement equipment was a proper selection for managing 
with the limitations and accuracy level requirements resulted from ne-
cessity to keep the investigated electric motor being connected to the 
original control unit and resulted from low range working condition 
being under investigation. The apparatus allowed for recording a raw 
data with its harmonics up to very high frequencies and for providing 

Fig. 8. Example of distortion, noise and fundamental harmonics waveforms comparison for low working conditions

Fig. 9. Selected results for a total electrical power and electrical power in each phase for low working conditions
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high quality shaft’s angle position. This solution could be compared 
to six power analysers working with extra feature to decode the digital 
data with values of kinematic parameters of the motor shafts.

Spectrum analyses showed that the pattern signals for notch fil-
tering of sampled signals used for this work did not perfectly sepa-
rate the fundamental harmonics from the disturbances and noise. As 
a consequence it extended a measurements uncertainty and decreased 
the final results’ quality at a data processing stage. Nevertheless the 
level of already achieved reduction did not significantly influence on 
the results, what was evaluated by total power changes for more and 
more better reductions. Despite this the quality of band-stop filter for 
notch filtering of the fundamental harmonics application should be 

evaluated yet and compared with so far used 
approach before further research of energy ef-
fectiveness. 

Investigations of the low range working 
conditions showed that the electrical states be-
tween the driving mode and the stand-still mode 
change very abruptly and in the investigated 
motor case take place between 0 and 6 rpm and 
additionally there is a gap visible above 6 rpm, 
recorded for every load case.

Even more accurate investigation of the clos-
est area of 6 rpm is required to avoid low resolu-
tion results and a total measurement uncertainty 
should be also evaluated in the further work.

The work has a cognitive significance, and its results explain 
which direction the further research should be focused on. Because an 
industrial robot is an example of highly non-linear system, therefore 
more unbalanced working conditions and higher nonlinear loads than 
those ones used and existed in this investigation must be expected in 
typical exploitation circumstances.
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Fig. 10. Power maps for low working conditions

Fig. 11. Active electrical power in the 1st motor with visible abrupt electrical state change close to 6 rpm 
and with a gap above 6 rpm
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