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Abstract 
This paper aims to prove in experimental terms that a transient regime of a lathe headstock gearbox described by 
the evolution of the active electrical power absorbed by an AC driving motor supplied with a three phase electrical 
system is also quite well mirrored in the evolution of the root mean square of the electrical voltage measured at 
the motor input. A simple computer assisted setup and some relative simple techniques of active electrical power 
and electrical voltage monitoring are used for experimental purposes and signal numerical processing in a study 
of a transient regime characterized by a strong positive and negative absorbed active electrical power. This active 
electrical power is converted in active mechanical power requested by a transient regime of the gearbox, 
characterised by the increasing of speed (acceleration) and deceleration with electrically breaking (when the 
motor works as generator). It is proved that the evolution of the root mean square of the input voltage (on each of 
three phases) is related by the evolution of active electrical power with a simple equation. In this way it is possible 
to define a simple experimental technique to measure indirectly the active electrical power or the active 
mechanical power delivered by the rotor of an AC motor as well. 
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1. Introduction 

An important approach in condition monitoring of the rotary machines (e. g. a machine-tool) driven 
by three phase AC motors is the evolution of the absorbed active electrical power (AEP). An AC motor 
works mainly as mechanical power supply and secondly as a mechanical power sensor. The evolution 
of the absorbed AEP is strictly related by the evolution of the active (real) mechanical power (AMP) [1, 2] 
delivered to driven rotary machine (AEP being almost proportional with AMP). Similarly, the active 
electrical energy (AEE) consumption is strictly related by the active mechanical energy (AME) [3, 4, 5].  

Some computer aided AEP measurement techniques and methods on AC motors used for driving 
machine tools are available [6, 7, 8], for diagnosis and condition monitoring purposes,  usually based on 
the evolution of instantaneous voltage and current delivered by the electrical supplying system. 
Frequently the AEP evolution is used for condition monitoring of the AC motor [9] (mechanical and 
electrical fault detection). 

Some other papers focus on AEP and AEE evolution measurement for different electrical consumers 
(e.g. a household [10], a school [11]).  

For a rotary machine driven by an AC motor supplied with a symmetrical three phase harmonic 
voltage system, the absorbed AEP is roughly defined as:  

𝑃 =
3 · 2

𝑇
∫ 𝑢(𝑡) ∙ 𝑖(𝑡) ∙ 𝑑𝑡

𝑇/2

𝑡=0

= 3 ∙ 𝑈 ∙ 𝐼 ∙ cos(𝜑)  (1) 

Here 𝑢(𝑡) = 𝑈√2 ∙ sin (𝜔 ∙ 𝑡) is the instantaneous voltage (IV) measured between a phase and the 
neutral wire, U being the voltage root mean square (VRMS) and ω being the angular frequency (related 

by the period T with T=2π/ω). Also 𝑖(𝑡) = 𝐼√2 ∙ sin (𝜔 ∙ 𝑡 − 𝜑) is the instantaneous current (IC) 
circulating through the same phase, I being the root mean square of the current (CRMS), φ being the 
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phase shift between IV and IC and cos(φ) being the power factor (PF). In Eq. (1) I·cos(φ) is also known 
as active current (AcC, [12]). According with Eq. (1) the AEP is the average value of the instantaneous 
power p(t)=3·u(t)·i(t) calculated on a semi-period T/2. There are 2/T AEP samples available in each 
second (or the AEP sampling rate is 2/T s-1). A multiplication factor 3 is used in Eq. (1) because the IV IC 
and PF are measured on a single phase. It is expected that the total delivered AEP is three times bigger 
than the AEP delivered by a single phase.  

It is obvious that, according with Eq. (1), the AEP depends by VRMS, CRMS and PF or by VRMS and 
AcC as well. In theory for a constant VRMS value on each of the three phases which supply the AC motor, 
any variation of mechanical loading (mechanical power, AMP) at the motor rotor should be mandatory 
mirrored in the variation of CRMS and PF or the variation of AcC. It is expected that with a known value 
of VRMS (supposed to be constant) the value of AEP (calculated according with Eq. (1)) is determined 
by the values of CRMS and PF. It is well known from the literature that a variation of mechanical loading 
is mirrored in the variation of the CRMS [13] and the variation of PF as well [7]. 

This paper proves that the variation of the mechanical loading is sometimes also slightly mirrored in 
the evolution of VRMS measured at the AC motor electrical input. As a result, an easier way to measure 
indirectly the AMP (or AEP as well) is available: by measuring only the evolution of VRMS. There is a 
simple hypothesis to explain the VRMS variation due to AMP variation. This AMP variation produces a 
CRMS variation. The current on each phase circulates through an electrical wire with small resistance, 
so a small voltage drop (VD) occurs on this resistance according to Ohm’s law. This VD diminishes the 
VRMS. Thus a variation of AMP implies a variation of AEP and CRMS which produces a variation of VD 
and VRMS. In other words, the variations of VRMS are related by AMP and AEP variation.  

However we should mention that there is a severe limitation of this AMP (or AEP) measuring 
procedure: due to a very small resistance of electrical wires used to supply the AC motor, the VD and 
VRMS variations are also very small. 

The next sections of this paper are focused on experimental setup description (Section 2), VRMS 
computer aided measurement and exploitation of the resources provided by VRMS evolution in time 
domain with discussions (Section 3) and conclusions (Section 4). For the experimental study a transient 
regime of a lathe headstock gearbox characterised by a strong variation of AEP was chosen.  

 
2. Experimental Setup  

The experimental setup is described in Figure 1a, being very similar with those already used before 
in [7]. There are also some similarities related by signal acquisition and data processing procedures 
already used before [7, 8]. 

 

 
Fig. 1a. A formal description of the experimental setup 

 
Fig. 1b. A view on CT and VT 
transformers with electrical 

wiring (partially) 
 
An electric system with three phases (A, B, C and neutral wire N, with 50 Hz frequency) is used to 

supply the AC motor that drives the headstock gearbox of a Romanian SNA 360 lathe. On the phase C, a 
current transformer CT (depicted in Figure 1b) is placed. This transformer generates a description of IC 
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(a voltage proportional with IC), delivered to a data acquisition system (an oscilloscope PicoScope 4424, 
from PicoTechnology, UK). A voltage transformer VT (depicted in Figure 1b) placed between the phase 
C and neutral wire N is used to measure the IV. This transformer generates a description of IV, delivered 
to the same oscilloscope. The numerical IV and IC evolutions in time domain are delivered by 
oscilloscope to a computer for data processing and signal analysis purposes.  The theoretical approach 
used to find-out the evolution of AEP mainly based on a numerical approximation of the integral from 
Eq. (1), briefly presented here below, was already described before [7, 8].  

With n samples of IV and n samples of IC on a semi-period T/2 (a generic IV sample is written as u[tk] 
and a generic IC sample is written as i[tk], with tk as sampling time) and Δt being the sampling period 
(with n·Δt=T/2), the approximate expression of AEP from Eq. (1), calculated on a semi period T/2 is 
written as: 

𝑃 =
3 · 2

𝑇
∫ 𝑢(𝑡) ∙ 𝑖(𝑡) ∙ 𝑑𝑡

𝑇/2

𝑡=0

≈
3

𝑛 ∙ ∆𝑡
∑ 𝑢[𝑡𝑘] ∙ 𝑖[𝑡𝑘]

𝑘=𝑛

𝑘=1

∙ ∆𝑡 =
3

𝑛
∑ 𝑢[𝑡𝑘] ∙ 𝑖[𝑡𝑘]

𝑘=𝑛

𝑘=1

 (2) 

In Eq. (2) the sampling time tk is described as tk = k·Δt and dt ≈ Δt.  
Some supplementary approaches related by IV signal processing (e.g. the VRMS description) will be 

introduced in Section 3.2 of this paper. 
The kinematics of the lathe headstock gearbox is described in Figure 2. An asynchronous three phase 

AC motor (5.5 kW, 1500 rpm, earlier introduced in Figure 1) drives the lathe headstock gearbox. This 
gearbox uses two driving flat belts transmissions. In order to change the rotational speed some movable 
gears, some fixed gears and three electromagnetic clutches (EMC1, EMC2 and EMC3) placed on the shaft 
I are used. The kinematic configuration described in Figure 2 assures a rotational speed of 1624.3 rpm 
at spindle (the output). On the shaft I only the EMC2 is engaged. 

 

 
Fig. 2. A description of the lathe headstock gearbox kinematics 

 
The three electromagnetic clutches allow generating the transient regimes (by clutch engaging and 

disengaging, with AC motor running with a rotational speed slightly depending by loading). 
 

3. Experimental Results and Discussion 
3.1. A transient regime described by the evolution of the active electric power  

Let’s consider a transient regime of lathe headstock gearbox during a period of 50 s, described by 
AEP evolution from Figure 3 and some comments about this. With 50 Hz frequency of instantaneous 
voltage, T = 1/50 s, 2/T=100 s-1 (the sampling rate of AEP being 2/T) there are 5000 AEP samples, with 
n = 1000 (and Δt = 10 μs). 
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Fig. 3. A description of a transient regime in 

AEP evolution 

 
Fig. 4. A description of the AEP from Figure 3 

using a low pass filter 
 
In the beginning, the AC motor is already on; all the electromagnetic clutches are disengaged. The AC 

motor rotates only the first belt transmission and the shaft I. The AC motor delivers 1450 W of AEP. The 
transient regime starts (label A on Figure 3) when the electromagnetic clutch EMC2 is engaged.  

Due to the acceleration of headstock gearbox rotation parts (and mechanical inertia as well) for a 
period of time (between A and B) there is an important AMP variation (and AEP as well). A strong sliding 
phenomenon in belt transmission occurs (and probably also in the electromagnetic clutch EMC2). In A1 
the sliding starts, in A3 the sliding ceases. Between A1 and A2 the absorbed AEP first decreases until a 
relative stationary operating regime in A2 (because of sliding, the belt heats up and the mechanical stress 
in belt decreases, the torque transmitted by belt-pulley friction also decreases). Between A2 and A3 the 
sliding decreases, a strong AEP peak is produced in A3 (7460 W). The acceleration of the headstock 
gearbox ceased in B and here starts a relative stationary operating regime, the spindle rotates with 
constant rotational speed (1624.3 rpm, measured using a method exposed in [14]). Now the absorbed 
AEP (4200 W in average) is converted mainly in AMP which is used to turn the rotary parts of the 
headstock gearbox running idle. This AMP is totally converted in heating (by dry and viscous friction). 

In C the kinematic configuration is suddenly changed (EMC2 is disengaged and EMC3 is engaged) in 
order to obtain a smaller rotational speed at spindle (1042.2 rpm). A new transitory phenomenon is 
produced. The AEP drops temporary, with a negative peak at –2610 W in C1. For a short time, the 
headstock gearbox works as AMP supply for AC motor, until the supplementary kinetic energy is 
eliminated. Now the motor works as a brake for gearbox and as a generator as well, it converts the AMP 
in AEP which temporary flows from motor to electric power system, in opposite direction to the normal 
one. That is why in C1 the absorbed AEP is negative.  

In D the new transitory phenomena ceased, a new relative stationary operating regime starts, the 
spindle rotates constantly on 1042.2 rpm, with 2700 W average AEP consumption. In E the clutch EMC3 
is disengaged, a part of headstock gearbox is not mechanical supplied anymore, the spindle stops and 
the absorbed AEP drops (in F) to the value had before A. 

The AEP evolution between B and C or between D and E is very useful for headstock gearbox 
condition monitoring (by conversion of AEP evolution from time to frequency domain, e.g. by fast 
Fourier transform, FFT). A better approach on AEP evolution from Figure 3 is provided by AEP low pass 
numerical filtering as Figure 4 shows. A moving average filter was used (with 15 samples in the average). 
Because of numerical filtering, the AEP amplitude in peaks decrease (e.g. in A3 and in C1). 

 
3.2. An approach on the evolution of instantaneous voltage during the transient regime 

A partial description of the instantaneous voltage evolution having the VRMS amplitude (as 

u*(t)=U·sin(ω·t) and u(t)= 𝑢∗(𝑡) · √2) during the transient regime already depicted before in AEP 
evolution (Figures 3 and 4) is done in Figure 5 (in numerical format u*[tk]). Here only the area of the 
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maximum values on the positive alternation of u*[tk] was represented. As is clearly indicated on Figure 
5, there is an evident relationship between the AEP and instantaneous voltage evolution with VRMS 
amplitude (and u(t) as well): the increasing of absorbed AEP diminishes the instantaneous voltage. This 
is because the voltage drop on the wire on phase C (the part formally placed between C and C*, Figure 
1a) increases. A part of this wire is depicted as W1 in Figure 1b (here a copper wire with 4 mm diameter 
and 0.6 m length). For this experiment this part W1 was temporary replaced with a 1 mm diameter and 
5 m length wire (a bigger resistance of wire W increases the voltage drop). 

 

 
Fig. 5. A partial description of the 

instantaneous voltage u*[tk] evolution during 
the transient regime 

 
Fig. 6. A zoom in detail in area A2 of Figure 5 with 

highlighting of the quantization error on u*[tk] 
evolution 

 

Figure 6 presents a zoom in detail of Figure 5 (in A2 area). Due to a relative small analog to digital 
conversion (ADC) resolution of the numerical oscilloscope (12 bits) and a high full scale voltage range 
(from -239.12 V up to 239.12 V) there is a relative big ADC voltage resolution Δu revealed on Figure 6 
as voltage quantization error QVe (with QVe= Δu =0.11675 V). Here u*[tk] is described as u*[tk]=g·Δu[k·Δu], 
with g an integer between -211 and +211. This quantization error is a relative inconvenient, acting in 
negative way on the quality of the mirroring of the AEP evolution on VRMS evolution. A higher ADC 
resolution (e. g. 16 bits) reduce significantly this inconvenient (for 16 bits QVe=72.973 μV). However for 
AEP evolution the VRMS quantization error doesn’t have a strong negative effect because the current 
quantization error QIe is very small (QIe =0.00933 A). According with the second part of Eq. (1) the AEP 
quantization error QAEPe should be roughly defined as QAEPe= QVe·QIe= 0.001089 W, if the power factor 
quantization error (surely smaller than 1) is neglected. 

 
3.3. An approach on the evolution of VRMS during the transient regime 

The VRMS evolution of the signal described in Figure 5 is the envelope of u*[tk] signal, as 
instantaneous amplitude evolution.  The maximum value of u* on each positive alternation (and its time) 
describes a sample U of VRMS, with T as sampling period (so with 1/T = 50 s-1 as sampling rate or 
sampling frequency). A better approach is available if u*[tk] signal is replaced by |𝑢∗(𝑡𝑘)| signal (all the 
alternations of  |𝑢∗(𝑡𝑘)|  are positive). The maximum value of |𝑢∗| on each alternation (and its time) 
describes also a sample of VRMS, with T/2 as sampling period (so with 2/T = 100 s-1 as sampling rate or 
sampling frequency, two times bigger than before).  

There are two steps in signal processing in order to obtain the VRMS from |𝑢∗(𝑡𝑘)| evolution.  
1. Firstly it is necessary to detect the limits of each alternation. Each two successive zero-crossing 

moments (tj, tj+1) of u*[tk] describes the limits of an alternation (positive or negative). The detection 
techniques of these zero-crossing moments were fully explained before in [14]. Because of electrical 
noise, frequently some false zero-crossing occur on u*[tk] evolution, as Figure 7 indicates (a very 
short detail in the moment of C area, as a red coloured curve, with seven false zero-crossing, f1, f2, … 
f7). This electric noise is generated when the coil of the EMC3 clutch is switched on. The easiest way 
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to eliminate the false zero-crossing events is to use a low-pass numerical filter (e. g. a moving 
average filter) for u*[tk] signal (the green coloured curve on Figure 7, with 12 points in the average). 
There is a single zero-crossing on the u*[tk] filtered signal (conventionally defined at time tj). A 
zoom-out of Figure 7 is given in Figure 8. The electrical noise area from Figure 7 is revealed in EN2 

area of Figure 8. There is also another electrical noise area EN1 before EN2 generated when the coil 
of EMC2 clutch is disconnected. This EN2 area has also a bad influence on VRMS detection if the u*[tk] 
signal is not filtered. 

 

 
Fig. 7. Zero-crossing detection on u*[tk] signal 

with electrical noise 

 
Fig. 8. Electrical noise areas on unfiltered (in red) 

and filtered (in green) signal u*[tk] 
 

2. Secondly the u*[tk] filtered signal should be converted in |𝑢∗(𝑡𝑘)| signal. All the alternations of u*[tk] 
become positive. The zero-crossing limits of each alternation (tj, tj+1) determined before for u*[tk] 
filtered signal are available also for |𝑢∗(𝑡𝑘)| signal. According with Figure 9 (which shows an 
alternation on |𝑢∗(𝑡𝑘)| signal in A2 area of Figure 5) each alternation describes a VRMS sample 
Um[tm], with Um as the maximum value of filtered |𝑢∗(𝑡𝑘)| signal on that alternation and with  
tm = (tj+tj+1)/2 as the sample time (it is expected that the maximum value is placed in the middle of 
the range tj - tj+1). Each tm+1-tm difference can be expressed approximately as tm+1-tm≈T/2. 

 

 
Fig. 9. The description of a VRMS sample 

 
Fig. 10. The VRMS signal evolution (Um[tm]) 

 

Figure 10 shows the VRMS signal evolution (Um[tm]) during the transient regime, determined by the 
procedure described above. Apparently there is a noisy signal. A deeper analysis proves that this strong 
variation of VRMS signal (especially between B and C or between D and E areas) is useful for condition 
monitoring and diagnosis of headstock gearbox (e.g. by VRMS spectrum analysis using FFT).  
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This will be a future challenge of our work. 
Figure 11 shows the same evolution of the VRMS signal but deduced from unfiltered u*[tk] signal. As 

expected, some false zero-crossing events imply a wrong description of the VRMS. By comparison 
between Figures 11 and 10, it is clear that the numerical filtering of u*[tk] signal has a positive effect in 
false zero-crossing events removing and produce a correct description of VRMS. The peak from C* on 
Figure 11 is generated by the electrical noise from EN1 area (from Figure 8). It is strongly reduced by 
filtering in Figure 10. 

 

 
Fig. 11. A wrong described VRMS signal evolution 

(Um[tm]) caused by false zero-crossing 

 
Fig. 12. The low-pass numerical filtered VRMS 

signal evolution (Um[tm]) 
 
The relative noisy evolution of VRMS from Figure 10 can be strongly attenuated also by numerical 

filtering. Figure 12 shows the low-pass numerical filtered VRMS signal evolution (Um[tm]). A moving 
average filter (with 20 samples in the average) was used. There is an interesting remark here: in the 
area between C and D the strong positive peak of VRMS (in C1) describes the behaviour of AC motor as 
generator, the AEP is negative (the AEP flows in inverse direction, from AC motor to electric power 
supply), the VRMS is bigger that the average root means square of the voltage on phase C without AC 
motor (with a 220 V value).  

Now a comparison between Figures 12 and 4 clearly shows that the evolution of VRMS is related by 
the evolution of AEP. Even more, there is a relationship between VRMS and AEP. If we accept a 
description of an AEP sample as Pm[tm] then this relationship can be written as: 

𝑃𝑚[𝑡𝑚] ≈ −𝐶1(𝑈𝑚[𝑡𝑚] − 𝐶2) (3) 

In Eq. (3) C1 = 645.9 W/V and C2=218.416 V. This relationship is confirmed by Figure 13. The left- hand 
side of Eq. (3) is depicted with blue (a description already given in Figure 4) the right-side is depicted 
with green (this last description is generated by calculus from the evolution given in Figure 12). 

The curves fit quite well. There is a simple explanation about the differences between the curves from 
Figure 13: as clearly was proved, the variation of VRMS is related by AEP through the mechanical loading 
(AMP) of the AC motor, but is also related by electric power system used to supply the AC motor. The 
VRMS of the voltage delivered by this system (here on phase C) when the AC motor is removed is not 
strictly constant (at 220 V) as expected. This is clear depicted on Figure 14. The green coloured curve is 
the VRMS already given in Figure 12; the one coloured in blue is the VRMS evolution without the AC 
motor. There is a 1.2 V peak to peak variation. Probably other electric consumers (e. g. some other AC 
motors) placed somewhere far away on the same phase C acts in the same way as our AC motor during 
transient regimes.  

A new experiment related by the mirroring of the same transient regime in VRMS evolution was done. 
This time the original part of the wire W1 for electrical wiring of transformers was used (Figure 1b, a 
copper wire with 4 mm diameter and 0.6 m length). A smaller electrical resistance of the wire should 
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produces a smaller voltage drop VD so a smaller variation of VRMS.  This is confirmed on Figure 15 (the 
equivalent of Figure 12). Because the gearbox is colder than before, the transient regime between A1 
and A3 is significantly longer. 

 

 
Fig. 13. A description of AEP from Figure 4 (blue 
curve) based on VRMS evolution (green curve) 

 
Fig. 14. A description of VRMS on phase C 
during transient regime (green curve) and 

without any electrical consumer (blue curve) 
 

 
Fig. 15. The low-pass numerical filtered VRMS 

signal evolution (Um[tm]) during a new 
experiment with transient regime 

 
Fig. 16. A description of AEP (blue curve) based 

on VRMS evolution (green curve), during the 
transient regime described in Figure 15 

 
The description of AEP using the VRMS evolution (in similarly manner with Figure 13) is given in 

Figure 16. The correlation between AEP and VRMS is described by the same Eq. (3), this time C1 being 
bigger than before (968.85 > 645.9) of course because the electrical resistance of the original part of the 
wire W1 is smaller than before (the voltage drop VD decreases for the same AEP variation). Because C1 
increases, the fitting between curves in Figure 16 is worse than in Figure 13. 

It is clear that this part of wire W1 (and also all the wires between C and C* on Figure 1a as well) acts 
as a shunt resistor. If the second part of the Eq. (1) is used to describe the AEP (P=3·U·I·cos(φ)) than the 
VRMS U should be mandatory measured (the hypothesis that VRMS U is constant is false, as it was 
proved in this paper). Alternatively the evolution of VRMS can be used as an indirect way for AEP 
evolution description, as Figure 12 and 16 proves. In this case a higher ADC resolution is probably 
necessary (with 14 or 16 bits). Eventually a small increasing of the shunt resistor (the resistance of the 
wire between C and C* on Figure 1a) increases also the sensitivity 1/C1 of VRMS measurement (because 
C1 from Eq. (3) decreases). 
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4. Conclusions and Future Work 
The main conclusion of this research is that the VRMS on each of three phases of an electric system 

supplying an AC motor used to drive a rotary machine (here a lathe headstock gearbox) is variable 
(despite that in a common approach, VRMS is considered constant), especially in transient regimes 
characterized by a strong variation of absorbed AEP or delivered AMP as well.  There is a relative quite 
well established correlation (relationship) between AEP and VRMS.  

There are two consequences here. Firstly (as a negative one) in classical way of AEP measurement 
(based on the equation P=3·U·I·cos(φ)), all three involved variables: VRMS (U), CRMS (I) and PF (cos(φ)) 
should be measured before calculus of P. Secondly (as a positive consequence) a new approach is 
available in transient regimes monitoring and indirect AEP measurement, based on the VRMS evolution 
(the measurement of VRMS is simpler than the AEP measurement). 

This conclusion is a result of some experimental approaches based on a computer aided 
measurement setup and signal processing procedures (for AEP and VRMS measurement and 
monitoring).  A transient regime with strong variation of AEP was chosen. A relationship between AEP 
and VRMS was established and experimentally proved.  

Some supplementary resources of VRMS evolution are available for a future research. An interesting 
hypothesis will be to explore the resources of VRMS evolution in frequency domain for condition 
monitoring (diagnosis) purposes. There is a simple reason for this hypothesis: any damaged rotary part 
inside the headstock gearbox needs frequently to be supplied with a variable component of the total 
AEP. This variable component can be identified directly using the evolution in frequency domain of AEP 
or indirectly using the evolution of VRMS. At least the amplitudes and the frequencies of fundamentals 
and harmonics of these variable components should be determined by analysis in frequency domain, e. 
g. by FFT. 

A further approach will be focused to reveal the resources of evolution of CRMS and PF during the 
same transient regime. 

All the conclusions and the considerations above are available for any machine or equipment driven 
with an AC motor. 
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