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The significant advances in power electronics have permitted the implementation of sophisticated methods for control of electric
motors. Each innovative electrical apparatus for industrial and automotive application must be correctly and exhaustively tested,
both during the developing process and finally for the compliance test. The development of a new electrical system should be
associated with a parallel design of an ad hoc measurement system, whose performance should be defined according to the features
of the system under test. In recent years, the increasing interest for sensorless electric motor drives involved the development and
implementation of a wide set of control techniques. This paper reviews the state and the trends of measurement techniques and

instruments applied for the experimental characterization of variable speed drives.

1. Introduction

The test, monitoring, and maintenance of an electrical vari-
able speed drives (VSDs) involve the measurement of several
quantities, both electrical and mechanical.

In detail, the development and the application of sensor-
less techniques for VSD involve the setting up of measure-
ment system during the validation phase, even by adopting
mechanical transducers that will not be present in the final
release of the VSD.

Typical electrical quantities are the supply voltage and
current and the active power. The measurement of mechan-
ical torque and rotation speed is also required to evaluate
the mechanical power produced by the motor. High accuracy
measurement of resistance (R) and inductance (L) are needed
for the correct implementation of the motors model.

A wide variety of instrument and transducers are avail-
able for the measurement of these quantities. Analogue
instruments were generally used in the past, even if the recent
trend has been toward digital instruments, because of better
performance and remote communication capabilities.

Due to the fast advancement of semiconductor power
switching device technology and developments in micro-
processor-based control systems, actually the VSDs are wide-
spread because of their versatility. The utilization of such
control devices makes the supply electrical quantities of the
electrical motors strongly deformed [1].

The characterization of a VSD, using traditional tech-
niques and sinusoidal signals, can give incorrect or mislead-
ing results, because of the different working conditions. High
performance transducers can be successfully adopted for the
development of data acquisition systems based on multichan-
nel Data Acquisition Devices (DAQ). The evaluation of the
VSD performance should also be investigated by considering
PQ phenomena involving the supply voltage waveforms [2—
5].

2. Voltage Measurement

In VSD the definition of the voltage measurement techniques
and instrumentation is one of the most interesting topics.
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FIGURE 1: A typical PWM voltage waveform, in time and frequency domains.
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FIGURE 2: A typical six steps voltage waveform, in time and frequency domains.

Both AC and DC voltage measurements can be required,
according to the features of the power electronics devices
adopted in the VSD. A digital instrument for AC voltage mea-
surement embodies two main blocks, a voltage conditioner
and a low voltage measuring system.

To select the right instrument, different parameters must
be analyzed. The nominal voltage root mean square (RMS)
value, usually 115/230V for one-phase and 200/400V for
three-phase configurations, firstly influences the choice of the
voltage conditioner, respectively, even if higher voltage ampli-
tudes can be used for high power VSD. A voltage attenuation
stage must be provided to supply the right signal level to the
electronic measuring system. Moreover, insulation is fre-
quently required.

To measure AC voltage accurately both voltage condi-
tioner and digital instrument must have a suitable bandwidth.
For a sine wave, it must be at least as large as the sine fre-
quency.

Nevertheless, considering the usual definition of band-
width, a signal with a frequency near this value will be
decreased by 3 dB, so an even wider bandwidth is desirable for
a better measurement.

In some VSD applications the voltage nominal frequency,
usually 50-60 Hz, cannot be considered because, using both
voltage waveform Pulse Width Modulation (PWM) and six-
step techniques, a strong harmonic distortion occurs (Figures
land 2).

In this case, if certain harmonics are outside the instru-
ment bandwidth, their effect on the waveform will not be
measured. In order to guarantee the system and operator
safety, the voltage conditioner must allow electrical insulation
between the system under test and the instrumentation. In
addition, the galvanic insulation helps reduce the problems
caused by large common-mode voltage.

FIGURE 3: Hall effect closed loop voltage transducer.

The largely used voltage transformers allow both voltage
reduction and electrical insulation, but their accuracy is
assured only at 50-400 Hz. The use of this kind of conditioner
introduces filtering effect on the voltage waveform, with
unacceptable uncertainty in the amplitude spectra evaluation
and instantaneous measurements. A widely used alternative
is the Hall effect based voltage transducer, schematically rep-
resented in Figure 3.

A Hall sensor is placed in the gap of a flux concentrating
magnetic core. The voltage under measurement V,, applied to
the primary winding, produces the current I;. This current
attempts to magnetize the core but in doing so generates a
potential difference V}; across the thin sheet of semiconduc-
tor material. The Vy;, amplified, drives the secondary winding
and compensates the core flux level. The voltage drop across
the resistor R,, produced by secondary current I,, represents
the transducer output.

For applications as VSD and servo motor drives, the use
of Hall effect closed loop voltage transducers offers different
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TaBLE I: Electrical features of Hall effect closed loop voltage
transducers.

V, (range) 500V 1000 V 1500V
Accuracy at 25°C 0.7-1.0% 0.2% 0.2%
Accuracy at —40 to + 85°C 0.6% 0.6% 0.6%
Linearity 0.1% 0.1% 0.1%
Offset voltage at 25°C 5.0mV 5.0mV 5.0mV
Offset voltage at —40to + 85°C  13.0mV ~ 13.0mV  13.0mV
Response time (90% V ..) 0.4 pus 0.3 us 0.4 us
Frequency bandwidth from DC 400kHz 500kHz 800 kHz
Virus (insulation test) 6kV 6kV 6kV

advantages, such as excellent accuracy, very good linearity,
low thermal drift, and high immunity to external interfer-
ences. Typical features of commercially available transducers
(LEM CV family, [6]) are summarised in Table 1.

Unless otherwise specified, AC voltmeters are usually cal-
ibrated to read out in RMS values. The conditioner output is
generally measured by means of a RMS-to-DC converter and
integration DC voltmeter. Typical accuracies, usually valid
from 5% to 100% of range, are shown in Tables 2, 3, and 4, for
different signal frequencies and different digital multimeters
(DMM) [7-9].

Another measurement technique is based on the process-
ing of voltage samples supplied by a data acquisition system
(DAS). It samples and converts the input signal. Sampling
is performed by a Sample and Hold (S/H) circuit that picks
instantaneous input values and maintains them constant.
Conversion is performed by an A/D converter (ADC) that
picks an integer value from a predetermined, finite list of inte-
ger numbers to represent each analog sample.

After the process of digitization a discrete input signal
is translated in a sequence of n-bit digital words. They are
affected by a quantization error bounded by +1/2 LSB =
+1/2 Vis/2n, where Vfs is the full scale ADC range. The ideal
average error is 0 LSB and the standard deviation of error is
1/~/12 LSB. The relation between the signal-to-noise ratio of
a digitized signal and the ADC bit number, expressed by
SNR = 1.76 + 6.02n (dB), is shown in Table 5.

The main advantage of a DAS, compared with a voltmeter,
is the possibility to analyze the voltage shape, for example, by
means of a spectrum analysis. Moreover a single DAS allows
more than one voltage to be measured at the same time. This is
important because the characterization of a three-phase VSD
generally requires the measurement of 3 voltages, 3 currents,
and 2 analog or digital signals generated by torque and angu-
lar velocity transducers.

3. Current Measurement

Current can be measured by a RMS ammeter or by a DAS.
Both systems convert the current signal to a voltage, which
is measured using the blocks discussed in previous section.
Typical accuracies for low-range RMS ammeters are shown in
Table 6 [7, 8,10, 11]. Greater range ammeters generally present
worse accuracies, as shown in Table 7, for different signal fre-
quencies [9].

e
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F1GURE 4: Hall effect closed loop current transducer.
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In case of a high supply voltage, electrical insulation
must be provided. Current transformers are widely used, but
the problem is still the operating frequency, which must be
around 50 Hz, even if their bandwidth is greater than that of
the voltage transformers. Because current signal is generally
more distorted than voltage, a bandwidth greater than that for
voltage measurement is required. In this case these devices
cannot be used.

Moreover, these problems imply more difficulties in the
implementation of the RMS AC-to-DC converter of the
ammeter or of the DAS measurement algorithm. Alternative
solutions are noninductive resistor shunts (for the I/V con-
version) or Hall based current transducers (Figure 4). The
better amplitude accuracy combined with the smallest phase
angle error is offered by the coaxial low inductive and low
capacitive shunts, as reported in Table 8 [12]. Moreover they
are passive components that do not cause offset.

The main disadvantage is that output of the shunts is not
galvanically separated from the measured potential.

This means that a DMM that works with shunts needs
sufficient common mode rejection at high frequencies or a
further galvanic insulation, innate in the Hall based systems.
But the latest ones present a linear response only in a defined
working interval.

4, Power Measurement

In the past active power at line frequency was generally
measured by a dynamometer. But today the use of wideband
electronic instruments has become unavoidable. For precise
power measurement a high-performance power meter is
necessary, especially when the motor current is extremely dis-
torted because of small inductances and capacitances of the
motor.

Today the switching frequencies of power electronics
applications can be as high as some hundreds of kilohertz
and the trend is rising. Therefore, the measurement of power
components in nonsinusoidal conditions may be a bit of a
problem [13-18], that is, to measure the switching losses in a
motor.
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TABLE 2: Accuracy (% reading + % range) specifications for the 8.5 digit Agilent 3458 A DMM.
Range Resolution Signal bandwidth
40-100 Hz 0.1-20kHz 20-50 kHz 50-100 kHz
100V 100 4V (0.06 + 0.01) (0.03 + 0.01) (0.15 + 0.04) (0.6 +0.08)
1000V 1mV (0.08 + 0.02) (0.06 + 0.02) (0.15 + 0.04) (0.6 +0.2)

TABLE 3: Accuracy (% reading + % range) specifications for the 7.5
digit Prema 5017 DMM.

ange Signal bandwidth
20-40Hz 20Hz-1kHz 20Hz-50kHz 20 Hz-100kHz
200V 0.2+ 0.01 0.5+ 0.01 0.1+ 0.02 0.5+0.1
700V 0.2 +0.01 0.5+ 0.01 0.1+ 0.02 0.5+0.1

TABLE 4: Accuracy specifications for the handheld Fluke 187-189
DMM.

. Signal bandwidth
Range Resolution
45-1000 Hz 1-10kHz 10-20kHz 20-100kHz
50V 0.001V 0.4% 0.4% 1.5% 8%
500V 0.01V 0.4% 0.4% 1.5% 8%

Some electronic wattmeters use an analog multiplier, such
as the TDM (Time-Division Multiplier) or that based on the
Hall effect (Figure 5). Modern digital power meters sample
both voltage u(t) and current i(t) signals and calculate the
power by processing the samples in the time domain [19, 20].
The quadratic integration of the sample values of voltage u,
and current i;, gives the RMS values for voltage U and current
I

The integration of the product p, = u; - i, over the
signal period results in an average value for active power U.
A multiplication of the averaged values of voltage Upys and
current Iy results in the apparent power S.

The power factor is calculated by dividing active power
P by apparent power S. Active power can also be measured
starting from voltage and current frequency components [13,
21,22].

Voltage and current must be sampled at the same time,
imposing at the two acquisition channels the same time delay
and at the system (e.g., a DAS) the simultaneous sampling ca-
pability.

As the DAS is concerned, it can embody a number or only
one S/H circuit. In the last case 1, and i, samples are acquired
at different points in time, making difficult and imprecise
their correlation. Different problems affect the power mea-
surement. To calculate the power integral, the exact knowl-
edge of the signal period is of primary importance. Unfortu-
nately this measurement is not simple to be made, especially
in the presence of high signal distortion (e.g., PWM).

Problems can arise in the analog front-end of the watt-
meter, mainly due to the step rise of electrical quantities (e.g.,
10 V/ns) and different positive and negative slew rate of active
elements.

To get accurate power values it is quite important that the
u(t) and i(t) signals must be sampled at absolutely the same

TABLE 5: Signal-to-noise ratio for different value of 7.

SNR 13.8 258 379 499 620 740 86.0 981

Bit number 2 4 6 8 10 12 14 16

TABLE 6: True RMS ammeter accuracy (% read + % range)
specifications.

Instrument  Digit Range Band Accuracy
Agilent 3458A 8.5 100 uA-1A 10Hz-100kHz 0.08 + 0.02
Keithley 2002 8.5 200u4A-2A 20Hz-100kHz 0.2 + 0.015
Fluke 1281 85 100mA-2A 10Hz-5kHz 0.1+ 0.03
Prema 5017 75 200uA-2A  20Hz-5kHz  0.2b+0.01

TABLE 7: Accuracy specifications for the handheld Fluke 187-189
DMM.

Range Resolution Signal bandwidth
45-1000 Hz 1-20 kHz

5A 0.0001 A 1.5% 6%

10A 0.001A 1.5% 5%

time. When the power factor is less than 0.5, or the frequen-
cies above 400 Hz, the time shift of one signal against the
other caused by nonsynchronous sampling is very critical.

A time shift caused by any differences in the time each
channel is sampled will result in a large error of the active
power reading. The PWM is one of the hardest waveforms to
analyze for the electronic wattmeters [16, 17, 23]. Within a few
nano- or microseconds the signals in power electronics appli-
cations alternate from maximum potential to zero and back to
maximum potential.

To multiply sample values of voltage and current, which
really belong together, neither the analog inputs nor the
instrument, probes or transducers should cause a time shift
between the signals.

The four most important characteristics of digital wide-
band power meters are amplitude accuracy bandwidth, phase
angle errors of inputs and transducers, and common mode
rejection.

As an example the accuracy specification for the
high-performance Norma D6000 [24] wattmeter has been
reported. For this wideband (1 MHz) instrument we report
the accuracy in the measurement of voltage (Table 9a), cur-
rent (Table 9a), and power (Table 9b).

5. Measurement of Mechanical Quantities

The measurement of a mechanical quantity, essentially torque
and rotor speed, requires a sensor or transducer with suitable
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TABLE 8: Accuracy specifications for LEM triaxial shunts (range 0.003-30 A).

Basic accuracy Angular accuracy

Frequency influence

Load influence Temperature coefficient

+0.03 +0.001°/kHz

+0.0015%/kHz

+107°%/A, <15 ppm/K

S

Hall effect low frequency wattmeter

()

Hall effect high frequency wattmeter

()

FIGURE 5: Configurations of the Hall based wattmeter.

performance, accuracy, and cost. Moreover, the band of the
sensor must be adequate with that of the signal, to analyze all
the frequency components and decrease measurement error.
The measurement of torque and rotor speed causes additional
challenges.

5.1. Angular Velocity Measurement. The angular velocity of
the motor is generally measured by means of a tachometer.
Typical low-ripple DC tachometers features are reported in
Table 10. However, when applied to an inverter-based system
the disturbances could cause an offset of the analog signal
output.

Because digital signals are not so easy to disturb, other
solutions adopt a magnetic pick-up or an optical encoder, to
generate a frequency-modulated signal, which can be con-
verted by means of a frequency-to-voltage converter and then
measured [25]. The encoder resolution is strictly related to the
amount of mechanical play or elastic coupling. Measurement
accuracy is about 0.025%.

The system can allow both relative and absolute measure-
ment readings. A relative reading encoder gives an indication
of a previous position plus an increment. In this case the
degree of accuracy is related to the unit of resolution of the
encoder. Incremental information (Figure 6) consists of a
two-bit (A, B) Gray code in quadrature (duty cycle of 50%).
The difference between the two bits is 90 electrical degrees,
but the direction of rotation is needed. A reference point indi-
cates the completion of the revolution.

The absolute encoder gives precision position in the form
of signal codes (Figure 7).

It clearly indicates the direction of increment and the
value without calculations. The encoders generally use the
Gray, Binary, BCD, and ASCII codes. The main feature of
Gray code is the chance of only one bit at once, which makes

possible to precisely identify the encoder output in very noisy
environments. The Binary code is useful in fast applications,
when it is necessary to save time to convert the code. The
BCD is useful in systems, which require a direct display of the
value assumed by the encoder. The ASCII allows the encoder
to communicate directly with a PC or a serial system.

A problem is the measurement at low speed, because
encoder pulses and sampling signal (from a DAS or a different
measuring system) are not synchronous [25]. Moreover, elec-
tromagnetic spikes on the encoder output signal can alter the
measurement result by increasing the number of counted
pulses.

5.2. Mechanical Torque Measurement. The measurement of
mechanical torque is generally carried out by means of
sensing elements that detect the strain and compression of
the shaft surface in the main direction of stress [26], or the
twist angle of the shaft. At this aim, Table 11 resumes the main
measurement techniques. In the first case strain gauges in the
Wheatstone full bridge configuration are glued onto the shaft.
In the latter case, sensor wheels, disks, cases, or perforated
disks are placed to the left and right of a torsionally com-
pliance section of the shaft. A torque application produces a
torsional twisting and then an angle deflection of the torque
bar, proportional to both bar length and applied torque, and
inversely proportional to the fourth power of bar diameter.
Torque is obtained by measuring the rotation (reciprocal
phase) of these sensing elements.

The output of a conditioning circuit is measured by means
of a DAS or a voltmeter.

Another technique is based on the measurement of the
reaction torque, that is, the torque required to block the stator
when the rotor is turning, measured by mounting the stator
frame free to rotate and connecting a force transducer
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TABLE 9: (a) Accuracy + (% reading + % range) for V and I. (b) Accuracy + (% of reading) for P.
Frequency [Hz] Voltage Current
0-15 +(0.15 + 0.03) +(0.15 + 0.05)
15-45 +(0.15 + 0.01) +(0.15 + 0.03)
45-1000 +(0.04 + 0.01) +(0.04 + 0.02)
1k-400k +[(0.04 + 0.0045/kHz) + (0.01 + 0.003/kHz)] +[(0.04 + 0.0045/kHz) + (0.02 + 0.0045/kHz)]
400k-1M typ.: —0.5% of rdg./100 kHz 2% of rdg/100 kHz
Power factor (cos @)
Frequency
1 0.5 0.1
1Hz 0.296 0.296 0.313
50 Hz 0.089 0.091 0.138
1kHz 0.089 0.097 0.238
10 kHz 0.211 0.31 1.32
100 kHz 132 25 —
400 kHz 5.04 — —
Power factor (cos @)
0.1 0.01 0.001
50 Hz 0.1 0.472 4.64
Power input (% of range)
100% 50% 10%
50 Hz 0.089 0.097 0.175
TaBLE 10: Typical features for a tachometer.
Output voltage Linearity RMS ripple Accuracy
1-10 V/1000 rmp <0.1% <1.5% 0.25%

I N
L s
S B

FIGURE 6: Incremental encoder disk and phases.

between the stator and a fixed connection point. Torque sens-
ing elements (torque bars) are inserted between the driving
motor and the driven shaft.

The main torque measurement problems are induced by
the sensors, which are affected by hysteresis and nonlineari-
ties, and sensitivity to external temperature variations.

Moreover their response time is very high (some millisec-
onds), introducing a delay from the torque generation and
its measurement. This means also that some dynamic events
(i.e., torque fluctuations or torsional vibrations) cannot be
measured [27].

FIGURE 7: Absolute encoder disk.

Sensors based on strain gauges are characterized today
by good accuracy (see Table 12), but they are subjected to
restrictions concerning the maximum number of revolution
(several thousand rpm). Twist-angle sensing devices are of
increasing importance for cost reasons and because of their
contact-free operation principle. In case of inductive trans-
mitters, which function according to the transformer princi-
ple, 50000 rpm are possible.

Table 13 reports the typical features for rotating torque
transducers produced by the Hottinger Baldwin Messtechnik
[28].
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TABLE 11: Torque measurement techniques.

Rotating system

Strain gauges

Strain gauges . . . .
gaug Torsion bars with different cross section

and similar

Strain sensitive Cruciform cross section with linear strain gauges glued on bending beams.

Magnetostrictive effects Coil systems with induced eddy current in the shaft

Coil systems with change of permeability of the shaft

Phase detection by magnetic pickups
Toothed wheels, y mag pickup

slotted collars,
stamped rings

Coils systems with slotted collars
Coil systems with torsional variable differential transformer

Torque angle sensitive Encoder disks with Led-photocell arrangement

Transmission Transmission by lever to inductive differential gap sensor
to linear displacement Transmission to string vibration transducer
by lever Transmission to linear variable differential transformer

Reaction system

. . . Torsion bars with different cross sections
Strain sensitive Strain gauge

Transmission to strain sensitive bending beams or platforms

Force or displacement

Strain gauges, piezoelectrics, and

Cantilever with different kind of force and displacement transducers

sensitive others

TABLE 12: Typical features for strain gauges.
Range [Nm] Excitation voltage Sensitivity Repeatability Nonlinearity Hysteresis
10-100 10-15V 1mV/V <0.15%, <0.25%, <0.25%.

TABLE 13: Rotating torque transducer features.

Nominal torque [Nm] Nominal speed [rpm] Accuracy class [%]

0.1-200 10000 0.1
1-20 40000 0.2
10-200 4000 0.1
50-1k 4000 0.1
50-10k 8000-15000 0.1
50-25k 11000-20000 0.1-0.2-0.3

In the future surface acoustic wave resonators and strain
sensitive fiber optic sensors applied line strain gauges will be
available on the market.

6. Sensorless Control for Electric Motors:
Measurement Aspects

Today, the requirements for VSD are pushing the need to
eliminate bulky driveshafts and gearing by placing a direct-
drive motor at the exact location where torque is required.
In such a configuration, the rotor position sensor that is nor-
mally required for vector control of the electric motors often
cannot be accommodated due to reliability concerns. The
position sensorless motor control strategy in which stator
windings themselves are used as the rotor position sensor can
be successfully adopted in such application [29]. In the litera-
ture numerous sensorless strategies for electric motor control
have been proposed and investigated, and many approaches
for manipulating the electric motors equations have been
implemented, to define observers for estimating parameters

as fluxes, speed, or position. Lots of physical systems can be
modelled by using a state-space description, by using the Kal-
man filtering [30-35].

Induction motors are today the most widely used ac
machines due to the advantageous mix of cost, reliability, and
performance [36].

Torque control in induction motors can be achieved
according to different techniques ranging from the inexpen-
sive constant voltage/frequency ratio strategy to the sophisti-
cated field-oriented control (FOC) (Figure 8). If a precise and
fast torque and flux control is required, FOC is mandatory.
In fact only by acting onto the two components of the stator
current, in phase and in quadrature with the rotor flux, it is
possible to decouple the control of torque and flux, obtaining
high dynamic performances comparable with those of dc and
brushless drives. Any FOC scheme requires the knowledge of
the position of rotor flux vector to properly control the two
components of the stator current. Based on the method used
to obtain the position of the rotor flux two main classes
of FOC schemes are usually defined: (a) the indirect field-
oriented control (IFOC) technique that predicts the position
of the rotor flux by means of the model of the induction
motor.

Being essentially an open-loop predictive approach IFOC
is very sensitive to variations of motor parameters, specifically
of the rotor time constant; (b) the direct field-oriented control
(DFOC) approach, where the position of the rotor flux is
computed from the airgap flux vector position, is directly
measured by suitable flux sensing devices or computed from
measured stator currents and voltages.
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FIGURE 9: Block diagram of DSC.

DFOC is less sensitive to motor parameters variations
than IFOC, but its practical implementation is often complex,
due to the need to place flux sensors, such as Hall effect based
devices, in standard induction motors; moreover, precise low-
speed operations are very difficult to perform.

Direct self-control (DSC) is a recently introduced control
methodology [37, 38] that can be considered as the simplest
FOC scheme (Figure 9).

For automotive applications with squirrel-cage induction
motors, the direct torque control (DTC) is one of the most
attractive [39-41].

The required measurements for this control technique are
only the input currents. Flux, torque, and speed are estimated.
The input of the motor controller is the reference speed,
which is directly required by the user. The DTC technique is
based on the direct stator flux and torque control [42-48].

6.1. Rotor Resistance Estimation. One of the critical measure-
ment problems in the described strategy is the evaluation
of the inductive and resistive parameters of the electric
motors; in many cases, under the hypothesis of no magnetic
saturation, the inductance parameters are constant, and their
value can be measured with traditional off-line testing of the
motors.

On the contrary, the resistance parameters must be
evaluated on-line. In detail, the stator resistance R can be

estimated by updating the value measured offline by adopting
thermal sensors measuring the stator winding temperature;
Ry can be estimated based on sensitivity of torque, reactive
power, or other motor characteristics versus parameter Ry,
and the accuracy of the adopted method directly influences
the overall efficiency of the flux estimation as in (2) [47].
Because of the close relationship between the slip speed and
rotor resistance, by knowing synchronous and motor speeds
(in fact slip speed), estimation of rotor resistance will be easy;
but at any time the motor supply voltage is dictated by its
flux and torque. The large harmonic content of the supply
voltage leads to large fluctuation of the estimated parameters,
particularly the speed of the induction motor. Since the
motor torque is directly controlled, it has limited oscillation
amplitude. Obviously the fluctuation of the estimated speed
causes fluctuation of the estimated rotor resistance.

Different techniques based on the error estimation and
then modification of the rotor resistance are applicable in the
sensorless DTC technique. The most adopted are (i) Reactive
Power Error (RPE), in which the error signal is the difference
between the references and estimated reactive powers; (ii)
Torque Error (TE) in which the signal error is the difference
between the reference and actual electric torque values; (iii)
Error Function Based on Stator Voltage (EFSV), based on
the hypothesis that the torque signal is equal to the product
of flux and current. To stabilize the technique, initially
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ZX T <
ACload Mechanical load
Distorted Rectifier DClink PWM inverter
voltage supply
F1GURE 10: AC/DC/AC conversion system with PWM inverter.
the components of voltage have been integrated for reduction TABLE 14: Specifications of the testing setup.
of harmonics and then two corresponding current compo- ;
nents have been multiplied. In order to convert the above . Power supply
error signals to rotor resistance error and finally to modify the Amplitude (r.m.s.) 380V
rotor resistance, a PI or PID controller can be used. Frequency 50 Hz
Rectifier
7. PQ Effects on VSD Experimental Six pulse uncontrolled
Characterization o PWM inverter

Switching frequency =5kHz
VSDs are usually designed to operate in sinusoidal condi- DC Link
tions. If the VSD is supplied by a system affected by the typical Capacitance 2mF
Power Quality (PQ) disturbances (unbalances, harmonics Induction motor
and .interh.armonics, dips, etc., [2-5]) electrical supply of Nominal power 1L2KVA
the induction motor becomes strongly deformed, then the .

. . . Mechanical Load

machine behavior changes so much that some machine char- Nominal t 35N
acteristics or parameters become not easily definable or even omina torque N

Nominal speed 2800 rpm

lose their physical significance [49].

So, it is interesting to analyze the low frequency con-
ducted electromagnetic disturbances affecting VSDs and
to discuss the performance testing procedure for the sup-
plied induction motor characterization under static working
conditions, utilizing a suitable measurement station. As an
example, the voltage waveforms produced by a PWM inverter
could be considered, in order to evaluate the effect introduced
in these waveforms by typical electric low frequency steady
state disturbances present in the supply system and trans-
ferred through the dc link of the double stage converter to
the motor terminals.

The PQ phenomena to apply to the VSD for the perfor-
mance testing can be identified by considering the IEC and
IEEE Standards [49-54]; a particular attention can be given to
the steady state voltage distortion, whose compatibility levels
for harmonic voltage components and voltage unbalance
reported in the IEC Standard 61000-2-4 [55] with reference
to the class 2 of electromagnetic environment. The design of a
testing setup must be performed by considering the features
of the VSD to be tested; in this paper we consider a common
small power VSD, equipped with a three-phase AC/DC/AC
PWM converter, whose main features are in Table 14. Refer-
ence is made to the scheme of Figure 10.

The apparatuses we adopted for the testing setup are
(Figure 11):

(i) arbitrary waveform power generator (Pacific Power
source 3120AMX), [56]
(ii) power analyzer (Norma D6000), [12]
(iii) hysteresis dynamometer (Magtrol HD-715, [57]),

(iv) programmable dynamometer controller (DSP6000,
[58]),

(v) blower [57],
(vi) PXI Data Acquisition system [59].

The main characteristics of the 3-phase arbitrary wave-
form power generator produced by Pacific Power (model
3120AMX, [56]) are (i) Maximum Power: 12kVA; (ii)
Frequency Range: 20 Hz to 50kHz; (iii) Line Regulation:
0.027 mV; (iv) Load Regulation: 0.00135 mV; (v) THD: 0.1%;
(vi) Voltage Ripple and Noise: =70 dB.

The hysteresis dynamometer is the Magtrol HD-715
equipped with a programmable controller DSP6000. The
dynamometer main characteristics are speed accuracy 0.01%
of reading from 10 rpm to 100000 rpm and torque accuracy
0.25% of range with a maximum measurable torque of
6.5 Nm.

All the instrumentations are controlled by a PXI sys-
tem produced by National Instruments (model PXI-1020)
equipped with a controller NI PXI 8176 with a 1.2 GHz pro-
cessor, and 128 MB ram, data acquisition board NI PXI-4472,
arbitrary waveform generation board NI PXI-5411.

The software implementing the test procedures and coor-
dinating the devices has been developed in NI LabVIEW
environment and everything has been made automatic,
thanks to the remote control of all the instruments [60].

In order to quantify the effects on the VSD of Power
Quality problems, eight different supply voltage conditions
were defined. The tests are performed adopting one supply
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FIGURE 11: The testing setup.
TaBLE 15: Harmonic distortion case study. The THID and THDV are evaluated as follows:
Tvoe of Superimposed harmonic distortion N I,f
szgply [% of the fundamental] THDI = Z j2
h=3 h=5 H=7 h=9 h=11 h=13 k=271 W
#1 0 0 0 0 0 0
N 12
#2 5 0 0 0 0 0 THDV = Z k.
V¥
#3 5 6 0 0 0 0 k=2"1
#4 5 6 7 0 0 0 where I, and V| are the kth current and voltage harmonic
#5 5 6 7 L5 0 0 component, respectively, and N is the maximum order of
#6 5 6 7 15 35 0 measured harmonic component.
#7 5 6 7 15 35 3 The efficiency is evaluated as follows:
Unbalance [%] by
=7 ()
#8 3 e
being P, the measured mechanical power and P, the mea-
hanical load conditi q sured electrical active power.
TABLE 16: Mechanical load condition case study. The results can be processed, to give interesting compared
Mechanical load [%] resu’i_t;, as depicted in l;igures 12,13, 14, anc} 15f . .
0 20 =0 20 100 120 e obtained results are more readable if the obtained

voltage condition of Table 15 for the VSD and, at the same
time, fixing one of the mechanical load condition ranging
from 20% to 120%, listed in Table 16. All the combinations of
the eight distorted supply conditions and of the six mechani-
cal load conditions are considered and evaluated.

The performance evaluation can be performed by mea-
suring the simplest compact indexes which are considered:
THDI, THDV, and efficiency.

The software implementing the test procedures and coor-
dinating the devices has been developed in NI LabVIEW
environment.

As preliminary results of performance of a real motor in
an ASD system, three of the simplest compact indexes are
considered: THDI, THDV, and efficiency.

results in nonsinusoidal condition are referred to the sinu-
soidal one. The obtained results are reported in Figure 15 in
which D[%] is obtained, respectively, as follows:

Mdistorted ~ Msinusoidal % 100

Hsinusoidal

3)

Nunbalanced ~ Hsinusoidal % 100.
Hsinusoidal
In the picture it is evident that the distortion has no effect
at high load while the unbalance shows an effect which rises

as the load increases till the value of about 5% at the rated
load.

8. Future Trends

Recently, new high-performance and low-cost measuring
devices have been introduced into the market. Moreover new
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FIGURE 12: Comparison among THDI under different supply voltage
conditions for phase R.
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FIGURE 13: Comparison among THDV of phase R under different
supply voltage conditions.

advanced measurement techniques have emerged as promis-
ing approach to providing better performances to the mea-
suring system.

As the electrical signals are concerned, the more inter-
esting devices are the Hall based voltage and current trans-
ducers. As previously stated the current transducer represents
one of the most critical elements of the measuring chain.

The main reason is the wider signal bandwidth that de-
mands a good linearity on a large frequency range.

As an example of the performance of these new devices,
in Table 17 the main features of an industrial LEM transducer
are reported [61]. This device presents an excellent linearity
and stability (both versus time and temperature) over a wide
bandwidth (100 kHz). Similar or worse performances in the
past were available only for special high-cost measuring appa-
ratus.

But what is really changing is the measurement of the
torque. Conventional methods of measuring torque on elec-
tric motors yield accurate values for a constant or slowly vary-
ing torque.

1

7 (p.u.)

20 40 80 100 120
Load nominal (%)

[l Sinusoidal
B Distorted
[0 Unbalanced

FIGURE 14: Efficiency comparison among different supply condi-
tions.

D (%)

0 T T T T f
20 40 80 100 120

Load nominal (%)

[ Distorted
[ Unbalanced

FIGURE 15: Relative Difference between the efficiency in distorted
and unbalanced working condition versus sinusoidal waveform sup-

ply.

Some limits regarding their dynamic behaviour are given,
that is, the motor rotor inertia, which influences the results of
mechanical measuring methods.

A new approach does not need mechanical elements such
as shaft position transducers or strain gauges.

The measuring system uses the acquisition of the instan-
taneous values of the stator currents and voltages to compute
the electromagnetic torque. This real-time determination of
the torque can be applied to the most common type of electric
motors, symmetrical three phase, in steady-state and tran-
sient conditions.

This solution means fundamental advantages for many
technical applications. Transient torque and fast internal pen-
dulum torque, which can lead to serious damages of windings
or bearings, can be measured.

Another advantage is that mechanical sensor installation
is not required. This performance is very valuable in some
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TABLE 17: Specifications of LEM IT 150-S current transducer.

Input current (max) 150 A
Output current (max) 200 mA
Linearity <lppm
Stability <2ppm
Stability versus temperature <0.3ppm/°C
Stability versus time <1ppm/month
Output noise (DC—10 Hz) <0.04 A
Output noise (DC—10 kHz) <24 uA
Output noise (DC—50 kHz) <8 uA
di/dt >100 A/us
Frequency bandwidth DC—100kHz
Test voltage 5kV AC (RMS)

cases, when the site is difficult or dangerous to access and it
may not be practical to install a mechanical measuring device.
Moreover mechanical measuring devices must be selected
based on the motor speed and size. Then a set of devices are
required when working with a variety of motors. The use of
the dynamic digital transient torque measurement removes
limits to the torque and speed ranges and is safe from over-
load peaks.

Smart power measurement devices can be successfully
embedded in the VSD, with the aim of evaluating the features
of the supply voltage waveforms and measuring the actual
power and energy consumption of the VSD [62-66].

9. Conclusions

In this paper the state and the trends of measurement tech-
niques and instruments applied for the experimental char-
acterization of variable speed drives are presented and dis-
cussed; the problems related to the measurement of electrical
and mechanical quantities and related to sensorless control
for electric motors are presented, with a particular attention
to the case of non sinusoidal supply waveforms. PQ phenom-
ena and their effects on VSD are also considered, and an
experimental setup for the VSD testing in these condition is
proposed.
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