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Abstract: The research of innovative solutions to improve the efficiency of electric drives is of
considerable interest to challenges related to energy savings and sustainable development. In order to
successfully validate the adoption of new and innovative software or hardware solutions in the field
of electric drives, accurate measurement procedures for either efficiency or power losses are needed.
Moreover, high accuracy and expensive measurement equipment are required to satisfy international
standard prescriptions. In this scenario, this paper describes an accurate measurement procedure,
which is independent of the accuracy of the adopted instrumentation, for the power losses variations
involved in electrical drives, namely AAP, useful to detect the efficiency enhancement (or power
losses reduction) due to the real-time modification of the related control algorithm. The goal is
to define a valuable measurement procedure capable of comparing the impact of different control
algorithms on electric drive performance. This procedure is carried out by experimentally verifying
the action of different control algorithms by the use of a Field Oriented Control (FOC) with different
values of the direct-axis current component (i.e., I; =0 A and I; = -1 A) applied for fixed working
conditions in terms of speed and load torque. Two different measurement systems of power losses,
each one characterized by different accuracy and cost, are taken into account for the validation of
the proposed method. An investigation is, then, carried out, based on the comparison between the
measurements acquired by both instrumentations, for different working conditions in terms of load
and speed, highlighting that the uncertainty generated by systematic errors does not affect the AAP
measurements. The results reported in this work demonstrate how the AAP parameter can be used as
a valuable index for the characterization of the power drive system, which can also be evaluated even
with low-accuracy instrumentation.

Keywords: power loss minimization; speed control drive systems; efficiency measurement; IPMSM

1. Introduction

In recent years, the challenges related to the reduction of environmental pollution, energy savings
and sustainable development have aroused the interest not only of the scientific and industrial
communities but also of society and policies of the countries. In this scenario, the field of electrical
drives plays a fundamental role, since it represents the biggest consumer related to global energy
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consumption in industrial applications [1,2]. Therefore, the efforts of the scientific community have
been recently dedicated to on the research and development of innovative solutions concerning the
design and control of high-performance power converters and electric motors, in order to obtain a
relevant improvement of the electrical drives both in terms of efficiency and adaptability for challenging
operating conditions. In particular, a significant increase in the adoption of electrical drives equipped
with Permanent Magnet Synchronous Motors (PMSMs) has been detected, due to their high power
factor, high torque density and high efficiency, especially for e-mobility [3,4], aircraft [5,6] and marine
propulsion applications [6-8].

A possible solution for the energy savings purpose is the design and development of control
algorithms for PMSM electric drives, with the aim of minimizing the power losses, maximizing,
thus, the related overall efficiency. For instance, the topic of the design and development of maximum
torque per ampere control algorithms for PMSM is continuously discussed [9-11] in the recent literature,
as well as for the so-called loss model algorithms (LMAs), which involve the real-time determination
of the optimal value of the magnetization level (or any other loss variable) for the power losses
minimization of the motor [12-14] in any working operation in terms of speed and applied load.
In order to validate the effectiveness of these types of control algorithms, it is needed to perform an
accurate measurement of the PMSM electric drive efficiency [15-17].

In the last decade, the IEC 60034-2 [18-22] treated standardized methods in order to determine
the efficiency of electrical machines fed by the electrical grid and converter-fed motors with
adequate accuracy, repeatability and reproducibility. These international standards provide accurate
prescriptions for induction machines, dc machines, and wound-field synchronous machines;
however, specific prescriptions regarding the PMSMs efficiency measurement are not provided.
Moreover, these international standards do not cover the electric machines specifically adopted
for traction applications. The latest international standards IEC 61800-9, issued in 2017 [21,22],
which provide the methodologies needed for the determination of the efficiency of each part of the
electric drive, such as the electric motor, Complete Drive Modules (CDMs) and Power Drive Systems
(PDS), are a valid reference for the electric drive efficiency measurement. These standards introduce the
definition of a conventional measurement methodology to energy efficiency standardization for any
extended product by defining the guidance of the Extended Product Approach (EPA), which considers
not only the efficiency of the motor, but also the efficiency of the whole electric drive, including of
its load.

In this context, the scope of this work concerns the definition and validation of an innovative and
general measurement procedure of power losses variations involved in electrical drives, which can
be applied independently from the accuracy of adopted instrumentation. Indeed, it can be generally
stated that the measurement of the efficiency controlled by different control algorithms requires the
PDS efficiency measurement for each control algorithm with accurate and expensive measurement
instruments. Nevertheless, the proposed and discussed methodology addresses the accurate estimation
of the power losses variations, namely AAP, which can be determined by real-time changes of the
algorithms capable of controlling the electrical drive to maximize the related performance, even by
the use of low-accuracy and cheap measurement equipment. Therefore, it will be demonstrated that,
for real-time control, the AAPppg index represents an optimal parameter for the characterization of the
control system.

For this purpose, two different measurement systems, each one characterized by different accuracy
and cost, have been taken into account of the proposed methodology. More specifically, an extended
experimental investigation has been carried out on a low-power PMSM electric drive by changing the
working conditions in terms of load and speed and by varying the magnetization level of the motor
under test by means of the applied control algorithm. This work demonstrates that the AAP index is
independent of the uncertainty given by systematic errors and, therefore, the AAP measurements can
be carried out even with low-accuracy instrumentation.
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This work is structured as follows: Section 2 describes the methodologies suggested by the recent
standards regarding the determination of the power losses in a power drive system, Section 3 reports
the mathematical description of the proposed methodology, Section 4 provides a brief description of
the test bench set-up for the experimental tests, Section 5 discusses the acquisition of experimental
results and their analysis, Section 6 summarizes the validation of the proposed method and provides
the uncertainty analysis that validates the proposed measurement approach.

2. Methodologies for the Power Losses Measurements in Electrical Drives

Figure 1 shows a schematical representation of the PDS and its three main sections (single-phase
PDS input section, no. 1, three-phase input motor section, no. 2 and mechanical PDS output section,
no. 3). From the reported scheme, it is possible to define the PDS efficiency that can be measured with
the direct method, by using the following relationship:

P
1pps = P—M 1)
PDS

where Pppg and Py, are the active power flows through Sections 1 and 3, respectively.
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Figure 1. Schematic representation of a PDS.
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Otherwise, by referring to the Standard IEC 60034-2-1, the efficiency can also be indirectly
determined from the computation of the power losses involved in the system, namely AP, by adopting
the following equation:

_ Ppps = (APcpm + APu)
= P 2)
PDS

where APcpy and APy are the total loss of the CDM and the total loss of the motor, respectively.

They can be also defined as:
APcppy = Ppps — Puyor 3)

APy = Patot — P 4)

where Py is the power flow through Section 2.

Therefore, it appears evident that the indirect method involves the computation of the power losses
involved in the section of both converter and motor. The indirect measurement methodology requires
a huge amount of tests for the determination of each power loss component of both the converter and
the motor. Therefore, this methodology is a high time-consuming measurement approach. In this
context, the standards provide to apply the indirect method only for high-power motors with a power
greater than 1 kW [18].

An interesting study [23] addresses the uncertainty evaluation for both direct and indirect
determinations of efficiency, demonstrating that the use of the direct method with the adoption
of technologically advanced instrumentation for the measurement of torque and speed, also for
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high-power motor, provides simpler and straight efficiency determination with uncertainties even
lower than those obtained by means of the indirect method. Nevertheless, no specific standard
is dedicated towards PMSMs: the standard IEC 60034-2-3 is limited only to induction machines,
dc machines and wound-field synchronous machines, while the IEC 61800-9 is directed towards
the characterization of the whole drive, including CDM and motor [21,22]. The reference for this
topology of motors is the IEEE Std 1812-2014 [24], which provides the guidelines for the determination
of AP, composed by the iron losses APy, stator copper losses APy, friction and windage losses
AP,; and additional losses AP, including the additional losses due to inverter voltage harmonics.
The short-circuit and load tests are practically identical to those described in the standard IEC
60034-2-1 referred to traditional synchronous motors, while the no-load test presents some differences.
Firstly, the rotor flux of a PMSM cannot be controlled and, therefore, the friction losses cannot be
computed with the procedure suggested in the standard IEC 60034-2-1. In any case, the determination
of AP and APy, (which cannot be easily separated like a traditional motor) leads to undoubted practical
difficulties, since the rotor must be replaced with an identical rotor without PMs. Besides, the guide
suggests other procedures like the direct measurement of the mechanical power transmitted by a tared
machine method, or with retardation or coast-down test. Moreover, the magnetic field produced by the
PMs is temperature-sensitive; therefore, during different working conditions, the PMSM temperature
changes could cause variations of the rotor flux, affecting, consequentially, the produced power.

In recent literature, a small number of papers addressed the indirect determination of the PMSMs
efficiency, obtained by computing the sum of the power losses. More specifically, Deusinger et al.
described a new indirect measurement method of the PMSM efficiency that requires an open circuit test,
a removed-rotor test and a pure reactive current test [25]. Lateb et al. [26] proposed a suitable indirect
efficiency measurement method for high-speed surface-mounted PMSMs by adopting over-fluxing
test at near-zero power factor, in order to estimate the motor core losses close to load conditions.
However, these studies do not address the determination of measurement uncertainties, whose aspect,
instead, represents a relevant aspect for the evaluation of the accuracy of the proposed efficiency
measurement approaches [27,28].

In conclusion, it can be stated that the direct method is a simpler procedure than the indirect method,
requiring only the measurement of input power and output power of the system taken into account
(motor, CDM, or PDS). As for the PDS, the most critical aspect is related to the measurement of the
output mechanical power, which requires accurate transducers or very expensive instrumentation [29].
On the contrary, the indirect method requires the measurement of each power loss component,
which leads to a more complex and time-consuming procedure. However, it provides the advantage
of performing efficiency measurement with only electrical equipment, which is very accurate and
relatively cheap.

3. Proposed Methodology for the Power Losses Measurements in Electrical Drives

This section describes the procedure adopted for the determination of a new index, namely AAP,
which represents a useful tool for the measurement of the power losses variations involved in the PDS,
demonstrating the fact that the measurement of the AAP index can be provided even with low-cost
instrumentation, without compromising the accuracy of the measurement.

This study was applied to a whole PDS, taking into consideration the measurements achieved
with the two following measurement systems (deeply discussed in Section 4):

e A highly accurate measurement system, composed of a NI 9225 acquisition module and a high
precision A40B Fluke shunt resistor for the PDS input power measurement and another NI 9215
acquisition module for the measurement of mechanical quantities;

e A low-accuracy measurement system, composed of a NI 9225 acquisition module and a low
precision i400 Fluke current probe for the PDS input power measurement and the previous
measurement equipment for the measurement of mechanical quantities.
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By defining APppgs 1 and APppg » as the PDS power losses for two different control algorithms,
namely 1 and 2, the PDS power losses are evaluated as the difference between the PDS input active
power Pppg and the PDS output mechanical power Py, therefore with the following equations:

APpps;1 = Ppps;1 — Pma ®)

APpps» = Ppps» — Pmp (6)

Given that there is no correlation between the electric and mechanical measurements,
the uncertainty related to the power losses AP in the PDS is given by:

u(APpps) = Ju2(Ppps) + u2(Py) )

where 1u(Pppg) is the uncertainty of the input power measurement, whereas u(P),) is the uncertainty in
the mechanical measurement. Thus, the following two quantities are defined:

AAPpps shunt = (APpps,1 = APpps2) gyumt ®)

AAPpps probe = (APpps,1 = APPDS,2) pyope ©

where AAPppg shunt is evaluated with the shunt resistor and AAPppg yrope is evaluated with the Fluke
current probe. These quantities define the reduction or enhancement of the power losses obtained by
switching from Algorithm 1 to Algorithm 2.

Since a large part of PMSM control algorithms are designed to optimally elaborate the direct-axis
current value in order to optimize the PMSM performance [30-32], a Field Oriented Control (FOC)
strategy, shown schematically in Figure 2, has been adopted. The FOC block scheme presents
a closed-loop control of the motor speed, where the corresponding speed error is processed
by the use of a PI regulator that provides the reference value of g-axis current component I,".
Moreover, the magnetization level of the motor can be controlled by selecting the reference value
direct axis current I;". These values are compared with the real values of I; and I;, measured with
LEM sensors of CDM; the correspondings errors are processed in order to obtain the reference values
of the supply voltage Park components v;” and v,". The dq voltage quantities are transformed in
a three-phase reference frame and applied to the motor through a Pulse Width Modulation (PWM)
technique. Therefore, the control strategy can be varied by selecting different I;* values.

Grid (230 V)

ig Vq Va Y

. d -
On Speed Current q Vool PWM DPS 30
controller controller abc | V¢ Converter
- | —
A . \
dg fa AD
abc converter | o
i
IPMSM
0 .
Resolver to sin
. digital R
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Figure 2. Block diagram of the control system taken into account.
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It can be demonstrated that the AAPpps measurement is not affected by uncertainty due to
systematic errors. It is, indeed, well known that the uncertainty corresponding to a general quantity
Yy =f(x1,x2, ... .xy), withn € N, is given by:

) = (X2 et +zzz& (o) (10

i=1 i=1 j=i+1

where r;; represents the coefficient of correlation between the i-th and the j-th quantities. For the
AAPppg quantity, the following formula is obtained:

y = AAPpps = APpps;1 — APppsp = Ppps,1 = Pm — Ppps + P (11)
Therefore:

u(AAPpps) = [MZ(PPDS,l) + u*(Pm2) + u*(Pppsp) + u?(Pym2) = 2rpps mit(Peps 1)t (Pa,1)
—2rpps,ppsi(Ppps,1)u(Ppps,2) + 2rpps,mi(Ppps,2 )u(Pa,2) + 2rpps,mit(Ppps,2 ) u(Pa,1) (12)
1
=2rpmtt(Pp ) u(Pp2) = 2rpps,mtt(Pppsp )u(Pa2)] 2

Since both the input electric power and mechanical power are measured with the same equipment
and the measured values are similar when employing both the Algorithms 1 and 2, it is possible to
assert that:

u(Ppps,1) = u(Ppps2) = u(Ppps) (13)
u(Pma) = u(Pmp2) = u(Pum) (14)

Let’s suppose that the components of the uncertainty due to random errors are neglected.
Then, by referring to the correlation coefficient, let’s suppose to employ two different measurement
equipment for independent acquisition of electrical quantities and mechanical quantities. Thus, it is
possible to assert that rij = 1 if the uncertainty quantities involved in the double product are both
electrical or both mechanical; otherwise, rij = 0. As a consequence, the uncertainty expression can be
written as follows:

u(AAPpps) = \2u2(Pps) + 2u2(Pa) — 2u2(Ppps) — 2u2(Pyg) = 0 (15)

The obtained result emphasizes that AAPpps spunt and AAPpps prope are not affected by the
uncertainties due to systematic errors. Therefore, their measurements should provide the same
results, although with a slight deviation due to random errors.

4. Test Bench

For the validation of the proposed methodology, it is needed to quantify the contribution of the
random errors evaluating the short-term repeatability of the related measurements. For this purpose,
a test bench has been set-up and it is composed by (Figure 3):

e A Complete Drive Module (CDM), consisting of a DPS 30-A power converter (Automotion Inc.,
Chantilly, VA, USA), which is composed of a diode bridge rectifier stage supplied by the
electrical grid and an inversion stage. The IGBT bridge of the inverter is made by POWEREX,
Model PM30CS]060;

e A three-phase Interior Permanent Magnet Synchronous Motor (IPMSM) (Magnetic S.rl,
type BLQ-40, Italy) with SmCo permanent magnets (made by HITACHI Inc, type H-18B,
maximum specific energy equal to 143 kJ/m3). The nameplate data are summarized in Table 6;

e A Magtrol hysteresis brake (Model HD-715-8NA), connected to the shaft of the motor and used as
a mechanical load for the IPMSM. The Magtrol can be controlled in real-time through a digital
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dynamometer (model DSP6001) or software interface. The torque and speed measurement signals
are acquired by the use of an acquisition board (in this case, the NI DAQ 9215). The main features
of the brake are described in Table 1;

e A programmable data acquisition board NI cdaq-9172, suitable for the Labview® environment.
This setup provides several advantages, such as a high degree of flexibility and acquisition of a
large number of signals;

e A NIDAQ 9225 acquisition module, whose specifications are shown in Table 2;

e  Two NI DAQ 9215 acquisition module, whose specifications are shown in Table 3;

e A Fluke i400 current probe (Table 4);

e A non-inductive Fluke A40B shunt resistor (Table 5).

Table 1. Main features of the Magtrol hysteresis brake.

Quantity Value
Model HD-715-8NA
Maximum torque 6.2 Nm
Maximum speed 25,000 rpm
Rated input inertia 1.449 x 1073 kgm?
Speed: 0.01% of reading from 10 rpm to 100,000 rpm
Accuracy TSC1: 0.02% of range (+1 mV)
TSC2: 0.02% of range (+2 mV)
TSC1: +5V DC

Maximum torque input TSC2: +10 V DC

Torque: +10 V DC
Speed: £10 V DC

Torque/Speed Output

Electrical grid

NI19215 NI9225 Nl cdaq-9172

Current

& probe i400

="

DSpace control board PC

Figure 3. Schematic representation of the test bench.
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Table 2. Technical data for the NI 9225 acquisition module.

Quantity Value
Number of channels 4
ADC resolution 24 bit
Sampling Simultaneous
Sample rate fs 1.613 + 50 kS/s
Rated Voltage 300 Vims
Bandwidth 0.453 fs
Accuracy Gain error
THD +0.05%

Table 3. Technical data for the NI 9215 acquisition module.

Quantity Value
Number of channels 4
ADC resolution 16 bit
Sampling Simultaneous
Sample rate fs 100 kS/s
Input range +10V
Bandwidth 420 kHz
Accuracy Gain error Offset error
+0.02% +0.0014%
Table 4. Technical data for the fluke i400current probe.
Quantity Value
Reference temperature 23 +5°C;
Current range 1-400 Arms or 140 Arms
Output 1 mA/A
Accuracy 2% + 0.06 A, 45 Hz—400 Hz
Bandwidth 5-20,000 Hz
Table 5. Technical data for the A40 B shunt fluke.
Quantity Value
Rated current 20 A
Rated resistance 0.04 QO
Bandwidth 0-100 kHz
Accuracy [+pA/A] DC 1 kHz 10 kHz 30 kHz 100 kHz
(confidence level 95%) 2% 43 52 70 113
Maximum current <5s Indefinitely
42 A 22A
Phase angle error [°] 1 kHz 10 kHz 100 kHz
<0.013° <0.125° <1.250°
Work temperature range 13-33 °C
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Table 6. Rated values and parameters of IPMSM under test.

Quantity Value
Voltage [V] 132
Current [A] 3.6
Speed [rpm] 4000

Torque [Nm] 1.8

Pole pairs 3

The input power of the PDS is measured by adopting the scheme reported in Figure 3.
The single-phase voltage is measured through a direct connection to the NI DAQ 9225 acquisition
module. The current is sensed simultaneously by the use of a Fluke i400 current probe and through a
non-inductive Fluke A40B shunt resistor, whose output signals are sent to the NI DAQ 9215 acquisition
module. More in detail, the shunt presents high accuracy and cost especially regarding the phase
angle error that present very low value. This feature allows the accurate measurement of active power.
Instead, the current probe presents lower accuracy and cost, with respect to the shunt, and its angle
error is not known. Therefore, as mentioned in the previous section, the two adopted transducers
allow defining two measurement systems that perform the input power measurement with different
accuracy and uncertainty. In this way, it is possible to compare the measurement results between a
first measurement system with greater accuracy and cost (shunt resistor) able to meet the standard
prescriptions [21,22]. and a second measurement system less accurate and not satisfying the standard
prescriptions [21,22], but cheaper (current probe).

From the reported Tables, it can be stated that the bandwidth of the adopted components
is adequate for the measurement of the electrical quantities involved in the CDM input section.
Moreover, the NI 9225 is suitable for the acquisition of grid sinusoidal voltage (240 V), since it can
reach 300 Vs of the input voltage. As for the current, it reaches peak values in the order of Ampere
units. The shunt resistor has an already adequate value of rated range and it is chosen to arrange
4 turns on the pass-through current probe for operation close to the full-scale. It is easy to calculate the
output voltages from the probe and the shunt resistance and verify that these values do not exceed the
NI 9215 acquisition module full-scale value equal to 10 V.

Finally, the uncertainties introduced by the acquisition modules are negligible if compared to
those given by the transducers.

The mechanical load of the motor consists of a Magtrol HD-715-8NA hysteresis brake. The torque
offered by the brake can be adjusted in real-time by means of a Magtrol digital dynamometer model
DSP6001, whose interface already provides the torque, speed and power values measured at the shaft
motor. Furthermore, the digital dynamometer provides the torque and speed measurement signals can
be sent to other acquisition systems. In this work, an additional acquisition module NI DAQ 9215 is
used to acquire the torque and speed measurement signals. The accuracy specifications of Magtrol
HD-715-8NA hysteresis brake satisfy the prescription of the standards [18-22]. Therefore, the adoption
of the Magtrol HD-715-8NA hysteresis brake with the NI 9215 module allows performing the accurate
measurement of mechanical power satisfactory for accurate direct measurement of the efficiency
according to the standard [21,22].

5. Measurement of the PDS Power Losses

5.1. Data Acquisition Procedure

Based on the statements reported in the previous Sections and since the rated power of the IPMSM
under test is lower than 1 kW, the direct method has been adopted in order to evaluate the efficiency
of the PDS described in Section 3. Figure 4 shows a photograph of the test bench during a set of
measurements of the PDS power losses.
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Figure 4. A photograph of the test bench during the power losses measurements.

The speed and torque transducers employed in the electrical drive under test satisfy the
measurement requirements of the standard IEC 60034-2 [20].

The acquisition of both the electrical and mechanical quantities is carried out through the
transducers (see Section 4) in a Labview environment. This acquisition is carried out with the Express
Virtual Instrument (VI) DAQ Assistants, characterized by:

e  Sampling frequency, namely f;;
e Single acquisition time or measurement time, namely T),.

The number of samples in one acquisition is given by:
Ns = Tumfs (16)

During a single acquisition time, the instantaneous values of electrical and mechanical quantities
are acquired so that the instantaneous values of electrical power pppg(t) and mechanical power pp(t)
are computed by means of the following relationships:

prps(t) = vpps(t)-ipps(t) (17)

pm(t) = Tem(t)-wm(t) (18)

where vpps(t) is the instantaneous value of the PDS input voltage, ipps(t) is the instantaneous value
of the PDS input current, T,,(t) is the instantaneous value of the electromagnetic torque and w,(t)
is the instantaneous value of the mechanical speed. By means of the Labview VI library (e.g., VI BASIC
DC RMS), the overall rms values of voltage and current quantities, as well as the mean value of
instantaneous electric power and the mean value of mechanical quantities are computed with respect
to time T)s. More specifically, the computation of the mean value of the instantaneous electric power
allows considering the contribution, in terms of active power, of each product between isofrequential
harmonic components of both voltage and current.

Consequently, in a period equal to Ty, it is possible to obtain one sample for each electrical and
mechanical quantity, allowing the possibility of repeating this process and performing a very wide
range of time window, without affecting the PC memory with a large number of samples.

Besides, the adoption of several measurement samples allows the evaluation of the average value
and the measurement deviation for each quantity. The single measurement, which is characterized
by Tum and f;, is, then, implemented in a single iteration of a for loop. The number of iterations
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N corresponds to the number of desired measurement samples. The total observation time or the total
acquisition time T, is equal to:
Ty =NTy (19)

At the output of each loop iteration, the measurement sample is stored in an external array.
At the end of the cycle, an array is obtained for each quantity of interest, consisting of scalar elements.
The measurement arrays obtained are summarized in Table 7.

Table 7. Measurement arrays for the PDS Section.

Section Quantity

e Rms value of the single-phase voltage, Vpps [V];
e  Current acquired with the Fluke probe, Ipps , [A];
PDS input section ~ ®  Current acquired with the Fluke shunt resistor, Ipps s, [Al;
e Input PDS active power acquired with the Fluke current probe Ppps prope [W];
e  Input PDS active power acquired with Fluke shunt resistor, Pppg spnt [W]-

e Output torque, Ter [Nm];
Mechanical section  ® Mechanical speed of the motor, w;; [rad/s];
° Mechanical power, Py [W].

The efficiency of the PDS is computed within the for loop by adopting the values of the active power
evaluated in the input and mechanical sections and adopting the direct method. Therefore, the following
efficiency arrays are defined and measured:

e  PDS efficiency evaluated with the Fluke probe npps probe;
e  PDS efficiency evaluated with the Fluke shunt resistor npps-snunt;

In order to evaluate the average value, the VI standard Deviation and Variance are employed in
the software. The sampling frequency values f; and the acquisition time T, adopted for the two DAQ
Assistants are equal to 50 kHz and 60 s, respectively, satisfactory for the requirements of the PDS input
section and the prescription of the standards [21,22].

In order to obtain a synchronous sampling between the measurement sections, the same
measurement time was chosen.

Finally, the overall observation time T, has been set equal to 40 min, which allows the repeatability
of the measurements.

5.2. Results and Discussions

As suggested by the IEC 61800-9-2 standard, the IPMSM working points taken into consideration
for the efficiency measurement, corresponding to different conditions of load and speed, are reported
in Table 8.

Table 8. IPMSM Working Points.

Working Points Wy = Wy Wy, =50% w, Wy =0
Tem =Ty (1) wy; Ty (2) 50% wy; Ty 3)0; Ty
Tem = 50% Ty, (4) wy; 50% Ty, (5) 50% wy; 50% Ty, (6) 0; 50% T},
Tem =25% Ty, (7) wn; 25% Ty (8) 50% wy; 25% Ty (9) 0;25% T,

By defining T, and wy, as the rated IPMSM torque and speed values and according to Table 8,
an additional point (no.7), which is not suggested by the standard, is included within the sets
of measurement.
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Concerning the w;; = 0, the standard defines this speed as a sufficiently low-speed corresponding
to a supply frequency of the motor lower than 12 Hz. In this investigation, the low speed is equal to
200 rpm.

Moreover, in order to simulate the behavior of two different control algorithms, for each working
point, the measurements are taken at two different values of the direct axis current I, equal to -1 A
and 0 A, which have been set by means of the FOC strategy.

As already mentioned, 40 measurement samples were acquired for each of the quantities of
interest previously defined. Each measurement sample presents a duration of 60 s and the overall
observation window is equal to 40 min. In such a way, the related arrays of voltage and currents,
in terms of rms and mean values of torque and speed, are created. For instance, the mean values for
the first working point are reported in Table 9.

Table 9. Average values at the first working point for different I; values.

Vpps [V] Ippsp [Al Ipps,sn [A] Te [Nm] @y, [rad/s]
I;=0A 230.441 6.402 6.368 1.801 420.61
I;=-1A 230.420 6.374 6.340 1.801 420.63

Furthermore, with regard to the repeatability of the measurement and the evaluation of the
uncertainty, it is needed to evaluate the standard deviation for each quantity of interest. For instance,
the average values of the standard deviation for the first working point are reported in Table 10.

Table 10. Standard deviations at the first working point for different I; values.

a(Vpps) [V] o(pps,p) [A] o(Ipps,sn) [Al 0(Te) [INm] o(wy,) [Rad/s]
I;=0A 0.0162 0.004 0.0019 5.81 x 1074 82x107*

I;j=-1A 0.0139 46x107% 48x10* 1.5x107° 7.3 x 1074

As reference examples, Figures 5 and 6 show the average values of the PDS input active power
and the output mechanical power as a function of mechanical speed #;, [rpm] for I; = -1 A.

1000

—e—Shunt-T_ =T
800 [ -o -Probe-T, =T,

—— Shunt—Tem=50% T"

Ny -o -Probe-T__=50%T
= 600
%] Probe-T, =25%T,
°Q~ 400 - 7
Q.
200 - 1
OL -
0 500 1000 1500 2000 2500 3000 3500 4000 4500

n. [rom]

Figure 5. PDS input active power measured with the shunt resistor and fluke current probe at
I;=-1A.



Energies 2020, 13, 5770 13 of 19

800
600 P, T, =T
P, T, =50%T,
Ny P T =25%T
= 400 Mom .
=
Q.
200 s
0¥ S 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500
n_[rom]

Figure 6. Mechanical power measured at I; = =1 A.

From the acquired values of active power, it is possible to determine both the power losses and
the efficiency of the entire PDS under test. For instance, Table 11 reports the efficiency detected for
each working point at [; = —1A.

Table 11. Efficiency detected for each working point at I; = -1 A.

Working Points la="14
NPDS-shunt 11PDS-probe
1 0.23 0.2
2 0.72 0.68
3 0.83 0.79
4 0.3 0.26
5 0.76 0.71
6 0.84 0.8
7 0.26 0.21
8 0.71 0.66
9 0.78 0.73

It can be noticed that the highest efficiency values are detected for the load torque condition
Tem = 50% T,. Moreover, for the speed condition wy; = 0, the PDS efficiency obtained at Te, = 25%
T, is higher than the one obtained at T, = 50% T,,. However, for speed conditions wy, > 50% wy,
the PDS efficiency obtained at T,;; = 25% T}, is lower than the one obtained at T, = 50% T In any
case, for all the proposed working points, the PDS efficiency values measured with the shunt resistor
(continuous lines) are higher than those measured with the Fluke current probe (dot lines). These results
highlight a not negligible difference between the efficiencies measured with the two measurement
system. Similar behavior has been detected for I; =0 A.

The PDS efficiency uncertainty is affected by errors on power measurement both in the input
single-phase section than in the output mechanical section. Regarding the PDS input single-phase
section, the two current transducers adopted in this work present different accuracy. In particular,
the uncertainty regarding the active power measurement in the single-phase sector with the shunt
resistance has been already computed in [33], which is equal to 0.05%, corresponding to an extended
uncertainty equal to 0.13% with a 99% of confidence level. With regards to the power measurement
with the probe, the uncertainty is relatively high, due to an error equal to 2% =+ 0.06 A and its angle error
is not known. An appropriate angle error value is obtained by comparing the average specifications of
the current probe transducer with those of the same precision class, reaching, therefore, the value of
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0.03 rad. The expanded uncertainty on the measurement of PDS input single-phase power by Fluke
current probe is equal to 9.3% (99% confidence interval).

The mechanical power measurement is mainly affected by the error introduced by the
dynamometer, while the one introduced by the NI 9215 is negligible. From the data provided
by the dynamometer datasheet, the expanded uncertainty on the measurement of mechanical power is
equal to 0.17% with a confidence interval of 99%.

The mechanical power can also be measured by directly reading on the dynamometer interface.
In this case, the related error is obtained from the datasheet of the used brake, equal to 0.01% for the
speed and to 0.5% for the torque. The expanded uncertainty on the measurement of mechanical power
with this second method is equal to 0.74% with a confidence interval of 99%.

Finally, the uncertainty concerning the efficiency measurement with the first system
(shunt resistance and acquisition of torque and speed) is equal to 0.21% with a confidence interval of 99%,
whereas the second system (Fluke current probe and acquisition of torque and speed) is characterized
by an uncertainty equal to 9.4% with a confidence interval of 99%. The uncertainties considerations are
valid for each case of study (I; = -1 A, I; =0 A).

The PDS efficiency measurement performed with the first measurement system complies with
the IEC61800-9 uncertainty prescriptions and, therefore, can be used for the PDS energy classification.
On the contrary, the second measurement system is not suitable for the PDS energy classification.
This fact underlines the need for high accuracy and high-cost instrumentation for the efficiency
measurement of electric drives.

6. Experimental Validation of the Proposed Measurement Methodology

The purpose of this Section is the experimental validation of the methodology of measurement
described in Section 3 by means of the experimental results carried out from the measurements
discussed in Section 4. More specifically, a variation of the I; current is applied to the FOC system,
determining a variation of the power losses AAP involved in the PDS. This variation is measured
by means of the two measurement systems reported in Section 3 (shunt resistor and current probe)
and the related values are compared.

Thus, in order to evaluate the power losses variations due to a variation of the magnetizing current
(Is =0 Aand I; = =1 A) in the FOC system, the AAPppg spunt and AAPpps prope indexes are computed for
each IPMSM working condition. These values are obtained by processing the data from the PDS input
power array acquired with the Fluke shunt resistor, Pppg snunt, the PDS input power array acquired with
the current probe, Ppps probe, and the PDS output mechanical power array, namely Py;. More in detail,
the PDS power losses evaluated with the first measurement system APppg g+ and with the second
measurement system APpps prp are calculated by adopting the following relationships, respectively:

APPDS,shuniE = PPDS,shunt - Pum (20)

AP PDS,probe — P PDS probe — Pm (21)

Therefore, the measurement of power losses with I; = 0 A and with I; = —1 A has been carried
out, and, consequently, the power losses variations have been determined with the first measurement
system (AAPpps spunt) and with the second measurement system (AAPpps yrope)-

Figure 7 depicts the values of AAPpps measured with two measurement systems (dot and
continuous lines) as a function of the reference speed n,, [rpm] for each working condition. The mean
values of both AAPppg spunt and AAPppg prope are evaluated among an observation time T, equal
to 40 min. It can be noticed that the highest AAP, corresponding to the maximum power saving,
is provided for Ty, = Ty,. Furthermore, for each working condition, the trends detected with the two
methods are almost comparable between each other, demonstrating that the proposed methodology of
measurement can provide the same results even with low-accuracy instrumentation.
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Figure 7. AAPppg as a function of the reference speed for a variation of d-axis current from I; =0 A to
I; = —1 A and for each of the proposed working condition.

Further analysis has been focused on the computation of the percentage values AAPppgo, of the
quantities AAPpps spunt and AAPpps prope With respect to the IPMSM rated mechanical power Py,

AP AP
AAPpps% = —L25100 = =—LP5100 (22)
p M,r Thwn

Figure 8 shows the mean values of AAPppg spynt% and AAPpps prope % evaluated through the
overall observation time T, of 40 min.
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Figure 8. AAPpps% as a function of the reference speed for a variation of the d-axis current from
I; =0Atol; =-1A and for each of the proposed working condition.

As well as for the previous case, it can be observed that AAPpps spunt% and AAPpps prope 7o have
almost coincident values. Furthermore, the differences between the AAPppg syt and AAPpps prope
values and between the AAPppg sjyni 7o and AAPppg prope 7o are determined by means of the following
relationships:

AAPdiff = AAPP'DS,shunt - AAPPDS,probe (23)

AAPdiff% = AAPPDS,shunt‘o/O - AAPPDS,probeo/" (24)
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Table 12 summarizes the numerical results of the previously reported differences. It can be
observed that the highest percentage difference between the results provided by the two methods is
limited to 0.04%, demonstrating that the AAP index, which was introduced as a valuable parameter in
order to compare the performances of the same electric drive under test controlled with different control
algorithms, is not affected by uncertainties due to systematic errors. Therefore, the determination of
this index can be carried out by adopting sensors, instrumentation and acquisition boards with low
accuracy, avoiding the need for high-cost and high-accuracy tools.

Table 12. Numerical results of the differences between the AAPppg and AAPppg%.

Working Points AAP ;5 [W] AAP 4%
1 0.062 0.008
2 -0.087 -0.011
3 -0.118 -0.016
4 0.058 0.008
5 0.125 0.016
6 0.301 0.04
7 0.115 0.015
8 0.132 0.017
9 0.052 0.007

Further investigation has been carried out on the AAPpps measurement uncertainty. More in
detail, the uncertainty includes only the uncertainty due to random errors, which is equal to the
AAPppg standard deviation computed with respect to the overall observation time T, equal to 40 min.
This analysis is carried out by considering the expanded uncertainty with a confidence interval of
99%, which can be obtained by multiplying the standard deviation by 2.58. The expanded uncertainty
of AAPppg with a confidence interval of 99%, evaluated with the shunt resistor ug,,,;(AAPpps)
and evaluated with the Fluke current probe uy,.(AAPpps) for each motor working condition are
reported in Table 13.

Table 13. AAPppg uncertainty for each working condition and for case 1.

Working Points Uspunt (AAPpps) [W] Uprope (AAPpps) [W]
1 0.42 0.24
2 0.29 0.27
3 0.46 0.26
4 0.24 0.21
5 0.27 0.17
6 0.26 0.27
7 0.2 0.18
8 0.17 0.11
9 0.31 0.22

The detected value of expanded uncertainty of AAPpps leads to state that the difference
between the possible AAPppg values evaluated with the two measurement systems is quite limited,
demonstrating the validity of the proposed measurement procedure.
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7. Conclusions

In this paper, an accurate measurement procedure for the control algorithm’s impact on the electrical
drive’s efficiency has been addressed and discussed. For this purpose, an extended experimental
investigation has been carried out on an IPMSM electric drive with the use of two different measurement
equipment that presents different accuracy and, consequently, different costs. In order to validate the
proposed measurement methodology, the behaviors of two different control algorithms have been
simulated by changing the magnetization level of the IPMSM under test. This methodology allows
estimating the power losses variations AAP, which represents a valuable index for the comparison
between different PDS control algorithms. A first analysis of the experimental results has shown that a
highly accurate and expensive measurement system is needed for the PDS classification according
to the standard IEC-61800. However, further analysis of the AAP uncertainty has been carried out.
This analysis has shown that the AAPppg values are coincident for both systems, demonstrating that
the AAP parameter results as a valuable index for the characterization of the control system since it can
be measured even with low-precision and cheap measurement system.
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