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Abstract—Thanks to their high torque density, permanent
magnet synchronous motors (PMSMs) currently represent the
most competitive solution in the electrification processes
involving transports and energy production. However, it is
known how the torque production of such motors is strictly
related to the temperature of the permanent magnet (PM),
affecting control performance, and efficiency. This issue makes
necessary the thermal analysis of the machine, thus requiring
the determination of the PM’s thermal time-constant. In this
paper, an experimental method for evaluating such a parameter
is proposed, allowing high accuracy and reliability of the result.
The proposed procedure can be applied to any PMSM type,
without being affected by factors such as rotor lamination, shaft,
PM distribution. The experimental validation has been carried
out on three PMSMs, having different rotor structure, sizes, and
voltage/current levels. Experimental results demonstrate the
validity of the proposed method.

Keywords—permanent magnet synchronous motors, thermal
analysis, thermal time-constant, transportation electrification.

I. INTRODUCTION

In recent years, significant development has concerned the
electric solutions for transports and energy production from
renewable [1]. Modern applications like electric and hybrid
vehicles [2], [3], more electric aircraft, and railway traction
require electric motors having a high torque density together
with a strong overload capability. Therefore, following the
needs of the market, the conventional induction machines
(IMs) have been progressively replaced with the more
performant permanent magnet synchronous motors (PMSMs),
increasing efficiency and reducing weight and volume [4].

However, compared to the IMs, the torque production of
the PMSMs is significantly affected by the temperature of the
permanent magnet (PM), whose effect is to reduce the PM flux
density [5]. Consequently, the torque production is
compromised [6], thus making it necessary to increase the
current injected in the machine to compensate for the PM flux
drop. However, this action reduces the PMSM efficiency and
leads to higher Joule losses with consequent thermal stress.
Besides, the presented issue gets worse in the case of machine
overload, thus requiring accurate thermal modeling [7], [8].

The thermal model of the PMSM allows for understanding
several aspects, such as the evaluation of the limits in terms of
injected stator currents, avoiding an excessive overheating of
the PM. Indeed, the magnetic proprieties of the PM are
thermal-sensitive under two aspects [5]. The first is related to
the before-mentioned reduction of the PM flux density,
although such effect is reversible. Indeed, in the case of PM
cooling, the initial magnetic properties are restored fully.
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Conversely, the second aspect is related to the non-
reversible PM demagnetization that can be caused by
excessive PM heating. Both aspects get worse in the case of
PMSM using fractional-slot windings, thus characterized by a
high harmonic content on the magneto-motive force of the air
gap [9]. In this case, the harmonic fields induce parasitic
currents on the PM surface, increasing losses and PM
temperature.

Therefore, for implementing proper overload control
strategies, most of the modern electric drives for PMSMs
often use two kinds of thermal feedback. The first is related to
the temperature measurements provided by the thermal
sensors embedded with the machine (e.g., thermocouples).
The second feedback is provided by the machine thermal
model [7] that is implemented in parallel with the motor
control algorithm. However, both feedbacks are often related
to the measured/estimated temperature of the stator winding,
representing the most critical part of the machine. Therefore,
the thermal sensors are usually placed on the stator winding
surface, thus neglecting the thermal effects on the rotor.
Concerning the thermal models of the machine, they usually
consist of first- or second-order equation systems that are
focused on the evaluation of the average temperature of the
stator winding [10], [11].

Based on the literature, several attempts have been made
to evaluate the PM temperature, proposing both direct and
indirect methods [12]-[14]. The direct techniques are based
on the evaluation of the PM-induced back-emf [14], directly
related to the PM flux density, and thus proportional to the PM
temperature. The indirect methods are based on the
implementation of a proper thermal model [12], [13],
considering all the machine design data (e.g., materials’
proprieties, geometric dimensions of both PM and air gap).
Both methods present advantages and disadvantages. The
direct methods are not affected by design factors such as rotor
lamination and PM distribution. However, they require the on-
line measurement of the PM-induced back-emf. Conversely,
the on-line implementation of the thermal models requires as
inputs the estimation of the Joule- and iron losses, i.e., the
conventional measurements of stator currents and mechanical
speed (electrical frequency). However, all machine design
data must be known.

The goal of this paper is to combine the advantages of
mentioned-above methods by evaluating the PM’s thermal
time-constant experimentally. In detail, the proposed
procedure is based on the measurements of the PM-induced
back-emf, avoiding the needing for other motor losses [15],
[16], that hinder the evaluation of PM’s thermal parameters



with high accuracy. Therefore, the main advantage of the
proposed method consists of getting the value of the PM
thermal-time constant with a low level of uncertainty. In this
way, the obtained value could be used as a starting point for
the implementation of a robust and accurate thermal model of
the PM. In summary, compared to the existing literature, the
contributions of the proposed procedure are:

1) accurate evaluation of the PM’s thermal-time constant
of any PMSM, regardless of the PM distribution;

2) real-time monitoring of the stator winding temperature
and PM flux-density during the thermal transients,
allowing the correlation between them.

The experimental validation of the proposed measurement
technique has been carried out on three low-power PMSMs
that present a different PM distribution on the rotor. This paper
builds on [17] and brings in added value by including:

e experimental validation on a new PMSM having a
surface-mount PM distribution;

e cvaluation of the derating that affects the torque
production of the PMSMs after the PM heating;

o further considerations related to the impact of the PM
heating on the machine efficiency.

The paper is organized as follows. The description of the
proposed measurement technique is reported in Section II.
The computation method of the PM’s thermal time-constant is
described in Section III. Experimental validation is provided
in Section IV. Final remarks are reported in Section V while
the conclusions are reported in Section VI.

II. MEASUREMENT TECHNIQUE

The test bench for evaluating the PM’s thermal time-
constant is shown in Fig. 1, corresponding to the experimental
setup used for the identification of the magnetic model of
synchronous ac motors [18]-[20]. The motor under test
(MUT) is connected to a driving machine (DM) that imposes
the speed. Two possible configurations can be adopted. The
first one consists of a back-to-back configuration (Fig. 1 - top)
where the voltage source inverters (VSIs) of both MUT and
DM share the same dc bus, i.e., dc-link voltage ve.
Alternatively, a dedicated test rig for the DM (Fig. 1 - bottom)
can be used.

A. Experimental test rig

According to the test bench used for the experimental
validation, the second configuration is considered, whose
layout is shown in Fig. 2. Compared to Fig. 1 and Fig. 2,
showing the test rig for the identification of the flux linkage
maps of the MUT, the presence of a torque sensor along the
mechanical connection between MUT and DM is not
necessary for the proposed test procedure. The DM can consist
of an industrial spindle drive, whose electric machine is speed-
controlled. Conversely, the MUT is current-controlled using
a field-oriented control (FOC) scheme implemented in (dg)
coordinates [21]. The rotor position of MUT is measured
using a mechanical sensor (e.g., resolver or encoder).

The proposed test procedure requires the measurements of
phase-voltages, phase-currents, and mechanical rotor position
(Fig. 2). The measurements of phase-currents, together with
that of the dc-link voltage, are also necessary to perform the
FOC algorithm. The latter is implemented on a digital
controller providing the duty-cycles commands to the VSI
feeding the MUT.
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Fig. 1. Test rig for the PM thermal time constant determination: back-to-
back configuration (top), dedicated test rig for DM (bottom).
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Fig. 2. Layout of the experimental test rig [20].

The measurement of the phase-voltages using a data
recorder is proposed [19], without requiring the estimation of
VSI voltage errors [22]. Therefore, the line-to-line voltages of
the MUT are directly measured using high-voltage/high-speed
acquisition channels [20]. However, since the pulse-width
modulation (PWM) voltage signals are sampled, the
reconstruction of the time-fundamental components must be
performed. This action can be achieved by elaborating
sampled data with the software integrated with the instrument.
Besides, if a data recorder is employed, the measurements of
mechanical rotor position, phase-currents, and line-to-line
voltages are stored on the instrument, as shown in Fig. 2.

Finally, the DM usually consists of a standard spindle
drive that is speed-controlled, and whose reference is provided
by the digital controller, as shown in Fig. 2. It is highlighted
how the rated power of the DM can be very low, as the
proposed procedure does not require the torque production of
the MUT.



B. Test procedure

The proposed test procedure performs the heating of the
MUT to monitor the increment of the stator winding resistance
R, and the decay of the PM flux linkage A,,. The first is related
to the average temperature of the stator winding 7, while the
decay of the PM flux linkage is representative of the PM’s
average temperature. After performing the heating procedure,
the temperature of the stator winding should be equal to the
rated one. Therefore, the time duration of the heating
procedure can be a few minutes up to several hours, according
to the machine dimensions, i.e., its thermal time-constant.

During the heating procedure, the time evolutions of the
stator winding resistance and PM flux linkage should be
acquired with a proper time-resolution Az. According to the
usual time-duration of the thermal transients involving the
electrical machines [7], [23], a good compromise consists of
evaluating both variables with a time-resolution of 1-3
minutes. Consequently, the heating procedure consists of a
sequence of a predefined number n of thermal points. In each
thermal point, three actions are performed: MUT heating,
identification of the stator resistance followed by that of the
PM flux linkage.

An application example is presented, facilitating
understanding. A machine having an overall thermal time-
constant of 60 minutes is considered. Therefore, for reaching
the steady-state thermal conditions, the time-duration of the
heating procedure should be at least five times the value of the
thermal time-constant, corresponding to 300 minutes. As a
consequence, assuming that time evolutions of the stator
winding resistance and PM flux linkage must have a time-
resolution of 3 minutes (Af), the resulting number of thermal
points composing the heating procedure is n = 100 (300/3).

In each thermal point, the heating action is performed by
injecting a predefined combination of (dg) currents in the
MUT, using a standard FOC scheme [21]. The amplitude of
the current vector Iy« should be set for injecting the RMS
thermal current Z, yms of the MUT (£ pi =\/2~I,;,,rms). Therefore,
such a value usually corresponds to the rated current of the
machine. Although there are no constraints on the distribution
of the thermal current amplitude on the (dg) axes, the g-axis
current component is set at zero. In this way, the torque
production of the MUT is avoided. Therefore, the proposed
test procedure consists of controlling actively only the d-axis
current component, leading to the profile shown in Fig. 3. It is
noted how, after the MUT heating, the identification of both
stator resistance and PM flux linkage in each thermal point is
performed.
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Fig. 3. Profile of the d-axis current in a generic thermal point & [19].

A

Concerning the identification of the stator resistance, the
d-axis current component is set at a predefined target /z,. Such
a value should guarantee the proper identification of the stator
resistance, avoiding excessive MUT heating. Therefore, it is
recommended to set the value of the current reference Iz, lower
than the thermal current, as shown in Fig. 3.

Each thermal point ends with the identification of the PM
flux linkage. This variable is estimated by sensing the PM-
induced back-emf, thus requiring to control both (dg) current
components at zero (Fig. 3). The MUT speed must be kept
constant as much as possible through the DM, and its value
must allow proper back-emf sensing. Besides, the value of the
MUT speed must be chosen to avoid significant losses on the
iron of the MUT stator.

Finally, at the procedure end, all measurements collected
by the data recorder are elaborated to get the PM’s thermal
time-constant. The flow diagram summarizing the proposed
test procedure is shown in Fig. 4.

Set DM/MUT speed o, = ®,,”

> fork=1:n

6% ae—m |
Setiy =1, ,.,i, =0 ¢

q

Stator resistance identification R (k)

Seti;/ =0,i =0

A4
PM flux linkage identification A, (k)

'

ifk=n

no

yes

PM’s thermal time-constant computation

Fig. 4. Flow diagram of the proposed test procedure.



C. Identification of stator resistance and PM flux linkage

For each thermal point, the measurements of phase-
currents, line-to-line voltages, and mechanical rotor position
are performed. The latter, according to the number of pole
pairs p of the MUT, is used to compute the d-axis position.
Regarding the mounting offset of the mechanical sensor (e.g.,
resolver or encoder), this is compensated using the
conventional commissioning procedures of the electric drives.
Once the d-axis position is known, the Park transformation on
the sampled values of phase-currents and line-to-line voltages
is applied [21]. In this way, the (dg) components of stator
currents (ig,i;) and stator voltages (va,v,) are computed. It is
highlighted how (dg) voltages are computed from the time-
fundamental components of the line-to-line voltages. These
are obtained by processing the voltage measurements with the
software integrated with the data recorder [20].

1) Identification of the stator winding resistance and
average stator winding temperature

The generic thermal point &k (k = 1,...,n) is considered. The
d-axis components of voltage and currents are computed as
the average of all measurements performed in one mechanical
revolution, thus mitigating the effects of the stator slots.
Therefore, the stator resistance at the generic thermal point &
(k=1,...,n) is computed as:

RAVMAG)

R (k)=—l=—Ct (1)

1,(k) I

where V; and I; are the average values of d-axis voltage and

d-axis current, respectively. The approximation in (1) is valid

since the d-axis current is closed-loop controlled at the value

Irs by the FOC scheme. The value of stator resistance is then

used to evaluate the average temperature of the stator winding
as:

'(KT +T;,O)_KT (2)

5,0

where R;p is the stator winding resistance evaluated at the
starting of the heating procedure and so related to the initial
winding temperature 7so, while Kr is the temperature
coefficient of the conductive material (K7 = 234.5 for copper,
Kr=232.5 for aluminum).

2) Identification of the PM flux linkage

The evaluation of the PM flux linkage is performed
through the PM-induced back-emf. Therefore, by imposing
the zero-current condition through the FOC scheme, the (dq)
voltages of the MUT coincide with the PM-induced back-emf.
Besides, the variables of interest are computed as the average
of all measurements performed in one mechanical revolution.
In this way, the effects of the stator slots are compensated.
Therefore, the PM flux linkage A, at the generic thermal point
k(k=1,...,n) is computed as:

() =28

P, (k)

where V, and o,, are the average values of g-axis voltage and
mechanical speed, respectively.

3)

Finally, variables (1)-(3) are computed in the continuous-
time domain as:

X(t)zX(kAt) X=R.,T,\,) @)

§2782

III. PM THERMAL TIME CONSTANT COMPUTATION

The experimental results that will be shown in Section IV
demonstrate how the decay of the PM flux linkage can be

described by a first-order model as:
t

b (£) = Ry + [ o= ]-€ ™ 5)

where 1,, is the PM’s thermal time-constant while A0 and Ay
are the values of the PM flux linkage at the starting and to the
end of the test procedure, respectively. In detail, the second
value is representative of the steady-state thermal condition of
the MUT.

The PM’s thermal time-constant t,, is computed by using
the method of the least squares on (5) and the experimental
time-evolution (3), (4).

Although it is a significant approximation, the time-
evolutions of both stator winding resistance and stator
winding temperature can be described by a first-order model
as:

R (t)=Ro+[R.~R,] ~[1 - efv]
(6)

_t
T(1)=T, +[Ts,w—Ts,o]~[1—e }

where R, is the stator winding resistance at the end of the
heating procedure, corresponding to the steady-state thermal
condition of the MUT windings 7. Concerning T, it can be
considered as an equivalent thermal time-constant of the
MUT. Therefore, such a time-constant is representative of the
thermal path between the stator winding and the external
environment.

The equivalent thermal time-constant T, is computed by
using the method of the least squares on (6) and experimental
time-evolutions (1), (2), (4).

IV. EXPERIMENTAL VALIDATION

The proposed measurement technique has been
experimentally validated on three PMSMSs. The first machine
(MUT 1) is a spoke-rotor interior permanent magnet (IPM)
motor having 8 poles. The second machine (MUT 2) is a
fractional-slot surface-mount permanent magnet (SPM) motor
having 36 poles. Finally, the third machine (MUT _3) is a SPM
motor with distributed windings having 8 poles.

TABLE 1. lists the main data of the MUTs.

A. Test Rig

The reference speed of the DM has been set at 300 r/m,
100 r/m, and 500 r/m for MUT 1, MUT 2, and MUT 3,
respectively.

The mechanical rotor position has been measured with an
incremental encoder having a resolution of 3600 pulses/rev.

The MUT converter has consisted of a three-phase VSI fed
by a reversible dc source. The switching frequency has been
set at 16 kHz.

The digital controller has consisted of the dSPACE®
DS1103 while the sampling frequency has been set at 16 kHz,
too (single-edge PWM).



TABLE 1. PRIMARY DATA OF THE MACHINES UNDER TEST

- MUT_1 MUT_2 MUT_3
Rotor type IPM SPM SPM
Spoke Rotor Outer Rotor Interior Rotor

Winding type Concentrated Concentrated Distributed
Poles number 8 36 8
Rated power 600 W 800 W 1000 W
Rated speed 3000 r/m 166 r/m 3000 r/m
Rated voltage 190 Vrms 220 Vrms 28 Vrms
Rated current 2.75 Arms 5 Arms 30 Arms

Fig. 5. View of the data recorder Gen7tA from HBM [24].

Finally, the data recorder has consisted of the Genesis 7tA
(Gen7tA) from HBM [24], consisting of a high-performance
transient recorder and data acquisition system, for
measurements of line-to-line voltages, phase-currents, and the
mechanical rotor position (Fig. 5). Thanks to its high-
voltage/high-speed acquisition channels, the Gen7tA allows
the direct measurement of the PWM line-to-line voltages.
Besides, by using the software integrated with the instrument,
the reconstruction of the time-fundamental voltage
components can be performed.

B.  Experimental results

In the following, experimental results obtained on the
MUTs are presented, thus reporting the computed values of
the thermal time-constants of PM 1,, and stator winding t;.

1) MUT 1

The decay of PM flux linkage and the increment of the
stator winding temperature for the MUT 1 are shown in
Fig. 6 and Fig. 7, respectively. Both PM and stator winding
are in steady-state thermal conditions. The steady-state stator
winding temperature is near to 132.6 °C, while the overall
decline of PM flux linkage is about 24.7 %. Therefore, the PM
of MUT 1 shows a strong temperature-dependent behavior.
Finally, according to (5), (6), the computed values of thermal
time-constants are 1, = 36 min and 1, = 48 min.

2) MUT 2

The decay of PM flux linkage and the increment of the
stator winding temperature for the MUT 2 are shown in
Fig. 8 and Fig. 9, respectively. The steady-state stator winding
temperature is near to 100.7 °C, while the overall decline of
PM flux linkage is about 5.9 %. Therefore, the PM of MUT 2
shows a robust temperature-independent behavior. Regarding
the thermal time-constants, according to (5), (6), the
computed values are 1,, = 44 min and t; = 32 min.

3) MUT 3

The PM of MUT 3 exhibits a temperature-independent
behavior, thus obtaining experimental results similar to those
of MUT 2, as shown in Fig. 10, and Fig. 11.
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The steady-state stator winding temperature is near to
69.5 °C, while the overall decline of PM flux linkage is about
3.9 %. In this case, the computed values of thermal time-
constants for PM and stator winding are 1,, = 39 min and
Ty = 38 min, respectively.
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TABLE II. SUMMARY OF THE OBTAINED EXPERIMENTAL RESULTS

- MUT_1 MUT_2 MUT_3
Tso 25°C 25°C 25°C
T 132.6 °C 100.7 °C 69.5°C
T 36 min 32 min 38 min
Ao 76.4 mVs 240.9 mVs 128.7 mVs
Mmoo 57.5 mVs 226.7 mVs 123.7 mVs
Ry 34Q 74Q 26 mQ
T 48 min 44 min 39 min

Finally, it is noted how for MUT 3, the use of a single
time-constant to represents the time-evolution of the stator
winding temperature is an approximation. Indeed, the time-
constants that characterize the thermal path between the stator
winding and the external environment are comparable from
each other [8], [11], as also confirmed by the small time-
duration of the thermal transient. Further considerations are
not reported here since this paper is focused on the evaluation
of the PM’s thermal time-constant.

TABLE II. summarizes the results obtained for the three
MUTs.

V. FINAL REMARKS

The time evolutions of the stator winding temperature and
PM flux-linkage allow performing some assessments. The
first one is related to the derating of the torque production
caused by the decay of the PM flux linkage. Indeed, according
to the FOC theory [21], the torque produced through the PM
Mpys is computed as:

3 .
MPM:E'p'km.lq (7)

Therefore, supposing that MUT is in steady-state thermal
conditions and isothermal with the external environment
(Ts=Ty), the injection of the rated MUT’s current 7, (RMS)
leads to the decay of the PM flux linkage as in (5). Although
in the proposed test procedure, the injection of the rated
current is performed along the d-axis, it is reasonable to think
that in a real application such a current is distributed on both
(dq) axes to maximize the torque production, leading to the
maximum-torque per ampere (MTPA) operation of the drive.
Since this paper is focused on the thermal behavior of the PM,
it is supposed that the MUT current is injected only on the
g-axis, thus maximizing the torque produced through the PM.
Therefore, considering a continuative duty (S1) of the drive
[25], the time evolution of the torque produced through the
PM is:

t

Mpy, (t):MPM,oo+|:MPM,O_MPM,w:|'e o (®)

where the initial Mpyo and steady-state Mpy torques are
computed as:

3
MPM,OZ\/E'E'p'}\'m,O'In
9
5 3 ©
MPM,oo: 2Ep>\’m,oo[n

It is noted how the torque produced in steady-steady state
thermal conditions depends on the decay of the PM flux
linkage as:

M A
kM _ PM ,0 _ “mx (10)
M PM ,0 7\‘ m,0

where ky stands for the derating factor of the torque
production related to the PM heating. Therefore, thanks to the
proposed test procedure, the evaluation of such a parameter
can be performed, as demonstrated in (10). However, the
derating of the MUT performance can also be evaluated in
terms of efficiency. Indeed, considering that the MUT
operates at the rated speed ®,,,, the mechanical power P, is
computed as:

})out (t):MPM (t)'o‘)m,n (11)

Concerning the input power of the MUT P;,, by neglecting
the iron losses, this is computed as:

Eﬂ (t):Pout (t)+PJ (t) (12)

where according to (6), the Joule losses P, are computed as:
t
Py (6)=Pro+[ Py =Py | 1-e (13)

It is noted how such losses depend on the initial and steady-
state values of the stator resistance as:
P, =3-R,-I*
J,0 5,0 n2 (1 4)
PJ,oc :3'Rs,oo']n

Finally, the MUT efficiency is computed as:
Bmt (t)
=247 15
"= ) )

In the following, the results of the above-presented
analysis on the MUT 1 are shown.
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Fig. 12. Derating of the torque production for MUT _1.
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Fig. 13. Expected efficiency of the PM torque production for MUT 1.

According to the experimental results obtained on MUT _1
(Fig. 6 and Fig. 7), the decay of the PM flux linkage leads to
a significant derating of the PM torque, as shown in Fig. 12. It
is noted how, using (8), (10), the derating factor is near to
k= 0.752, corresponding to a drop of the PM torque of about
24.7 %. Concerning the evolutions of the input and output
MUT powers in rated operating conditions, together with the
related efficiency, the expected results are shown in Fig. 13. It
is noted how, supposing to inject the rated current of MUT to
produce the PM torque, the increment of the stator winding
temperature, and the simultaneous decay of the PM flux
linkage, lead to a reduction of the MUT’s efficiency near to
10 %. Indeed, the expected MUT’s efficiency starts from a
value of n = 0.88 up to reduce itself at a value near ton = 0.79
in steady-state thermal conditions.

VI. CONCLUSION

The paper proposes a new measurement technique for the
identification of the permanent magnet (PM) thermal time-
constant of synchronous ac motors. By injecting the rated
current on the machine under test, the proposed test procedure
performs the heating of both stator winding and PM.

In this way, thanks to a dedicated test rig that uses a data
recorder, the time-evolutions of both stator windings
temperature and PM flux linkage during the thermal transient
can be evaluated. Based on the experimental results, the
increment of the PM temperature can be described by a first-
order model, so defining a single thermal time-constant.

Experimental results for three permanent magnet
synchronous machines have been presented, demonstrating
the validity of the proposed measurement technique. Finally,
a preliminary analysis of the derating of machine performance
due to the PM heating has been presented, thus demonstrating
the effectiveness and utility of the proposed measurement
technique.
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