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Abstract: During the last decades, a wide variety of methods to estimate permanent magnet syn-
chronous motor (PMSM) performance have been developed. These methodologies have several ad-
vantages over conventional procedures, saving time and economic costs. This paper presents a new
methodology to estimate the PMSM torque-speed-efficiency map based on the blocked rotor test
using a single-phase voltage source. The methodology identifies the stator flux linkage depending
on the current magnitude and angle while providing a detailed estimation of the iron losses. The
torque-speed-efficiency map provides detailed information of the motor efficiency along its operat-
ing region, including the nominal conditions and the maximum power envelope. The proposed
methodology does not require knowing the geometry of the machine to perform any load test, and
it also avoids using expensive measurement devices and a complex experimental setup. Moreover,
the proposed method allows the PMSM performance to be reproduced by applying different control
strategies, which is useful when testing different drives. The method does not require the applica-
tion of any optimization algorithm, thus simplifying and speeding up the process to determine the
performance. Experimental validation is carried out by comparing motor performances obtained
through the proposed method with those obtained by means of a conventional experimental
method and against finite element analysis (FEA).

Keywords: permanent magnet machines; performance analysis; performance evaluation;
parameter estimation system identification; field-oriented control

1. Introduction

Performance evaluation of permanent magnet synchronous machines PMSM is an
active research field because it enables reproduction of the machine performance, reduc-
ing time, saving economic resources and allowing for the reproduction of different sce-
narios [1]. Traditional testing methodologies require a great deal of time and effort to pre-
pare the experimental setup and to test different operating conditions. For instance, con-
ventional tests include the non-load test, torque test, load test, loss test, thermal test and
inductance test, among others. Data synchronization and the selection of the instrumen-
tation in order to adapt the measurements to the specific application adds complexity to
the problem.

Some standardized tests to measure PMSMs parameters to characterize its perfor-
mance were proposed, as the standstill frequency response (SSFR) [2—4]. In [5], a test based
on generating sinusoidal signals by using a voltage-source inverter was proposed. The
IEEE 115-2019 standard [6] for synchronous machines performance identification consid-
ers different testing methods; nevertheless, most of them are not applicable to PMSMs.
Some testing methodologies for PMSMs were proposed in the literature. For instance, [7]
proposes an indirect testing methodology for the mechanical characteristic of the multiu-
nit PMSM under no-load conditions. Other studies focus on analyzing the PMSM losses
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by indirect testing as [8] or [9], which develops a practical testing solution to optimally
design the stator harmonic currents to minimize the torque ripple using speed harmonics.
Other studies focus on estimating the PMSM parameters to reproduce the motor perfor-
mance using mathematical models together with voltages, currents and rotor speed [10].
A wide range of methodologies was proposed in the literature, and they are categorized
into online and offline parameter identification [1].

Online parameter identification operates in real time while the motor is running un-
der normal conditions. There are three main categories: online numerical methods [11-
13], online artificial intelligence (AIl) methods [14,15] and observer-based [16-19] methods.
Some recent studies within this category estimate the motor parameters by considering
the disturbance voltage [20]. Other studies [21] develop a sensorless speed tracking ap-
proach for PMSMs. Other studies focus on identifying a specific parameter. In [22], the
rotor position is estimated at low-speed regimes based on an active flux sensorless control.
Further developments were presented in [23] by identifying the stator winding resistance,
permanent magnet flux linkages. More recent studies focus on improving sensorless con-
trols by applying parameter identification approaches. Following this example, [24] de-
velops a sensorless online parameter estimation method to detect the load current when
operating at low-speed regimes, which is mainly affected by the estimation error of the
rotor position.

Oftline parameter identification methodologies are designed to obtain data from spe-
cific tests, which require disconnecting the motor from the normal operation and perform-
ing different experiments to extract data. Offline methodologies are divided into three
main categories, frequency-domain methods [3,25], time-domain methods [10,26] and fi-
nite element methods [27]. Earlier studies in offline methods, as in [28], show an experi-
mental test procedure to identify the magnetic parameters in a lumped model by evaluat-
ing the flux linkages from voltage acquisitions. Other improvements are found in [29],
where the parameters of the magnetic model are identified from tests. Further develop-
ments are presented in [30], where the cross-coupling effect and magnetic saturation are
included in the model. Other studies focus on finding the rotor position from the current
waveforms [31] without using a position sensor [32].

This paper presents a novel performance estimation methodology for PMSMs based
on the blocked rotor test using a single-phase voltage source. The PMSM performance is
evaluated by calculating the torque-speed-efficiency map, which provides information on
the motor efficiency along the whole operating region, including the nominal conditions
and the maximum power envelope. The methodology identifies the stator flux linkage as
a function of the current magnitude and angle while providing a detailed estimation of
iron losses over current and main frequency. The methodology does not require knowing
the geometry of the PMSM. This method avoids the use of expensive measurement de-
vices and does not require a complex experimental setup. Moreover, as the parameters
are identified as a function of the load conditions, this method allows for the reproduction
of the PMSM performance by applying different control strategies using a d-q electrical
model. The method does not require any optimization algorithm, thus simplifying and
speeding up the process to reproduce the performance. The method is validated experi-
mentally by comparing PMSM torque-speed-efficiency maps and electromagnetic param-
eters using finite element analysis (FEA) and direct operation experimental tests.

This research work is structured in different sections. Section II details the permanent
magnet synchronous motor and water pump system (PMSM-WP) testing and perfor-
mance analysis methodology to evaluate the motor parameters and reproduce the motor
performance. Section III exposes the results and validation analysis. Finally, Section IV
concludes the paper.

2. PMSM Blocked Rotor Test and Performance Analysis Methodology
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This section introduces the testing procedure under blocked rotor conditions and the
PMSM performance analysis methodology proposed in this work. First, a series of exper-
iments were performed in order to acquire electrical data. The experimental setup and
experimental procedure are exposed in Figure 1. The experimental test procedure consists
of connecting a single-phase voltage source to a three-phase PMSM. The positive terminal
is connected to the reference phase or phase “a” for convention, whereas the negative ter-
minal is connected to the other two remaining phases. This configuration allows for the
reproduction of the space vector current when the current is at its maximum value. The
magnitudes to be acquired are the instantaneous values of the voltage and current when
applying different electrical frequencies and RMS voltages with the single-phase voltage
source. The procedure includes three main parameters, i.e., frequency, RMS voltage and
rotor angle. The objective is to acquire the electrical magnitudes for each combination for
a posterior analysis using the electrical circuit shown in Figure 2a.

Once the time-varying magnitudes are acquired, these are post-processed in order to
identify the parameters required to reproduce the motor performance.

Two electrical models are required to extract the PMSM parameters (Figure 2a) and
to reproduce the PMSM performance (Figure 2b). Figure 2 shows the parameter estima-
tion electrical model and the d-g electrical model. The inductance is split into leakage and
linkage components.

[ EXPERIMENTAL PROCEDURE
INPUTS
Voltage, Frequency, Rotor
position ranges
Us= [USmin ..... USmax]

f= [ min, ..., fmax]
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Figure 1. Experimental setup and test procedure.

(3/2) ' Rs RFe-Test I—Is

* W Ar
ug(t) e  us® L l e Lng
_ \i JV -




Energies 2021, 14, 6804

4 of 15

Figure 2. (a) Parameter estimation electrical model. (b) d-q electrical model.

2.1. Parameter Estimation Electrical Model

To carry out the parameter estimation process, as shown in Figure 2, a series resistor
to represent iron losses is required. The main magnitudes to be identified are the iron
losses and the stator inductance, which are required in the d-q electrical model. First, a
digital low-pass filter is applied in order to remove the noise effect on the identification.
It is a first-order low-pass filter. The filter has a stopband attenuation of 60 dB. The cut-off
frequency is selected to the 11th electrical harmonic frequency. Next, for each voltage-
frequency-rotor angle combination, the voltage drop due to the iron losses and inductance
is calculated as

m

es(t):us(t)_is(t)'z (1)
The instantaneous iron power is computed from es(t) and is(t) as

P (1)=&, (1), (1) @

Next, the mean power consumed by the iron resistor model is calculated as

Preex = mean(P (t)) ©)

The equivalent series resistor in Figure 2a modeling the iron losses is computed as

R _ Pretest
Fe-Test — (

4)

2
s-RMS )

Now, assuming the iron losses resistor constant, the instantaneous iron losses are
computed as

PFefTest (t) = RFefTest ( is (t))z (5)

Therefore, the instantaneous power in the inductor, whose mean value is zero, is cal-
culated as

PLs (t) = Psu (t) - PFE—Tesl (t) (6)

The voltage drop across the inductor is calculated as

U (t) =& (t) —Reereat “s (t) (7)

With the temporal expression of voltage across the inductor and current available,
the differential equation in (8) is solved, and Ls(t) is obtained.
dig(t) . dL, (t
0402 5 ®

dt dt

In this case, Ls (t) = Lis () + Lus (t) is defined as the sum of the leakage and linkage
inductances, respectively.

Once the instantaneous values of the linkage and leakage inductors are found, the
characteristic value of the inductance corresponds to that when the maximum current
value occurs, i.e., when the current space vector is in its maximum values for the specific
tested rotor position.

The numerical values of Ls(t) become unstable when reaching the current reaches its
maximum because the term dis(t)/dt is zero. For this reason, the values to be considered
are those close to the maximum, which in this case is taken three degrees before and after
the maximum of the current. Within the electrical period, the maximum and minimum
current values are reached at 90° and 270°, respectively, the angles to select the inductance
are 87° and 93°. These values are averaged to have a unique value for each maximum
peak. Then, all values gathered at each peak are averaged to obtain a unique inductance
for each studied case, whose value is Ls(is ig). Next, the values obtained from the parameter



Energies 2021, 14, 6804

5 of 15

estimation process are used to calculate the differential stator flux linkage, i.e., the flux
linkage generated by the stator windings as AWs(i4,ig) = Ls(i4,iq)-is. Then, considering the
electrical angle, this flux linkage is projected along the d-q axis reference, thus obtaining
the d-q fluxes generated by the stator windings. The permanent magnet flux linkage is
usually found in the machine nameplate. If this magnitude is not provided, an open circuit
test can be performed to obtain the first harmonic of the back electromotive force pro-
duced by the permanent magnets. Therefore, the direct axis flux linkage is obtained as the
sum of the permanent magnet flux linkage and the differential flux linkage generated by
the stator windings, Wi= Wem + AWs(i4,i)-0c= Wrm+ La(i4,ig)-ia. The quadrature axis flux link-
age is directly the projection of the flux linkage produced by the stator windings along the
q axis, Wy= AWs(ia,ig)-sin(Oc) = Lq(ia,ig)-i9. The d-q inductances of the electric model are defined
in Figure 2b. As already mentioned, the inductance obtained through the parameter esti-
mation process considers the magnetizing and leakage inductances, so the d-g inductances
derived from this process consider the leakage and linkage components.

Finally, following the same criterion, the temporal expression of power losses is a
corrected sinusoidal wave. The peaks are the correspondent losses when the current space
vector is at its maximum value. Figure 3 shows a specific example of the instantaneous
iron losses.

‘ \ “ ﬂ I ‘ \“‘ 1 xo.zssap
u ‘\ H w | ‘ “ H Il ‘ H \\ \\ “ (\ gésgzgs | ‘u w \\ u ‘\ I
\ ‘H\H‘\‘\‘“\“HH\ \M\M\H \MHH\ ‘(

i \‘ It / T \\ Y

-

Losses [W]

©
o
T

0.14 0.16 0.18 0.2 0.22 0.24 0.26
time [s]

Figure 3. Parameter estimation model—iron losses over time.

As can be seen in Figure 3, the peaks are those where the current space vector is
maximum. The higher peaks correspond to the space vector currents, which contribute to
the permanent magnet flux. The peak values are those providing information about the
losses under normal conditions.

The reason behind this approximation arises from the theory of magnetic losses,
which can be deduced from the classical Bertotti equations in the time domain.

o h? T
Pre_. Eddy — 12 T .(I).d..;( ) -dV-dt (9)
S e

dB 15
tj dv.-dt (11)

P :Kexc'p_} [7
T 0dv d

Fe—Excess J.

Considering Equations (9)—(11), the losses are computed based on the magnetic flux
density variation in a differential time and its absolute magnitude. It is noted that B is the
magnetic flux density, o is the electrical conductivity of iron, / is the lamination’s thick-
ness, dV is the differential volume, T is the time period, Knisthe hysteresis constant, dt is
the differential time, p is the iron laminations density, @ and f are the hysteresis exponents,
and Kexis the excess constant.
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For a small differential time d¢, the space vector current is changed by a differential
electrical angle d0 when the motor is operating under normal conditions. Thus, the so-
called space-time conversion can be applied.

B (B)(8)(8) (8B, ”

do, dt ) | do, dt dg, ) (12)

The losses derived from this process consider the total magnetic losses because the
space-time conversion was applied with a specific current space vector, thus considering

the contribution of the three phases.
Algorithm 1 summarizes the parameter estimation process.

Algorithm 1. Parameter analysis extraction algorithm.

1: Take u (t) and i (t) for each voltage, frequency and rotor position
combination.

2: Apply a digital low pass filter.

3: Compute iron losses and inductance voltage drop: &, (t) =U, (t) —i (t) R, .
2
4: Compute instantaneous power: P, (t)=e,(t)-i(t)
5: Compute mean iron losses power: 5Fe = mean(PSi (t))
6: Compute equivalent iron losses resistor: R, =P, .../ iszMSZ
7: Compute instantaneous iron losses: P_ (t) =i (t)2 ‘R,
8: Compute instantaneous reactive power: P (t)=P, (t)-P.(t)
9: Compute linkage + leakage induction voltage: U, ()=E(t)=1; (t) R
11: Linkage + leakage inductance calculation:
dl dL,
E(t)=L(t)—+I_ (t)—= = Lt
=L, 0% L

12: Stator inductance as a function of the d-q currents: L (t) — L (i " iq)
13: Compute the flux linkage gradient using the stator inductance | (i 4 ,iq ):

A, =L (igsiy )i i1y )
14: Determination of the d-q flux linkage:

Va =Vem +AI/IS'COS(9e):l//pM +Ly (i“ 'iq)-id
w, =Ay, sin(6,)= Lq(ld i )‘iq

15: Selection of representative inductance for the space vector current:

{%%MMWSICOS(@)"”’M*Ld('dv')'ia = Ly (ihy)r L)
qu:Aw5~sin(ﬂe):Lq(id,iq)‘iq

16: Selection of iron losses for real operating conditions: P. (i " iq, f )
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2.2. d-q Electrical Model for Performance Analysis

Once the parameters are estimated, i.e., the d-g inductances, copper losses and iron
losses, the quasi-static d-q electrical model equations are used [33]. The main advantage
of using this model is the possibility of testing multiple control strategies, which is a huge
advantage over other models [34].

As a first step, by considering the circuit introduced in Figure 2b, the od and ogq cur-
rents are discretized within the motoring quadrant. Next, a series of computations are
performed in order to reproduce the motor performance. The process is as follows.

First, according to the od and og current values, the values of inductance identified
during the test are extracted.

{Ld(ioﬂ’iW) (13)

Ly (fos g )

od * "oq

By considering the d-q currents and inductances calculated in the previous step, the
d-q flux linkages are calculated. The permanent magnet flux linkage is a nameplate pa-
rameter. If this magnitude is not provided, an open circuit test should be performed in
order to obtain the first harmonic of the back electromotive force produced by the perma-
nent magnets.

Vo =Weu + Lo
{'//u = Lq'ioa (14)
The torque can be computed at this stage as
T =200 (Vo g = (L =Ly ) s ) (15)
From the od and oq current values, the iron losses are extracted:
Pre (ioa ioq» @1 ) (16)
The back electromotive force is as
Uy =@, - Lq 'ioq =Y, @
(L, v, (17)
uoq a)e ( d Iod +WPM ) l//d we
As the magnetic losses are known, the parallel resistance is calculated as
Re. =m‘(Um2+qu2)/(2‘PFe) (18)
The currents i« and ic; are calculated from the iron resistance
icd = uud /RFe
. 19
{Icq =U, /Re, (19)
The total current iz and iy are calculated. The voltage equations are as follows:
Ug =R -ig + Ly -%-iod @, L iy,
(20)

u, =R, + L, -%Joq +o, Ly +ao, Py,
Finally, once the data of the discretized current values and angular speeds are avail-
able, the points are chosen depending on the control algorithm selected.
Algorithm 2 details the d-g electrical model computation procedure applied to extract
the torque-speed-efficiency maps from the data estimated from the experiments.
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Algorithm 2. (d-q) electrical model computation

procedure.

1:0d and oq current discretization.

2: d-g inductances values: L (iod ' iﬂq)
Ly (jog g )

3: Flux linkage calculation: |¥a =¥eu + Lo (ieg i )
l//q = Lq (iod ' icq ).ioq

4: Torque computation:

T :%' p'(l//PM 'ioq 7(Lq(iod'ioq)7|‘d (iod'ioq))'iod 'ioq)
5: Iron losses extraction: P, (iw g a,m)

6: Back electromotive force: |%s =% Ly (I"" og ) oo = Vg @
Upg = @, '(Lu (iodvinq)'iod TVem ) =Vq @,
7:Iron resistance loss: R_ = m'(Umz +u 2)/(2. P.)

8: Iron resistance currents cd/cq: !Cd =Uog /R
Icq = uoq / RFe

9: Voltage equations:

Ud:Rs"d+|-d('udx'uq)'a"ud’a’e'Lq('udv'uq)"uq
uq:Rs<iq+Lq(im,ioq)~%<im+a)E-Lu(im,iuq)-im+a)e-kPPM

10: Selection of the magnitudes from control strategy.

3. Results

This section describes the evaluation of the performance of a real PMSM by applying
the methodology proposed in this paper. This motor was designed and verified in previ-
ous work [35], whose characteristics are shown in Table 1.

Table 1. PMSM Characteristics.

Characteristics Value
Number of phases 3
Nominal power [W] 585
Nominal voltage [Vrwms] 200
Nominal current [Irms] 2
Nominal torque [N-m] 1.24
Nominal speed [rpm] 4501
Nominal efficiency [%] 84.2
Pairs of poles 3
Slots number 9
d-axis Inductance Lis [mH] 4.2

g-axis Inductances Ls[mH] 11.2
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First, the PMSM is connected according to the experimental setup shown in Figure 1.
As already explained in the previous section, the experimental procedure requires acquir-
ing and discretizing the voltage, frequency and rotor angle. The discretization of these
variables is detailed in Table 2.

Table 2. Relevant parameters to discretize the voltage, frequency and rotor angle.

Magnitude Minimum Value Maximum Value = Number of Divisions
Voltage [V] 1 20 7
Frequency [Hz] 100 800 8
Rotor Angle [Deg] 0 30 4

The magnitudes acquired are the temporal values of the voltage and current for each
rotor angle and frequency combination. Then, the process described in Section 2.1 and
summarized in Algorithm 1 is applied to extract the d-q flux linkages and the iron losses.
To validate the parameter estimation procedure, first, the d-g flux linkages as a function
of the d-q currents are compared against the results provided by the finite element analysis
(FEA).. The software used for this purpose is Altair Flux 2019°.

Once the d-g flux linkages are validated against FEA results, Section 3.3 validates the
PMSM performance using the iron losses obtained by means of the parameter estimation
process. The torque-speed-efficiency map is calculated using the d-g flux linkages identi-
fied previously and following the process explained in Section 2.2 and summarized in
Algorithm 2. Once the torque-speed-efficiency map is obtained using the parameter esti-
mation process exclusively, it is compared against the torque-speed-efficiency map eval-
uated using the FEA model developed in Comsol Multiphysics®, where the copper and
iron losses are modeled. In addition, for a deeper analysis, the experimental torque-speed-
efficiency map is obtained from a previous study [35], thus obtaining its performance in
real conditions. Finally, the computational burden is estimated.

3.1. Iron Losses Estimation as a Function of the d-q Currents and Frequency

After applying the test procedure described in Section 2.1 and summarized in Algo-
rithm 1, the inductances and iron losses are identified for each voltage, frequency and
rotor angle considered. Figure 4 shows the iron losses map versus the d-g currents for each
supply frequency.

Iron Losses over d-q currents

25
2 / 200 Hz 20
7777 ‘L“»\

E 100Hz i =
=154 <«— 300Hz 155
g 7
210 10 &
9 o

5

5
0+ S ~
3 T S T
2 1 g 2 1 9
A W[

Figure 4. Iron losses map over the d-g currents for each feeding frequency.

As can be seen in Figure 4, and considering the electrical equivalent circuit for each
test, the losses have a quadratic trend. Moreover, the lower frequency tested, i.e., 100 Hz,
has more current range because the machine presents lower impedance compared to 200
Hz and 300 Hz.
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3.2. Electromagnetic Parameters Computation versus the d-q Currents

After applying the parameter estimation testing procedure, the d-q flux linkage can
be computed versus the d-q currents. These magnitudes are of major importance when
reproducing the PMSM performance using the d-q electrical model. In addition, the use of
flux linkages simplifies the characterization.

Figures 5 and 6 show the direct and quadrature axis flux linkage versus the d-g cur-

rents, respectively. Each figure compares the flux linkage obtained through the parameter
estimation methodology and FEA.

P4 over d-q currents Experimental

3 0.08
0.075
<)
i
007 %
=
()
0.065 g
=
006 %
2
w
J 0.055
-3 -2.5 -2 -1.5 -1 -0.5 0 0.05
iy [A]
(a)
1, over d-q currents FEA
3 0.08
25 0.075
=)
o
007 G
=)
@
0.065 EJ
s
006 %
3
w
0.055
-1.5 -1 -0.5 0 0.05
iy[Al
L' Error FEA versus Experimental
3 0.015
X-0.3
251 Y214 o
B 2 600319664 £
ol 001 2
< d
o1 X 0.96 F
Y084 g
1} 70.00834795 0.005 £
. -l
E]
05 c
0 . . . . . 0
-3 2.5 -2 -1.5 -1 -0.5 0
i, A
(c)

Figure 5. Direct Flux linkage map versus the d-q currents. (a) Parameter estimation values extracted
from experimental data. (b) FEA values. (c) Absolute error between FEA and experimental maps.

As can be observed, the direct axis flux linkage values obtained by means of the pa-
rameter estimation methodology and those through FEA are similar. The distribution of
this magnitude with FEA is more linear in the d axis and constant in the q axis, whereas,
in the identification parameter method, it is quadratic in both axes. These differences can
be due to the manufacturing tolerances of the iron lamination sheets and magnets.
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wq over d-q currents Experimental
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=
-l
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w
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(a)
¢q over d-q currents FEA
3 0.03
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2F 002 %
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0 | | |
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251 X -0.28 . —
Y 1.82 8
2 Z0.00885063 001 &
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05 J Z 1.76859%-05 . Z 0.00164259
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Figure 6. Quadrature flux linkage map versus d-g currents. (a) Parameter estimation values ex-
tracted from experimental data. (b) FEA values. (c) Absolute error between FEA and experimental
maps.

In the case of the g axis flux linkage, a great similarity between the values obtained
by applying the parameter estimation method and FEA is observed. In this case, a small
difference in the distribution along the d-q axis is observed.

As observed in Figures 5a and 7a, the parameter estimation does not cover the whole
circle of possible currents due to the discretization of frequencies and rotor angles. By
considering more discretized rotor angles, a smoother map can be obtained by applying
the parameter estimation methodology. Moreover, the identified d axis current is larger
than the values of the g axis current. This is because g axis inductance is larger, resulting
in higher impedance; therefore, for the same voltage and frequency, the acquired g cur-
rents are lower.

3.3. Torque-Speed-Efficiency Map Reproduction

Once the parameters are identified, the PMSM performance is reproduced. The d-q
electrical model includes the winding losses and the iron lamination losses. A 90-degree
current control strategy with flux weakening is considered.
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Figure 7 shows the PMSM torque-speed-efficiency map found with the parameter
estimation methodology (a), with FEA modeling the PMSM using Comsol Multiphysics®
(b) and obtained through experiments (c).

PMSM Model Torque-Speed-Efficiency Map

0.8
_ 0.7
£
20 g
g 0.6 5
- g
9 0.5
0.4
0.3
0 1000 2000 3000 4000 5000
Angular Velocity [1/min]
(a)
PMSM FEA Model Torque-Speed-Efficiency Map
1.2 0.8
1
. 0.7
€
20 0 &
0] &
306 a'%
) 05
0.4
02 04
0 0.3
0 1000 2000 3000 4000 5000
Angular Speed [1/min]
(b)
PMSM Experimental Torque-Speed-Efficiency Map
121 € 0.8
i 07
20'8 I 06 &
[ e
3067 E‘?
2 0.5
04r
0.2 0.4
0 0.3
0 1000 2000 3000 4000 5000
Angular Speed [1/min]
(©
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[ } 0.1
‘ X 4793.59
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Efficiency Error [p.u]
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Angular Velocity [1/min]
(d)

Figure 7. PMSM torque-speed-efficiency map. (a) Parameter estimation; (b) FEA (c); experimental
measurement; (d) Efficiency error map

In Figure 7, the PMSM torque-speed-efficiency map reproduced using parameter es-
timation magnitudes matches with high accuracy with the performance reproduced with
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FEA and directly measured from experimental tests. Thus the parameter estimation mag-
nitudes allow the PMSM real performance using the d-q electrical model with losses to be
reproduced with high fidelity.

3.4. Computational Burden

The model required 1.2 s to identify the parameters and 4.1 s to reproduce the whole
torque-speed-efficiency map with an Intel® Core TM 19-7940X 3.10 GHz processor and 64
GB of RAM memory.

4. Conclusions

This paper has presented a new methodology to identify PMSM parameters to repro-
duce the PMSM performance by means of experiments at standstill conditions. The pro-
posed method does not entail any previous geometry knowledge and reduces the com-
plexity of the instrumentation required when compared with other experiments found in
the technical literature. The parameters are identified as a function of the load conditions.
A d-q electrical model is used, which takes into account the copper and iron losses, thus
allowing for the reproduction of the load conditions. The method was validated using a
commercial PMSM. The d-q flux linkages identified by the method were compared against
those obtained by applying FEA simulations, showing similar values. As a second valida-
tion step, once the parameters were identified, the torque-speed-efficiency map was cal-
culated. Then, the map was compared against FEA and experimental maps, with the three
maps being very similar. Therefore, the parameter estimation method was validated not
only to identify the electromagnetic parameters but also to reproduce the PMSM perfor-
mance, providing detailed information on the losses. The proposed method presents a
low computational burden since it is able to identify the motor parameters in only 1.2 s
and reproducing the full torque-speed-efficiency map in 4.1 s.
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Nomenclature

es Stator back electromotive force [V]

id Direct axis current [A]

ig Quadrature axis current [A]

Is Stator phase current [A]

fcd Iron losses direct axis current [A]

icq Iron losses quadrature axis current [A]
fod Effective direct axis current [A]

fog Effective quadrature axis current [A]
Ls Parameter estimation inductance [H]
Lis Leakage inductance [H]

Lms Magnetizing inductance [H]

La Inductance in the direct axis [H]

Lu Leakage inductance in direct axis [H]

Lmd Magnetizing inductance in the direct axis [H]
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Lq Inductance in the quadrature axis [H]

L Leakage inductance in quadrature axis [H]

Ling Magnetizing inductance in the quadrature axis [H]
m Phases number [-]

n Rotor angular speed [1/min]

p Pairs of poles [-]

Pcu Copper losses [W]

Pre Iron losses [W]

P Mechanical losses [W]

Rre d-q model resistance of the iron [Q)]

RFe-test Identification model resistance of the iron[Q]]
Rs Resistance of the stator windings per phase [Q]
T Output mechanical torque [N-m]

Ud Direct axis voltage [V]

Ug Quadrature axis voltage [V]

Us Stator phase voltage [V]

ULs Parameter identification inductance voltage [V]
Uie Voltage of the DC bus [V]

Oe Electrical angular position [rad]

Om Mechanical angular position [rad]

Wnm Electrical angular speed [rad/s]

Wabe Flux linkage in the stator [V-s]

Wem Flux linkage of the permanent magnets [V-s]
Wa Flux linkage in the direct axis [V-s]

L7 Flux linkage in the quadrature axis [V's]
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