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Abstract— During the last years, different methods for
identifying permanent magnet synchronous motor (PMSM)
parameters have been developed. Such methods allow a better
characterization of PMSMs thus enabling a better control. This
paper presents a novel PMSM parameter estimation method based
on the differential power factor due to the harmonic distortion,
which allows the identification of the motor parameters from data
acquisitions representing the entire torque-speed range. This
method does not require measuring any geometric parameters,
thus avoiding motor disassembly, or prior knowledge of the
applied field oriented control (FOC) strategy. It also enables
identifying the current, voltage and d-q¢ components of the flux
linkage without knowing the rotor position. The proposed method
is based on a d-q electrical model that considers the harmonic
components of the electrical magnitudes. It avoids to apply any
optimization technique, thus requiring a low computational
burden. The method is first validated experimentally by
comparing the identified d-g current space vector against the
acquired one using a resolver associated with a commercial drive.
Finally, it is further validated by using a second PMSM associated
to asensorless drive, comparing the identified d-q inductances with
ground truth data obtained by a validated method.

Index Terms— Permanent magnet machines, parameter
estimation, field oriented control, performance analysis,
performance evaluation, system identification.

NOMENCLATURE

Apag DAQ accuracy [V]
At Total measurement accuracy [V]
Atrans Transductor accuracy [V]
cos(p) Power factor [-]

15t Harmonic permanent magnet stator back-
Epm-1st electromotive force [V]
Es Stator back-electromotive force [V]
Labe Stator phase currents [A]
id Direct axis current [A]
iq Quadrature axis current [A]
Is Current space vector [A]
Is-nth n-th harmonic of the current space vector [A]
Is Rated stator current [A]
La Direct axis inductance [H]
Ly Quadrature axis inductance [H]
m Phases number [-]
n Rotor angular speed [rpm]
Nimax Maximum rotor angular speed [rpm]
p Pairs of poles [-]
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Pre-mec Iron and mechanical losses sum [W]

Prs Copper losses [W]

Py Useful mechanical power [W]

q Number of slots per pole and phase [-]

Rre Iron resistance [Q]

Rs Stator windings per phase resistance [Q2]
Rso Phase stator resistance at ambient temperature [Q]
T Output mechanical torque [N-m]

Tamb Ambient temperature [°C]

Twi Winding temperature (front coil head) [°C]
Tw2 Winding temperature (rear coil head) [°C]
Uabe Stator phase voltages [V]

Ud Direct stator voltage [V]

Uq Quadrature stator voltage [V]

Us Voltage space vector [V]

Us-nth n-th harmonic of the stator voltage space vector [V]
u (xi) Standard uncertainty

uc (y) Combined standard uncertainty

W (xi) Estimated variance

u (y) Combined estimated variance

Ule Voltage of the DC bus [V]

Us Rated stator voltage [V]
Angle between the 15" harmonic of the stator flux

¢ linkage and the current [rad]

p Angle between the 15 harmonic of the stator voltage
and the back-electromotive force

n Energy efficiency [p.u.]

e Electrical angular position [rad]

Ois- 15t First harmonic current space vector angle [rad]

Om Mechanical angular position [rad]

Ores Resolver angular position [rad]

Ous-15t First harmonic voltage space vector angle [rad]

0] First harmonic power factor angle [rad]

Om Electrical angular speed [rad/s]

WPabe Stator flux linkage [V-s/rad]

Y Direct axis flux linkage [V-s/rad]

Yom Permanent magnets flux linkage [V-s/rad]

Pom-1st 1% harmonic permanent magnets flux linkage[V-s/rad]

7 Quadrature axis flux linkage [V-s/rad]
Ws-1st 1% harmonic stator flux linkage [V-s/rad]

1. INTRODUCTION

ARAMETER estimation for electrical machines is an active
research topic which enables characterizing the operational
performance and to improve the behavior of whole PMSM
drive systems [1]. PMSMs require special attention among
other electrical machines due to their superior capabilities, such
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as high torque density, high precision, high dynamic
performance adaptability, or reduced power loss among other
relevant features [2]. To take advantage these characteristics, it
is necessary to apply advanced vector control algorithms, most
of them without using position sensors [3]. The accurate
identification of the motor parameters improves and optimizes
the use of PMSM drives. Finite element analysis (FEA) is
commonly used to extract the PMSM parameters [4], because
it allows computing motor performance by considering
different load and temperature conditions. Nevertheless, apart
from the intensive computational burden, FEA requires a deep
knowledge of the motor geometry, winding topology and
materials. It increases the difficulty to characterize the PMSM
because manufacturers usually do not provide all data required
to build an accurate model. Therefore, the most suitable way for
parameter identification is to apply algorithms that only require
measurable data, such as voltages, currents or rotor speed [5].
Different methods can be applied to this end, which are divided
into two categories, i.c., online and offline identification [6]. An
early study [7] presents an experimental approach for
identifying the magnetic model parameters of different types of
synchronous machines by evaluating the flux linkages from the
voltage acquisitions. Some variants were introduced in [8],
were the magnetic model is identified exclusively by test, thus
do not requiring an offline mathematical manipulation. Some
improvements are found in [9], where cross-saturation and
magnetic saturation effects are considered at standstill, with or
without the need to lock the rotor. Other studies focus on
finding the rotor position by analyzing the current waveforms
[10] in direct current or switched reluctance machines without
using a position sensor [11].

Online parameter identification is focused to identify the
PMSM parameters during real-time operation. Therefore, it is
not necessary to stop the motor if the data measured by the
transducers is already accessible. Online parameter
identification methods fall into three categories, i.e., numerical
methods [12]-[14], observer-based methods [15]-[18] and
artificial intelligence (Al)-based methods [1][19]. In [20] the
disturbance voltage influence on the accuracy of the estimation
is analyzed, whereas [21] proposes an online sensorless speed
tracking for PMSMs. In [22] an active flux based sensorless
control to provide rotor position estimation at low-speed
regimes is evaluated. Some other improvements were presented
in [23], allowing to identify the stator resistance and permanent
magnet flux linkage of three-phase, open-end winding PMSMs.
More recent studies focus on specific features of sensorless
controls. For instance, [24] presents an on-line identification
method to detect the load current at low speed regimes, which
is affected by the position estimation error. In [25], an online
parameter identification based on a high frequency (HF)
equivalent impedance model is presented, allowing the use of
the method either online or offline. Off-line methods are
designed to obtain the data in advance for further parameter
estimation. They require stopping the motor operation and
performing different experiments to extract the data. There are
three different categories of off-line methods, i.e., frequency
domain methods [26], [27], time domain methods [5], [28] and
finite element methods [29].

This paper presents a novel PMSM parameter estimation
method. First, the method characterizes the motor parameters

by considering its performance on the entire torque-speed
range, thus, allowing to find the parameter variations as a
function of the load conditions. Moreover, as a main novelty,
the identification method finds the values of the d-¢q inductances
from the differential power factor due to the harmonic
distortion. This method calculates the d-g inductances as a
function of the space vector current and angle, thus providing
superior accuracy compared to most of the approaches found in
the literature. The proposed method finds the vectors
magnitudes and angle without requiring any position sensor,
motor geometry information or prior knowledge of the applied
FOC strategy. This approach uses a d-g electrical model
considering the harmonics of the electrical magnitudes, and
does not apply any optimization algorithm for the identification,
thus reducing computational requirements. It is worth noting
that by considering the harmonics, the d-g inductances are
characterized more accurately and realistically, thus allowing
an enhanced characterization of the machine and to apply
improved control strategies.

This paper also contributes in the field of instrumentation and
measurement as it proposes a method that from electrical and
mechanical measurements (voltages, currents, torque and
speed), the d-g inductances of PMSMs are inferred in the entire
torque-speed map as a function of the operating point. These
parameters are usually obtained by means of FEM models, so
they are not directly measured. In case of being measured, a test
bench equipped with an accurate position sensor on the motor
shaft is required, thus carrying out a set of tests for each rotor
angular position. The method presented in this paper avoids the
need for such a position sensor.

As the main objective is to identify the PMSM parameters in
the whole torque-speed range, the method can be classified as
off-line. Nevertheless, it can be used on-line, as well as for
identifying the electromagnetic parameters using a single
operating point. The proposed method is first validated
experimentally by comparing the identified d-g current space
vector against that acquired by using the position provided by a
resolver connected to an ABB DGV700 converter that applies
a 90° current control without flux weakening capability. The
method is further validated by using a second PMSM connected
to a Renessa’s YROTATE-IT-RX23T motor control platform,
which applies a sensorless 90° current control with flux
weakening capability. The d-q inductances are validated for all
experimental operational points.

I[I. PMSM PARAMETER ESTIMATION METHODOLOGY
OVERVIEW

This section introduces the parameter estimation
methodology, detailing the data required, the different applied
tests, and the output data. Fig. 1 shows the process diagram
divided in two main stages, i.e., the experimental tests and the
parameter estimation stage.

The parameters to be known beforehand are the rated
magnitudes, including the line voltage, phase current, rated and
maximum speed, rated torque, number of phases and number of
poles, which are usually found in the motor nameplate. Next,
some optional tests can be performed to obtain the permanent
magnet flux linkage and phase resistance. These values will be
taken as seed values for the solution, although they will be
corrected when identifying the PMSM parameters. Then, the



motor is tested for the whole torque-speed range, acquiring for
each tested operating point the phase currents, line voltages,
load torque, angular speed, resolver or encoder position (just to
validate the methodology) and the winding temperature. This
time-varying information is acquired during the experiments.
Finally, the parameter estimation algorithm is applied to
identify the FOC strategy and the electromagnetic parameters
over the whole torque-speed range.

PMSM EXPERIMENTAL TESTS J
INPUTS X Y
specfications No load test OUTPUTS i
Us [Vrms], Is [Arms], & (1000 rev/min) and Es[V], :
n [rpm], nmax [rpm], { Rs measurement Wpm [Vs/rad], Rs [Q] ) §
T[Nm], m, p s . N y
OUTPUTS
labe(t) [A], Uabe(t) [V],
: Different load tests i—» T(t) [Nm], n(t) [rpm],
Ores(t) [rad], Tw1 [°C],
Tw2[°C]

PARAMETER AND FOC STRATEGY IDENTIFICATION

OUTPUTS
ud(T,n), uq(T,n)
ig(T,n), id(T,n),

Ld(id,iq), La(id,iq),

Wd(id,ia), Waq(id,ia)

Parameter and FOC
strategy identification
algorithm

Fig. 1. PMSM parameter estimation methodology

[II. PMSM TESTING METHODOLOGY

This section details the experimental procedure followed to
extract the data. Fig. 2 summarizes the PMSM testing process.

As already mentioned, the input data are usually available in
the motor nameplate. Nevertheless, some other parameters can
be obtained and updated to their current values, because they
can change for different reasons such as tolerances in the
manufacturing process, aging or faults among others.

A. PMSM no load test

First, the no load test (steps 1 and 2) is performed at 1000
rpm to acquire the time dependent back-electromotive force due
to the permanent magnets, while extracting the harmonic
components of the permanent magnet flux linkage. The winding
resistance is also measured at ambient temperature. These data
are used as seed values, being updated during the estimation
process.

B. PMSM load tests

Next, the motor is connected to the load motor as shown in
Fig. 3. The load test consists in evaluating different operating
points within the torque-speed plane (steps 3 to 7).

1) Torque-speed discretization

To test the motor along the entire torque-speed range, it is
discretized considering the rated torque and the rated and
maximum angular speeds. The maximum power envelope is
considered as a limit to set the maximum speed for each torque
value.

2) Operating point test and data acquisition

Once the torque-speed map is discretized, time-dependent
data measurements are acquired for all operating points. These
data include the phase currents, line voltages, dynamic torque,
dynamic angular speed, motor resolver position and winding
temperature. In case of having a position sensor, the measured

rotor position is used to validate the accuracy of the identified
current space vector angle.

PMSM NO LOAD TEST

INPUTS
Specfications
Us [Vrms], Is [Arms],
n [rpm], nmax [rpm],
T[Nm], m, p

OUTPUTS
Es [V],
Wpm [Vs/rad]

OUTPUTS
Rs Measurement HRso [Q], Tamb ["C]]

PMSM LOAD TEST

| T

OUTPUTS
Ti = [Tmin, ..., Tmax]

ni = [Nmin,...,Nmax]

Torque-Speed
Discretization

Test First Operational
Point (Tmin,Nmin)

OUTPUTS
labc(t) [A], Uabc(t) [V],
Tt [Nm], n(t) [rpm],
O(t) [rad], Tw1[°C],
Tw2 [°C]

Extract Data

Last
Operational
Point ?

Test Next
Operational
Point (Ti,ni)

( PMSM DATA POST-PROCESSING )
: 8 Data Filtering and OUTPUTS :
: FFT Filtered Data
[: OUTPUTS ;
i 9 | RMS Electrical Values labc [ARMS) H
: Uabc [VRMS] :
: Mean Mechanical OUTPUTS ;
: 10 Values Nmean [rpm] '
H Tmean [Nm] :
i 1 Power Factor and OléZ:UTS :
: Efficiency Calculation n((p) H

Fig. 2. PMSM test process

Table I shows the details of the measurement and acquisition
of the acquired magnitudes.

TABLE 1
MEASUREMENT AND ACQUISITION DETAILS
. Sampling Number| DAQ DAQ DAQ |Transducer
Magnitude Frequenc of Input Sensitivity|Accuracy| Accurac
qu ysalmples Range vy uracy uracy
Angular 5V | 56uv [1.01mV] 015V
speed sensor|
S;lfsff)’;lst 1V | 128pV [022mV]| 5mV
—Toraue | 200KkS/s | 200 kS
orque £10V | 112pV [1.92mV| 0.02V
__ sensor |
Voltage 5V | 56uv [1.01mV| 3mVv
sensors
Temperature| | o/ 1S | £1V | 128uV [022mV| 88uV
sensors

C. PMSM data processing

Finally, the data is post-processed (steps 8 to 11). This stage
include different steps which are described below.



1) Data filtering and calculations

As indicated in Table I, the signals are acquired at a sampling
frequency of 200 kS/s for 1 second for each operational point.
The PMSMs tested in this study have six pole extensions, with
a maximum angular speed of 6000 rpm, so the maximum
fundamental is 300 Hz, corresponding to 66 samples per period.
Assuming a minimum of 8 samples per period to properly
acquire a sinusoidal signal, this system allows acquiring up to
the 83th harmonic. The data is filtered by applying a first-order
low-pass filter with a stopband attenuation of 60 dB. The cut-
off frequency is set to the frequency of the 7th electrical
harmonic, the highest relevant harmonic for a proper operation.

2) Fast Fourier Transformation (FFT)

After acquiring and filtering the data, a harmonic analysis is
performed to extract the amplitude and phase of the
fundamental, third and fifth harmonics. These values are used
to identify the PMSM parameters. Finally, once all data are
conditioned, the RMS values of the electrical variables and the
mean values of the mechanical variables are calculated jointly
with the power factor and efficiency for all operational points.

D. Experimental setup

Fig. 3 details the experimental setup used to analyze the
PMSM operating points in the whole torque-speed plane and
the instrumentation used.
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-
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[

E. Standard uncertainty and combined standard uncertainty
analysis

This subsection details the standard uncertainty analysis
including the DAQ and measurement devices, as well as the
combined standard uncertainty for the estimated values. The
accuracy of each transducer is overlapped with the accuracy of
the DAQ. Fig. 4 shows the full accuracy region considering the
DAQ and transducer.

Transducer

DAQ

DAQ

I T
Fig. 4. DAQ and transducer accuracy disposition.

Considering the worst case scenario, the total accuracy is the
sum of accuracies.
A =4, +ADAQ M
Assuming a coverage factor of 3, the standard uncertainty is
calculated as,

) =2 @
The estimated variance is as,
o () =(u(x))’ 3)

The combined variance of a function of interest is defined as,

032w @

i=l
Therefore the combined standard uncertainty is used to
calculate the accuracy of estimated values, which is the square
root of the combined variance,

A u(v)=4u’(») ®)
_i P Table III shows the standard uncertainty for measured
- magnitudes.
SEI‘!SORS
‘ TABLE III
g STANDARD UNCERTAINTY FOR MEASURED MAGNITUDES
Standard Standard
Maenitude DAQ |Transducer| Total | Uncertainty | Uncertainty
— g Accuracy| Accuracy |Accuracy| (Acquisition | (Physical

Fig. 3. Setup required to test the PMSM magnitude) | magnitude)

. . . . Angular
Table II summarizes the instrumentation used in the speedgsensor LOImV] 0I5V 1 15ImV | 5030mV | 20.12 rpm
experimental part. Current | omv| smv  [522mV| 1.74mv | 00087 A
Sensors
TABLE II Torque
INSTRUMENTATION sengor 1.92mV| 002V [21.9mV| 730mV 0.0146 Nm
Converter ABB - DGV 700 / YROTATE-IT-RX23T Voltage
Angular speed sensor ABB-DGV700 (A I/O: £15V, 1%) Sensors 1.0l mV 3mv 301mV) 1.003mV 0.15V
Tektronix A622 (10 mV/A o 100 mV/A, Temperature o
Current sensors sensitivity: 0.06 mV/A) Sensors 0.22 mV 88 uv 031 mV | 0.103mV 0.18°C

Torque sensor HBM T20WN/20NM (Torque: 0-10 V, + 0.2 %)

Voltage sensors ABB VS750B (750 V, 0.3-0.9 %)

Temperature sensors Type K Thermocouple, (0.75 %)

DAQ NI PCI-6259 - NI SCB 68 (+5V, 56uV), 16

Data acquisition device bits

Acquisition software Python

IV. PARAMETER AND FOC STRATEGY IDENTIFICATION
ALGORITHM

This section details the parameter and FOC strategy
identification procedures.



A. Space vector current discretization and harmonic
decomposition

First, the current space vector angle is discretized, as the aim
of the algorithm is to determine the applied FOC strategy. This
discretization is performed within the second quadrant because
the machine to identify is a PMSM. Based on this discretization
and the available data, it is possible to extract the magnitudes
required to identify the control strategy for all operating points.

Fig. 5 shows a generalized d-g vector diagram of the PMSM.
First, the harmonic components of the electrical magnitudes
(voltage and current) are determined for all operational points.
The fundamental frequency, amplitudes and phase angles of the
harmonic components are obtained. The third and fifth
harmonics are used for an accurate identification of the
inductances for all operating points.

Fig. 6 shows the third and fifth current harmonic vector
diagram, showing the areas where the current magnitude can
change. Therefore, when identifying the d-g current, it is
necessary to decouple the harmonic components and its effect
in the voltage and flux linkage vectors.
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Fig. 5. Generic PMSM vector diagram of the fundamental magnitudes.
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Fig. 6. Generic PMSM vector diagram including the harmonic vector
representation.

B. Winding resistance adjustment, iron resistance and stator
flux linkage calculation

Once the fundamental electrical magnitudes are known, the
winding resistance is corrected according to its temperature,

Rx :Rs,, '[1+aCu '(T;v 77:11111))] (6)

Power losses due to the stator resistance, considering the

contribution of the third and fifth harmonic current are
calculated as,

m (. 5 . 2, . 2
Bo== (lem Fl s losn )R>

3 O
2

From the power balance it is possible to determine the iron
and mechanical power losses in all operational points.

B,
B = (*“—PU -5 ]
n

Assuming that the iron and mechanical losses can be
represented as a parallel resistance in the d-g electrical model,
Rremec 18 calculated as,

Rep e = 2. szm»(‘ '((”x-m -Ri )2 +(”A—3/'d —Rii 5, )2 + (”x-sm -Ri g, )2) (9)

Note that the values of Ry, us 15, is-151, Us-3rdy Is-3rdy Us-5e, and L.
s in (9) are obtained by averaging the corresponding values of
the m stator phases. It is noted that voltages and currents in (9)
are expressed in peak values.

The first harmonic component of the back electromotive
force is calculated as,

€1y =Uyy ~ly R (10)

Once the back electromotive force and the electrical angular
velocity are known, the absolute value of the stator flux linkage
can be determined as,

®)

Yty =1u ! @, (11)
Fig. 7 shows the d-g electrical model.
Ry la lod Lq
‘ o MA—2_ —>
t Rr; lia, o,L,i,

Fig. 7. d-q electrical model of the PMSM.

C. Differential voltage due to the current harmonics and
angles determination

After performing the harmonic decomposition of the phase
voltages and currents, the current and voltage phase angles for
every component are obtained. Thus, the first harmonic power
factor (average value of all m phases) can be calculated as,

cos p= n% : 2005(5,’,\4‘,‘, -0, )

and 6;

eus—lst,i ls—1st,i
voltage and current vectors of phase i.
Considering the harmonic contribution, the total power factor
is calculated as,
m (1)-i(t
cos(¢+A¢) =lzmean(ul ( ) L ( ))

M U s L pus

(12)

being, respectively, the angles of the

(13)



The differential power factor angle A¢, which is required for
an accurate calculation of the d-g inductances is calculated as,

Ag =li(9u‘ =0, ) (14)
m -y

The angle between the first harmonic current space vector is.
15 and the stator flux linkage Y., can be calculated in this
stage. Fig. 8 shows the angles to be fixed during the
identification process. It is noted that £ is the angle between the
first harmonic of the stator voltage and the back-electromotive
force, ¢ the angle between the first harmonic of the stator
current and voltage, and « the angle between the first harmonic
of the stator flux linkage and current. By applying the sinus
theorem, angle £ is calculated as,

sin/i:sinyﬁ-M (15)

e

s—lst

Thus, the angle between the first harmonic of the stator flux
linkage and the current is,

T _p5_ 16
a=2-p-¢ (16)

The definition of these angles helps to fix the relative
position of all space vectors, allowing to have only one degree
of freedom when finding the control angle, which in this case is
the stator current angle, as detailed in the following subsections.
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150 . 30
s-1st
\I}s-'lst
180 40" 0
210 330
240 300

270

Fig. 8. PMSM d-q current, voltage and ¥, ;,Blondel diagram.
D. Inductance calculation and flux linkage, torque, voltage
and power factor error

After discretizing the current space vector angle, the
electrical magnitudes and errors of all discrete angles are
obtained. First, the current space vector is decomposed in the d-
q plane as,
=i ~cos(9 )

s—1st [
i =i ~sin(9“ )

g bsle

I

amn

Next, as the angle between the stator flux linkage and the
current is known, the stator flux linkage is obtained as follows,

Va=Viau 'COS(Q;,,\., _0‘) (18)

v, v, ,sin(,, ~a)

According to the literature [6], when calculating the
inductance from the first harmonic components of the phase

voltages and currents, when the current has a small value some
issues occur, i.e., when the current angle is almost aligned with

the g-axis (6 = n/2) or with the d-axis (6 = n). Thus, an
alternative way to calculate the d-¢g inductances is proposed,
which considers the third and fifth harmonics of the current and
the differential power factor angle 4¢ (14).

1: Set the Current Angle Steps: 6, =n/2:A6, :z
T. .n

min > “max

min > min
2: List the Operational Points: P
)

i,

i

T,

max >

T .1

max *“max

Min
3:Morp OB, do

FFT Electrical Magnitudes: w4, ., s>1, 15 30500 cos(¢)
Winding Resistance Temperature Correction: R

Tron and Mechanical Losses: P,

Fe—mec

Equivalent Iron-Mechanical Losses Resistance: R

Fe—mec

Back-Electromotive Force: ¢

s—1st

R A A

Stator Flux Linkage:
10:  for 0,

s—lst

=z/2 to 6, =rx do

i, =i '005(9,‘,”,)

s—Lst

i, =i -sin(9 )

s—lst [

11: d-q Currents:

= .cos(0 -
12: d-q Flux Linkages: Va =V COS( ot a)

v, =V, sin(6, -a)
13: d-q Differential Voltages:

Au, =lu, ~COS(49‘.H" +¢+A¢)—urm -cos(@w +¢)
Au, =u]-sin(6 +@+Ag)-u _, sin(0, +4)
L= Au, +Au,
Au, . :
14: d-gq Inductances: 230,05 50,0 )
‘A”d‘
L Au, —Au,
¢ Au
4'2'(3'(% I3 T30, ‘l'Afﬁh)
‘Auq : X
15: Calculated d-q Flux Linkages: Vaeate =V pmrs +La iy
Vgcae = Lq i,
16: d-q Flux Linkages errors:
& =Wacuc =) Wy 1 N
£, ==&, +—¢
&, =W V)V, oz

17:  end
18:  Minimum Flux Linkage error selection.

19:  Calculated d-q Voltages: |"d-caic = R iy=o,y,
Uy cae = R, 1o, Y,

2 2
Us_cate =\ Ya-cate T Ug—catc

—cos(, -0

g

20:  Power Factor: cosg

ol
21:  d,-q, Currents: by =iy + @, Y, | Ry
q @, Y, /RI"

loq =1 Fe—mec

22: T R ; ;
o 72 o, 1, v, 1)

e = ‘TfTref
= —
Ty
23:  Error:
e = Uy cate-150 ~ U1t
u:*lsf
Jcos g, ~cosg]
cos(p) cosd
24: end

Fig. 9. Sequence of the applied parameter estimation algorithm.



First, the differential d-g voltages due to the differential
power factor angle are calculated as,

Au, =|u 'C"S(ef\,w +¢+A¢)—MHW -cos(&,ﬂw +¢) (19)
Au, =|u|-sin(6, +¢+Ap)-u,,, sin(6, +9)
Next, the inductances can be calculated as,
L Au, + Au,
T Ay (34 @, iy gy + 500, 7, 5)
‘Aud m  “s=3rd m  “s=5th (20)
Au, —Au

_ q d

L, Au

q . .
'2'(3'(0 'l.s-s/-dJrS'wf’x-Sh)

m i

Once the d-g inductances are known, the d-¢g flux linkages
can be compared with those calculated using (18). Thus, for
each discrete current angle, the relative error can be obtained.

{V/dmh» =V omtist +L,; i, (21)
Vicae = Lq 'iq
& = Vacae —Ya
. v, 1 1 (22)
£, ==&, +—&
s = Vo —W, 2 2
v, v,

The space vector current angle ;515 providing the minimum
d-q flux linkage error is the nearest solution of the actual control
angle. Once the optimal angle ;.; is found, the values of the
first harmonic components are calculated and compared with
those extracted from the experimental data. The d-¢g voltages
can be calculated taking into account the d-g current and flux
linkage components.

ud—calc :R.r .ld _a)m .Wq (23)
uqfr:alr‘ = Rs ’ lq + a)m : ‘//d
— 2 2
Ug_cale = N Ya—cate T Uq—cate (24)

The power factor can be calculated from the d-g voltages and
the current vector as,

cos (. ) =cos ( 0, . .=0 ) 25)

Considering the d-q electrical model, the torque generating
currents, i, and i, are calculated as,

i =i+ Ve
O R (26)
. 0,0,
laq = lq e —
Fe—mec
Finally, the torque can be calculated as,
m . .
T:(Ej'p'(yld.loq _'//q'lud) (27)

Torque, voltage and power factor relative errors are
calculated as,

‘T’Tw‘

ref

(28)

u

A Yscate TU1n

u

s—=1st
_|cos ¢, —cosg|

cos(p) cos¢g

Fig. 9 summarizes the parameter and FOC strategy
identification algorithm. Once the entire combination of current
and flux linkage angles has been analyzed, the specific
combination matching with the PMSM operation is selected.

V. RESULTS

This section presents the results attained with the method
developed in this work. First, the method is validated using an
ABB PMSM driven by a DGV700 ABB converter, which is
connected to a resolver, thus enabling to compare the control
angle calculated by the model proposed in this paper with the
experimental acquisitions. Next, the method proposed here is
further validated by using a PMSM from Midtal Talentos driven
by a RENESAS sensorless FOC control platform YROTATE-
IT-RX23T with flux weakening capability. In this case, the
current vector and the d-¢g inductance values provided by the
model are compared against experimental data.

A. ABB PMSM

Table IV summarizes the relevant characteristics of the
PMSM from ABB.

TABLE IV

ABB PMSM CHARACTERISTICS

Manufacturer ABB
Converter model DGV 700

Rated Voltage [Vgus]| 380
Rated Current [Agwms] 29

Rated Torque [N-m] 23
Rated Speed [1/min] 6000

Fig. 10 compares in a Blondel diagram the values of the d-g
currents provided by the parameter estimation model and the
experimental values.
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Fig. 10. ABB PMSM d-g Blondel current diagram.



According to Fig. 10, the model calculates correctly the
control angle. The ABB PMSM drive applies a 90-degree
current angle control without flux weakening capability.

B. GNC PMSM

In order to perform a deeper analysis of the method proposed
in this work, a PMSM driven by a RENESAS sensorless FOC
control platform YROTATE-IT-RX23T with flux weakening
capability is studied. Table V summarizes the basic
characteristics of the second PMSM, named GNC.

TABLE V
GNC PMSM CHARACTERISTICS

Manufacturer Midtal Talentos S.L
Converter model |[RENESAS YROTATE-IT-RX32T
Rated Voltage [Vrwms] 200
Rated Current [Arwms]| 3
Rated Torque [N-m] 1
Rated Speed [1/min] 4600

Fig. 11 shows the d-q space vector current calculated by the
parameter estimation algorithm in a Blondel diagram. It cannot
be compared against experimental data because of the
experimental sensorless strategy applied. As can be seen, most
of the working points are in the quadrature axis, but when
applying a flux weakening control some points move away
from the quadrature axis.
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Fig. 11. GNC PMSM d-g Blondel current diagram.
C. Reference method for inductance measurement

The identified values of the inductance are compared against
the values obtained with a reference experimental method
described in [30], using a DC bias AC source. This method
allows measuring the d-g inductances under different saturation
conditions. To acquire the saturation effect, the AC signal peak
value is set relatively small compared with the DC voltage bias.
In this case the peak-to-peak voltage was set to 1 V, whereas
the DC component was swept from 5 to 15 V, so the inductance
can be expressed as a function of the DC voltage bias. This DC
component represents the d-g voltage component of the model
producing the corresponding the d-g current.

Fig. 12 shows the experimental setup used to measure the
inductance by applying the reference experimental method.

DIGITAL
OSCILLOSCOPE

Fig. 12. Experimental setup to measure tl uctances calculation using

an AC source allowing a DC bias.

Table VI summarizes the instrumentation used for the
experimental validation of the inductance with the reference
method.

TABLE VI
INDUCTANCE MEASUREMENT INSTRUMENTATION
APM SP300VAG00W
(Ipa=5.6A, Pou=600 W, 0.5 %)
Fluke i30s (+ 304, 100 mV/A, 1%)
ROHDE & SCHWARZ RTH1004
+(0.05% +0.03%)

AC Source

Current Transducer

Oscilloscope

Figs. 13 and 14 show the d-q inductance values for all current
points depicted in Fig. 11. The identified values of the d-g
inductances are compared point by point against the ground
truth data obtained through the validated experimental method.
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Fig. 13. Identified values of L, versus the measured ones with the reference
method. (a) Ly against iy. (b) Lq against 7.
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Fig. 14. Identified values of L, versus the measured ones with the reference
method. (a) L, against iy. (b) L, against i,.

As can be seen in Figs. 13 and 14, the model is able to
identify accurately the magnitude of the d-q inductances.

The reference method averages the value of the inductance
over one period of the current waveform, requiring to block the
rotor during the tests, so the measured inductance values
depend on the rotor position. However, the method proposed in
this paper calculates the inductance for all considered working
conditions when the machine operates under normal conditions.
For this reason, from the scatter of points obtained by applying
the proposed method, the mean value is obtained and compared
with that of the reference method.

Table VII compares the reference values of the d-g
inductances and the permanent magnet flux linkage with those
identified by the method proposed in this paper.
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terms are substituted by the values summarized in Table III. The
standard variance of the electrical angular speed, u*(w,) , is

G

~(8u,~Au,)5/2 Y

directly obtained from the fundamental frequency of the
electrical currents calculated by means of the FFT, which has
an accuracy of 1.0 Hz. The standard uncertainty of each
parameter is obtained by applying the square root of (30) and
(31), whereas the accuracy is calculated as the standard
uncertainty multiplied by a coverage factor of 3 to ensure a 99%
confidence level.

In (30)-(31) the current harmonic components are dividing,
so for low currents, the third and fifth harmonic components
have a large contribution in the combined variance, this
contribution being more important at low speed operation.

Fig. 15 and Fig. 16 show the accuracy of the d-¢ inductances
for all analyzed operating points.

TABLE VII 102F T T T * ]
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As can be seen in (29) the d-g inductances are derived with
respect to the d-q voltages, angular speed and the 3rd and 5th
current harmonic components. The expressions result as,
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Fig. 15. Accuracy of the identified values of L, (4,4)versus the accuracy of the
measured ones with the reference method. (a) Azqversus iq. (b) ALq versus i,.
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As can be observed, the accuracy is poorer at low currents
and low angular speeds. For instance, the labels in Fig. 15 (b)
and Fig. 16 (b) show that the accuracy increases with the
angular speed (Y values of data labels).

Table VIII shows the mean accuracy of the estimated d-q
inductances by applying (30)-(31). The accuracy is calculated
with a coverage factor of 3, ensuring a confidence level 0 99%.

TABLE VIII
GNC PMSM PARAMETER ESTIMATION ACCURACY
Absolute accuracy
[mH]
0.56 mH (mean value)
0.56 mH (mean value)

Magnitudes

Direct inductance accuracy 4,4 [mH]
Quadrature inductance accuracy 4, [mH]

E. Computational burden

For both cases analyzed, the proposed parameter estimation
method requires 0.66 seconds to calculate all points displayed
in Figs. 12 and 13 using an Intel® Core™ i9-7940X 3.10 GHz
processor with 64 GB RAM memory.

VI. CONCLUSIONS

This paper has presented a new method to estimate the
PMSM electromagnetic parameters. The method allows
characterizing the motor parameters by considering its
performance on the entire torque-speed range, thus, allowing to
find the parameter variations as a function of the load
conditions. As a main novelty, the identification of the d-g
inductances is based on the differential power factor due to the
harmonic distortion. To identify the vectors magnitudes and
angles, the method does not require any geometry information,
no prior knowledge of the control strategy and does not need
any position sensor. The method is based on a d-g electrical
model with harmonic decomposition without requiring any
optimization algorithm to identify the parameters, thus reducing
the computational burden. As the main objective is to identify
the parameters in the whole torque-speed range, the method can
be classified as off-line. However, it can be applied on-line as
well as for identifying the electromagnetic parameters from a
unique operating point. The algorithm was validated using two
PMSMs. Results presented show an accurate identification of
the current space vector and the d-¢g inductances. The estimation
is performed in an affordable time.
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