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Parameter Identification and
Self-Commissioning in AC Motor Drives:
a Technology Status Review

Shafiq Odhano, Paolo Pescetto, Hafiz Asad Ali Awan, Marko Hinkkanen, Gianmario Pellegrino, Radu Bojoi

Abstract—In high-performance control of ac machines
through variable frequency drives, the knowledge of
machine parameters plays a decisive role. The accuracy
with which machine parameters can be known is directly
related to the time and effort put in testing and
commissioning process. In the ever-demanding industrial
environments, the time spent on parameter identification
translates into loss of production. To reduce
commissioning times, research in this direction has
focused on automatizing the identification procedure
without loss of accuracy. This paper reviews different lines
of research adopted over the past few decades for machine
parameter identification. Parameter estimation of ac
machines is considered because of their widespread
applications from servomechanisms to traction to aviation.
The surveyed works include self-commissioning schemes
that have become an integral part and salient feature of
modern electric drives. This feature enables the drives to
automatically identify machine parameters and tune the
control loops.

Index Terms— control, induction motor drives,
parameter estimation, permanent magnet machines,
synchronous motor drives, variable speed drives.

I. INTRODUCTION

High-performance control of an electrical machine demands
fast response, null steady state error and accurate tracking of
controlled variables (such as speed, position or torque) in an
electromechanical energy conversion system. The quality of
mechanical torque produced by an ac electrical machine,
supplied by a power electronic converter, depends on how well
the machine state variables, such as current and flux, are
controlled. The precise control of these variables, in turn, is
governed by the accuracy with which the electrical parameters
and magnetic characteristics, of the connected machine, are
known.

The impact of machine parameters’ inaccuracy on control
performance has been studied in depth in the literature. A
number of works have analyzed the effects of parameter
mismatch or variations on the estimation and control of
electrical and magnetic variables [1]-[10]. The negative
influence of parameter uncertainty is more noticeable in
sensorless control schemes for ac machines [11]-[15].

The focus of this work is on ac electrical machines, namely
the induction machine (IM), the permanent magnet

synchronous machine (PMSM), and synchronous reluctance
machine (SyRM). The works on parameter identification of
IMs have been previously surveyed in a 2003 paper [16]; the
research has continued in this direction since then and has
produced notable contributions. For IMs, this paper will
particularly focus on parameter identification methods that are
not reported in [16]. As far as the PMSMs are concerned, the
literature does not report any detailed survey except [17], which
presented the state-of-the-art up to the year 2015. This paper
will include some of the works cited in [17] to give a complete
panorama of the parameter identification of PMSM machines
besides reviewing SyRMs’ identification methods. The authors
believe that when the presented survey is read in conjunction
with [16], the reader gets a complete picture of the parameter
identification and self-commissioning methods of ac machines
operated through power electronic converters. Of course, the
length of each part of this paper does not indicate the total
research activity carried out on the parameter identification of
different ac machines. The induction machine, for example, has
been the focus of research on parameter identification ever
since the advent of modern electric drives but its identification
methods have been previously reviewed [16]. This paper
includes only post-[16] works on induction machine.

The paper is structured as follows. Section II classifies the
parameter identification methods found in the literature based
on the techniques used. SectionIIl presents the parameter
estimation schemes for IMs, sectionIV reviews the
identification strategies for PMSMs and SyRMs. Finally,
section V concludes the paper.

II. IDENTIFICATION METHODS

The identification methods found in the literature are
summarized in Table I, in which these methods are grouped in
various categories based on their working principle. Numerical
methods rely on finite-element modelling of the electrical
machines and have the limitations of being applicable only by
the motor’s designer. Any other user does not have enough data
to build a numerical or finite element model of the machine.

Methods requiring a prime mover (dynamo) need dedicated
setup including a speed-controlled prime mover (Fig. 1), with
dedicated instrumentation. They are further classified into those
mapping the flux of the machine and those using phasor
interpretation to get equivalent circuit parameters.

Standstill identification methods are of simpler application
and often require rotor locking. They can be subdivided into
frequency response and time response categories based on the



Table I: Summary of the identification methods (s. c. stands for self-commissioning)

Numerical Dyno Standstill/Blocked Rotor Free shaft
Flux mapping Phasor Frequency response Time response
M [18]-[21] [22] [23]-[25]
IM s.c. [26]-[36] [251], [37]-143] [44]
PMSM [45]-[51] [52]-[56] [571-[59] [60]-[64] [65]-[68] [69]-[72]
PMSM s.c. [73]-[76] [50], [771-[79] [80]-[83]
SyRM [84]1-[87]
SyRM s.c. [88] [89]-[94]
principle of parameter estimation used. In both cases, the data logging
machine under test is supplied in single-phase with different serial
. . . communication
signal patterns to estimate its parameters based on the response. e
These methods come under the heading of offline identification i V==
and can be best applied in a dedicated testing facility such as a malie
laboratory. In a laboratory setting, the availability of 5] “"'E'":jfi‘\’f:“’"‘?d _|J: Speed;r‘i’:;“’"ed
specialized equipment, such as signal generators,
high-precision measuring equipment and data acquisition tools,
. k K R encoder encoder
enables accurate characterization of electrical machines. Some
offline identification techniques can also be used with basic
drive hardware and are, therefore, suitable for field application _
. .. . . . . motor under twin
where high precision instrumentation is unavailable. teist Hiotor

The general idea is to excite the machine with different
signals and observe the response through the measurement of
electrical variables, such as current, voltage, power factor etc.
The recorded data is post-processed to get the parameters of
interest along with their dependence on physical variables, such
as temperature, or electromagnetic phenomenon, e.g. magnetic
saturation.

In the offline identification techniques, self-commissioning
is an important subcategory. The methods falling in this
subcategory use a power converter for identification but they
must also satisfy an additional set of requirements imposed by
the definition of self-commissioning. It is defined as the ability
of an electric drive to identify accurately the parameters of the
machine connected to it (i) at standstill, (ii) without requiring
rotor locking, (iii) using the available sensors, (iv) employing
computation algorithms executable on low-cost
microcontrollers, (v) with least operator intervention,
(vi) without supplying torque to the load, (vii) with practically
no available information about the machine, and (viii) in as
short a time as possible. The numbered items are the ‘additional
requirements’ imposed by self-commissioning. Due to the
importance of self-commissioning in the modern drive systems,
the parameter estimation techniques that satisfy the
requirements of self-commissioning are identified in Table I on
a separate line (where s.c. stands for self-commissioning) for
each machine type to guide the reader to specific references.

Finally, the parameter identification techniques that require
the rotor shaft to be free to rotate are grouped separately under
the heading of free shaft.

Most modern commercial drives, in their start-up routines,
include algorithms for parameter identification. The methods
adopted for parameter estimation may vary between different
drive manufacturers but the basic idea remains largely the
same: identification through the inverter using only the
available feedbacks. The speed and accuracy depends on the
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Fig. 1. Dedicated test rig with prime mover. Left - motor under test, Right -
twin motor used as prime mover.

particular method of identification chosen from Table I and the
available computational resources onboard the drive system

The parameters of interest depend on the control strategy
implemented for a given machine. We will consider
identification techniques that estimate some or all of the
machine parameters. For IM, these parameters include: stator
resistance, stator leakage inductance, magnetizing inductance,
core-loss equivalent resistance, rotor leakage inductance, and
rotor resistance. The magnetizing characteristic of the IM is
also considered as an unknown of interest as the knowledge of
this characteristic is of particular importance in variable flux
control schemes.

With regards to PMSMs and SyRMs, the stator resistance
can be considered as a constant parameter (apart from thermal
drifts). For the magnetic part, there are three ways in which the
unknowns can be described: (a) as constant inductances; (b) as
inductances that are a function of current; and, (c)as
current-to-flux-linkage characteristics. The first is a quick and
easy way of giving preliminary information about the machine,
for instance for initial control tuning. Evidently, this constant
inductances model is of little value for machines that
demonstrate highly non-linear behavior in their magnetic
characteristics. For such machines, either current-dependent
inductances or current-to-flux-linkage characteristics are more
reliable in describing the non-linear magnetics. Differently
from the IM and the PMSM, the SyRM is hardly described with
constant inductances. More than elsewhere, the SyRM model is
quite universally described in terms of flux linkage curves or
flux maps.



It should be noted that the parameter identification methods
found in the literature are not classified based on their accuracy
or convergence speed in this paper. A comparison based on
these figures of merit would be more qualitative and less
objective. Besides, it is not possible to generate a number that
gives the overall accuracy of a method. For instance, the work
presented in [22] identifies all the induction machine
parameters with less than 5% error except rotor resistance that
has 25% error and equivalent core loss conductance that is
estimated with 70% error. As far as the convergence speed and
computational cost is concerned, this again depends on the
depth of detail of each method and the resources available with
the authors of each work.

Most of the parameter identification methods of Table I need
information about the actual voltage applied to the machine
terminals. When a power electronic converter is used for
identification, it becomes imperative that the voltage errors
introduced by the power converter are excluded in order not to
corrupt the estimation of parameters [95]. The inverter voltage
error consists of a non-linear part and a linear part. The
non-linear part is due to the threshold voltage of power
semiconductor devices and dead-time (also called blanking
time, lockout time or interlock delay time), which is a delay
introduced deliberately to avoid a shoot-through fault across
the dc-link. The voltage error caused by inverter dead-time
depends on the setting of dead-time for inverter gate drivers, the
switching frequency, the dc-link voltage, and the sign of
current. The linear part instead is proportional to current and is
caused by the on-state resistance of the inverter switches. The
literature reports a number of works that model [96] the voltage
error caused by the inverter and procedures to identify it. The
reader may find the works [96]-[102] useful in understanding
this phenomenon and how to get rid of the error introduced by
it.

I1l.  IM PARAMETER IDENTIFICATION

The IEEE standard [103] outlines the guidelines for
obtaining different IM parameters through standard no-load
and locked-rotor tests. Clearly, these tests are only fit for
laboratory environment with stable ambient conditions as well
as precise measuring instruments and data acquisition systems.
The modern electric drives with powerful on-board
computational facilities can easily eliminate the need for these
standard tests.

Identification of machine parameters, through excitation
signals generated by the power converter, prior to normal
operation is known as offline identification as opposed to
online estimation that tracks parameter variations during
routine operation. In this paper, we will survey only the offline
identification methods that propose tests through the inverter
only, methods requiring sinusoidal power supplies, such as
[104]-[108], will not be commented upon.

Offline parameter identification techniques can be classified
in three broad categories: (a) using numerical analysis tools,
(b) excitation tests requiring shaft movement, and (c) tests
performed at standstill.

A. Parameter identification with numerical analysis tools

From geometric and/or nameplate data of the machine its
electrical parameters can be obtained by solving analytical
equations. The methods that fall in this category do not require
any power supply and measurement tools except numerical
analysis software. Parameter estimates are obtained from
manufacturer data using least-squares algorithm in [18] and
using genetic algorithms in [19]. Equivalent circuit parameters
are computed from the geometric data of the machine as
discussed in [20], [21]. Although, the parameters obtained
through numerical tools give useful initial information about
the machine, their accuracy may not always be guaranteed due
to manufacturing tolerances and material imperfections.

B. Parameter estimation requiring shaft rotation

If shaft rotation is permitted, the parameters of an IM can be
obtained from no-load tests conducted through the inverter and
recording the available measurements (currents, speed, and
dc-link voltage). For instance, data produced by a start-up
transient, from rest to different no-load speeds, is used with
genetic algorithms to identify machine parameters in [23].
Again, with shaft rotation permitted, the values of machine
parameters are obtained in [24] by using total least-squares
error minimization algorithm on voltage, current and speed
samples acquired during offline tests. Offline identification of
machine parameters, along with the estimation of core-loss
conductance, is presented in [22]; the machine is driven by a
prime mover that controls the shaft speed.

Automatic parameter identification is proposed in [25] in
which the electrical parameters are estimated at standstill and
rotor rotation is inevitable for mechanical parameters
estimation. A neural network based self-commissioning for
sensorless drives is presented in [44] where the stator resistance
and leakage inductance are the only identified parameters
needed for the sensorless control implemented.

These identification techniques are useful to get information
about the machine in its actual operating condition (i.e.
rotation), their use may not always be possible due to
application limitations.

C. ldentification at standstill (self-commissioning)

The equivalent circuit parameters of an IM can be estimated
by applying different excitation signals through the inverter.
The power electronic converter, with apposite control circuitry,
allows to generate signals across a wide frequency spectrum:
from dc to high frequency ac. This feature of the power
converter is exploited in parameter identification techniques
that do not require shaft rotation or rotor mechanical blocking.
For instance, dc current or voltage can be used to estimate stator
resistance (Fig. 2) [37], [38]. A fast current ramp is applied to
estimate the total leakage inductance of high-power,
low-reactance machines, as shown in Fig. 3 [39]. Similarly, the
rotor resistance referred to the stator is obtained through a rapid
current reversal test of Fig. 4 [37]. Finally, single-phase ac at
varying amplitudes allows to characterize the machine’s
saturation characteristic [26] at standstill. Another method for
identifying this characteristic is based on dc decay tests from
which the main flux of the machine is computed through
voltage integration in steady state [27]. In Fig.5 the
current-to-flux-linkage characteristic of an IM is shown that is
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Fig. 2. Experimentally observed current and voltage for stator resistance
identification of an IM.
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Fig. 3. Experimental results for fast current ramp (top) and resultant controller
voltage (bottom) for an IM’s transient inductance estimation.
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Fig. 4. Rapid current reversal test for identifying rotor resistance referred to
stator (experimental results).

obtained in [27]. Machine parameters, including magnetic
saturation effects, are identified through offline tests in [29];
rotor rotation is excluded by the choice of applied test signals
for identification. All these tests can be programmed into a
drive’s start-up routine as self-commissioning algorithm.

The literature reports a number of methods that allow to
identify one or more IM parameters at standstill, i.e. suitable for
embedding in self-commissioning routines. For instance,
estimation of induction motor parameters at standstill, suitable
for self-commissioning, is presented in [27], [40]. In [28]
parameters of an alternate dq model of an IM are estimated
from steady-state measurements and standstill frequency
response through genetic algorithm optimization, however, the
additional equipment such as a power analyzer and an LCR
meter are needed. Tests involving the injection of single-phase
ac voltage through the inverter are proposed in [30] where
voltage vector reconstruction is used to estimate machine para-
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Fig. 5. Induction motor magnetizing characteristic using the procedure of [27]
— figure reproduced with permission.

meters. Single phase excitation is also used in [41] for
parameter identification through prediction error minimization.
Due to the single-phase nature of these tests, the rotor remains
stationary and mechanical means of rotor blocking are not
required. A parallel adaptive observer was designed to identify
induction motor parameters at standstill considering magnetic
saturation effects in [42]. Induction motor’s magnetizing curve
was identified at standstill in [38].

Standstill variable frequency response tests are used for
induction motor parameter estimation in [31]; the authors have
used single-phase ac supply for validation but it has been
shown elsewhere that the same tests can be carried out through
the inverter [32]. High-frequency injection is used in [32] for
standstill identification of induction motor model. Standstill
identification is also proposed in [43] based on integral
calculation; the stator resistance and leakage inductance are
treated as known parameters. Adaptive linear neural networks
are employed for standstill parameter estimation in [33].
Another method for standstill frequency domain tests is
described in [34] where very low frequency is used. A
parameter estimation method at standstill is proposed in [35] in
which a sequence of voltage pulses is applied to the machine
and the resulting currents are acquired. A linear regression
model is constructed which is used to minimize the error
between measured and predicted currents to obtain parameter
values. A standstill method is proposed in [36] where
sinusoidal current injection and current decay tests are used for
rotor resistance and rotor time constant estimation,
respectively. The frequency of the injected sinusoid is in the
range of a few tens of Hertz.

While the details of each injection method can be found in
respective works cited above, some considerations about the
impact of different test signals on the accuracy of identified
parameters must be made here. In order to estimate the rotor
resistance in a reliable manner, an ac component is needed in
the excitation, but its frequency content should not be too high
(much below 50 Hz, otherwise the deep-bar effect makes the
estimate much too high). Similarly, to estimate the
stator/magnetizing inductance, a very low-frequency AC
current, e.g. [29], [34], or the DC current step together with flux



integration [38] could be used. Therefore, the voltage
magnitude in these tests has to be comparatively low, which is a
fundamental limitation coming from the induction motor
model.

It must be mentioned here that offline parameter
identification or self-commissioning is not only needed for
optimal control performance, it can also be used as a diagnosis
tool for a machine. For example, self-commissioning is used to
assess the health of induction motor drive by identifying
asymmetries caused by fault conditions [109].

IV. PMSM AND SYRM IDENTIFICATION

Before discussing the identification of synchronous PM and
synchronous reluctance machines, let us first see the structural
variants in which they can be constructed. A number of designs
in which the PMSMSs can be made are given in [17]. The rotor
can be designed in a host of different geometric shapes, some
enhancing the PM contribution to torque and some offering a
significant reluctance torque. Dealing with the stator side,
distributed and concentrated windings can be found. Of course,
[17] does not give an exhaustive list of PMSM designs and
there can be many more variants that can be found in the
literature and applications. SyRMs are a special case of
synchronous machines in which there are no permanent
magnets on the rotor and the torque is entirely generated by
reluctance.

The design variants of PMSMs and SyRMs can be arranged
on a saliency versus PM-flux plane (§-Apm plane) as done in
[110], where & is the ratio of the two quadrature axes
inductances (L4 and Lq) commonly known as saliency ratio and
Apum is the per-unit flux-linkage of permanent magnets. Every
synchronous machine can be located at a precise position of this
plane, for instance the surface mounted PMSM with distributed
windings will find its place on the horizontal axis (§=1),
around Apv = 1.0 p.u. All the PMSMs have Apm > 0.0 p.u,
whereas the machines along the vertical axis (Apm = 0.0 p.u) are
an exception with no PM flux and & > 1.0: these are SyRMs.

The &-Apm plane also gives a concise picture of the trend in
the magnetic model non-linearity of these machines. As we
approach the bottom-right corner of the plane (Apm =~ 1.0 p.u.
and &~ 1.0), the machines tend to exhibit less non-linearity.
Both the anisotropic machines (§> 1.0, i.e. with reluctance
torque) and the machines with a significant armature flux
linkage (Apm=~1.0p.u., e.g PMSMs with concentrated
windings) demonstrate a marked non-linearity in their magnetic
models. All such PMSMs tend to need the identification of their
flux or current-dependent inductance maps, progressively with
their distance from the Apm = 1.0 p.u., £=1.0 corner of the
plane. The SyRMs are included in this category, having
Apm = 0.0 p.u. and &>> 1.0, they are at the opposite corner of
the plane and their magnetic model is markedly non-linear.

The vast diversity in synchronous machine designs points to
the fact that a universal parameter identification method to
describe the non-linear magnetics of these machines is no less
than an uphill task. A variation of such magnitude in the design
of these machines has prevented the defining of an IEEE
standard practice similar to [103] for them except for a trial-use
guide [111] that has recently been approved. This paper,
therefore, surveys the literature for different identification

techniques used for getting as much accurate information about
the machine’s parameters as possible. The parameter
identification methods reported here include those techniques
that require sinusoidal power supplies or signal generators such
as [57], [60], [61]. Parameter estimation schemes that use the
power converter as sole test supply are also reviewed.

A. ldentification through analytical equations, nameplate
data and/or finite element analysis

During the electromagnetic design of a machine, it is always
possible to get an initial estimate of its parameters by using
analytical equations or finite element analysis (FEA) software.
Similarly, the machine’s nameplate data can also serve as a
preliminary source of information that can be used to have an
idea of machine parameters. Although the parameters thus
obtained are grossly approximate, they serve as a valuable
initial input for defining the characteristics of a machine.

The estimation of an IPMSM’s parameters through a
magnetic circuit model is presented in [45]. A general method
for the computation of synchronous inductances of multiphase
PM machines is developed in [46] that requires FEA
simulations along with analytical expressions. In [47] the
synchronous reactances of a PM machine are obtained from
analytical computations and FEA method which are then
compared with measurements. Analytical equations in
conjunction with FEA simulations or measurements are used
for inductance and PM flux estimation in [48]; a similar
approach is followed in [49] that considers skew as well. Initial
estimates for machine parameters are obtained from its
nameplate data in [50] for rough tuning of current controllers.

The SyRM inductances are calculated using winding
function theory in [84] and [85], the Ilatter includes the
computation of electromagnetic torque as well. The analytically
computed inductances and torque are compared with FEA
results in [86]. A combination of analytical equations and FEA
is used for inductance identification for machine model in terms
of stator quantities in [87].

The numerical analysis tools give valuable initial
information about machine parameters but the deviations from
actual parameter values cannot be predicted and prevented as
they depend on manufacturing tolerances and final material
properties.

B. Offline identification using specialized signal injection
and data acquisition equipment

The identification methods that fall in this category excite
the machine with different signals and observe their response
for parameter estimation. The use of sinusoidal signal
generators allows the injection of only the fundamental
frequency signals as opposed to the case when pulse width
modulated (PWM) inverters are used that inject signals with
rich harmonic content. Since the PM machines are almost
always operated through a power -electronic converter
(line-start PM machines are rare), the influence of space and
time harmonics on machine parameters must always be
considered as presented in the modeling and identification
carried out in [51].

The works presented in [57], [58], [60], [62], [63], [65], [69]
belong to this category of parameter identification. The analysis
of how the parameters obtained through sinusoidal supplies



compared to those estimated through a vector controlled drive
(i.e. a power converter) is presented in [112]. The authors
compared the results with other known methods of
identification to draw their conclusions.

Other methods falling in this category include [59], [66]. In
[66], the estimates for PM machine’s synchronous inductances
are obtained through dc decay tests. The machine’s starting
performance is predicted based on these estimates. Whereas in
[59], the authors proposed load tests of the machine. The data
acquired through these load tests were used in conjunction with
linear regression and neural network solution techniques to get
reliable estimates of the machine parameters. A detailed review
of the identification methods for synchronous reactances of
PMSMs is presented in [113].

The above methods defined for PMSMs are also valid for
SyRM identification especially the ones that work at standstill,
such as dc decay tests.

As the heading suggests, these methods can exclusively be
applied in laboratory environment where the equipment needed
for testing is available.

C. Offline identification through a power converter

A current controlled power electronic converter offers a host
of possibilities when it comes to identifying the parameters of a
PMSM and a SyRM. The availability of rotor position through
an encoder adds to the ease with which tests can be conducted
as well as the accuracy of the obtained results. Parameter
identification methods that make use of a power converter
include [52]-[56], [64], [67], [68], [70]-[72], [80].

The basic idea of these identification methods is to apply a
current vector of varying magnitude along a predetermined
direction with respect to rotor permanent magnets and observe
the machine response. With a PM machine at hand, the
application of a current vector is bound to produce torque, thus
the rotor should either be free to rotate [54], [55], [70], [80] or it
must be locked by mechanical means [68] to properly estimate
parameters. For SyRMs, the current vector along the axis
boundaries (i.e. along d- or g-axis only) does not produce any
torque, so the identification along these axes can be carried out
without necessarily locking the rotor. However, as the
cross-saturation effects are the most significant in SyRMs, the
identification must also be carried out with the current vector
having both d- and g-axis components. In this case rotor
locking or shaft rotation at controlled speed becomes necessary
also for SyRMs.

If a prime mover is available that maintains a constant shaft
speed, the experimental characterization methods similar to
[52], whose test setup is shown in Fig. 1, can very well be used.
The authors have characterized the test machines throughout
the entire dg-current plane (up to rated current) to highlight
saturation and cross-saturation phenomena. The current-to-flux
linkage characteristic curves given in Fig. 6 are obtained as
function of self-axis current and the cross-axis current as
parameter. For instance, the curve labelled Aq (ig, 0) represents
d-axis flux-linkage as a function of d-axis current when the
g-axis current is zero; similarly, Aq (ig, 5) gives Aq as a function
of ig with ig = 5A. Positive and negative current along each axis
is applied to emulate generating and motoring modes of
operation to exclude the effect of thermal drift in stator
resistance as well as the inverter non-linearity. A test strategy

similar to this is adopted in [53] to estimate the PM machine
parameters. The results are verified by comparing the torque
estimated using the obtained parameters with the measured
torque as an indication of the accuracy of estimated machine
parameters. The use of immune clonal quantum genetic
algorithm is proposed in [56] for the identification of d- and
g-axis flux-linkage maps of a PM machine. In this work two
penalty functions are designed for the identification and surface
fitting of flux-linkage maps and the minimization of these
penalty functions is carried out through immune -clonal
quantum genetic algorithm. The method requires recording of
data to be processed offline.

The same tests of [52] can also be performed with the rotor
shaft rigidly clamped as presented in [68] with a slight
difference that a voltage vector is applied in the latter. With the
rotor blocked at a known position, a voltage vector with varying
magnitude is applied by appropriately controlling the inverter
switches. The measured current and known voltage are used to
estimate the flux, after removing stator resistance and inverter
drops. The procedure is repeated for different current values
along the cross axis (as discussed above for [52]) to obtain
complete magnetic model. While the strategy of [68] requires a
blocked rotor, the one adopted in [80] applies similar procedure
with a free-to-rotate shaft. The magnetic model
self-identification method of [80] recommends a series of
acceleration tests by imposing different current vector
magnitudes. Once the machine accelerates to a speed at which
the back-emf is sufficiently above the stator resistance and
inverter voltage drops, the equations of [52] are used to
compute d- and g-axis flux-linkages. The procedure is repeated
for a number of different current vectors to define the entire
magnetic model of the machine. However, this method needs to
be applied with care when the rotor inertia is too low to prevent
runaway condition at high current magnitudes.

The application of these methods of identification requires
machine detachment from mechanical load and, in some cases,
rotor blocking. This can be a bottleneck but the identified
parameters/characteristics are sufficiently accurate [52].

D. Self-commissioning

The literature reports very few works that satisfy all of the
requirements imposed by the definition of self-commissioning
(listed in section II), therefore the research in this area is intense
and the number of publications has grown steadily over the past
decade or so. Nowadays, as the demand for very high
bandwidth current control is on the rise in PM servomotor
drives, the same is pushing for the use of model-based control
strategies, such as deadbeat and predictive control [114], the
need for accurate machine model is felt more than ever. So,
self-commissioning has become an all the more important
feature of modern electric drives used in servo applications.

Identification methods appearing in [50], [73]-[79],
[81]-[83] satisfy some of the prerequisites of
self-commissioning. However, the universal applicability of
these methods is yet to be demonstrated and the accuracy of
identified parameters widely varies across different test
methods.

In [81] and [82], both electrical and mechanical parameters
of the drive system are estimated but the procedures necessitate
shaft rotation and ignores the saturation effects on machine



inductances. The self-commissioning technique presented in
[50], on the other hand, takes into account the effects of
magnetic saturation as well as voltage errors introduced by
inverter dead-time. However, this technique is based on
open-loop voltage injection that may trigger overcurrent
protection in case of low-impedance machines. The d-axis
inductance identification strategy of [75] satisfies the
constraints of self-commissioning but it does not define the
complete magnetic model of the machine.

Closed-loop controlled high frequency current injection is
used in [73] to identify machine inductances as a function of
current. With the rotor position known, a high frequency
sinusoidal current is injected along the d- and (-axis of the
machine and controller output voltage is observed. The
saturation of the self-axis (i.e. the axis whose inductance is
being identified) is taken into account by varying the amplitude
of injected current. Whereas the cross-saturation effect is
analyzed by maintaining a constant current along the cross-axis
(i.e. the axis perpendicular to the self-axis). Fig. 7 gives d- and
g-axis inductances as functions of respective currents as
presented in [73]. The estimation of PM flux-linkage is also
addressed in this work.

Another self-commissioning method similar to [73] is
proposed in [74] wherein the authors have used dc-biased
small-signal ac injection to define the complete magnetic
model of IPM and SPM synchronous machines. The dc-bias
point decides the magnetic operating point whereas the ac
injected current identifies differential inductance at the
operating point. In this way, by simply shifting the dc-bias
points up and down the current scale, the entire magnetic
operating region is explored and model is defined. As in [73],
the cross-saturation effects are taken into account by applying
constant current in the cross-axis while identification is
underway in the self-axis. Results from [74] are given in Fig. 8
through 10. Fig. 8 shows the variation of g-axis incremental
inductance (ALg) as a function of g-axis current with d-axis
current as parameter. Fig. 9 shows the current-to-flux linkage
characteristic for g-axis and Fig. 10 gives that for the d-axis. It
must be noted that a constant current along the g-axis would
give rise to torque and thus result in rotor movement, the
authors have applied a special g-axis current waveform to avoid
any sustained shaft rotation.
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Fig. 6. Magnetic model identification of [52]: d- and g-axis
current-to-flux-linkage relationships (experimentally observed).
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A number of self-commissioning methods are available for
SyRMs. Several methods use bipolar voltage steps as excitation
signals. The stator flux linkage is estimated from the measured
currents and the reference (or measured) voltage. In [68], [89],
[90], the applied voltage steps are selected so low that the
steady state is reached, making the flux computation highly
sensitive to the stator resistance and the inverter voltage.
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Fig. 10. d-axis magnetic characteristic at three different g-axis current levels
compared against a known model (experimentally observed).

The higher is the test voltage the lower is the effect of the
stator resistance and offset errors on the estimated flux. The
method proposed in [91] uses a bipolar voltage steps with larger
magnitude (up to the rated voltage), compared to the ones used
in [68], [89], [90]. The whole range of currents is scanned
during a single voltage step, and, unlike in [68], [89], [90], the
steady state is not reached. A piecewise mathematical function
is fit to the measured samples. Overall, the method in [91]
works well for self-axis identification, but the cross-saturation
model is impractical for its high number of parameters and its
moderate accuracy.

The identification method proposed in [92] combines the test
sequence of [91] and the algebraic magnetic model of [93],
taking into account also the cross-saturation effect. Only one
parameter is needed to model the cross-saturation in [92], while
tens of parameters as well as separate post-processing and
interpolation algorithms would be needed in the method [90].
During the cross-saturation test, the variation in the rotor speed
and angle is small due to the high test voltage. Fig. 11 shows
the identified flux characteristics. It can be seen that the results
obtained using [92] are comparable to the ones obtained from
the constant-speed identification [52].

For the method of [92], the effects of the variation of stator
resistance, inverter voltage distortion, iron losses, and
unwanted rotor movements were studied recently in [94]. The
method was also combined with the high-frequency signal
injection in order to further increase the range of inspected
currents in [88]. Even though the inspection area for the self-
and cross-saturation tests was increased, it was observed that
there was no significant change in the obtained flux
characteristics.

Although the self-commissioning methods are fast growing
in number, their application in practical/industrial systems is
still very limited, partially due to scarce computational power
available on-board an industrial drive system. However, the
increasing use of fast digital signal processors in modern
variable speed drives will be an enabling factor for the
application of these methods on a larger scale.

For PMSMs and SyRMs parameter identification, it is
necessary to know the position of the rotor dq frame with
respect to stator windings to be able to identify d- and g-axis
inductances or flux-linkage curves. Usually, a rotor position
sensor provides this information. However, whether the
absolute rotor position is available at drive start-up depends on
the type of sensor used. With an absolute encoder, the rotor dq
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Fig. 11. Currents as functions of fluxes: (a) yq as a function of ia for yq = 0 and
yq = 0.6 Vs; (b) yq as a function of iq for wa = 0 and ya = 1.2 Vs. The
dashed lines show the reference data, measured using the constant-speed
method [52]. The solid lines show the results from the standstill
identification method of [92].

axes’ position can be known at drive start-up but if an
incremental encoder is used the absolute position information is
lost every time the drive restarts. The literature reports a
number of methods that deal with this problem and provide
solutions for initial rotor position identification. The reader
may find the methods presented in [115]-[119] useful for initial
rotor position identification for PMSMs. In sensorless
applications where the rotor position sensor is not installed, the
methods for initial rotor position detection are numerous [120],
[121]

V. CONCLUSIONS

This paper presented an up-to-date review of parameter
identification methods for ac motor drives. The surveyed
methods were arranged for different machine types and
implementation techniques, such as methods using nameplate
data and numerical tools, those wusing offline
pre-commissioning procedures etc. The paper particularly
highlighted those offline identification schemes that satisfy the
requirements of self-commissioning.

Induction motor drives’ parameter estimation strategies
listed in this paper included those appearing after the last
review was performed [16]. The methods that identify machine



parameters at standstill with no rotor movement were
particularly emphasized as they can be embedded into drive
start-up routines for self-commissioning.

For PMSMs the survey included most of the works
appearing in the literature and categorized them into different
subgroups. The identification schemes that define the complete
nonlinear magnetic model of anisotropic machines were
highlighted.

SyRMs’ parameter estimation is an area of active research
and the authors included works that were published at the time
of compiling this review.

(1]

(2]

[3]

[4]

[3]

[6]

[7]

[8]

]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES

R. Krishnan and F. C. Doran, “Study of parameter sensitivity in
high-performance inverter-fed induction motor drive systems,” IEEE
Trans. Ind. Appl., vol. IA-23, no. 4, pp. 623-635, 1987.

B. Robyns, P. A. Sente, H. A. Buyse, and F. Labrique, “Influence of
digital current control strategy on the sensitivity to electrical
parameter uncertainties of induction motor indirect field-oriented
control,” IEEE Trans. Power Electron., vol. 14, no. 4, pp. 690-699,
1999.

C. Lai, G. Feng, K. Mukherjee, and N. C. Kar, “Investigations of the
Influence of PMSM Parameter Variations in Optimal Stator Current
Design for Torque Ripple Minimization,” IEEE Trans. Energy
Convers., vol. 32, no. 3, pp. 1052-1062, 2017.

M. Hinkkanen and J. Luomi, “Parameter sensitivity of full-order flux
observers for induction motors,” IEEE Trans. Ind. Appl., vol. 39, no.
4, pp. 1127-1135, Jul. 2003.

P. Wipasuramonton, Z. Q. Zhu, and D. Howe, “Predictive current
control with current-error correction for PM brushless AC drives,”
IEEE Trans. Ind. Appl., vol. 42, no. 4, pp. 1071-1079, Jul. 2006.

R. Krishnan and A. S. Bharadwaj, “A review of parameter sensitivity
and adaptation in indirect vector controlled induction motor drive
systems,” IEEE Trans. Power Electron., vol. 6, no. 4, pp. 695-703,
1991.

C. Mademlis and V. G. Agelidis, “On considering magnetic
saturation with maximum torque to current control in interior
permanent magnet synchronous motor drives,” IEEE Trans. Energy
Convers., vol. 16, no. 3, pp. 246-252, 2001.

K. B. Nordin, D. W. Novotny, and D. S. Zinger, “The Influence of
Motor Parameter Deviations in Feedforward Field Orientation Drive
Systems,” IEEE Trans. Ind. Appl., vol. IA-21, no. 4, pp. 1009-1015,
Jul. 1985.

Bing Cheng and T. R. Tesch, “Torque Feedforward Control
Technique for Permanent-Magnet Synchronous Motors,” IEEE
Trans. Ind. Electron., vol. 57, no. 3, pp. 969-974, Mar. 2010.

Z. Azar, Z. Q. Zhu, and G. Ombach, “Influence of Electric Loading
and Magnetic Saturation on Cogging Torque, Back-EMF and Torque
Ripple of PM Machines,” IEEE Trans. Magn., vol. 48, no. 10, pp.
2650-2658, Oct. 2012.

Z. Wang, K. Zhang, and J. Kan, “Indirect vector control with
simplified rotor resistance adaptation for induction machines,” IET
Power Electron., vol. 8, no. 7, pp. 1284-1294, Jul. 2015.

V.-M. Leppanen and J. Luomi, “Observer using low-frequency
injection for sensorless induction motor Control-parameter
sensitivity analysis,” IEEE Trans. Ind. Electron., vol. 53, no. 1, pp.
216-224, Feb. 2006.

B. Chen, W. Yao, F. Chen, and Z. Lu, “Parameter Sensitivity in
Sensorless Induction Motor Drives With the Adaptive Full-Order
Observer,” IEEE Trans. Ind. Electron., vol. 62, no. 7, pp. 43074318,
Jul. 2015.

N. Bianchi, E. Fornasiero, and S. Bolognani, “Effect of Stator and
Rotor Saturation on Sensorless Rotor Position Detection,” IEEE
Trans. Ind. Appl., vol. 49, no. 3, pp. 1333-1342, May 2013.

K. Lu, X. Lei, and F. Blaabjerg, “Artificial Inductance Concept to
Compensate Nonlinear Inductance Effects in the Back EMF-Based
Sensorless Control Method for PMSM,” IEEE Trans. Energy
Convers., vol. 28, no. 3, pp. 593-600, Sep. 2013.

H. A. Toliyat, E. Levi, and M. Raina, “A review of RFO induction
motor parameter estimation techniques,” IEEE Trans. Energy
Convers., vol. 18, no. 2, pp. 271-283, Jun. 2003.

[17]

(18]

[19]

[20]

(21]

(22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

S. A. Odhano, R. Bojoi, M. Popescu, and A. Tenconi, “Parameter
Identification and Self-Commissioning of AC Permanent Magnet
Synchronous Machines — A Review,” in Workshop on Electrical
Machines Design, Control and Diagnosis WEMDCD-2015, 2015.
M. H. Haque, “Determination of NEMA Design Induction Motor
Parameters From Manufacturer Data,” IEEE Trans. Energy
Convers., vol. 23, no. 4, pp. 997-1004, Dec. 2008.

M. Gomez-Gonzalez, F. Jurado, and 1. Pérez, “Shuffled frog-leaping
algorithm for parameter estimation of a double-cage asynchronous
machine,” IET Electr. Power Appl., vol. 6, no. 8, pp. 484-490, 2012.
A. Boglietti, A. Cavagnino, and M. Lazzari, “Computational
Algorithms for Induction-Motor Equivalent Circuit Parameter
Determination-Part I: Resistances and Leakage Reactances,” IEEE
Transactions on Industrial Electronics, vol. 58, no. 9. pp.
3723-3733,2011.

A. Boglietti, A. Cavagnino, and M. Lazzari, “Computational
Algorithms for Induction Motor Equivalent Circuit Parameter
Determination-Part II: Skin Effect and Magnetizing Characteristics,”
IEEE Transactions on Industrial Electronics, vol. 58, no. 9. pp.
3734-3740, 2011.

D. M. Reed, H. F. Hofmann, and J. Sun, “Offline Identification of
Induction Machine Parameters With Core Loss Estimation Using the
Stator Current Locus,” IEEE Trans. Energy Convers., vol. 31, no. 4,
pp. 1549-1558, Dec. 2016.

F. Alonge, F. M. Raimondi, G. Ferrante, and F. D’Ippolito,
“Parameter identification of induction motor model using genetic
algorithms,” IEE Proc. - Control Theory Appl., vol. 145, no. 6, pp.
587-593, Nov. 1998.

R. F. F. Koning, Chun Tung Chou, M. H. G. Verhaegen, J. Ben
Klaassens, and J. R. Uittenbogaart, “A novel approach on parameter
identification for inverter driven induction machines,” IEEE Trans.
Control Syst. Technol., vol. 8, no. 6, pp. 873-882, 2000.

M. Sumner and G. M. Asher, “Autocommissioning for
voltage-referenced voltage-fed vector-controlled induction motor
drives,” IEEE Proc. Electr. Power Appl., vol. 140, no. 3, pp.
187-200, 1993.

S. A. Odhano, A. Cavagnino, R. Bojoi, and A. Tenconi, “Induction
motor magnetizing characteristic identification at standstill with
single-phase tests conducted through the inverter,” in Proceedings -
2015 IEEE International Electric Machines and Drives Conference,
IEMDC 2015, 2015.

L. Peretti and M. Zigliotto, “Automatic procedure for induction
motor parameter estimation at standstill,” IET Electr. Power Appl.,
vol. 6, no. 4, pp. 214-224,2012.

C. Kwon and S. D. Sudhoff, “Genetic Algorithm-Based Induction
Machine Characterization Procedure With Application to Maximum
Torque Per Amp Control,” IEEE Trans. Energy Convers., vol. 21, no.
2, pp. 405415, Jun. 2006.

N. R. Klaes, “Parameter identification of an induction machine with
regard to dependencies on saturation,” IEEE Trans. Ind. Appl., vol.
29, no. 6, pp. 1135-1140, 1993.

Y. He, Y. Wang, Y. Feng, and Z. Wang, “Parameter Identification of
an Induction Machine at Standstill Using the Vector Constructing
Method,” IEEE Trans. Power Electron., vol. 27, no. 2, pp. 905-915,
Feb. 2012.

L. Monjo, H. Kojooyan-Jafari, F. Corcoles, and J. Pedra,
“Squirrel-Cage Induction Motor Parameter Estimation Using a
Variable Frequency Test,” IEEE Trans. Energy Convers., vol. 30, no.
2, pp. 550-557, Jun. 2015.

Young-Su Kwon, Jeong-Hum Lee, Sang-Ho Moon, Byung-Ki
Kwon, Chang-Ho Choi, and Jul-Ki Seok, “Standstill Parameter
Identification of Vector-Controlled Induction Motors Using the
Frequency Characteristics of Rotor Bars,” IEEE Trans. Ind. Appl.,
vol. 45, no. 5, pp. 1610-1618, 2009.

A. Bechouche, H. Sediki, D. Ould Abdeslam, and S. Haddad, “A
Novel Method for Identifying Parameters of Induction Motors at
Standstill Using ADALINE,” IEEE Trans. Energy Convers., vol. 27,
no. 1, pp. 105-116, Mar. 2012.

M. O. Sonnaillon, G. Bisheimer, C. De Angelo, and G. O. Garcia,
“Automatic induction machine parameters measurement using
standstill frequency-domain tests,” IET Electr. Power Appl., vol. 1,
no. 5, pp. 833-838, 2007.

C. B. Jacobina, J. E. C. Filho, and A. M. N. Lima, “Estimating the
parameters of induction machines at standstill,” IEEE Trans. Energy
Convers., vol. 17, no. 1, pp. 85-89, Mar. 2002.



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Jul-Ki Seok, Seung-11l Moon, and Seung-Ki Sul, “Induction machine
parameter identification using PWM inverter at standstill,” IEEE
Trans. Energy Convers., vol. 12, no. 2, pp. 127-132, Jun. 1997.

P. Vas, Vector Control of AC Machines. Oxford: Clarendon Press -
Oxford, 1994.

K. Wang, W. Yao, B. Chen, G. Shen, K. Lee, and Z. Lu,
“Magnetizing Curve Identification for Induction Motors at Standstill
Without Assumption of Analytical Curve Functions,” IEEE Trans.
Ind. Electron., vol. 62, no. 4, pp. 2144-2155, Apr. 2015.

S. A. Odhano, “Self-Commissioning of AC Motor Drives,” Doctoral
thesis, Department of Energy, Politecnico di Torino, Italy, 2014.

M. Carraro and M. Zigliotto, “Automatic Parameter Identification of
Inverter-Fed Induction Motors at Standstill,” IEEE Trans. Ind.
Electron., vol. 61, no. 9, pp. 4605-4613, Sep. 2014.

J. Ruan and S. Wang, “A Prediction Error Method-Based
Self-Commissioning Scheme for Parameter Identification of
Induction Motors in Sensorless Drives,” IEEE Trans. Energy
Convers., vol. 30, no. 1, pp. 384-393, Mar. 2015.

P. Castaldi and A. Tilli, “Parameter estimation of induction motor at
standstill with magnetic flux monitoring,” IEEE Trans. Control Syst.
Technol., vol. 13, no. 3, pp. 386-400, May 2005.

S.-H. Lee, A. Yoo, H.-J. Lee, Y.-D. Yoon, and B.-M. Han,
“Identification of Induction Motor Parameters at Standstill Based on
Integral Calculation,” IEEE Trans. Ind. Appl., vol. 53, no. 3, pp.
2130-2139, May 2017.

T. M. Wolbank, M. A. Vogelsberger, R. Stumberger, S. Mohagheghi,
T. G. Habetler, and R. G. Harley, “Autonomous Self-Commissioning
Method for Speed-Sensorless-Controlled Induction Machines,” IEEE
Trans. Ind. Appl., vol. 46, no. 3, pp. 946-954, 2010.

C. C. Hwang, S. M. Chang, C. T. Pan, and T. Y. Chang, “Estimation
of parameters of interior permanent magnet synchronous motors,” J.
Magn. Magn. Mater., vol. 239, no. 1-3, pp. 600603, 2002.

A. Tessarolo, “Accurate Computation of Multiphase Synchronous
Machine Inductances Based on Winding Function Theory,” IEEE
Trans. Energy Convers., vol. 27, no. 4, pp. 895-904, Dec. 2012.

J. F. Gieras, E. Santini, and M. Wing, “Calculation of synchronous
reactances of small permanent-magnet alternating-current motors:
comparison of analytical approach and finite element method with
measurements,” |IEEE Trans. Magn., vol. 34, no. 5, pp. 3712-3720,
1998.

K. J. Meessen, P. Thelin, J. Soulard, and E. A. Lomonova,
“Inductance Calculations of Permanent-Magnet Synchronous
Machines Including Flux Change and Self- and Cross-Saturations,”
IEEE Trans. Magn., vol. 44, no. 10, pp. 2324-2331, Oct. 2008.

Y. S. Chen, Z. Q. Zhu, and D. Howe, “Calculation of d- and g-axis
inductances of PM brushless ac machines accounting for skew,”
IEEE Trans. Magn., vol. 41, no. 10, pp. 3940-3942, 2005.

G. Wang et al, “Self-Commissioning of Permanent Magnet
Synchronous Machine Drives at Standstill Considering Inverter
Nonlinearities,” IEEE Trans. Power Electron., vol. 29, no. 12, pp.
6615-6627, Dec. 2014.

A. Brune, K.-H. Dempewolf, and B. Ponick, “Modelling and FE
parameter identification of permanent magnet synchronous machines
in consideration of spatial harmonics,” in The XIX International
Conference on Electrical Machines - ICEM 2010, 2010, pp. 1-6.

E. Armando, R. I. Bojoi, P. Guglielmi, G. Pellegrino, and M.
Pastorelli, “Experimental Identification of the Magnetic Model of
Synchronous Machines,” IEEE Trans. Ind. Appl., vol. 49, no. 5, pp.
2116-2125, 2013.

J. G. Cintron-Rivera, A. S. Babel, E. E. Montalvo-Ortiz, S. N. Foster,
and E. G. Strangas, “A simplified characterization method including
saturation effects for permanent magnet Machines,” in XXth
International Conference on Electrical Machines (ICEM), 2012, pp.
837-843.

K. Liu and Z. Q. Zhu, “Position Offset-Based Parameter Estimation
for Permanent Magnet Synchronous Machines Under Variable Speed
Control,” |IEEE Trans. Power Electron., vol. 30, no. 6, pp.
3438-3446, Jun. 2015.

K. Liu, J. Feng, S. Guo, L. Xiao, and Z. Q. Zhu, “Improved position
offset based parameter determination of permanent magnet
synchronous machines under different load conditions,” IET Electr.
Power Appl., vol. 11, no. 4, pp. 603—612, Apr. 2017.

K. Liu, J. Feng, S. Guo, L. Xiao, and Z.-Q. Zhu, “Identification of
Flux Linkage Map of Permanent Magnet Synchronous Machines
Under Uncertain Circuit Resistance and Inverter Nonlinearity,” IEEE

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

Trans. Ind. Informatics, vol. 14, no. 2, pp. 556568, Feb. 2018.

H. P. Nee, L. Lefevre, P. Thelin, and J. Soulard, “Determination of d
and q reactances of permanent-magnet synchronous motors without
measurements of the rotor position,” IEEE Trans. Ind. Appl., vol. 36,
no. 5, pp. 1330-1335, 2000.

B. Stumberger, B. Kreca, and B. Hribernik, “Determination of
parameters of synchronous motor with permanent magnets from
measurement of load conditions,” IEEE Trans. Energy Convers., vol.
14, no. 4, pp. 1413-1416, 1999.

M. A. Jabbar, J. Dong, and Z. Liu, “Determination of Parameters for
Internal Permanent Magnet Synchronous Motors,” IEEE
International Conference on Electrical Machines and Drives - 2005.
San Antonio, TX, USA, pp. 149-156, 2005.

A. Tenconi, F. Profumo, M. Lazzari, and A. Cavagnino, “Axial flux
interior PM synchronous motor: parameters identification and
steady-state performance measurements,” IEEE Trans. Ind. Appl.,
vol. 36, no. 6, pp. 1581-1588, 2000.

A. Boglietti, A. Cavagnino, and M. Lazzari, “Experimental
High-Frequency Parameter Identification of AC Electrical Motors,”
IEEE Trans. Ind. Appl., vol. 43, no. 1, pp. 23-29, 2007.

T. J. Vyncke, F. M. L. L. De Belie, R. K. Boel, J. A. A. Melkebeek,
Y. Cheng, and P. Lataire, “Identification of PM synchronous
machines in the frequency domain by broadband excitation,”
International Symposium on Power Electronics, Electrical Drives,
Automation and Motion, 2008. Ischia, pp. 1253—-1258, 2008.

E. da Costa Bortoni and J. A. Jardini, “A Standstill Frequency
Response Method for Large Salient Pole Synchronous Machines,”
IEEE Trans. Energy Convers., vol. 19, no. 4, pp. 687-691, Dec.
2004.

T. L. Vandoorn, F. M. De Belie, T. J. Vyncke, J. A. Melkebeek, and
P. Lataire, “Generation of Multisinusoidal Test Signals for the
Identification of Synchronous-Machine Parameters by Using a
Voltage-Source Inverter,” IEEE Trans. Ind. Electron., vol. 57, no. 1,
pp- 430439, Jan. 2010.

S. Tao, O. K. Soon, L. Jeong-Jong, and H. Jung-Pyo, “An improved
AC standstill method for testing inductances of interior PM
synchronous motor considering cross-magnetizing effect,” in IEEE
Energy Conversion Congress and Exposition, (ECCE-2009), 2009,
pp. 2415-2422.

S. Yamamoto, T. Ara, S. Oda, and K. Matsuse, “Prediction of starting
performance of PM motors by DC decay testing method,” IEEE
Trans. Ind. Appl., vol. 36, no. 4, pp. 1053—-1060, 2000.

S. Weisberger, A. Proca, and A. Keyhani, “Estimation of Permanent
Magnet Motor Parameters,” |EEE Industrial Applications
Conference 1997, vol. 1. New Orleans, USA, pp. 29-34, 1997.

B. Stumberger, G. Stumberger, D. Dolinar, A. Hamler, and M. Trlep,
“Evaluation of saturation and cross-magnetization effects in interior
permanent-magnet synchronous motor,” IEEE Trans. Ind. Appl., vol.
39, no. 5, pp. 1264-1271, 2003.

P. H. Mellor, F. B. Chaaban, and K. J. Binns, “Estimation of
parameters and performance of rare-earth permanent-magnet motors
avoiding measurement of load angle,” IEE Proc. B - Electr. Power
Appl., vol. 138, no. 6, pp. 322-330, 1991.

K. M. Rahman and S. Hiti, “Identification of Machine Parameters of
a Synchronous Motor,” IEEE Trans. Ind. Appl., vol. 41, no. 2, p. 9,
2005.

D. Uzel and Z. Peroutka, “Optimal control and identification of
model parameters of traction interior permanent magnet synchronous
motor drive,” in 37th Annual Conference on IEEE Industrial
Electronics Society - IECON 2011, 2011, pp. 1960-1965.

S. Moreau, R. Kahoul, and J.-P. Louis, “Parameter Estimation of
Permanent Magnet Synchronous Machine without Adding Extra
Signal as Input Excitation,” IEEE International Symposium on
Industrial Electronics 2004, vol. 1. Ajaccio - France, pp. 371-376,
2004.

S. A. Odhano, P. Giangrande, R. 1. Bojoi, and C. Gerada,
“Self-commissioning of interior permanent- magnet synchronous
motor drives with high-frequency current injection,” in IEEE
Transactions on Industry Applications, 2014, vol. 50, no. 5, pp.
3295-3303.

S. A. Odhano, R. Bojoi, S. G. Rosu, and A. Tenconi, “Identification
of the Magnetic Model of Permanent-Magnet Synchronous Machines
Using DC-Biased Low-Frequency AC Signal Injection,” IEEE
Trans. Ind. Appl., vol. 51, no. 4, pp. 3208-3215, 2015.

M. Carraro, F. Tinazzi, and M. Zigliotto, “Estimation of the



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

direct-axis inductance in PM synchronous motor drives at standstill,”
in IEEE International Conference on Industrial Technology,
ICIT’13, 2013, pp. 313-318.

M. M. Bech, J. H. Christensen, M. L. Weber, and N. H. Kristensen,
“An automatic parameter identification method for a PMSM drive
with LC-filter,” in IECON 2016 - 42nd Annual Conference of the
IEEE Industrial Electronics Society, 2016, pp. 2678-2683.

S. Morimoto, M. Sanada, and Y. Takeda, “Mechanical Sensorless
Drives of IPMSM With Online Parameter Identification,” IEEE
Trans. Ind. Appl., vol. 42, no. 5, pp. 1241-1248, 2006.

I. Omrane, E. Etien, O. Bachelier, and W. Dib, “A simplified least
squares identification of permanent magnet synchronous motor
parameters at standstill,” in IECON 2013 - 39th Annual Conference
of the IEEE Industrial Electronics Society, 2013, pp. 2578-2583.

T. O. Andersen, M. S. Basar, P. S. Andersen, and M. M. Bech,
“Self-commissioning of permanent magnet synchronous machine
drives using hybrid approach,” in 7th IET International Conference
on Power Electronics, Machines and Drives (PEMD 2014), 2014, p.
2.14.04-2.14.04.

G. Pellegrino, B. Boazzo, and T. M. Jahns, “Magnetic Model
Self-Identification for PM Synchronous Machine Drives,” IEEE
Trans. Ind. Appl., vol. PP, no. 99, pp. 1-1, 2014.

R. R. Seebacher, G. Dannerer, and K. Krischan, “A
self-commissioning method for permanent magnet dc-motor drives,”
in 2007 European Conference on Power Electronics and
Applications, 2007, pp. 1-10.

S.-M. Yang and K.-W. Lin, “Automatic Control Loop Tuning for
Permanent-Magnet AC Servo Motor Drives,” IEEE Trans. Ind.
Electron., vol. 63, no. 3, pp. 1499-1506, Mar. 2016.

N. Urasaki, T. Senjyu, and K. Uezatu, “Self-Commissioning of
Surface-Mounted Permanent Magnet Synchronous Motors,” J.
Power Electron., vol. 3, no. 1, pp. 33-39, 2003.

E. S. Obe, “Direct computation of ac machine inductances based on
winding function theory,” Energy Convers. Manag., vol. 50, no. 3,
pp. 539-542, Mar. 2009.

E. S. Obe, “Calculation of inductances and torque of an axially
laminated synchronous reluctance motor,” IET Electr. Power Appl.,
vol. 4, no. 9, pp. 783-792, 2010.

T. Lubin, T. Hamiti, H. Razik, and A. Rezzoug, “Comparison
Between Finite-Element Analysis and Winding Function Theory for
Inductances and Torque Calculation of a Synchronous Reluctance
Machine,” IEEE Trans. Magn., vol. 43, no. 8, pp. 3406-3410, Aug.
2007.

E. S. Obe and A. Binder, “Direct-phase-variable model of a
synchronous reluctance motor including all slot and winding
harmonics,” Energy Convers. Manag., vol. 52, no. 1, pp. 284-291,
Jan. 2011.

P. Pescetto and G. Pellegrino, “Sensorless commissioning of
synchronous reluctance machines augmented with high frequency
voltage injection,” in IEEE Energy Conversion Congress and
Exposition (ECCE-2017), 2017, pp. 1909-1916.

G. Zanuso, P. Sandulescu, and L. Peretti, “Self-commissioning of
flux linkage curves of synchronous reluctance machines in
quasi-standstill condition,” IET Electr. Power Appl., vol. 9, no. 9, pp.
642-651, Nov. 2015.

G. Stumberger, T. Marcic, B. Stumberger, and D. Dolinar,
“Experimental Method for Determining Magnetically Nonlinear
Characteristics of Electric Machines With Magnetically Nonlinear
and Anisotropic Iron Core, Damping Windings, and Permanent
Magnets,” IEEE Trans. Magn., vol. 44, no. 11, pp. 4341-4344, Nov.
2008.

N. Bedetti, S. Calligaro, and R. Petrella, “Stand-Still
Self-Identification of Flux Characteristics for Synchronous
Reluctance Machines Using Novel Saturation Approximating
Function and Multiple Linear Regression,” IEEE Trans. Ind. Appl.,
vol. 52, no. 4, pp. 3083-3092, Jul. 2016.

M. Hinkkanen, P. Pescetto, E. Molsa, S. E. Saarakkala, G. Pellegrino,
and R. Bojoi, “Sensorless Self-Commissioning of Synchronous
Reluctance Motors at Standstill Without Rotor Locking,” IEEE
Trans. Ind. Appl., vol. 53, no. 3, pp. 2120-2129, May 2017.

Z. Qu, T. Tuovinen, and M. Hinkkanen, “Inclusion of magnetic
saturation in dynamic models of synchronous reluctance motors,” in
2012 XXth International Conference on Electrical Machines, 2012,
pp. 994-1000.

P. Pescetto and G. Pellegrino, “Sensorless standstill commissioning

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

of synchronous reluctance machines with automatic tuning,” in 2017
IEEE International Electric Machines and Drives Conference
(IEMDC), 2017, pp. 1-8.

K. Liu, Z. Q. Zhu, Q. Zhang, and J. Zhang, “Influence of Nonideal
Voltage  Measurement on  Parameter  Estimation  in
Permanent-Magnet Synchronous Machines,” IEEE Trans. Ind.
Electron., vol. 59, no. 6, pp. 2438-2447, Jun. 2012.

Y. Zhao, W. Qiao, and L. Wu, “Dead-Time Effect Analysis and
Compensation for a Sliding-Mode Position Observer-Based
Sensorless IPMSM Control System,” IEEE Trans. Ind. Appl., vol. 51,
no. 3, pp. 2528-2535, May 2015.

J. Holtz and Juntao Quan, “Sensorless vector control of induction
motors at very low speed using a nonlinear inverter model and
parameter identification,” IEEE Trans. Ind. Appl., vol. 38, no. 4, pp.
1087-1095, Jul. 2002.

I. R. Bojoi, E. Armando, G. Pellegrino, and S. G. Rosu,
“Self-commissioning of inverter nonlinear effects in AC drives,” in
IEEE International Energy Conference and Exhibition
(ENERGYCON), 2012, pp. 213-218.

G. Pellegrino, R. I. Bojoi, P. Guglielmi, and F. Cupertino, “Accurate
Inverter Error Compensation and Related Self-Commissioning
Scheme in Sensorless Induction Motor Drives,” IEEE Trans. Ind.
Appl., vol. 46, no. 5, pp. 1970-1978, 2010.

G. Pellegrino, P. Guglielmi, E. Armando, and R. 1. Bojoi,
“Self-Commissioning ~ Algorithm  for Inverter Nonlinearity
Compensation in Sensorless Induction Motor Drives,” IEEE Trans.
Ind. Appl., vol. 46, no. 4, pp. 1416-1424, Jul. 2010.

A. Gaeta, P. Zanchetta, F. Tinazzi, and M. Zigliotto, “Advanced
self-commissioning and feed-forward compensation of inverter
non-linearities,” in 2015 IEEE International Conference on
Industrial Technology (ICIT), 2015, pp. 610-616.

N. Bedetti, S. Calligaro, and R. Petrella, “Self-Commissioning of
Inverter Dead-Time Compensation by Multiple Linear Regression
Based on a Physical Model,” IEEE Trans. Ind. Appl., vol. 51, no. 5,
pp. 3954-3964, Sep. 2015.

IEEE, “IEEE Standard Test Procedure for Polyphase Induction
Motors and Generators,” IEEE Std 112-2004 (Revision of IEEE Std
112-1996). pp. 1-79, 2004.

B. Abdelhadi, A. Benoudjit, and N. Nait-Said, “Application of
Genetic Algorithm With a Novel Adaptive Scheme for the
Identification of Induction Machine Parameters,” |IEEE Trans.
Energy Convers., vol. 20, no. 2, pp. 284-291, Jun. 2005.

F. Corcoles, J. Pedra, M. Salichs, and L. Sainz, “Analysis of the
induction machine parameter identification,” IEEE Trans. Energy
Convers., vol. 17, no. 2, pp. 183-190, Jun. 2002.

H. Kojooyan-Jafari, L. Monjo, F. Corcoles, and J. Pedra, “Parameter
Estimation of Wound-Rotor Induction Motors From Transient
Measurements,” IEEE Trans. Energy Convers., vol. 29, no. 2, pp.
300-308, Jun. 2014.

D. C. Huynh and M. W. Dunnigan, “Parameter estimation of an
induction machine using advanced particle swarm optimisation
algorithms,” IET Electr. Power Appl., vol. 4, no. 9, pp. 748-760,
2010.

D. U. Campos-Delgado, E. R. Arce-Santana, and D. R.
Espinoza-Trejo, “Edge optimisation for parameter identification of
induction motors,” IET Electric Power Applications, vol. 5, no. 8. pp.
668-675,2011.

C. Concari, G. Franceschini, and C. Tassoni, “Induction Drive Health
Assessment in DSP-Based Self-Commissioning Procedures,” IEEE
Trans. Ind. Electron., vol. 58, no. 5, pp. 1490-1500, May 2011.

G. Pellegrino, “Chapter 4: Identification of PM Synchronous
Machines Parameters for Design and Control Purposes,” in The
Rediscovery of Synchronous Reluctance and Ferrite Permanent
Magnet Motors - Tutorial Course Notes, Springer, 2016, pp. 77-107.
IEEE, “1812-2014 - IEEE Trial-Use Guide for Testing Permanent
Magnet Machines.” IEEE, New York, pp. 1-56, 2015.

R. Dutta and M. F. Rahman, “A Comparative Analysis of Two Test
Methods of Measuring d- and q-Axes Inductances of Interior
Permanent-Magnet Machine,” IEEE Trans. Magn., vol. 42, no. 11,
pp. 37123718, 2006.

Y. Gao and R. Qu, “Review of off-line synchronous inductance
measurement method for permanent magnet synchronous machines,”
in 2014 IEEE Conference and Expo Transportation Electrification
Asia-Pacific (ITEC Asia-Pacific), 2014, pp. 1-6.

E. Fuentes, C. A. Silva, and R. M. Kennel, “MPC Implementation of



[115]

[116]

[117]

[118]

[119]

[120]

[121]

a Quasi-Time-Optimal Speed Control for a PMSM Drive, With Inner
Modulated-FS-MPC Torque Control,” IEEE Trans. Ind. Electron.,
vol. 63, no. 6, pp. 3897-3905, Jun. 2016.

Doo-Hee Jung and In-Joong Ha, “An efficient method for identifying
the initial position of a PMSM with an incremental encoder,” IEEE
Trans. Ind. Electron., vol. 45, no. 4, pp. 682-685, 1998.

X. Yue, D. M. Vilathgamuwa, and K.-J. Tseng, “An Observer-Based
Robust Adaptive Controller for Permanent Magnet Synchronous
Motor Drive With Initial Rotor Angle Uncertainty,” IEEE Trans.
Energy Convers., vol. 20, no. 1, pp. 115-120, Mar. 2005.

Xie Yue, D. M. Vilathgamuwa, and King-Jet Tseng,
“Observer-based robust adaptive control of pmsm with initial rotor
position uncertainty,” IEEE Trans. Ind. Appl., vol. 39, no. 3, pp.
645-656, May 2003.

Jin-Woo Lee, “A Novel Method of Estimating an Initial Magnetic
Pole Position of a PMSM,” in 37th IEEE Power Electronics
Specialists Conference, pp. 1-6.

D. D. Popa, L. M. Kreindler, R. Giuclea, and A. Sarca, “A novel
method for PM synchronous machine rotor position detection,” in
2007 European Conference on Power Electronics and Applications,
2007, pp. 1-10.

J. Holtz, “Acquisition of Position Error and Magnet Polarity for
Sensorless Control of PM Synchronous Machines,” IEEE Trans. Ind.
Appl., vol. 44, no. 4, pp. 1172-1180, 2008.

P. P. Acarnley and J. F. Watson, “Review of position-sensorless
operation of brushless permanent-magnet machines,” IEEE Trans.
Ind. Electron., vol. 53, no. 2, pp. 352-362, Apr. 2006.



