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Abstract: This study presents a self-commissioning procedure for the estimation of the flux linkage curves of synchronous
reluctance machines. The procedure exploits a quasi-standstill condition obtained by imposing fast torque oscillations.
The flux linkage is calculated by means of a pure integration of the voltages and currents. With respect to the existing
procedures, the proposed one tackles the problem of the limited knowledge of the core losses in the electrical
machine, which is shown to induce erroneous estimation results for the case under investigation. A theoretical analysis
supported by extensive laboratory measurements is shown, proving the effectiveness of the proposed approach.

1 Introduction

The self-commissioning of electrical machine parameters is still a
lively research topic, in particular when dealing with machines
with strong magnetic non-linearities as interior permanent magnet
synchronous machines (IPM-SMs) and synchronous reluctance
machines (SynRMs). The estimation of the magnetic model, which
is required for the control strategy, is obtained automatically by
means of an inverter connected to a machine. The human
intervention is limited to the machine nameplate data entries in the
control software. While involving interesting mathematical and
operational aspects, self-commissioning procedures have a clear
impact in industrial drives and related applications, where the
quest for ease of use and precise parameter estimation despite
manufacturing differences is a driving force within the industrial
R&D.

The electrical machine commissioning problem, with particular
attention to the self-commissioning problem at standstill, has been
investigated in previous works. Standard measurements to evaluate
the magnetic characteristics of synchronous machines are known,
and have been recently recalled in detailed publications such as
Armando et al. [1], Pellegrino et al. [2], Cintron-Rivera ef al. [3],
with a follow-up on the sensitivity analysis of the latter algorithm
as described in [4]. These solutions are suitable for the generation
of detailed curves of the magnetic model, and thus can be used as
a reference for comparing any other estimation procedure. On the
other side, these solutions either require a speed-regulated load
machine, or a freely rotating rotor disconnected from any sensitive
load. Thus, they require a higher level of human intervention with
respect to automatic self-commissioning methods.

A series of works on machine commissioning has been performed
in [5-11]. The common point of these procedures is the exploitation
of a pulsating torque generated by different combinations of currents
in the rotating dq reference frame of a synchronous machine. These
combinations are obtained by setting one current at a constant level
(eg. the d-axis current) while varying the other current (eg. the g-axis
current) in an alternating way, using square-wave voltages with zero
mean value. The flux linkage is obtained as the integral of the voltage
minus the stator resistance voltage drop. Interestingly, these tests are
able to display non-linear hysteresis effects in the magnetic
materials. Different solutions for obtaining an estimation in the
presence of hysteresis are proposed: by drawing different
hysteresis loops at different current levels and connecting their
vertices, or by averaging the lower curve and the upper curve of
the largest hysteresis cycle. While the concept is valid, and a
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variant of the method I described in [6] is used in this work,
sometimes the machines seem to require a locked rotor
configuration in order to avoid rotor movements. Moreover, the
measurements are not compared with standard methods as in [1-3].

It is accepted that commissioning estimation techniques,
especially the standstill or quasi-standstill ones, are affected by the
presence of core losses. The modelling of the latter has been
imported from the established techniques developed for induction
machines [12, 13] and later for the synchronous machines [14]. A
solution for including core losses in automatic parameter
estimation techniques is described in [15], further investigated in
[16]. Recently, Lar and Radulescu [17] have also contributed to
the field. All these techniques, however, are not performed at
standstill and require a speed measurement.

The interest in taking into account undesired effects while
estimating magnetic models is also a target of self~commissioning
methods for position-sensorless estimation techniques, especially
for those based on high-frequency signal injection. Many
examples are reported in the literature [18-22]. While concluding
that magnetic models are frequency dependent, the reported
solutions do not discuss the core losses phenomena at lower
frequencies.

A recent work that proposes a standstill method for the
identification of the direct-axis inductance is reported in [23]. Core
losses are considered with an equivalent resistance and the
estimation time is reduced by applying multi-frequency injection
signals. No quadrature inductance is estimated. Another
self-commissioning solution was presented in [24]. The target was
to identify a load-dependent anisotropy displacement without a
position sensor. Since a pulse current in the quadrature axis is
applied, the method induces a minimal rotor movement although it
does not consider the estimation of the complete flux linkage map,
nor takes into account possible estimation deviations due to the
presence of core losses.

In recent years, a series of publications showing the estimation of
differential inductances by using square-wave reference currents
(thus going towards the solution of [7]) have appeared [25-28].
While interesting for the relative ease of implementation, these
quasi-standstill solutions do not consider the effect of core losses.
Kuehl and Kennel [29] make a comparison between a method
similar to [3] and a high-frequency injection method for
differential inductance estimation, and concludes that the
differential inductances obtained by high-frequency measurements
are always smaller, for frequencies as low as 250 Hz. Among the
possible causes, core losses are mentioned.



This work contributes on the topic of self-commissioning methods
for the estimation of the flux linkage curves of a SynRM, by means
of an oscillating torque generation and a quasi-standstill rotor
condition. The motivation of the work is to provide complete
maps for a correct maximum-torque-per-ampere operation of the
machine, and precise parameter values for model-based speed
sensorless control algorithms. The proposed procedure tackles the
core losses issue by properly handling the magnetic hysteresis data
to trace the flux linkage curves. The method employs current
regulators which are tuned only once at the beginning of the
procedure, and does not require a locked rotor condition.

The paper is divided as follows. Section 2 summarises the basic
SynRM dynamic equations. Section 3 discusses how the flux
linkages can be estimated (Section 3.1), focusing on the
differential-inductance-based methods in Section 3.2 and on the
proposed method in Section 3.3. The experimental setup is
described in Section 4.1, while the reference flux linkage curves
are measured and presented in Section 4.2. A preliminary
experimental analysis showing the effect of core losses in the
differential-inductance-based estimation methods is shown in
Section 4.3. The estimation results of the proposed method are
shown in Section 4.4. Some final remarks are given in Section 5.

2 Theoretical background

The dg rotating reference frame of the SynRM under analysis is
defined first. In this work, the d-axis is aligned to the axis with the
minimum magnetic reluctance (larger flux linkage), while the
g-axis is aligned to the axis of maximum magnetic reluctance
(smaller flux linkage). With respect to an of stationary reference
frame, where the a-axis is superimposed to the phase a-axis of
phase a and the p-axis is in quadrature to ¢, the angle between the
d-axis and the o-axis is defined as the mechanical angle 3. In
case of multiple pole pairs, for each mechanical rotation, multiple
electrical rotations of the dg reference frame occur. The number of
rotations is equal to the pole pairs of the machine, with the
relation 9, = pJ,,, where U, is the electromechanical angle and
p is the pole pair value.

The dynamic equations of the voltages and the currents in a stator
with sinusoidally distributed three-phase windings can be written
either for the aff or for the dg reference frame. The of reference
frame equations are the following

. dAg,
uSO( = RSZS(X + d;
1
. dAgg W
usgg = Ryigg + @

where R is the stator resistance, 1y, and uys are the stator voltages, i,
and iy are the stator currents, and Ay, and Ay are the stator flux
linkages. An algebraic transformation in the rotating dg reference
frame is performed to obtain the following set of voltage balance
equations

Ay LAy
Usqg = Rslsd + dls - wme)\sq = Rslsd + d—; + €y

@
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where us; and uy, are the stator voltages, is; and iy, are the stator
currents, Ay, and Ay, are the stator flux linkages and @y, is the
electromechanical speed. The presence of the cross-coupling terms
es; and e, is undesirable because of the coupling between the
d-and g-axis.

On the basis of (2), the torque produced in the electromechanical
conversion process is equal to

- % (Mg~ M) 3)

The torque is further used to complete the overall mechanical
description of the system, with the following expression

d
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where J,, is the mechanical inertia, B, is the viscous friction, @, is
the mechanical speed (with the relation o, = pw,,,) and 7;_is the load
torque.

So far, no assumption was made with regard to the nature of the
magnetic circuit in the machine. As a matter of fact, (1) and (2)
maintain their general validity for the description of a SynRM
electromechanical conversion model, inclusive of copper loss but
without any core losses contribution. A first approximation of (2)
occurs when the magnetic circuit is considered to be linear. In this
case, two inductances Ly, and L, are introduced, each of them
defining the synchronous inductance in the d- or g-axis. With this
assumption, the flux linkages Ay, and Ay, and thus the voltage
balance equations are transformed as below

)‘sd = Lsdisd
Ay = Lyl
. diy, .
Usg = Rslsd + Lsdd_; - wmequlsq (5)

, dig, .
Uy = Rslsq + qu ? + wmeLsdlsd

It is worth noting that neither the d- nor the g-axis fluxes in (5)
contain a flux contribution from permanent magnets, since a
SynRM is considered in this work. However, the set of equations
can be easily extended to the case of permanent-magnet-assisted
SynRMs (PMaSynRMs), surface permanent magnet synchronous
machines (SPM-SMs) or IPM-SMs. In the presence of magnets,
the dg-axis definition introduced in this work could be revisited,
for example by placing the d-axis in the direction of the flux
produced by the magnets.

It is well known that the assumption of a linear magnetic circuit is
a highly approximated one, especially when dealing with SynRMs,
PMaSynRMs and IPM-SMs [1, 3]. The phenomena of magnetic
saturation affect the magnetic circuit, rendering impossible to use
constant inductance values in the model. Furthermore, the
presence of the cross-magnetisation effects must be taken into
account. Thus, the flux linkage cannot be modelled by means of a
single-variable-dependent function as Ag;=fy(iss) Or Ay, =f,(is,)- In
fact, each of the flux linkages Ay, or A, is dependent on both iy,
and i, at the same time, thus establishing the following general
relation

Ay = fd<isd, isq)

(6)
Ay = ﬁ1<i5d’ iSq)

When synchronous machines exhibit magnetic saturation and
cross-magnetisation effects, the concept of inductance as
introduced in (5) does not hold any more, requiring a re-definition.
Two different alternatives exist. In the first one, the SynRM model
is kept at the general level defined in (2), thus using only the flux
linkage curves without introducing any inductance definition. The
second approach, instead, might be used for control approaches
where a more familiar inductance representation is beneficial, for
the easiness of the mathematical formulation. Examples are
represented by  high-frequency position-sensorless  control
approaches, as in [29]. In this case, two new inductance definitions
can be introduced: the apparent inductance and the differential
inductance. Given an operating point of the SynRM currents
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(5, > Isq, )» the apparent inductances are defined as follows

. A (ZSdo’ lsqo)
Lsda (lsdob lsqo) = .
lsdo

) _ )‘sq <i5do’ iSqo)

lSqo

0

qua (lsdo ’ lsqo

According to the definition in (7), the apparent inductances represent
the ratio between the flux linkage and the corresponding current on
the same axis, specified for the given operating point. The apparent
inductances carry the information on the magnetic flux level of the
machine in the operating point described by the pair (i, iy, )
and therefore they are used for large-signal representations of the
SynRM electromagnetic circuit. The differential inductances,
instead, are defined as

a/\sd (isdo > isqo)

Lsdd (isd05 isq0> = 9 4
S
. . 8)‘511’ (isd(,’ isqo)
Lsdq (lsd()’ lsq0> = T
sq
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Loy (lsdo’ lS‘Io) = Y

sq

From (8) it follows that the differential inductances represent the
slope of the surface plot of the flux linkage (either in the d- or in
the g-axis) with respect to the two variables iy, or is,. They carry
the information on the small-signal behaviour of the magnetic
circuit.

Fig. la reports the equivalent large-signal representation of the
SynRM electrical circuit, based on (2) and (7). The circuit is
reported only for the d-axis, while the equivalent g-axis
representation can be obtained in the same manner. A similar
circuit can be drawn for the small-signal case, using (2) and (8)
and by substituting Ly, with Ly, in Fig. la. When a standstill
condition is achieved, the electromechanical speed is zero and thus
the same circuit can be used by setting e,;=0. The standstill
condition will be considered while describing the
self-commissioning methods in Section 3.

An important consideration refers to the details of the machine
model considered so far. The equations in (2) and the circuit in
Fig. la include an electromechanical conversion model with
copper loss, but do not consider the modelling of core losses
caused by hysteresis and eddy currents. In some cases, the
contribution of core loss to the overall dynamic behaviour of the
machines is very small and thus neglected. However, as described
from Section 3 onwards, the contribution of core losses cannot be
neglected in this work. For this reason, the circuit of Fig. la is
modified according to the conventional core loss models available

L:sdu . R Ld(l’ i

&

+ +
Usd @ R{ H/ Cad @

"f:.wf,{
b

Fig. 1 SynRM large-signals d-axis equivalent circuit

a With copper losses only
b With copper losses and core losses
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in the literature (see [14] for a description of the series or parallel
model in a permanent magnet synchronous machine), where an
equivalent variable resistance is introduced to take into account the
core losses effect. The modified circuit is reported in Fig. 15.

3 Self-commissioning procedure
3.1 Non-standstill estimation of flux linkage curves

Different approaches for the estimation of the flux linkage curves can
be obtained directly from (2). Assuming that the machine is rotating
in a steady-state condition in the dg reference frame, the flux
derivatives in (2) disappear and the fluxes can be obtained as

Ugg — Rslsq
)‘sd =
Wpne 9
. €))
A = — Usg — Rslsd
sq —
w,

me

This approach is used by Armando et al. [1], Pellegrino et al. [2],
Cintron-Rivera et al. [3]. It is not meant to be a standstill
self-commissioning method, as it requires a speed-controlled load
machine to keep the speed constant or a freely rotating rotor
disconnected from any sensitive load, while the machine under test
is controlled in different operating points of the currents (iy, is,).
However, these methods are known for the reliability of the
estimated flux linkage tables, to which the results of other
self-commissioning procedures can be compared with.

3.2 Previous methods based on differential inductance
estimation

The main idea behind a standstill or a quasi-standstill condition is
that the terms dependent on w,. in (2) can be neglected. To
achieve this advantageous condition, solutions given by Peretti and
Svechkarenko [25], Odhano et al. [26], Odhano et al. [27], Wang
et al. [28] keep one current (eg. is,) at a constant DC level, while
the other one (eg. iy,) is controlled with a square-wave reference.
The square-wave frequency is high enough to produce an
oscillating torque which is filtered out by the mechanical system,
returning a zero or almost-zero speed condition. In this way, the
use of the circuit in Fig. 1 with eg; =0 is allowed.

Peretti and Svechkarenko [25], Odhano et al. [26], Odhano ef al.
[27], Wang et al. [28] use a small-signal injection on the top of the
imposed references to estimate the differential inductances, and then
obtain the flux linkage curves by integration of the estimated
differential inductances over the current range, according to the
definitions reported in (8). The small-signal injection can be
performed either as a voltage injection or as a current injection.

The DC amplitude level on the d-axis and the square-wave
amplitude on the g-axis allow for a complete exploration of the
flux linkages for the desired operating points of the currents (i,
isy). In principle, the square-wave reference could be applied to the
d-axis and the DC reference to the g-axis, obtaining a similar
torque with zero mean value. The best choice is the one that
requires less voltage, that is the square-wave reference should be
selected for the axis with the highest magnetic reluctance (smallest
inductance).

The estimation of the differential inductances needs to record the
injected voltage pattern and the oscillation of the currents at
the injected frequency. A standstill evaluation of the impedance of
the SynRM circuit can be obtained using the circuit representation
of Fig. la, described for small-signal injection. The differential
inductance can be calculated by considering the imaginary part of
the measured impedance [26]. However, when the core losses
equivalent resistance of Fig. 15 is neglected, the estimation of the
differential inductance based on the values of iy, or iy, (which are
the only available measurements in an inverter) could potentially
lead to incorrect results, depending on the value of R; in Fig. 15.



This is caused by the inherent approximation iy, & iszm, Which could
not be verified for all cases. As a matter of fact |is,| > |issm|, and this
leads to underestimated differential inductances. This systematic
error has been described without proposing a solution in [29]. An
evidence of this problem will be shown in Section 4.3.

3.3 Proposed self-commissioning method

The proposed methodology works with the same control scheme and
the same combination of constant/square-wave current references
described in Section 3.2, but does not apply any small-signal
injection. Instead, the flux linkages are estimated from (2) with an
integral operation

)‘sd = ,[ (usd - Rsisd)dt

quj(u

On the basis of (10), Fig. 2 shows the schematic of the proposed
self-commissioning procedure.

The flux estimation through (10) is still valid when the resistance
Ry in Fig. 15 is taken into account. The integration in (10) returns the
magnetic flux in the inductor (whose value in different operating
points is the scope of this work), without posing any assumption
on the core losses, as long as the standstill or quasi-standstill
condition is kept. Four aspects are worth to underline:

(10)
o — Ry )ar

e The integration must reach a steady-state condition in order to
bypass the effect of hysteresis, as it has been observed and
reported later in Section 4.3. This means that the square-wave
reference current cannot be substituted by a sinusoidal reference.

e Only the flux linkage values at the end of the transient are
considered as valid, as shown by the circles around the Ay, profile
in Fig. 2. This choice is again related to the avoidance of
hysteresis effects.

e The estimation of the Ay, is obtained with square-wave current
references for i; and constant references for iy, while the
estimation of Ay, is obtained with square-wave current references
for iy, and constant references for iy, This means that the
square-wave references must be applied also to the axis with lower
magnetic reluctance (largest inductance).

e The digital integration must be performed with offset-free inputs,
which means that the recorded voltages and currents must be cleaned
from their (induced or spurious) average value. This operation is not
difficult to perform, once a few square-wave periods have been
recorded.

4 Experimental measurements
4.1 Experimental setup

A picture of the test bench used for the experiments is reported in
Fig. 3. The 11 kW SynRM prototype under test, whose parameters
are reported in Table 1 in the Appendix, is shown on the right side
of the picture. The load machine (an 11 kW Baldor machine) is
visible on the left side. The load machine is controlled via an
off-the-shelf ABB ACS850. The SynRM, instead, is connected
only to the power unit of an ABB ACS850, while its control
board has been replaced by a custom interface and connected to an
OPAL-RT Technologies OP5600 system (the black box on the left
upper side of the figure). The OP5600 is equipped with a
quad-core Intel DSP processor at 2.4 GHz and a Virtex 6 FPGA.
The phase currents and the DC-bus voltage are measured with a
custom measurement box (the grey box behind the load machine)
and connected to the A/D board of the OP5600. The digital I/O of
the OP5600 is used to communicate with the ACS850 power unit
through the custom interface. The phase voltage values which are
required to perform the integration in (10) are obtained by
estimation, compensating the inverter non-linearities with

e * ar* s
nn lgd  + PI, Usd dy /| Ysa Usa
] '_C) '{ ad y ug, | 7
. ® ar®
.

9 SynRM
\

SVM [lee
o]
7]

Fig. 2 General schematic of the proposed self-commissioning method

conventional methods as in [30], and using the imposed reference
voltages instead.

4.2 Generation of the flux linkage reference curves

The preliminary experiments were aimed at generating reliable
curves for the flux linkages, by using the methods described in
Section 3.1. A speed-regulated load machine was used to keep the
SynRM under test at a constant rotating speed of 200 rpm, for an
electrical frequency of 6.67 Hz. The frequency was considered low
enough to neglect the effect of core losses in the definition of the
reference curves. The obtained maps are shown in Fig. 4, serving
as reference curves for the test of the proposed self-commissioning
method.

4.3 Experimental measurements highlighting the
presence of core loss effects

The method based on small-signal injection and differential
inductance estimation described in Section 3.2 was tested first. A
small-signal sinusoidal voltage injection was used, while keeping a
constant current reference for i, with i, =0 A. The voltage
injection amplitude was selected in order to obtain the same
amplitude of the oscillating current, despite the change in
frequency. The differential inductance was calculated via the
impedance calculation, after recording the oscillating voltage and
current. This operating point was chosen for its simplicity and the
absence of oscillating torque, which might have caused a difficult
interpretation of the results. The obtained graphs are shown in

Fig. 3 Experimental setup
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Fig. 4 Experimental flux linkage reference curves for the SynRM under test
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Fig. 5 Small-signal current injection for Ly, estimation with varying frequency

a 7 Hz injection
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Fig. 6 Ly, estimation with small-signal voltage injection at 57 Hz and varying amplitude
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Fig. 5 for four different frequencies of injection (7, 57, 157 and 407
Hz). The flux linkage reference curve and its reference differential
inductance (indicated in Fig. 5 as the tangent of the flux curve) are
superimposed to the small-signal flux loop, which was obtained by
means of an integration of the voltage minus the stator resistance
voltage drop.

The measurements indicate that the estimated differential
inductance is directed on the major axis of the resulting ellipse,
and always lower than the value obtained from the reference flux
linkage curve. The elliptic profile of the flux around the operating
point indicates the presence of other elements in the circuit of
Fig. la, and possibly the presence of other non-linear local
phenomena as, for example, Rayleigh loops (as reported in [31]).
It is worth to underline the growing width of the ellipsoid as a

0.1 x :
= Lsda {uin_j =20 \"?) |
l: _L.-.-u'r! {“Frej=40 V)
Cc\l 0.08F "=~ ‘Q‘ | _'L.\'rfrf {'u'm_j =60 VJ I
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: = == L4, reference
E :
=
I 0.04
Z.0.02
’-5{'
0 5 10 15

isd [A]

Fig. 7 Differential inductance estimation with increasing injected voltage
magnitude

function of the frequency, which adds to the fact that the ellipse is
swept faster for increasing frequencies. This indicates a
more-than-linear dependence of the losses with the frequency.

A second batch of measurements was performed with a sinusoidal
voltage injection at a constant frequency of 57 Hz and increasing
amplitude. The results are shown in Fig. 6. Again, the estimated
differential inductance is always lower than the reference one. A
notable phenomenon is the distortion of the ellipsoid for higher
amplitudes of the injected voltage, indicating that the system
cannot be modelled with small-signal circuits any longer.

Although an increase of voltage injection amplitude seemed to
reduce the error of the differential inductance estimation (from
almost 30% error in Fig. 6a to 10% error in Fig. 6d), it was found
that large increases did not bring any estimation benefits. This
phenomenon is shown in Fig. 7 where the estimated differential
inductance curves are getting closer to each other for increased
injected voltage amplitudes (indicated as [|uiyj). Besides, this
practice goes against the concept of small-signal injection itself.
An interesting aspect is the convergence of all estimated
differential inductances to the reference inductance for
high-current values.

4.4 Tests on the proposed self-commissioning
procedure

The approach proposed in Section 3.3 was verified as follows. First,
the curves of A for i, = 0 and of A, for is; = 0 were evaluated, thus
without producing any torque. After the first two curves were
generated, the differential inductances Ly, and Ly, Wwere
calculated. Based on their values, the proportional-integral (PI)
regulators in Fig. 2 were tuned with a pole-cancellation method,
where the zero of the PI transfer function was tuned at the pole of
the iss/ugq or the iz /ug, transfer function. Thus, the PI regulators
were tuned with adaptive parameters depending on iy, and i,. This
choice was made in order to maintain a similar current regulation
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dynamics over the whole range of currents, although it is not strictly
necessary. The method of Fig. 2 was subsequently applied for
different operating points of the currents (igy, is,), where the
square-wave references had a frequency of 80 Hz. The frequency
was high enough to consider the system in a quasi-standstill
condition. It is worth to note that the choice of non-adaptive PI
parameters would have led to reduced current dynamics in some
operating points, forcing a selection of a lower square-wave
frequency and thus weakening the quasi-standstill condition.
Moreover, for a better precision of the integrals in (10), the value
of R was recalculated at each square wave period, by averaging
the values of voltages and currents in the time domain during their
short steady-state interval. A typical time-domain profile of the
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Fig. 9 Connection of the hysteresis vertex in the proposed method

a Agq curve for i, =0 A
b Agq curve for i, =5 A
¢ Ay curve for iz =0 A
d Ay, curve for iy =5 A
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currents and of the position is reported in Fig. 8, showing that
despite the variation of the currents, the rotor movement was
negligible. The iy, variations are caused by two effects: one is the
presence of small-rotor vibrations inducing a coupling effect
between the d-and the g-axis according to (2), since the electrical
speed is not completely zero. The second effect is correlated with
the derivative of the flux linkages that are dependent on both
currents independently from the value of the electrical speed, as
shown by (2), (6) and (8). Thus, any variation of the current/flux
on one axis has a direct effect on the other axis too, through L,
and L,y in (8). In any case, the small i, variations did not cause
any problem during the data collection process, because the flux
linkage maps were created by considering only the latest samples

0.6
0.4
-
Il 0.2
e 0
%—0‘2 [---Xa, reference
=< — A, hysteresis
-0.4 Hysteresis
- end points
—20 -0 0 10 20
Tsd [A]
b
0.2
= 10
[Eo]
Il
Z. ---Ay, reference
’3‘_0 1 — Ay, hysteresis
Hysteresis
end points
0.2 : : '
=20 =100 10 20
??‘ff ['A]
d



LB
PR AIAT

AT
AL
ey

Estimated A [Vs]

.Ll!..r:m-l-

wn

Aqa relative error %]

Fig. 10 Estimated flux linkage curves with the proposed method
a A

b Ay

¢ Estimation error on the d-axis

d Estimation error on the g-axis

of iy, after the steady-state condition was reached. In the meanwhile,
the integral on the d-axis was calculated over half period of the
square-wave signal.

An important aspect regarding the magnitude of rotor vibrations is
related to the inertia of the system under test. In this case, the
quasi-standstill method benefits the back-to-back connection of
the two motors and the torque meter in between them. Thus, the
inertia is higher than the initial SynRM inertia, as documented in
Table 1. However, it is believed that the bench is representative of
a conventional plant installation where the motor cannot be
disconnected from its mechanical load. This turns out to be a
positive aspect for the proposed estimation method, due to the
increased inertia of the system. When a motor is free to rotate,
instead, quasi-standstill self-commissioning procedures are unlikely
to be used, since other easier non-standstill estimation methods
could be exploited instead, as the one in [2].

Fig. 9 reports the hysteresis cycles traced by the integrals of (10)
for the selected square-wave reference magnitude of the oscillating
current, for both d-and g-axis, in the case where the constant
current is not equal to zero. The superposition of the flux linkage
reference curve shows that by taking the end points of the
hysteresis cycles, the flux curve can be reconstructed with a
reduced error. It is worth underlying that the end points of the
hysteresis cycles are not necessarily the vertices of the loops, as
the trajectory of the flux in a hysteresis cycle depends on the
current transient. In the case of Fig. 9, the current dynamics is
affected by the tuning of the current PI regulators. Although the
PIs are tuned adaptively based on the curves when iy (or ig,) is
zero and iy, (or isy) is set over the whole nominal range, the tuning
is not perfect for all operating points, especially when
cross-magnetising currents are present. Thus, the current and flux
transients might present slight overshoots before settling to a
steady end point. These end points, marked in Fig. 9, are the ones
to consider when estimating the flux curves.
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A comparison of the estimated flux linkage maps of the proposed
method, with respect to the reference flux linkage maps of Fig. 4, is
reported in Fig. 10. Figs. 10a and b report the estimated flux linkage
curves, while Figs. 10c and d show the estimation error, relative to
the maximum flux in the curves of Fig. 4. The error is kept within
+5% for the complete range of the currents, without any constant
bias. Slightly larger errors are measured for Ag,, probably due to the
smaller voltages measured during the square-wave transients, which
might induce more error in the presence of an imperfect
compensation of the inverter non-linearities. Other sources of
estimation errors might be related to the non-perfect steady-state
condition reached by the currents following the square-wave
references, and to spurious effects related to the quasi-standstill
condition with a non-perfect zero speed. It is also worth
underlying that the estimation method was performed for one
mechanical position only, since a standstill (or quasi-standstill)
condition was sought. The possible variations of the flux linkage
as a function of the rotor position (interaction between the rotor
and the stator slots) are therefore not taken into account. In
principle, especially for machines with significant position-
dependant flux linkages, it is possible to repeat the proposed
method for different rotor positions, adding one more input
variable to the flux linkage maps (iss, s, and 3,). This aspect
will anyway lead to a non-standstill condition. Nevertheless,
considering the outcome of the estimation of this case, the results
for both axes are considered more than satisfactory.

4.5 Comparison with other estimation methods

Among other methods for estimating the flux linkages, two solutions
were tested. The first one is described in [7-9], where the flux
linkage curve is estimated by averaging the lower and the higher
trajectories of the hysteresis loop. Fig. 11 reports the estimation
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Fig. 12 Differential-inductance-based method
a Agq curve for Jig|=0 A
b Agq curve for |igg|=5 A
¢ Ay, curve for |ig| =0 A
d Ay, curve for Jig/ =5 A

for Ay; and Ay, for a non-zero cross-magnetising current. The
approach seems to induce some estimation deviations for the
SynRM under investigation especially for Ay,. The deviation could
be related to the asymmetric hysteresis cycles of Ay, visible in
Fig. 9d. This asymmetry might be caused by the quasi-standstill
condition, in addition to the inherent difficulty of estimating A,
because of the lower voltage values involved in the transients.

The second estimation method was taken from any of the
solutions presented in [25, 26] or [27], and it was based on a
small-signal injection at 307 Hz with differential inductance
estimation. Fig. 12 reports the estimation results. A large error is
consistently present on the d-axis flux linkage estimation, whilst
the g-axis estimate shows a smaller error. In general, both flux
linkage estimations show reduced errors when in the presence of
the cross-magnetising current component, in particular for the
g-axis estimation (Figs. 125 and d).
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5 Conclusions

A self-commissioning procedure for the estimation of flux linkage
curves in SynRMs was proposed. The procedure is capable of
estimating the curves at standstill (when either iy, or iy, is equal to
zero) and at quasi-standstill condition (when both currents are
different from zero), by applying a combination of constant and
square-wave current patterns without small-signal injection, and
calculating the flux by means of an integral operation. The
proposed approach bypasses the issue of unmodelled core losses,
which causes some estimation deviations in small-signal injection
methods that estimate the differential inductances. Evidence of the
impact of the core losses on the flux linkage estimation is
produced, and experimental tests of the proposed procedure show
excellent agreement between the estimated flux linkage curves and
the reference flux linkage curves obtained in laboratory.
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8 Appendix

Table 1 11 kW SynRM parameters

Parameter symbol Parameter value
Rs 0.72Q

Lsg, (linear region) 80 mH

Lsga (linear region) 60 mH

p 2

u, 400 V

in 18A

[0 647.05 rad/s
T 177 Nm

Jm (SynRM) 0.00351 kg m?
Jm (complete back-to-back connection) 0.034 kg m?
Bm 10-10~% N ms/rad
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