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Abstract—This work proposes a novel identification test and
post-processing procedure to measure the complete flux linkage
model of a synchronous reluctance (SyR) machine, including
its spatial harmonics. A novel space harmonic flux model is
developed, capable of describing the machine behavior even
under distorted current waveforms. This permits to characterize
the machine by adopting standard and straightforward PI-
based current vector control, avoiding the use of the resonant
controllers normally adopted in similar tests procedures present
in the literature. The flux ripple information is extracted by
combining the space distortion in the stator current and voltage.
The flux ripple measurement can be used for validating the
FEA model of the SyR machine, thus improving the motor
design stage, for experimentally estimating the motor torque
ripple and for building accurate simulation models including the
space harmonics. this is particularly critical for very low-speed
applications, accurate position control, and sensorless drives. An
experimental validation is carried out on a 4.4 kW SyR machine.

Index Terms—Synchronous Reluctance Motor, Space harmon-
ics, Flux maps identification, Magnetic saturation

I. INTRODUCTION

In the last decade, the synchronous motor drives are pro-
gressively replacing the traditional grid connected induction
motors in a growing number of applications. In particular,
the Synchronous Reluctance Motors (SyRMs) are an attrac-
tive solution for many industrial drives thanks to their low
manufacturing cost and high efficiency. Anyway, most of the
synchronous machines, and especially the high anisotropy
ones like the SyRMs, exhibit highly nonlinear magnetic sat-
uration characteristics, also called flux maps, due to satura-
tion and cross-saturation phenomena. In addition, for many
synchronous motors designed for low cost applications the
space harmonic distortion in the flux linkage characteristic is
relevant.

In this scenario, an advanced modeling of the electrical
machines is imperative, both for the design and control pur-
poses, where the flux linkages are dependent not only on the
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stator current, but also on the rotor position, as indicated
in Figure 1. The motor design stage is often assisted by
Finite Element Analysis (FEA), which include the motor
saturation characteristic and its space harmonics, but require to
be calibrated and validated through experimental testing. On
the control side, accurate knowledge of the flux maps is a key
requirement for several model-based techniques, for evaluating
the optimal control trajectories, such as MTPA and MTPV
[1], [2], for ensuring the stability of many sensorless control
strategies [3]-[6] and for building accurate simulation models
of the drive [7].

Normally, the experimental identification of the flux maps
of synchronous motors [8]-[13] only considers its fundamental
components, leading to a two-dimensional (2D) representation
with the stator fluxes Ay(iq,iq), Aq(id,i4), function of the
iq and ¢, currents. However, the spatial flux harmonics may
affect the motor control stability, especially at low-speed.
This is particularly critical in sensorless applications, where
High Frequency (HF) signal injection is normally adopted for
position estimate [14]-[17]. Thus, an instantaneous dqf flux-
map is mandatory, where the flux linkages are expressed as
three-dimensional (3D) quantities, Aq(iq4,iq,0), Aq(id,1q,0),
function of the dq currents and the rotor position 6 [18].

The advanced magnetic models found in the literature, and
including the flux harmonics effects, are normally based on
the assumption of sinusoidal phase current or voltage. For
this reason, the experimental measurement of the flux spatial
harmonics is not trivial. Existing procedures [19], [20] use
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Fig. 1. Concept of dgf flux maps to include the space harmonic effects.



the discrete Fourier transform (DFT) to extract the harmon-
ics. The method requires perfectly sinusoidal phase current
during the test, retrieving the flux space harmonics from the
corresponding undulation in the back-EMF. In order to obtain
sinusoidal phase current, dedicated PI-resonant (PIR) current
controllers are adopted for each harmonic order. However,
this requires a preliminary knowledge of the relevant flux
harmonics orders. Moreover, the feasibility of PIR controller
for machines with higher dominant harmonic order (e.g. 18",
24" is challenging and depends on the operating speed and
sampling frequency.

To overcome these issues, this work proposes a new spatial
harmonic model and identification test. The novel magnetic
model is capable of describing the fundamental and harmonic
flux characteristic even under non-sinusoidal phase current.
Therefore, simple PI current controllers with coarse prelim-
inary calibration can be adopted, avoiding the use of PIR
regulators. The current harmonic distortion is accepted, and
the harmonics in both current and back-emf are combined in
a novel post-processing procedure to determine the dgf flux
maps. This permits the identification of higher order harmonics
without the strict requirement of precisely controlling sinu-
soidal currents during data collection.

II. SYRM MODEL WITH SPATIAL HARMONICS

This section introduces the notation adopted for the dgf flux
maps modeling of SyRM. In particular, 2D vector quantities
are written as lowercase bold symbols, while the matrices
are represented with uppercase bold letters. Stationary and
rotating reference frames are indicated as o3 and dg, where
the d-axis is the direction of maximum inductance.

The voltage equation of a synchronous machine can be
expressed in the dg rotor reference frame:

dAgq
dt
where Agq(iq4,14q,0) is the stator flux linkage vector, function
of stator currents 44, i and rotor position 6.

The flux derivative can be expressed using the incremental
inductances:

= ’l)dq — Rs’l:dq — wJ)\dq (1)
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where g, I, and lg, are the incremental inductances along
d and ¢ axes and the cross-saturation term, respectively.
As graphically depicted in Figure 1, the flux-linkage vector,
including the spatial harmonics effects, is expressed as:

Adg(ig,iq,0) = Lig, “)

. Lgs 0
L(ig,iq,0) = [Od Lq]

where Lg, L, are the apparent inductances in d and g axes
respectively, including the effects of self- and cross-saturation
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Fig. 2. Block diagram of the proposed commissioning for spatial flux linkage
identification using PI Current Vector Control (CVC).
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Fig. 3. (a) Regular grid of tested points in the dq current plane. (b) dg current
trajectories during the identification test.

and the space harmonics. All the apparent and incremental
inductances are functions of the three state variables: i4, %4
and 6.

In the dq frame, the existing harmonics are multiples of 6n,
where n is an integer. Therefore, the magnetic model can be
expressed by its Fourier series, only including the harmonics
multiple of 6:

La(ia,iq,0) = Lao(ia,iq) + Y Lan(ia,iq) cos(h6 — dan)

h=6n (7a)
Lq(ia;iq;0) = Lqo(ia; iq) + Z Lqn(ia,iq) cos(h — ¢qn)
h=6n (7b)

where Lgg, Lgo are the fundamental inductances, Lap, Lgn
are the inductance harmonic components magnitude, ¢an, @qn
are the inductance harmonic components phase angle and h is
the harmonic order.
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III. PROPOSED SPACE HARMONICS FLUX IDENTIFICATION
TEST

The block diagram of the control system is shown in
Figure II. The motor under test (MUT) is closed loop current
controlled while driven at a constant speed by a dyno drive.
The current vector reference for the MUT control is set for
systematically exploring a grid of points in the dg current
plane, as depicted in . Each point under test in the dg current
plane is maintained for at least one mechanical revolution. The
current trajectories during the experimental identification are
shown in Figure 3b.

In similar methods, such as [19], multiple resonant con-
trollers eliminate the current harmonics, thus obtaining sinu-
soidal phase current and shifting all the harmonic information
in the back-emf. However, this requires prior knowledge of
the dominant harmonics which is not readily available for
commercial off-the-shelf motors. Besides, the maximum har-
monic order of the PIR controllers is limited by the operating
speed and sampling frequency. Instead, the use of PI controller
is simple and straightforward, but it scatters the harmonic
information to both current and back-emf waveforms, de-
pending on the harmonic order and the current controller
bandwidth. This is illustrated in Figure III-A, showing the
measured currents and the estimated fluxes of a single data-
point. The dominant 12t harmonic is poorly regulated due
to the limited current controller bandwidth. Nevertheless, the
proposed post-processing method is capable of merging the
harmonic information from the current and flux waveforms,
retrieving the spatial inductances and thus the dqf flux-maps.

A. Data Post-Processing

Based on the voltage and current measurements, the stator
flux is estimated in the stationary a3 frame:

)‘045 = /(’Uag — Rs iaﬁ) dt. (8)

For each reference point of the test grid i;q, the current and
flux harmonics are extracted using the Fourier transform:

ia(if,1%,0) = iao(if,i5) + Y dan(if, iy) cos(hf — dly,)

h=6n
)
iq(i5,15,0) = iqo (i, 65) + Y iqn(iy,iy) cos(hO — @iy,
h=6n

(9b)
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Fig. 4. Experimental examination of the harmonics (one electrical cycle) in
the measured currents and estimated fluxes at a single data-point.
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where igg = i), ig0 = ij;, Ado, Aqo are the fundamental

components of currents and fluxes, ¢4n, tqh, Adn, Agn are
the harmonic components magnitudes and ¢%,, ¢, dap» G
are the harmonic components phase angles. The harmonics of
Ag in (10) are decomposed into sine and cosine components,
i.e. A, cos(¢)),) and Agp, sin(¢),), for ease of identification.
This can be represented as the resulting interaction between
the harmonic currents in (9), igp cos(¢Y,) and igy sin(@y,),
and the harmonic inductances in (7), Lgp cos(¢gn) and
th sin((bdh) as

Ag=1;L4 (11)

where Ay and L, are column vector matrices and I, is a
square matrix, reported in (6). For brevity, only the 64" and
12t harmonics are considered but the approach can be easily
extended for higher orders.

The coefficient of the current harmonic matrix I; and flux
harmonic vector Ay are retrieved from the measured current



TABLE I
MOTOR PARAMETERS

Parameters Symbol Values Units
Rated power P, 44 kW
Rated voltage Vi 400 \Y%
Rated speed Wn 2500  rpm
Rated current (pk) I, 15 A
Rated torque T, 17  Nm
Rated flux An 0.3 Vs
Pole pairs P 3 -
Stator resistance R 04 Q
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Fig. 5. Experimental setup, including the 4.4 kW SyRM under test, the dyno
drive, the data recorder and the dSPACE DS1103 control platform.

and the flux vector estimated by (8). Once I; and A, are
determined, the inductance matrice Lg(i},4}), summarizing
the harmonic information of the flux maps, is computed for
each tested point in the dgq current grid (see Figure 3b).

Ly=1I;"Ay (12)

Similar equations (11),(6), not reported for brevity, apply for
the g-axis, thus permitting to compute the harmonic inductance
matrix L,(i},4;) for each tested point in the dg plane,

L,=1I;"A, (13)

To sum up: the proposed test sequence permits computing
the harmonic components of the inductance matrices Lg, L,
for each point of the dgq plane. Based on these inductance
matrices, the stator flux vector can be computed through (4),(5)
as a function of 44,4, and 0.

IV. EXPERIMENTAL VALIDATION

The proposed flux harmonic identification technique is
validated experimentally on a 4.4 kW SyRM with a rated
current of 15 A and a rated torque of 17 Nm. The full motor
parameters are tabulated in Table I, while the experimental
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Fig. 6. Experimentally identified fundamental dq flux linkage maps of the
SyRM under test.
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Fig. 7. Experimentally identified fundamental dq flux linkages of the SyRM
under test: effect of the saturation and cross-saturation.

setup is shown in Figure 5, depicting the motor under test, the
dyno drive, the dSpace control platform and the data logger.

The fundamental flux maps are identified with the procedure
presented in [8]: the motor under test (bottom left in Figure 5
is supplied with a custom inverter and current-controlled with
a dSPACE DS1103 board (top right of Figure 5), following all
the points on a regular grid on the (i4, ;) domain reported in
Figure 3a. The MUT is coupled to a driving machine having
torque and power ratings much higher than the MUT and
shown in the bottom right of Figure 5. The driving machine is
speed-controlled to maintain a constant rotor speed.

Dealing with the acquisition system, a high-speed data
logger from HBM is adopted, allowing to record at 2 MHz.
Both electrical and mechanical quantities are measures: phase
currents are sampled through Ultrastab LEM sensors and line
voltages are directly sampled from the HBM acquisition card.
A T40B torque meter from HBM allows to measure directly
torque and rotor position, enabling the accurate characteri-
zation of the MUT. The acquisition systems is operated in
multi-sweeps mode: just the required measurement windows
are recorded at high sampling frequency, while the transitions
between the measurement points are not saved.

The dq current plane is explored in a regular grid up to
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Fig. 8. Experimentally identified 6" and 12t" harmonic components (sine and cosine) flux linkage of the 4.4 kW SyRM under test. (a) d-axis flux; (b)

g-axis flux.

25 A, corresponding to 60% overload, in steps of 2.5A, as
shown in Figures 3a and 3b, with the dyno drive imposing a
constant speed of 300 rpm. The flux-linkage map is identified
using (11). Figure 6 shows the measured fundamental dq flux
estimates, A\go and Ago, as surfaces function of the dgq currents.
The saturation and cross saturation effects are more visible in
Figure 7, where the flux linkage curves are reported function
of the respective currents (red for d axis and blue for ¢ axis),
with zero current on the other axis (solid lines) and with the
maximum current on the other axis (dashed lines). These are
typical characteristic from SyRM and it is worth noting that
at rated current the d axis flux linkage is saturated.

The contour plots of sine and cosine components of the
and the 12t harmonics are shown in Figures 8a and 8b for
the d and ¢ axes, respectively, where the dominance of the
12" harmonic is observed. The maximum amplitude of the
6" and the 12*" harmonics for the d-axis are 0.014 p.u. and
0.031 p.u. respectively, and for the g-axis are 0.008 p.u. and
0.015 p.u., respectively.

6th

V. CONCLUSION

An experimental method for flux map identification of syn-
chronous reluctance motors including its spatial harmonics is
proposed. The dq current plane is systematically explored, and
the harmonic information embedded in the acquired currents

and back-emf is extracted to build the 3D dgf flux-map as
functions of stator currents and rotor position. By combining
the ripple information in the measured current and emf, the
proposed method permits to evaluate the flux space harmonic
without the requirement of accurate sinusoidal control during
the identification stage, thus considerably simplifying the
testing sequence and procedure.

The proposed method benefits from simplicity and general-
ity: in this work only 6 and 12** harmonics are considered
for brevity but the procedure can be easily extended to
higher order harmonics. A 4.4 kW SyRM is experimentally
identified according to the proposed method, demonstrating
the feasibility and the high accuracy of the proposed method
for 3D flux map and spatial harmonics identification.
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