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Abstract—The saliency dependent position sensorless control
capability of reluctance synchronous machine (RSM) drives is
investigated in this paper. High frequency injection position
sensorless control methods rely on a large enough saliency to
track the electrical angle. The RSM has a large saliency within
its rated operating regions making it ideal for high frequency
injection position sensorless control. It is shown, however, in this
paper that the RSM has a limited saliency magnitude at low
current, limiting its position sensorless control capability. Design
modifications are suggested to increase the saliency of the RSM
at zero reference current, thus increasing the drive’s position
sensorless control capability. These modifications are simulated
in a FE package, built and evaluated. The effect of rotor skewing
on the position sensorless control capability of the RSM is also
evaluated by means of a FE package. A RSM with a skewed
rotor is tested to confirm simulation results.

Index Terms—Sensorless control, reluctance synchronous ma-
chines, variable speed drives

NOMENCLATURE AND DEFINITIONS

Symbols:
u, 7, Y Voltage current and flux linkage
R, L  Resistance and inductance
Ty, ©  Mechanical torque and inertia
0., w, Rotor- angle and speed
0c, w.  Electrical- rotor angle and speed
A,>  Difference and sum
Indices:
s, T Stator and rotor
a, b, ¢ Stator phase axes
«a, B Stator fixed cartesian axes
d, q Rotor fixed direct and quadrature axes

c Carrier frequency

Scalar values are written in normal letters, e.g. R or T,
vector values are written in small bold letters, e.g. i or 1), and
tensor matrices are written in bold capital letters, e.g. L or T.
Subscripts describe the location of the physical quantity, e.g.
R; is the stator resistance. Superscripts specify the reference
frame of the quantity, e.g. ig’") is the stator current vector in the
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rotor reference frame. Estimated quantities are indicted with
a hat, e.g. 6..

I. INTRODUCTION

Back EMF position sensorless control methods are used
with permanent magnet (PM) machines for position estimation
at medium to high speeds. With these methods, however it is
impossible to estimate the electrical angle at standstill and
low speeds due to a lack of back EMF [1]. High frequency
injection position sensorless control methods can be used at
standstill and low speeds to estimate the electrical angle.

High frequency injection position sensorless control meth-
ods are used to estimate the electrical angle of salient pole
machines. Literature, however, shows that certain design as-
pects of PM machines can negatively affect the inductance
saliency which is necessary to perform saliency based position
sensorless control [2] [3].

The effect of the identified design limitations with regard
to inductance saliency, are investigated for reluctance syn-
chronous machines (RSMs). Finite element (FE) software
is used to compare three RSM drives with three different
rotor structures and evaluate their position sensorless control
capability. One of the evaluated RSM drives is measured and
compared to simulation results. The results of this RSM drive
are used as a basis for comparison. The aim is to improve
the position sensorless control capability of the RSM drive
at zero reference current by modifying the rotor structure.
Finally, the effect of a full slot pitch skew on the position
sensorless control capability of the drive is investigated.

II. ALTERNATING HIGH FREQUENCY INJECTION METHOD

This position sensorless control method makes use of an
amplitude modulation scheme to track the electrical angle of
the RSM by superimposing a high frequency voltage vector
onto the fundamental control voltage vector in the estimated
rotary reference frame [4]. With proper demodulation it is
possible to track the anisotropy position which rotates at the
same angular frequency as the rotor [5].
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The only source of flux of the RSM is the stator coils. Hence
the RSM is described electrically by the stator voltage equation
of (1). Under high frequency excitation the RSM stator voltage
equation consist of only an inductance term as in (2) [4] [6].

ul® = Ri® 4+ ¢ (1)
dit™)

(r) — ,(r) Zosc. 2

u;, at (2)

L") is the tangential inductance matrix [6]. The injected
carrier voltage vector is as defined in (3) when implementing
alternating HF injection position sensorless control,. The stator
current is used as feedback, thus the measured current in the
estimated rotary reference frame (as dissipated by superscript
7) is as shown in (4) [6] [7].
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Ly is the mean inductance and AL the inductance saliency
(difference inductance). A6, = 6, —ée is the electrical position
estimation error. If it is assumed that the position estimation
error is small enough it can be assumed that sin(Af.) ~ Af.
and cos(A#.) =~ 1. These simplifications coupled with proper
demodulation leads to (6).
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Now (6) shows that the g-axis current has information re-
garding the position estimation error. The q-axis current can be
used to drive a phase locked loop (PLL) to track the electrical
rotor angle [5] [6]. Equation (6) shows that the electrical
position estimation error is scaled by the magnitude of the
inductance saliency. This implies that it will be impossible to
track the electrical angle if Lq = L,.

III. DEGRADATION OF POSITION SENSORLESS CONTROL
PERFORMANCE

According to [2] and [8] there are two effects that can distort
the position sensorless control capability of PM drives, namely,
saturation and cross-coupling effects. The magnitude of the
inductance saliency, AL, decreases as the flux saturates within
the machine until position sensorless control is not possible
any more. This saturation effect occurs when the machine is
loaded.

It is found that cross-coupling between the d- and g-axes
is caused by the asymmetrical saturation of the rotor [3]. To
investigate the distortion caused by the cross coupling effect in
RSMs, FE analysis is done on three rotor structures as shown
in Figure 1. To adhere to convention as chosen by [2], these
three rotors structures are referred to as the ideal-, Figure 1(a),
lateral rib-, Figure 1(b), and central rib rotors, Figure 1(c). The
flux density maps of Figures 1(a) and 1(b) at rated conditions
are similar and symmetrical, as also identified by [2]. However,
high distortion is present in Figure 1(c) where the flux lines
concentrate in the central rib, causing asymterical saturation
and thus increasing the cross coupling between the d- and g-
axes. If the concentration on the central rib is high enough it
can cause the position sensorless control method to misalign
with the d-axis of the rotor. This phenomena is referred to as
saliency shift in [9] and [10].

IV. EVALUATION OF THE RSM ROTOR STRUCTURE WITH
REGARD TO INDUCTANCE SALIENCY

The investigated RSM has a 2-pole pair rotor with a 3-
phase distributed winding standard induction machine stator.
This 1.2 kW RSM is designed and built at the University
of Stellenbosch. The RSM geometry is that of the unskewed
lateral rib configuration as seen in Figure 1(b).

The RSM is a salient pole machine (Lgy # L4) making
it ideal for saliency dependent position sensorless control
methods like the alternating high frequency injection method.
To prove this, a FE and measured analysis are made of this
RSM to investigate its position sensorless capability. The
uncoupled d- and g-axis flux linkages are used to aid this
investigation. The d- and g-axis tangential inductances are
calculated as:

(b) Lateral Ribs

(c) Central Ribs

Fig. 1. Cross coupling effect on (a) the ideal- , (b) lateral rib- and (c) cental
rib rotor configurations.
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La= 3et544(i0,0) ™
A .

Ly = qu" 1 94(0,4q) ®)

Both the d- and g-axis flux linkages are functions of both
iq and i, [2]. With the described method of inductance
calculation it is possible to investigate the saliency of the RSM
with regard to the geometry of the design, minimising the cross
coupling effects. The results of the simulated and measured
analysis of this rotor structure are shown in Figure 2. The
first frame shows the uncoupled flux linkages as a function of
current and the second frame the tangential inductances. It is
clear that there are some irregularities between the measured
and the simulated results. This might be due to an uncertainty
regarding the rotor- and stator steel. Also contributing to the
irregularities is the fact that the inductances are calculated as
partial derivatives. This implies that slight gradient deviation
of the flux linkage causes large deviation of the inductance.
The important aspect regarding these results is that the shape
of the flux linkages of the measured and simulated results are
satisfactorily similar.

The measured and simulated inductance saliency (AL) are
shown in the second frame. These results show that the
magnitude of the saliency is not large enough for position
sensorless control when the machine is loaded . This is due
to saturation of the flux in the machine as described in the
previous section. The gradients of the flux linkages approach
a horizontal gradient as a result of saturation causing the
saliency to decrease. A second problem area is at zero current
where Lg ~ L. This is due to 14(iq,0) and 4(0, i) having
the same gradient.

The effects of these two problem areas play a large role in
the performance of the position sensorless controlled drive.
The maximum torque of the position sensorless controlled
drive is limited due to the saturation under load conditions. The
limited saliency at zero current prevents the position sensorless
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Fig. 2. Measured flux linkages and inductances vs simulated results of the
lateral rib rotor configuration.

control method from tracking the electrical angle. A suitable
example of where this could be problematic is when speed or
torque steps are applied externally to the sensorless controlled
RSM drive at standstill. The HF injection method is unable
to track the electrical angle, and thus loses control of the
machine. To counter this limitation the current vector can be
chosen in such a way that there is always a g-axis current
to saturate the g-axis flux. It is found that the minimum g-
axis current necessary is 0.2 [p.u]. Although effective, this
method is not energy efficient due to the current vector not
always following the maximum torque per ampere locus. This
method of course also implies that there is always current in
the machine even at standstill or at no load.

Applications like electric vehicles that operate regularly at
standstill conditions would benefit from a RSM design that
does not rely on g-axis flux saturation for position sensorless
control. The urban dynamometer driving schedule (UDDS)
is a dynamometer test on fuel economy in urban driving
conditions. The cycle simulates an urban route of 12.07 km
in Fig. 3. This graph clearly shows that there are various
instances where a vehicle comes to standstill in this route [11].
Electric drives for electric vehicles are thus one example of an
application that can benefit from a RSM design with a high
inductance saliency magnitude at zero current.

V. RSM DESIGN FOR HIGH SALIENCY AT ZERO
REFERENCE CURRENT

The identified problems of saturation and saliency shift
caused by cross-coupling exist for PM machines and RSMs.
These problems are already addressed for PM machines with
proposed solutions for preventing saturation and increasing the
saliency [2], [3], [8]-[10], [12], [13]. In the previous section
it was explained that the magnitude of the RSM’s saliency at
zero current is not sufficient, limiting its position sensorless
control ability. The limited saliency of the RSM at zero current
is investigated in this work so as to to increase the energy
efficiency of the position sensorless controlled drive. The stator
of the investigated RSM is a standard induction machine stator,
thus the focus is on rotor modifications that can improve on
the magnitude of the saliency at zero reference current.

The central rib rotor configuration is investigated as an
alternative to the lateral rib configuration for high saliency at
zero current. Although it was proven in the previous section
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Fig. 3. Urban dynamometer driving schedule (UDDS) for 12.07 km [11].
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that this configuration causes problems for the sensorless
methods when the machine is loaded, it is still unsure of
this structure’s saliency characteristics at zero current. This
structure is also simulated as unskewed to compare to the
lateral rib configuration. The uncoupled flux linkages and
inductances as a function of current are shown in Fig. 4. The
simulation results show that the central rib configuration also
suffers from a lack of saliency at no load.

The second investigated configuration is that of the ideal
rotor structure. Again this configuration is simulated with the
rotor configuration unskewed. The FE results of the uncoupled
flux linkages and inductances of the ideal rotor are compared
with the simulation results of the lateral rib configuration in
Fig. 5. This graph shows that ¢4(i4,0) and 14(0,7,) have
different gradients at low current, resulting in a high saliency
due to Ly # L, Not only does this configuration have a
large saliency magnitude at zero current, it also has a more
constant saliency magnitude over current than the lateral rib
configuration. These results suggest that the geometry of the
ideal rotor configuration has, as expected, a higher saliency at
zero current than that of the other two configurations.

VI. SKEWING OF THE ROTOR

In [12] the effect of skewing of a PM machine is investi-
gated. The skew in [12] is a quarter of a slot pitch and the
findings were that skewing has little or no effect on the position
sensorless control capability of the machine. It is important
to investigate the position sensorless control capability of the
RSM with the rotor skewed one stator slot pitch. Both the
lateral rib- and ideal rotor configuration are simulated in five
sub-machines to simulate a full slot pitch skewed rotor. The
saliency acquired from the simulation results are shown in Fig.
6. These results show that there is very little deviation of the
saliency when a RSM rotor is skewed one stator slot pitch and
that it possesses all the necessary characteristic for successful
position sensorless control.
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Fig. 4. Simulated flux linkages and inductances of the lateral rib configuration
vs. the central rib configuration.
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Fig. 5. Simulated flux linkages and inductances of the lateral rib configuration
vs. the ideal rotor configuration.
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Fig. 6. Simulated saliency comparison of the skewed and unskewed lateral
rib- and ideal rotor configurations.

VII. IDEAL ROTOR CONFIGURATION

A. Construction of the ideal rotor configuration

Simulation results suggest that the ideal rotor configuration
will perform well under position sensorless control with zero
reference current. It is decided to build the unskewed and
skewed ideal rotors and evaluate the position sensorless control
capability of these drives. The obvious problem is that a piece
of the rotor steel “floats” in the air. To overcome this problem
a novel solution is implemented. Slots that match the flux
barriers of the rotor laminations are cut into one of the end-
caps of the rotor. With this it is possible to fill the axial length
of the rotor with an epoxy-resin. Epoxy-resin is very strong,
but is not recognised as an adhesive substance, thus it will
not be able to hold the floating piece of iron in place. To take
advantage of the strength of epoxy-resin, small cut outs and
iron snags are laser cut into the laminations as shown on the
CAD design in Fig. 7. These cutouts help the epoxy to grip
the floating piece of iron and prevent it from moving away.
After allowing the epoxy to harden a lathe is used to cut out
the ribs. The unskewed rotor without its lateral ribs is shown
in Figure 8.
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Fig. 7. CAD sketch of proposed RSM rotor lamination.

Fig. 8. Epoxy filled RSM rotor without lateral ribs.

B. Measured evaluation of the unskewed ideal rib configura-
tion

Figure 9 shows the simulated and the measured uncoupled
flux linkages and inductances of the unskewed ideal rib
configuration RSM. The measured results correlate well with
the simulated results. More importantly these results show
that this configuration has a high saliency at zero reference
current. To confirm this a simple test is devised to test the
drive’s position sensorless control capability. The alternating
HF injection method is implemented on this drive with a
reference current of zero ampere, while an induction machine
(IM) is used to drive the RSM at a constant speed. It is not
possible to control the lateral rib rotor RSM sensorless under
these conditions due to the small magnitude of the saliency.
With the unskewed ideal rib configuration, the high frequency
injection method tracks the electrical angle effectively as
shown in Figure 10. A small g-axis current exists as a result of
the HF voltage excitation, allowing the demodulation scheme
to track the electrical angle. No additional g-axis current is
thus required to saturate the g-axis flux at standstill and low
speeds.
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Fig. 9. Simulated results vs. measured results of the unskewed ideal rib
configuration.

C. Measured evaluation of the skewed ideal rib configuration

The measured and simulated uncoupled flux linkages and
inductances of the skewed RSM are shown in Fig. 11. Again
the measured results correlate well with the simulated results.
These results show that this configuration has a large enough
saliency to perform positions sensorless control at low refer-
ence currents. This is confirmed by the same HF injection test
performed on the the unskewed rotor. The results of this test in
Fig. 12 clearly show that even though the rotor is skewed one
slot pitch, position sensorless control is still possible and that
there exists a high enough saliency under no load conditions
to estimate the electrical angle.

D. Concluding thoughts on the ideal rotor RSM design

No measures were taken to protect a “fragile” rotor design
during the testing procedures of the two constructed rotors.
These two designs underwent harsh testing procedures, most
of them at above rated conditions. No damages was caused to
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Fig. 10. Measured results of the HF injection method implemented on the

unskewed ideal configuration RSM design. Reference current of 0 A while
driven by the IM drive at constant speed.
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the rotor as a result of these tests. It seems that the epoxy-hook
combination ensures stability of the rotor.

Figure 13 compares the measured saliency of the three
measured RSM designs. This graph clearly shows that the
two ideal rotor configurations have an increased saliency under
no load conditions as well as a higher saliency under loaded
conditions.

VIII. CONCLUSION

Two design aspects that distort the high frequency injec-
tion position sensorless control capability of RSM drives are
discussed, namely saturation and saliency shift. It is shown
that these two phenomena are not exclusive to permanent
magnet machines, but affect RSM drives as well. A third
problem area was identified when investigating the position
sensorless control capability of a custom built RSM with a
lateral rib configuration. This problem area occurs at zero
reference current where the magnitude of the saliency is too
small for position sensorless control.

A FE package is used to investigate alternative unskewed
rotor structures with a high saliency at no load. FE results
indicated that the ideal rotor configuration has a large enough
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Fig. 12. Measured results of the HF injection method implemented on the

skewed ideal configuration RSM design. Reference current of 0 A while driven
by the IM drive at constant speed.
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Fig. 13. Measured saliency of the three RSM designs.

saliency at no load for position sensorless control. This rotor
configuration was constructed with a novel epoxy-resin rotor.
Measured results correlated well with the simulation results
and showed that the new proposed design has a higher saliency
at zero reference current. A simple HF injection position
sensorless control testing procedure proved that no additional
g-axis current is necessary to saturate the g-axis flux under no
load conditions.

The position sensorless control ability of the lateral rib and
ideal rotor configurations is also investigated with a rotor that
is skewed by one stator slot pitch. Simulation and measured
results confirmed that the RSM drive with the skewed ideal
rotor configuration possess the necessary characteristics for
position sensorless control. These results also showed that
the ideal rotor configuration retains its large saliency at zero

reference current when skewed.
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