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Abstract. This paper presents a novel initial rotor position estimation method for a surface-mounted
permanent magnet synchronous motor (SPMSM) using its inherent magnetic features. Here, the initial rotor
position has been estimated utilising the variation in phase inductances arising out of the unavoidable but very
small saliency occurring either out of magnetic saturation of the machine or the magnet shape. Detailed
investigations have been carried out to enumerate the actual magnitude of the inductances of the SPMSM with
distributed armature winding and the dynamic saturation status with armature current variation. Here, 3-phase
balanced voltage of higher frequency (150 Hz) is applied to the motor terminals for a short period of time (for
300 ms) and the corresponding phase currents are indirectly used to determine the rotor position. Innovative
signal processing steps have been used to distinguish small differences in the 3-phase currents caused by the
small differences in the phase inductances. The position is determined from the relative values of different phase
currents using a novel approach. This still leads to two diametrically opposite (electrical phase) solutions for the
instantaneous rotor position. To eliminate this ambiguity, two alternative methods (for pole identification) have
been proposed. Extensive co-simulations of finite-element method (FEM)-based electromagnetic simulation and
system simulation (for logic implementation) have been conducted. The estimation methods have been validated
experimentally on a laboratory-developed prototype SPMSM that was designed and fabricated by the authors.
The experimental results are found to be in excellent agreement with the FEM-based simulation results. The
complete initial position estimation method takes less than 1 s of real time, which is typically less than the precharging time of standard commercial inverters.
Keywords. Surface-mounted PMSM; initial position estimation; finite-element method (FEM); selfinductance; coupled co-simulation; V/f control.

1. Introduction
Permanent magnet synchronous motors (PMSMs) dynamically require the knowledge of rotor position at every
instant for proper operation and control. Usually, encoders,
resolvers or Hall-sensors are used to obtain the rotor position. However, these additional elements increase the
overall size and cost of the system and also reduce its
reliability. Hence, emphasis is laid on position sensorless
control of these motors. In most of the cases, the rotor
position information is extracted directly or indirectly from
the back-emf of the motor [1–5]. This gives good accuracy
in a significant part of the speed range. However this
method provides erroneous results when back-emf is either
absent or very low, at standstill or during the start-up of the
*For correspondence

motor. The back-emf is zero at standstill and the error in
position (hr ) estimation may lead to torque pulsations,
improper control of current or even reverse rotation [5–7].
It may be easily appreciated that the initial position can be
determined even at standstill using the spatial saliency of
the motor. This saliency results in variations of d- and qaxis inductances of the motor. However, the saliency is
prominent in case of interior PMSM (IPMSM) only. In the
case of surface-mounted magnet type PMSM (SPMSM),
the saliency is almost negligible and the d- and q-axis
inductances are almost equal. Hence, the initial position
estimation of SPMSM at zero speed is a challenge and may
be a very interesting topic of R&D.
The methods employed for initial position estimation
either use a series of pre-defined voltage vectors [8–13] or
inject high-frequency (HF) oscillating signal [14–19] and
detect the peak current or rise and fall time of the current. A
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significant proportion of the available literature [9–19]
describes position estimation methods for IPMSMs only or
PMSM, with LLdq 6¼ 1 [20, 21]. However, as mentioned earlier, the initial position estimation of SPMSMs is much
more challenging. Some literature report the use of techniques used for IPMSMs, with appropriate modifications, to
determine initial rotor position in an SPMSM.
References [22–24] describe the methods of initial
position estimation of SPMSMs, based on rectangular
pulsed voltage injection method. Here, a series of pulsed
voltages (diagnostic signals) is applied to the motor to
continuously check the corresponding peak currents and
hence determine the position. This requires continuous and
precise sensing and checking of phase currents (to determine the peak value), which linger for very short durations
only. Over and above, this method requires large currents to
distinguish between N and S pole (pole identification) that
may even rotate the rotor [25, 26] significantly. This
method incurs large errors for machines with lower flux
density and the large d-axis current may even demagnetise
the magnets.
Another method of initial position estimation of SPMSM
using HF oscillating signal injection is presented in [27].
The sensed phase currents are transformed into the appropriate rotor reference frame and used to generate the error
signal containing rotor position information. A PI-controller is used to regulate the position (hr ) error, approximating the non-linear phase inductance to be linear. In this
case, the PI-controller works only if the error in rotor
position estimation is sufficiently small. It uses the standard
model [28] of phase inductance for the calculations.
However, in practice, the inductance under saturated condition hardly follows the idealised nature as discussed in the
subsequent sections of this paper.
An initial rotor position estimation method for IPMSMs
with low saliency ratio (Ld =Lq ) is presented in [29]. It uses
the model of PMSM in a stationary reference frame for
position estimation. In particular the authors have excited
any two phases of the motor at a time, in an appropriate
sequence, in different combinations of phases. In the said
reference frame, the voltage equations are found to have
saliency-dependent terms. However, this method requires a
simultaneous solution of two non-linear equations containing sin 2h and sin 2ðh þ p3Þ terms. Additionally, a DClink voltage sensor is used. Also, this method assumes ideal
inductance variation (an average value with double-frequency variation) for modelling. However, as previously
mentioned this is not strictly so for SPMSMs. Moreover the
L L
method uses L1 (where L1 = d 2 q Þ [28], which is a very
small number in case of an SPMSM so that a small error in
parameter evaluation can produce a large error in position
estimation.
Paul and Chang [30] have presented an initial position
estimation method for an SPMSM using an incremental
encoder. Current commands, in phase quadrature, are
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applied and the direction of rotation in each case is sensed
to identify the quadrant (among the 4 possible quadrants) of
rotor position. This is followed by setting torque commands, separated by 45 (electrical) from each other, using
the estimated rotor position. For each torque command, the
angle of rotation is measured. This angular displacement
depends upon the estimated position error. Finally,
numerical techniques (secant method) are used to determine
the initial position. However this method requires an
incremental encoder to measure the shift of rotor position
(hfb ) with different torque commands, which has inherent
disadvantages as discussed earlier. In the works of [31, 32],
HF voltages are applied to determine the initial position of
an SPMSM. The positive and negative peak currents are
compared to identify positive d-axis. Another initial position estimation method is presented in [33], where HF
currents are applied and the corresponding HF voltage
response is integrated to determine the initial position
depending on the sign of the integrals. In [34, 35] the
authors use a DC-link current sensor to determine the initial
position of BLDC motor. HF voltage vectors are applied as
an additional current sensor is also required to sense the
maximum DC-link current corresponding to the different
voltage vectors.
The different initial position estimation methods mentioned earlier are quite complex. While some methods use
the absolute value of Ld and Lq , most of the methods model
the inductance with only double-frequency variation of
phase inductance to determine the initial position. However, as mentioned previously, the phase inductances with
saliency arising out of saturation do not follow the ideal
double-frequency variation. Again, some estimation techniques require very fast ADC to sense currents caused by
diagnostic voltage pulses of very short durations. Also, any
error in the determination of the absolute value of phase
inductance can cause large estimation error(s). The methods involving peak current detection and comparison
(corresponding to the pulse voltage vector that exists for
very short duration only) require large current magnitudes
for the effect of saturation to show up since at low saturation levels, the difference between peak currents can be
very low and can lead to ambiguous results [25]. Some
methods use additional circuitry, devices or sensors to
estimate the initial rotor position. It should be emphasised
here that the exact initial position is not necessary in all
cases. Rather, to start the motor, the information about the
‘sector’ of rotor position is sufficient in most cases to start
the motor [36–38]. Once the motor starts, the back-emf
information can be used to determine the rotor position
accurately. Quite a few methods are protected by patents
too.
In this paper, a novel method of initial rotor position has
been presented utilising the variation in phase inductances
arising out of the unavoidable but very small saliency
occurring either due to magnetic saturation of the machine
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or the magnet shape. Here, innovative methods have been
presented to utilise the small saliency. At standstill condition, balanced sinusoidal voltages of higher frequency
(150 Hz) are applied to motor terminals and the position
estimation is done by comparing relative values of the
phase currents at standstill. Small differences in the magnitudes of phase currents are observed due to the small
saliency introduced even in SPMSM. The relative values of
phase currents are indirectly used to determine the rotor
position by a modified signal processing technique. The
initial position estimation method has been practically
implemented on an existing 8-pole, 5-kW SPMSM having
distributed armature winding, which was previously
designed and developed by the authors [39].
In this work, first, a detailed investigation has been carried out to identify the true nature of phase inductance of an
SPMSM having distributed armature winding. Although the
existing prototype has a bread-loaf permanent magnet (PM)
structure (figure 1a), all the other possible PM structures
(figure 1a–d) have also been considered in the simulation
study for the sake of generality. The pattern of phase
inductance variations with rotor position is different for
different magnet shapes (figure 2). Moreover, the inductances do not vary with double frequency only in practice.
This issue has been described in detail in the following
sections. The nature of inductance variations has been

Figure 1. Rotor cross sections for 5-kW, 8-pole PM machines
(having identical ratings and main dimensions) with different PM
shapes and sizes (rotor OD including magnet is 93.4 mm).

Figure 2. Spatial distribution of self-inductances (LRR ) over an
electric cycle for the different PM (rotor) structures shown in
figure 1.
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investigated (using commercially available standard
finite-element method (FEM) software packages) and
experimentally verified on two different laboratory-developed prototypes of surface PMSM with different pole
numbers (8-pole 5-kW [39] and 4-pole 0.5-kW [40] PM
machines). Extensive co-simulation [41–43] using ANSYS
MAXWELL (for FEM-based modelling and electromagnetic simulation of PMSM), ANSYS Simplorer (for power
circuit simulation) and MATLAB Simulink (for logic
implementation) has been done to implement and verify the
initial position estimation algorithm. The corresponding
experimental results of the initial position estimation
method have been presented in sufficient detail to establish
the analytical/theoretical background and to validate the
accuracy and effectiveness of the proposed method.
It may be worthwhile to mention that this technique does
not require an ADC with a very high sampling rate for
current sampling or any additional hardware/incremental
encoder as presented in [30]. In the proposed method here,
neither the mathematical model nor the actual value of
phase inductance is required to determine the initial position. Rather, the information regarding relative magnitudes
of the inductances of the different phases at a given instant
for a particular polar structure and shape is enough to
determine the initial rotor position. The proposed initial
position estimation is, therefore, perfectly general and
involves three simple steps as presented in the subsequent
sections. The generality of the proposed method makes it
all the more versatile and can be considered as another
significant feature of this novel approach.

2. Investigations on inductances of SPMSM
As mentioned earlier, figure 1 shows the SPMSMs with
different rotor structures considered for the study of nature
of inductance. Figure 2 shows the corresponding self-inductances of a given phase (R-phase here) for different
rotor structures. It can be observed that the variation in
phase inductance for different rotor positions is small for all
the SPMSMs having different rotor structures. For example,
the minimum value of inductance in figure 2a is 4.81 mH
and maximum is 4.99 mH.
Only a magnitude-based comparison may not illustrate
the true degree of variation in the inductances of figure 2.
Hence, the inductances have been normalised and only the
per unit (p.u.) variations of inductances (shown in figure 2)
have been presented in figure 3. This upholds the order of
variations of inductance for different rotor configurations
(figure 1). The maximum peak to peak inductance variation
is less than 0.04 p.u. Hence, very precise and complex
methods are used to extract the actual rotor position using
the small saliency in SPMSMs arising out of saturation in
the magnetic circuit or due to the chosen shape (such as
flat-bottomed magnets).
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Figure 3. Per unit variations of the self-inductances over an
electrical cycle for the different PM (rotor) structures as shown in
figure 1.

Now, the general model of PMSM, which is usually used
in literature, can be written as [28]
2 3 2
32 3
wR
LRR LRY LRB
iR
6 7 6
76 7
4 wY 5 ¼ 4 LYR LYY LYB 54 iY 5
wB
LBR LBY LBB
iB
2
3
ð1Þ
w0 cos hr
6
7
þ 4 w0 cosðhr  120o Þ 5
w0 cosðhr þ 120o Þ
where the L matrix is given by (3) and Ll , leakage
inductance; Kd , Kq are the d- and q-axis permeances,
respectively. For SPMSMs the d- and q-axis permeances
are almost the same (as the permeability of PM NdFeB is
close to the air gap permeability). Hence, ideally L2 ¼
ðK K Þ

N 2 d 2 q ¼ 0 [28]. However, a small saliency is introduced in the motor either due to the magnetic saturation
caused by the flux of the PMs or due to the chosen shape of
magnets (for magnet of the flat-bottomed surface) and
practically L2 6¼0 in (3).
Moreover, L2 does not always contribute to only cos 2hr
variations alone as given in (3) and the effect rather
depends on the shape and size of magnets. Figure 2 shows
phase inductances for different rotor positions of surface
PMSM with different magnet shapes. It can be observed
that variations of L with rotor position are not identical for
different SPMSMs and they deviate from the general pattern as given in (3). The phase inductance can be generally
written as
Lph ¼ L0 þ Le

ð2Þ

where L0 , a constant value of Lph and Le corresponds to
the variation in Lph with rotor position. The FFT (Fast
Fourier transform) of Le for different pole structures has
been presented in figure 4. It can be verified that Le contains
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e
Table 1. Different harmonic components present in L.
PMSM1
Component
st

1 har.
2nd har.
3rd har.
4th har.
5th har.
6th har.
Figure 4. Harmonic components presents in the self-inductance
for the different PM machines showed in figure 1 with zero phase
currents.

even harmonics (2nd harmonics along with 4th and or 6th
harmonic). Also, for some pole structures, Le has (positive)
cos 2hr variation and for some other structures it has (negative) cos 2hr variation (table 1). Table 1 contains a list of an ,
e It can be
bn of different harmonic components present in L.
observed that harmonic components are different for different
pole configurations and the shapes and even the sign of an , bn
for different harmonic components are different for different
PMSM rotor structures. Hence, it is a challenge to generalise
the model of the phase inductance of SPMSM.

2

LRR
6
4 LYR
LBR

LRY
LYY
LBY

3 2
Ll þ L1 þ L2 cos 2hr
LRB
7 6
LYB 5 ¼ 4 0:5L1 þ L2 cos 2ðhr  120o Þ
LBB
0:5L1 þ L2 cos 2ðhr þ 120o Þ

bn

an
0
-0.099
0
-0.002
0
0.012

0
0
0
0
0
0

PMSM3

PMSM4

an

an

an

0
0.06
0
0.008
0
0.014

bn
0
0
0
0
0
0

0
0.055
0
0.022
0
0.003

bn
0
0
0
0
0
0

0
0.04
0
-0.015
0
-0.002

bn
0
0
0
0
0
0

the variation DwR is only due to the variation in the phase
current (DiR ). The same can also be obtained following (1).
Now, the LRR can be easily obtained from the DwR over a
period using the well-known relation as
LRR ¼

DwR
:
DiR

ð4Þ

For the rated current having peak value of 17 A the DiR
over a period is 34 A, which can also be observed in figure 5a–d. The magnitude of DwR and the corresponding
calculated value of LRR along d (LRRd ) and q-axis (LRRq )
have been enlisted in table 2 for both PMSM1 and PMSM2.
It has been observed here too that in case of PMSM1,

 0:5L1 þ L2 cos 2ðhr  120o Þ
Ll þ L1 þ L2 cos 2ðhr  120o Þ
 0:5L1 þ L2 cos 2hr

It may be interesting to note that although the cross sectional
views of PMSM1 and PMSM2 (figure 1a, b) look very similar
the nature of variation of the self-inductance is opposite in
phase as is observed in figure 2a and b. To further investigate
the effect of saturation on the inductance, a separate set of
FEM simulations has been carried out under different conditions as detailed next at zero speed (xr ¼ 0) i.e. at static
condition of the rotor. The ‘R’-phase has been excited with
rated current (peak value is 17 A) of rated frequency (50 Hz)
and the ‘Y-’ and ‘B’-phases have been kept unexcited. The
corresponding variation in the ‘R’-phase flux linkage (DwR )
has been observed for different rotor positions for the two
different SPMSMs (PMSM1 and PMSM2).
The corresponding FEM-based simulation results have
been presented in figure 5a–d for the two machines. The
average flux linkage wR ¼ w0 (i.e., the inherent linkages
due to the magnet alone) when the ‘R’-phase is aligned
with d-axis (hr ¼ 0o ) and wR ¼ 0 when the ‘R’-phase is
aligned with q-axis (hr ¼ 90 ), as expected. With xr ¼ 0,

PMSM2

3
 0:5L1 þ L2 cos 2ðhr þ 120o Þ
7
 0:5L1 þ L2 cos 2hr
5:
o
ðLl þ L1 þ L2 cos 2ðhr  120 Þ

ð3Þ

LRRd \LRRq and vice versa in PMSM2. These results are
similar to the results presented in figure 2a and b for
PMSM1 and PMSM2, respectively, and hence uphold the
correctness of the earlier observations.
This interesting difference can be verified and validated
in another innovative manner too. Let the PMs be removed
in the FEM model and be replaced by air. This will help to
truly identify the effect of saturation on the nature of
variation of inductance. The corresponding FEM simulation results have been included in figure 6 along with the
results obtained for the actual machines (with the PMs).
The important observations made from figure 6 are as
follows:
• In case of PMSM1, LRRd \LRRq even without the PMs.
However the ratio

LRRq
LRRd

is higher (1.11) than the ratio

obtained (1.04) in actual machine with PMs.
• In case of PMSM2, the LRRd  LRRq without the PMs.
However, LRRd [ LRRq in the actual machine with PMs.
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Figure 5. wR , iR at two different rotor positions under static condition (xr ¼ 0) with iY ¼ iB ¼ 0.

Table 2. Variation of wR with iR for different rotor positions at
static condition (xr ¼ 0) with iY ¼ iB ¼ 0.
Machine
PMSM1
PMSM2

R-phase axis
Along
Along
Along
Along

d-axis
q-axis
d-axis
q-axis

DwR (Wb)

DiR (A)

LRR (mH)

0.16
0.168
0.154
0.147

34
34
34
34

4.71
4.94
4.53
4.32

• When PMs are inserted (actual machine) the
inductance along d-axis increases in PMSM1. In case
of PMSM2 it remains almost equal to the value
obtained without the PMs.
• On the contrary, the inductance along q-axis decreases
in both PMSM1 and PMSM2.

Figure 6. Self-inductance for the two PMSMs with and without
the PMs in the machine.

From the earlier observations, it is clear that a small
saliency is already present in PMSM1 even when there is
no saturation (no PMs, i.e. no field) in the magnetic circuit
of the machine. One can observe that the ‘bread-loaf’shaped PMs (which has flat-bottomed surface) as used in
PMSM1 (figure 1) have non-uniform thickness. The

thickness is maximum at the middle and minimum at the
two sides. This non-uniform thickness of PM results in
non-uniform length of the effective air gap (l0g ). The l0g is
maximum along d-axis and minimum along q-axis. This
clearly leads to higher inductance along q-axis even
without saturation in case of PMSM1. However, in case of
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PMSM2, arc-shaped PMs have been used, which have
uniform thickness and no such saliency is present when
there is no PM (i.e. without saturation).
When the PMs are there (as is the case for the actual
machines), in both the PMSMs the q-axis inductances
decrease. This introduces a small saliency in PMSM2 and
in case of PMSM1 this slightly reduces the overall saliency ratio (compared with that obtained without the
PMs). Hence it can be concluded that although apparently the nature of inductances of PMSM1 and PMSM2
looks just opposite, the effect of saturation is similar in
both the machines and is commensurate with logic. In
L d
both the machines the ratio LRR
increases when the PMs
RR
q

are included compared with the no-PM case. For PMSM3
and PMSM4, shown in figure 1c and d, respectively, the
l0g is almost same along d- and q-axis. Hence, the variation of inductance is due to saturation and LRRd [ LRRq
in these machines too (figure 2c, d) as obtained for
PMSM2. However, the magnitude and profile of inductances are not identical as already highlighted in figure 4
and table 1.
Now the effect of the saturation on the phase inductances
is due to the variation of both the magnetising and leakage
inductance with the level of saturation. The variations in the
magnetising and leakage inductances are different along dand q-axis and hence, a small difference is introduced in the
d- and q-axis inductances. The degree of variation of the
afore-mentioned inductances depends upon various factors
such as shape and size of PMs, relative width of the stator
tooth and slot, air-gap length, slots per pole ratio, level of
saturation in the machine core, etc. and hence, varies from
machine to machine. Thus, no such general model can be
accurately used to predict the nature of variations of
inductance.
In [22], the authors mention certain ambiguities in the
estimation of initial position estimation for certain rotor
positions. It is conjectured that this may be due to the
non-ideal nature of variation of inductance pattern as
explained earlier. The method in [29] uses an ideal
model for phase inductance variation, which may give
good results in IPMSM while it can produce erroneous
results in SPMSM due to the afore-mentioned facts.
Additionally, in many cases the users do not have
detailed design data made available to them that may be
required to predict the inductance. Here, in the proposed
method, no mathematical model of inductance is
required to identify the initial rotor position. Simple
experimental methods have been presented to identify
the relative magnitudes (if phase inductance of any
phase is higher than the other two phases) of the phase
inductances, which have been used to determine the
initial rotor position. Detailed experimental validation of
variation of phase inductance has been presented in the
following sections.

Figure 7. Six sectors over an electric cycle (hr corresponding to
a pair of pole pitches).

3. Proposed initial position estimation algorithm
A complete electrical cycle (of rotor position) of 360 (e)
has been subdivided into 6 symmetric 60 (e) intervals and
sectors as shown in figure 7. This is done considering the
variations of the 3-phase (R, Y, B) inductances as presented
in figure 8. Figure 8 shows the inductance of all the 3
phases for the prototype PMSM. The same was generated
using FEM software packages. Any particular sector (interval of rotor position) corresponds to the phase that has
minimum inductance in that interval of rotor position. The
6 sectors correspond to the 3 phases each having two diametrically opposite sectors, positive and negative, as shown
in figure 7 (this is because the phase inductance predominantly has double-frequency variation with minor HF
variations).
For example it can be observed from figure 8 (for the
prototype used in this study) that B-phase has minimum
inductance value among all 3 phases when 30 \hr  90

Figure 8. Variation of 3-phase (R, Y, B) self-inductances (LRR ,
LYY , LBB ) for PMSM with flat-bottomed PM.
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Figure 9. Flow chart/algorithm of the proposed initial position estimation method.

and 210 \hr  270 , which correspond to sector-2(B?)
and sector-5(B-), respectively, in figure 7. Hence, first, it
is required to identify the phase with minimum inductance
to determine the rotor position.
In Step-1 (figure9), a balanced voltage is applied to the
3 phases of the PMSM. The phase currents are, of course,

slightly different due to the variation in magnitude of the
instantaneous inductances, with rotor position. The maximum current helps to identify the phase with minimum
instantaneous inductance for any particular rotor position.
This leads to two possible rotor positions (positive or
negative sector of the phase with maximum current).

Sådhanå (2020)45:271

Figure 10. Photographs of the rotors for different prototypes
used to verify the nature of inductance.

This ambiguity (pole identification) of identifying hr and
ðp þ hr Þ is eliminated by applying a chosen voltage vector
(in Step-2) depending on the phase determined in the first
step and thereafter identifying the polarity of the torque
produced by the PMSM. The voltage vector is applied for a
very short duration (here, 100 ms), which produces a positive or negative torque depending on the occupancy of hr
and ðp þ hr Þ of the pre-determined phase in Step-1.
The polarity of the developed torque is indirectly determined without any torque or position sensors. A very small
rotation of the shaft (less than 4 mechanical here, for this
8-pole m/c even) is enough to verify the polarity of torque
produced. In the final step, a balanced voltage of same
magnitude (as in Step-1 before) is applied on all the 3
phases of the PMSM. The magnitudes of phase currents are
sensed and stored in the control platform and the difference
of each phase current with the previous value (obtained in
Step-1) is calculated (Step-3).
The relative change of the phase currents is used to
determine the direction of rotation and hence the polarity of
electromagnetic torque. The sector determined in Step-1,
along with the estimated polarity of the electromagnetic
torque, is used to determine the initial position accurately.
A modified signal processing method is applied to reduce
the error caused due to low variations of phase inductances,
which results in a small variation of phase current for different rotor positions. The algorithm for the complete
estimation method has been presented in figure 9.
An alternative method of pole identification of PMs has
also been presented here, which depends on the difference
between the peak values of the positive and negative half
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Figure 11. Phase inductances variation of 4-pole, 0.5-kW
surface-mounted prototype and corresponding harmonic
components.

Table 3. Phase currents (RMS values) of 5-kW prototype at
different rotor positions with balanced 3-phase voltage at zero
speed.
hr (elec. deg.)
5
25
75
130
145
190
235
250
295
320

IR (p.u.)

IY (p.u.)

IB (p.u.)

Sector

0.59
0.60
0.52
0.48
0.53
0.58
0.59
0.52
0.48
0.56

0.54
0.50
0.50
0.57
0.58
0.54
0.48
0.51
0.57
0.59

0.48
0.52
0.58
0.54
0.50
0.48
0.55
0.59
0.54
0.48

1
1
2
3
3
4
5
5
6
6

cycle of phase current. Once the sector is determined in
Step-1, the positive and negative peak currents of the phase
with minimum inductance (as determined in Step-1) are
compared. Depending on the actual rotor position hr for
positive d-axis or (hr þ p) for negative d-axis, either the
positive peak or the negative peak is higher. This has been
explained in detail in the subsequent sections.
Although the principles involved may not be novel the
proposed approach is novel as this does not require very
fast ADC, which may be required to determine the peak of
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Table 4. Phase currents (RMS values) of 0.5-kW prototype at
different rotor positions with balanced 3-phase voltage at zero
speed.
hr (elec. deg.)
20
80
140
200
260
320

IR (p.u.)

IY (p.u.)

IB (p.u.)

Sector

0.50
0.21
0.29
0.64
0.43
0.36

0.43
0.50
0.57
0.36
0.21
0.57

0.29
0.64
0.36
0.36
0.64
0.21

1
2
3
4
5
6

the phase current caused by a HF pulsed voltage excitation
as done in [23]. This pole identification method does not
incur any unwanted rotor movement. However, for some
rotor positions, the difference of values between positive
and negative peak may be very low [36], which may lead to
false identification of the N- or S-pole. Both the methods of
pole identification have been presented in subsequent
sections.

4. Detailed steps of initial position estimation
The initial rotor position is estimated depending on the
relative values of the phase inductances of all the 3 phases
(figure 8) for any particular rotor geometry. The same set of
relative values can lead to different positions for different
polar geometries. The first step (Step-1) of the proposed
algorithm involves the determination of phase with minimum inductance for any particular rotor position.

4.1 Detection of the phase with minimum
inductance
Step-1 of the proposed estimation method involves identification of the phase with minimum inductance for any

particular rotor position (figure 9). Balanced 3-phase
voltages are applied at the motor terminals and the phase
currents are sensed. These currents signals are appropriately
processed to determine the rotor position.
The variation of inductance with rotor position has been
experimentally validated using the variation of phase currents with rotor position on the afore-mentioned 8-pole, 5kW SPMSM (figure 10a) with flat-bottomed magnets (with
pole embrace 0.7). Additionally, a similar study has been
done on another 0.5-kW, 4-pole surface-mounted prototype
designed and developed in the same laboratory (figure 10b)
to actually justify the generality of the analysis. This 0.5kW prototype has a pole embrace of 0.9, which is similar to
the geometry shown in figure 1d. The R-phase inductance
of the afore-mentioned prototype has been shown in figure 11a. This contains an average value (L0 ) and an altere as given in (2). Figure 11b shows the
nating part ( L)
corresponding FFT of Le for this prototype. The nature of
the inductance of this prototype is very similar to the nature
of inductance of PMSM1 (figure 8) used in the present
study. Tables 3 and 4 show the RMS values of the phase
currents (for 5-kW and 0.5-kW motors, respectively) for
different rotor positions with a balanced 3-phase voltage of
0.1 p.u. magnitude and 50-Hz frequency. It can be observed
in both, tables 3 and 4, that for sector-1 (30 \hr \30 ),
the value IR is maximum compared with IY , IB and similarly
the other corresponding phase currents are maximum for
other sectors. The variations of phase currents with rotor
position are in exact agreement with the expected results.
From the earlier discussions, it may not be difficult to
appreciate that, once one obtains the phase with maximum
current, one can easily estimate the phase with minimum
inductance for any particular rotor position. The proposed
algorithm has been implemented and verified, first using an
available FEM-based software package. A detailed cosimulation platform has been used here to verify the actual
variation of inductance and phase currents for different
rotor positions when the PMSM is fed from a voltage

Figure 12. Extensive coupled co-simulation of FEM-based electromagnetic model and the power and logic circuit.
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(unbalanced currents) and the phase carrying the maximum
current changes naturally with rotor position (sector).
The experimental study of initial position estimation has
been done on the 5-kW PMSM prototype with bread-loaf
PM structure. Figure 14 shows the corresponding experimental results. It can be verified from figure 14a that IR is
maximum when the rotor lies in sector-1 (as LR value is the
least compared with LY and LB in this sector). Also, IY and
IB are maximum when the rotor lies in sector-3 (figure 14c)
and sector-2 (figure 14b), respectively. These variations in
current magnitudes for different rotor positions (sectors)
correspond with variations of the phase inductances with
rotor position as given in figure 8. The experimental results
are in perfect agreement with the simulated results and
theoretical analysis. This proves the effectiveness and
accuracy of the co-simulation mentioned earlier as also the
precision of the experimental set-up and results.
It is thus established that even for SPMSM, the phase
inductances, and hence the currents, exhibit small variations with rotor position. Here, the phase with the maximum current needs to be identified. Now at first, a balanced
3-phase voltage of 150 Hz frequency is applied to motor
terminals at standstill. The corresponding 3-phase currents
at any rotor position are ideally same. However, a small
difference in magnitude is observed due to the small variation of inductance as discussed earlier. Additionally, for
certain rotor positions this difference may be extremely
small to be detectable. Hence, a modified method is being
proposed here and the same is used to determine the phase
with the maximum current.

4.1.1 Novel method to detect the small differences
in phase currents Figure 15 shows the method used to

Figure 13. Coupled FEM simulation results: iR ; iY ; iB at zero
speed for different rotor positions

source inverter. The FEM (ANSYS Maxwell) model of
PMSM has been fed from an inverter (in ANSYS Simplorer). The MATLAB Simulink platform has been used to
generate gate pulses and to implement the position estimation algorithm. The detailed simulation set-up comprising ANSYS Electromagnetics, Simplorer and MATLAB
Simulink has been shown in figure 12. Figure 13 shows the
co-simulation results of the phase currents for different
rotor positions. As the PMSM is excited with higher frequency voltage, the rotor does not rotate during the application of this HF oscillating power level signals. It can be
observed that all the phase currents are not equal

measure amplified magnitude of the phase currents. Instead
of measuring actual peak current of HF oscillating signal
(which may require an ADC with high sampling rate for
accurate measurement), a modified magnitude (named as
i2 ðtÞLPR , i2 ðtÞLPY , i2 ðtÞLPB for the three-phase currents) is
measured as is detailed subsequently.
Here, first, we obtain i2ph from sensed iph . Then this i2ph is
passed through a low-pass filter (LPF) used to compute
i2 ðtÞLP . This obviously increases the resolution, specifically
when the inductance difference is small. The phase with
maximum current is identified by comparing the signals
i2 ðtÞLPR;Y;B dynamically. For example, as shown in figure 16,
the magnitude of IR is minimum and IB is maximum. The
difference of magnitudes of IY and IB is small. The phase
currents (i(t)) and the corresponding i2 ðtÞ and i2 ðtÞLP are
shown in figure 17. How the small difference has been
magnified can be observed, without actually measuring the
RMS or peak values of the currents. Since the difference is
small the comparison between i2 ðtÞLPR;Y;B can get affected
by noise and can lead to oscillations and ambiguity in the
decision, particularly when the difference between i2 ðtÞLP
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Figure 14. Experimental results: iR ; iY ; iB (5 A/div) and hr (60 elec./div) at zero speed for different rotor positions (with d-axis as the
reference).

Figure 15. Schematic of i2 ðtÞLPR measurement and decision
making.

values for any 2 phases is small at any particular rotor
position.
Here, a hysteresis block with a subtractor is used to
compare the i2 ðtÞLP of different phases as shown in figure 18. This action eliminates the effect of noise in the
sensed currents. Here, i2 ðtÞLPR , i2 ðtÞLPY and i2 ðtÞLPB as
computed in Step-1 are stored, respectively, as i2 ðtÞLPR1 ,
i2 ðtÞLPY1 and i2 ðtÞLPB1 for further use. The time constant of
LPF is chosen such that the output reaches a steady value
well within the duration for which the excitation exists
(300 ms here). The same can be observed from figure 19,
where the output of LPF reaches the steady state with

Figure 16. iR , iY , iB (5 A/div) of 150 Hz frequency and hr (60
elec./div).
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Figure 17. Experimental result: i, i2 and i2 ðtÞLP (x-axis: 1 ms/div, y-axis: 5 A/div).

Figure 18. Schematic to compare i2 ðtÞLP of different phases.

100-ms time. It is important to note that as the output is DC,
the effect of phase shift is not important here.
It is clear from tables 3 and 4 that each phase can carry
the maximum current for two diametrically opposite sectors
of rotor position (positive and negative sectors of each
phase) in a complete electric cycle (figure 7). Once we
determine the phase drawing maximum current (i.e. having
minimum inductance at that rotor position), the next step is
to distinguish between the positive sector (hr ) and negative
sector (hr þ p) of that phase (i.e. distinguish between sector-1 and -4 or sector-2 and -5 or sector-3 and -6 pairs,
respectively (figure 7)). The detailed process of removal of
this foreseeable ambiguity in the decision of whether the
prevailing position is hr or (hr þ p) is discussed next.

4.2 Pole identification (to distinguish hr
and (p þ hr )) (Step-2 and -3 (figure 9) )
4.2.1 Method 1 The phase inductance profile of any
phase is identical for the positions hr and (p þ hr ). Hence,
the process of detection of rotor position (hr ) from phase
inductance leads to two possible solutions hr and (p þ hr )
as already mentioned. Thus, an additional step is required
to distinguish between hr and (p þ hr ). The steps to

Figure 19. iY , iB (5 A/div) and i2 ðtÞLPY , i2 ðtÞLPB .

distinguish hr and (p þ hr ) are shown in the flow
chart (figure 9). Depending on which phase is detected as
carrying the maximum current in the first step, a given
voltage vector is applied for a very short duration (100 ms).
This produces a positive or negative torque depending on
whether it is hr and (p þ hr ). This results in a small rotation
(  3 mechanical as mentioned) either in the forward or in
the reverse direction. Once the direction of rotation is
observed, hr and (p þ hr ) can be set apart easily as mentioned later. The steps of pre-defined voltage application
and the corresponding indirect method to determine the
direction of rotor rotation have been detailed in the subsequent subsections.
Step-2 (determination of appropriate voltage vectors for
different rotor sectors)
In the next step (Step-2) of the proposed method, as
mentioned earlier, an appropriate voltage vector has to be
applied to produce the required torque. The torque will be
either positive or negative depending on the actual rotor
position (presence of positive or negative d-axis in the
vicinity of the sector determined in Step-1). To get a high
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Figure 20. iY , iB (5 A/div) and hr (60 deg. elec./div) during application of the determined voltage vector corresponding to sector-1
(results taken for forward rotation).

torque in SPMSM, Vq should be maximum and Vd ’ 0 (as
happens in steady state operation of SPMSM). However,
the torque should be produced for a very short duration
only. Otherwise the rotor may rotate by a significant
amount in a random direction, which is not desired. The
currents should also be within the limits during the application of the said voltage.
To distinguish between hr and (p þ hr ), it is first assumed
that rotor position (hset ) is the maximum angle corresponding to the positive sector of the phase with maximum
current (as determined in Step-1). Now i2 ðtÞLPR1 is maximum (minimum inductance of R-phase) when
30  hr \30 or 150  hr \210 , which correspond to
sector-1 (positive sector of R-phase) and sector-4 (negative

sector
of
R-phase),
respectively.
Hence,
for
i2 ðtÞLPR1 > i2 ðtÞLPY1 and i2 ðtÞLPB1 (which correspond to sector-1 or -4), it is assumed that rotor position hset ¼ þ30 .
Similarly, hset ¼ þ90 when i2 ðtÞLPB1 is maximum and
hset ¼ 150 when i2 ðtÞLPY1 is maximum.
Now, we calculate va , vb [28] required for the implementation of sine PWM technique for the assumed rotor
position (hset ). The voltage is applied for a very short
duration of ’ 100 ms. Now, for say, case 1 (i2 ðtÞLPR1
i2 ðtÞLPY1 and i2 ðtÞLPB1 ), hset ¼ þ30 and the applied voltage
produces positive torque and a positive rotation (of around
3 mech.) if the actual value of hr lies between 30 and
þ30 (sector-1). However, if hr lies between 150 and 210

Sådhanå (2020)45:271
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Figure 21. iY , iB (5 A/div) and hr (60 deg. elec./div) waveforms during application of voltage vector corresponding to sector-4 (results
taken for reverse rotation).

Table 5. Assigned rotor position under different conditions.
Sectors
Sector-1
Sector-4
Sector-2
Sector-5
Sector-3
Sector-6

Condition
Di2 ðtÞLPB  Di2 ðtÞLPY
Di2 ðtÞLPB \Di2 ðtÞLPY
Di2 ðtÞLPY  Di2 ðtÞLPR
Di2 ðtÞLPY \Di2 ðtÞLPR
Di2 ðtÞLPR  Di2 ðtÞLPB
Di2 ðtÞLPR \Di2 ðtÞLPB

h0 (for forward rotation)

h0 (for reverse rotation)

30
210
90
270
150
-30

-30
150
30
210
90
270
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(sector-4), a negative torque and hence, negative rotation
(of around 3 mech.) is produced. The magnitude of the
voltage is chosen to limit the maximum current to 0.75 p.u.
Here, we applied Vq ¼ 0:4 p.u. (the magnitudes depends
upon the DC-link voltage of the inverter and the phase
inductance of SPMSM) and Vd  0 (though with Id ¼ 0 for
the PMSM considered, Vd ¼ 0:1Vq at rated conditions
under vector control operation and hence, assumed to be
zero here for simplicity). For any value of hset , va and vb
can be calculated from Park’s transformation [28] as
  


va
cos hset  sin hset
0
¼
:
ð5Þ
vb
0:4
sin hset
cos hset
For sector-1 and -4, hset ¼ 30 and Va ¼ 0:2 p.u., Vb =
pﬃﬃﬃ
2 3 p.u. For sector-2 and -5, hset ¼ 90 and Va ¼ 0:4
p.u., Vb ¼ 0 p.u.. For sector-3 and -6, hset ¼ 150 and
pﬃﬃﬃ
Va ¼ 0:2 p.u., Vb ¼ 2 3 p.u. These va and vb are used
to generate gate pulses using the sine PWM technique. The
same PWM block, as is used to control the inverter-motor
drive, can be used and no additional PWM block is
required. This remarkable point may be worth noting.
Final step (determination of direction of rotation)
The next and final step (Step-3) involves the indirect
identification of forward or reverse rotation during the
application of the required voltage as before. Hence, we can
discriminate between the positive and negative sector of
any phase (sector-1 and -4 or sector-3 and -5 or sector-3 and
-6). Now, as seen in the flow chart (figure 9), a balanced
three-phase voltage of same magnitude, as in the first step,

is applied again; i2 ðtÞLP for different phases has to be
computed again to obtain i2 ðtÞLPR2 , i2 ðtÞLPY2 and i2 ðtÞLPB2 .
As the motor rotates slightly, i2 ðtÞLP for different phases
changes. Finally, the change in phase current is calculated
as
Di2 ðtÞLPR;Y;B ¼ i2 ðtÞLPR1;Y1;B1  i2 ðtÞLPR2;Y2;B2 :

ð6Þ

Di2 ðtÞLP is different for different phases and depends on the
position of the rotor. The Di2 ðtÞLP is computed for the two
phases other than the phase with maximum current in the
first step. For example, in the case of R-phase with the
maximum current in Step-1, Di2 ðtÞLPY and Di2 ðtÞLPB are
computed. For, R-phase with the maximum current in Step1, forward rotation results in Di2 ðtÞLPB [ Di2 ðtÞLPY and vice
versa for reverse rotation as shown in figures 20 and 21.
When the rotor lies in sector-1, figure 20 shows that during
sudden application of voltage with hset at 30 , the rotor
rotates in forward direction and phase current i2 ðtÞLPB
increases (Di2 ðtÞLPB is negative) and i2 ðtÞLPY decreases
(Di2 ðtÞLPB is positive).
On the other hand, for the actual rotor position in sector4 (figure 21) with hset = 30 , the rotor rotates in reverse
direction and phase current iB decreases and iY increases.
Similar steps are to be followed if the maximum current
corresponds to any other phase in Step-1 as given in the
flow chart (figure 9). The Di2 ðtÞLPR;Y;B of different phases are
compared to determine the direction of rotation and hence,
the polarity of the torque produced in Step-2. Here, the

Figure 22. Alternative method of pole estimation.
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angle of rotation itself is very small (  3 mechanical) as
already mentioned. Subsequently, no additional device or
encoder is required to detect forward or reverse rotation.
After the discrimination between the positive and negative sectors of any phase (as identified in Step-1), the initial
position (h0 ) is set to the hmax of the corresponding sector.
For sector-1 (i.e. ‘Rþ ’ sector) h0 ¼ 30 , for sector-4 (i.e.
‘R ’ sector) h0 ¼ 210 and can be similarly evaluated for
other sectors. This h0 is used to start the motor in the forward rotation for any rotor position. For reverse motoring
operation, h0 ¼ 30 for sector-1. Similarly, h0 can be
easily assigned for other sectors also for reverse motoring.
The details of h0 for different conditions have been tabulated in table 5. The method has been implemented successfully in the practical set-up and is a significant
contribution of this work.
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positive d-axis or to negative d-axis (accordingly N or S
pole). The second step involves identifying the same.
This present proposed alternative method (the detailed
algorithm has been shown in figure 22) utilises the dynamic
variation of inductance with phase current to distinguish
between the positive and negative sectors. The phase
closest to d-axis, as determined in Step-1, has the major
influence on the operating flux. Depending on the rotor
position, when this particular phase hovers around the
positive d-axis, the phase current aids the main flux. Under
this condition a positive current increases mmf and hence
the flux density in the core and shifts the operating point
more towards the saturation region. Hence a positive current results in lower dynamic inductance value whereas a
negative phase current opposes the PM flux, reducing the
overall flux density and resulting in a higher dynamic value
of inductance.

4.2.2 Method 2 As already mentioned, the first step
leads to the determination of the phase carrying maximum
current. This phase is the phase closest to the d-axis for any
rotor position. However, the phase may be close either to

Figure 23. FEM simulation results: variations of LRR ; LYY , LBB
with iR at zero speed in sector-1 and -4.

Figure 24. iR (5 A/div) when the rotor is in (a) sector-1 and
(b) sector-4.

271

Page 18 of 23

Sådhanå (2020)45:271

Table 6. Assigned rotor position under different conditions.
Sectors
Sector-1
Sector-4
Sector-2
Sector-5
Sector-3
Sector-6

Condition

h0 (for forward rotation)

h0 (for reverse rotation)

30
210
90
270
150
-30

-30
150
30
210
90
-90

c
ic
Rþ  iR
c
\
i
ic
Rþ
R
c
ic
Bþ  iB
c
ic
Bþ \ iB
c
ic
Yþ  iY
c
\
i
ic
Yþ
Y

It can be verified from figure 23a that at hr ¼ 0 (R-phase
is along positive d-axis) the Laa value decreases in the
positive half cycle of the iR and increases in the negative
half cycle of the iR . The minimum value of Laa is 4.7 mH
and is obtained when iR is maximum (15.75 A); the maximum value of Laa ¼ 4:87 mH and is obtained when iR is
minimum (-14.4 A). The dynamic variation of phase
inductance results in a difference in magnitude of the
c
positive ( ic
Rþ ) and negative peak ( iR ) of the R-phase curc
c
rent. Here, iRþ [ iR . This points to the existence of positive d-axis around the R-phase axis.
Conversely, it can be observed from figure 23b that at
hr ¼ 180 (R-phase is along negative d-axis) the Laa
value increases in the positive half cycle of iR and

decreases in the negative half cycle of iR . The maximum
value of Laa (4.86 mH) is obtained when iR is maximum
(14.4 A). Also, the minimum value of Laa is 4.7 mH and
is obtained when iR is minimum (-15.7 A). Here,
c
ic
Rþ \ iR . This implies existence of negative d-axis
around the R-phase axis. The same is also obtained in
the experimental results as shown in figure 24. It can be
seen that in figure 24a the positive peak of iR is higher
than the negative peak, whereas in figure 24b the negative peak is higher. This is a simple yet subtle observation, which elegantly upholds very basic principles.
Implementation of initial rotor position sensing
scheme using such a simple idea is yet another significant contribution of this paper.

Figure 25. Schematic of the sensorless V/f drive PMSM drive with initial position estimation.

Sådhanå (2020)45:271
Now the h0 for this alternative method can be set by
d
comparing id
phþ and iph , and the same, for different conditions, have been tabulated in table 6. It can be understood
that Method 1 of pole identification uses DIph (table 5) to
d
select h0 whereas Method 2 uses id
phþ and iph .
It may be noted that this second method of pole
identification, mentioned earlier, does not incorporate any
rotor movement. Also, no additional voltage vector
selection is required in this method. These are the major
advantages of the second method. However, the differc
ence between ic
Rþ and iR is small and specifically for
some rotor positions this difference may be too small and
hence extremely difficult to detect. This can be verified
from figure 14b also, where the negative and positive
peak values of iR are almost the same. This may result in
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wrong pole identification. Moreover, in some cases a
high phase current ([1 p.u.) may be required to force the
saturation and de-saturation of the machine iron parts and
c
to increase the difference between ic
Rþ and iR . The
higher current may lead to rotor rotation, which is not
desirable.
This second method is more suitable in cases where the
no-load flux density in the stator core is high (close to
saturation level of the core) and the dynamic saturation or
desaturation can be obtained easily using lower armature
current (\1 p.u.), especially in interior PM motors where
the effective air-gap length is lesser and p.u. value of phase
inductance is higher. Next, the use of estimated position in
an existing PMSM drive has been presented in the next
section to prove its applicability.

Figure 26. Starting of PMSM under V/f control with and without position estimation for hr ¼ 230 .
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5. Implementation of V/f control of PMSM drive
with initial position estimation
The position estimation presented here can be used in
conjunction with different sensorless speed control techniques used in PMSM drives to improve the starting
problems associated with the speed encoderless operation
of SPMSM. One of such sensorless PMSM drives could be
a sensorless PMSM drive based on V/f control. This, being
a simple and easy to implement method among the different
control techniques available, is used in many applications
where a very fast dynamic response is not required [44–47].
However, during scalar starting, the motor may initially
rotate in the reverse direction first, which may lead to speed
oscillations at starting as mentioned in [48–50]. The initial
position estimation method proposed in this paper can be
used along with the PMSM drives based on V/f control to
prevent this initial reverse rotation at starting. This is a
critical issue for users having an existing hardware set-up.
The proposed scheme can seamlessly fit in their existing
hardware!
The initial rotor position (sector), as mentioned earlier,
has been identified and the information is used for starting
under V/f control. The schematic of the V/f control with
initial position estimation is shown in figure 25. The blue
shaded portions in figure 25 correspond to the initial position estimation method. The rest of the parts exist as
already reported by the authors in another work in [51].
Simulated and experimental results have been presented
to highlight the use of estimated initial position. Simulated
result in figure 26a shows that without the initial position
information the motor rotates in the reverse direction and
then rotates in the forward direction. The speed becomes
negative first (attains a maximum speed of 15 rad/s
(150 rpm) in the reverse direction and rotates almost 80
elec. (20 mech.) in the reverse direction) as it rotates in the
opposite direction and finally reaches the positive reference
value as given by the speed (frequency) command of V/f
drive. It can be observed that the actual rotor position (hr )
first decreases and then follows the position reference (h )
generated from frequency command of V/f drive. Figure 26c shows the corresponding experimental result. A
similar reverse rotation is observed in the experimental
result too.
However, when the initial position is used along with V/f
control, the motor smoothly starts and rotates in the forward
direction as shown in simulated result in figure 26b. No
initial reverse rotation can be observed during the starting
of the V/f drive in this case. The h has been modified using
the estimated position, and this ensures a positive torque
and forward rotation during starting. The PMSM smoothly
starts and attains the reference speed of 150 rpm. Figure 26d shows the corresponding experimental results. It
can be observed that the motor starts smoothly in the forward direction with the modified h using the estimated
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initial position. Figure 27 shows the vR , iR and hr during the
whole process (including the position estimation and
starting using the estimated position) of starting of the
afore-mentioned drive.
The results including (i) starting with initial position
estimation and (ii) V/f operation have been presented in
figure 27 for two different positions to establish the generality of the scheme. It can be observed that the total time
for initial position estimation is less than 1 s of real time,
which is less than even the pre-charging time of standard
available inverters. Figure 28 shows the photographs of the
SPMSM, power electronic converter and the complete
PMSM drives used for experimental study.
The proposed initial position estimation method can also
be used with surface PMSM drives based on any other
control methods such as vector control and direct torque

Figure 27. Experimental results: vR (200 V/div), iR (10 A/div)
and hr (72 deg. elec./div) during initial position estimation and
V/f operation of PMSM with estimated initial position.

Sådhanå (2020)45:271

Figure 28. Photographs of the SPMSM test set-up.

control, for proper starting of the drive. Once the motor
starts, the back-emf is developed and the same can be used
for the position estimation and is planned to be tried as a
part of a different study. Thus the scheme is novel yet
perfectly general and can be applied on any existing
SPMSM drives. This is a major highlight of this novel
scheme and hence a significant contribution of this work.
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section 2 regarding the apparent contradiction in the nature
of variations in inductances for two almost similar PMSMs,
with PMSM1 having a bread loaf magnet structure and
PMSM2 having an arc-magnet structure. This particular
phenomenon is a revelation by itself and may be considered
as a very subtle but distinct contribution of this work.
Instead of using complex computation-intensive algorithms
to determine exact rotor position, this work estimates the
sector (among 6 sectors as described earlier) of the rotor
position. Finally, the initial position is set to the maximum
value of h corresponding to the sector determined.
The proposed method can be used during starting of a
PMSM drive under different sensorless control schemes as
the back-emf is zero and the saliency of surface PMSM is
also negligible (and is zero ideally). This ensures positive
rotation in the desired direction and proper starting of the
drive. The same has been demonstrated experimentally. It
has been applied and validated to determine the position of
a PMSM that was designed by the authors, fabricated
locally and tested in the laboratory by them. The method
has been used along with V/f control in the surface PMSM
to eliminate common starting problems (reverse rotation
during starting for particular rotor positions) associated
with V/f control of PMSM. The simulated and experimental
results are in excellent agreement. It can be observed that
the total time for initial position estimation is less than 1 s
of real time, which is less than even the pre-charging time
of standard available inverters.
The estimation method presented here is more general
and can be used for any SPMSM with different PM configurations and shapes (rotor), with very minor modifications depending on the relative inductance pattern for
different rotor positions. The proposed position estimation
method can be used even in conjunction with an incremental encoder-based drive and can eliminate the use of
costlier absolute encoders. The method can also be used for
IMPSMs with better resolution and accuracy. The same is
being pursued as a part of separate work. Also, the present
work may be extended to investigate the suitability of the
proposed method in case of PMSM with concentrated
winding.
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