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The rotor position value is the most important parameter in synchronous machines. In this paper, a
MATLAB model of high-resolution rotor position determination at zero speed, without any position sensor,
is presented for a non-saturated permanent magnet motor. The motor current and voltage responses for two
short pulses were employed to form address lines for memory cells whose contents represent the exact rotor
position. The proposed model presents rotor position at 1° resolution and works with salient rotor poles. It
could be modified to obtain the results for non-salient poles. The model needs only two current sensors and
does not require any special technique for magnet polarity detection. This method was tested successfully
for a two-poles machine, and it could be applicable to any number of poles. The statistical analysis,
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Signals regarding the uniform distribution of the rotor position angles, supported the validity of the proposed
Sensorless Technique method.
Voltage
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1. Introduction

Permanent magnet synchronous machines (PMSMs) have a leading
position nowadays in various fields of modern life due to their significant
features. Compared to the relative machines, the PMSMs have a higher
(power/size) ratio, greater reliability, lower power consumption, and faster
speed. These features are the essential properties that make the PMSMs
desirable in a wide range of industrial applications over other machines,
starting from home appliances to complicated industrial processes [1]-[3]..
The process of commutation is the fundamental factor in the best running
of PMSMs. This process is strongly related to the prior knowledge of the
position of the north pole of the rotor permanent magnet. So, accurate rotor
position estimation is regarded as the crucial element to maintaining the
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optimum action of this type of machine. Based on this, various methods
have been proposed to control this process on this type of motor at different
speeds, from standstill to high speed. Among these methods, the proper
start-up technique of PMSM s preserves reasonable posterior operation and
avoids reverse running or stiffness of the rotor. Therefore, the prior accurate
determination of the rotor position angle ensures a flexible and exact
commutation for current excitations of the stator three windings of the
undertaken motor. Accordingly, a soft motor running with minimum torque
ripple and maximum output power can be taken out [4], [5].

The methods of rotor position valuation are categorized into three classes
according to the region of machine speed; the standstill region, low-speed

2411-7773/© 2023 University of Al-Qadisiyah. All rights reserved. This work is licensed under a Creative Commons Attribution 4.0 International License.


http://qu.edu.iq/
https://doi.org/10.30772/qjes.v16i2.877
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8172-9156
https://orcid.org/0000-0001-8408-7673
https://orcid.org/0000-0003-0540-1957
https://orcid.org/0000-0001-9144-0017

128 MAZEN AL IBRAHEEMI ET AL. /AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES 16 (2023) 127-132

region, and medium/high speed. At medium and high speeds, many
approaches have been proposed to estimate the rotor position. All of those
approaches are based on the detected back-EMF. As this back-EMF is a
function of motor speed, it becomes of a comparable value to the noise level
at low rotor speed. This leads to an impaired signal-to-noise ratio (SNR)
which hinders the employment of the back EMF in the algorithm of rotor
position detection. Therefore, other methods have been presented to predict
the rotor position angle at low speeds. The most popular one is based on the
injection of a high-frequency signal in the stator windings. Then extraction
of this high frequency through filters involves the required position
information [9]. At zero speed, many efforts have been made, over the last
two decades, to solve the problem of magnet polarity and rotor position
because the back EMF disappears completely under this condition. A
scheme was proposed in 1995 to estimate the position and speed of the rotor
shaft of ac machine, including the start-up position, through injection of a
3-phase high-frequency signal and detecting the position by implementing
a demodulation process to exploit the machine magnetic saliency track [10].
Reference [11] presented in 1997 an approach to determine the polarity of
the non-salient pole and to estimate the position of the rotor dependent upon
the saturation effect of stator iron core due to applying a pulse to the three
stator windings and the resulting differences in the currents of the three
phases. Another start-up technique for brushless dc motor (BLDCM) was
presented in 2002 in which the stator was excited, and the period of
discharge was employed to determine the rotor’s initial position. To achieve
that, the effect of magnetic saturation was used to show the difference in
the discharge period, while a control system based on the Field
Programmable Gate Array technique (FPGA) was added to interpret this
time period and to define accordingly the rotor position with 60° resolution
[12].

Another view for the start-up of BLDCM was also introduced in 2002 by
[13], where it proposed the injection of six pulses in stator windings and
testing the currents responses from which the standstill rotor position could
be extracted by monitoring the stator inductances variations. Reference [14]
suggested a novel view to sense the standstill rotor position of the Interior
Permanent Magnet (IPM) motor relying on the considerable amount of
magnetic flux linkage produced by the IPM. Correspondingly, this could
cause a noticeable change in the inductances of rotor reference frame Ld
and Lqg which should involve information about zero-speed rotor position.
Another detection method for IPM initial rotor position was introduced in
[15] by injection of high-frequency carrier signals, whereas a second-order
Taylor series for the relation between stator current and flux linkage in the
d-axis rotor reference frame was used to detect the rotor polarity.
Reference [16] proposed, in 2003, a method for rotor position estimation
by applying voltage pulses and measuring the peaks of resulting currents to
achieve the goal. To avoid the uncertainty in values of current peaks, an
iterative voltage sequence was combined with fuzzy logic processing of
current responses. Reference [17] presented a 30°resolution rotor position
estimation by measuring the line-to-line back EMF when two windings are
supplied with dc voltage. In 2006, [18] introduced a technique to detect the
polarity of the magnet and the angle position of the rotor at zero speed. This
initialization process was achieved by injecting a high-frequency signal and
a sequence of current pulses composed of two pulses. Again, the saturation
in the stator iron core was exploited here, moreover, the injected current
should possess a value high enough to produce a noticeable change in iron
saturation.

In the following year, 2007, [19] presented different views focusing on the
design of machines to take into consideration the enhancement of machine
ability to achieve accurate start-up. By this reference, a magnetic ring was

added to form a bridge between the stator teeth. This modification increased
the signal-to-noise ratio which contributed to improved detection for
magnet polarity and angle position. Reference [20] investigated 2008 the
robustness in the detection of the polarity and position of the permanent
magnet rotor. In order to improve this robustness, two offsets were defined
to be investigated and decoupled, they are; dc-offset vector and angular
offset. In 2009, [21] proposed a method to expect a 30-degree resolution
rotor position based on applying three voltage pulses and comparing the
corresponding current responses which should be affected by the variation
of the inductance due to the voltage pulses.

A modified design for a PMSM, type surface-mounted SPM, was proposed
in [22] to be able to create self-magnetic saliency which allowed position
estimation tracking. This was achieved through rotor zigzag leakage flux
from surface permanent magnets. Reference [23] proposed in 2012 using
three voltage pulses, in addition to the corresponding current responses, to
achieve a rotor position estimation of 300 resolution in a brushless DC
motor. The current responses were related to the changes in the stator
inductances due to the saturation effect. It also was represented in 2015 with
some improvements to overcome some requirements but the main trend
was maintained [24].

This paper introduces a senseless approach to give an estimation of one-
degree resolution to the position of the rotor at standstill for non-saturated
PMSMes. It is based on sensing the terminal voltages and currents in two of
the machine phases which come as responses to two short pulses applied to
the stator coils to excite the machine at zero speed. As the given approach
does not employ the magnetic saturation of stator iron, this makes it suitable
for non-saturated, or weak-saturated, machines. The proposed method
achieves an exact estimation for rotor position of 1° resolution and does not
require any technique for magnet polarity detection. Only two current
sensors are required to achieve the estimation. The paper is organized into
four sections. The first presents the introduction of this work. Section two
explains the theoretical background. While sections three and four discuss
the MATLAB proposed model and the conclusion respectively.

2. Theory

2.1 Voltages Measurements

In the 3-ph PMSM, two coils of the stator windings form a series
combination that can be energized separately from the third winding, non-
excited, which can be used to monitor the drops of voltages across those
coils. Figure (1) illustrates applying a short pulse width, of 150
microseconds duration time, between the terminal of coil A and the terminal
of coil B. The solid line shows the resultant current (lon) which passes in
their combination. Then, the voltage which is measured between the free
side of the free coil, C, and the ground refers to the voltage drop between
the terminal of coil B and the neutral point N. Therefore, this voltage is
denoted as Vg1 where the subscribe ‘1’ indicates the voltage measured
during the first test pulse.

After 150usec, the first test pulse elapses and the connection of the two
excited coils, A and B, is reversed due to the absence of the exciting pulse
which allows to flow of freewheeling current (lo), shown by the dashed
line. Accordingly, another voltage appears on the free terminal of coil C
which indicates the drop voltage across coil A which is denoted by Vyai.
The same events are repeated when the next pulse, the second, excites the
two windings’ series combination, coil A and coil C, while the third coil,
B, is the free coil in this case, as illustrated by figure (2). Correspondingly,
the voltages Ve, and Va2 emerge at the terminal of the free coil. The
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subscript 2 is to indicate the voltages that appeared when the 2" pulse, of
a duration of 150usec, is applied.
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Figure 1. Coils A and B are energized by the first test pulse and the
reaction of freewheeling.
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Figure 2. Coils A and C energizing by the second test pulse and the
reaction of freewheeling

For instance, let’s suppose the machine rotor is at the angle position 45°,
then according to the proposed method, four voltages Vg1, Va1, Vnez and
Vna: are measured. These voltages are shown in figure (3). The figure has
also shown the third drawing to four sampling pulses, each of 10usec width
and cantered at the positions 75, 225, 375, and 525usec respectively.
Another fourth drawing is also shown to illustrate the sampled values from
the four measured voltages. The sampled values are to facilitate the
comparisons among the voltages and, correspondingly, take the decision
about the estimated position of the machine rotor.

The procedure of the voltage measurements and the angle position
estimation was periodically repeated and applied for the machine rotor
positions 0 through 360 degrees. The shapes of the corresponding four
voltages, at the whole positions of the rotor, are drawn in figure (4). Each
voltage shape can be divided into sectors as will be illustrated later. Four
considerable comparisons correspond to the obtained values of the
measured voltages: VNB1, VNAL, VNC2, and VNA2. The results of the
comparisons can be exploited to distinguish different sectors within the
whole space angles of the machine rotor. So, six sectors (each of width 30
degrees) in the rotor whole space can be created. The sectors are numbered
from 1 to 6. These numbers will be used in the next section as an address
line of memory. Table 1 summarises the coding of the voltage comparisons
into six sectors.
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Figure 3. (a and b) Measured voltages when the machine rotor was at
position 45 degrees, (c) Sampling pulses, (d) Sampled voltages.

Mp

sectort | sector2] | [sector3 | sector | [sectors| | [sectors| [sectort] | [sectorz] | [sectrs] |[sectors] | [sactors | [setors
|E=I | el | i | e | el § | b 1
mh . s 4 7
t — A ;- ~ o
| \ Y L
\ 14
|
m I A /
. 5| wet
X " f
~ { \ | ¥ ; - VA1
& nl ! 4 v |
z ! y / / / ez
H W \ ! Az
= s Y ! ) \ \r
: 1
g A { A ¥
\ /I
\ ! !
Mo \ | ! ]
R / ; \ f
\ /
) \ \ \
120+ P\ \\ / 3 / } \
f
! d “
wokl . | g
o ~ > ~
L 1 L X 1 X T Y
[y ) 100 20 00 0 4

150 200
Rotor Position (deg)

Figure 4. Measured voltages at the whole positions of the rotor.

Table 1. Voltage comparisons Coding to form the sectors and address
line.

Sectors Logical coding
Voltage comparisons

2 3 4 5 6
Ve: > Viat 1 1 0 0 0 1
Viez > Vaz 1 0 0 0 1 1
Ve > Ve 1 1 1 0
(x-address), 111 101 001 000 010 110
(x-address)o 7 5 1 0 2 6

The steps of extracting the x-address are illustrated in figure (5). Firstly, the
machine voltage terminals are sensed, then compared and decoded and,
eventually, the x-address is yielded.
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Figure 5. Measured voltages at the whole positions of the rotor.
2.2 Current Measurement

By each test pulse, a narrow duration forward and freewheeling successive
currents are produced. These currents can be mathematically specified
according to the following equations:

i(t) =%(1—e_§t) (1)

i(t) = % o1t (2)

where V is the peak voltage of the applied test pulse, R is the total resistance
of the series combination of any two of the stator coils, and L is the total
inductance of that series combination. Figure (6) shows two applied test
pulses and the two currents, I, and |, that are produced by them. The drop
voltage Vg1 can be written as:

. di
Vng1 = iRg + LBd_i 3)

From the current response, only the current portion of linear variation will
be noticeable because the width of the test pulse is too short to view the full
growth of the current. This case is highlighted in figure (6). Algebraically,
this portion forms a straight line whose equation is given by the formula
y=qx+k, where “q” represents the line slope and “k” is the intersection.
Therefore, gq= di/dt and a current can be deduced from eq(3) as the

following:

. Vnp1—qlp
j= ———— (4)
Rp

In this equation, only the voltage term is variable with the position of the
machine rotor. Consequently, the duration of the current pulse is also
related to the angle position of the rotor. For this purpose, the peak of the
current response by the second test pulse was employed to predict the
machine rotor position. Comparing the value of the time constant of the
current growth in any two coils series combination with the duration of the
test pulse shows that the pulse duration is just a small portion of the time
constant. This feature allows testing the machine without causing any
movement of the machine rotor.

The two test pulses as given by the MATLAB/Simulink are shown in Figure
(6). Each pulse is of a total width of 300usec and a 50% duty cycle. The
shapes of the corresponding current responses are also illustrated. The
chosen peak of the second current response is highlighted in the figure. This
peak was employed in creating the second memory address, the y-address.
The concept that stands behind y-address creation is highlighted in figure
(7). Firstly, the peak value of the second current response, I, is sensed and
measured. Then, the first common three digits in the current values are
eliminated by the modification and amplification block. Meanwhile, the
current response is also amplified and reformed by the residuals by this
block. The deviation algorithm block is responsible for creating a

considerable difference among the peaks of the current responses at
different rotor angle positions. Nevertheless, some of the current residuals
at the output of the algorithm block still have too close values to be
distinguished. This problem does not allow the creation of a single
determined y-address for each rotor angle value. To overcome this obstacle,
specified numbers are stored in the shift memory block. The numbers are
added to the residuals to make the required shift.

The test pulses (v)

The two pulses each of 150usec width

o L L s s L i

04 T

T T T T T
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Figure 6. The two test pulses and the resultant current responses
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Figure 7. Steps in the creation of y-address
3. Results and Discussions

The mathematical model of this paper has been implemented, simulated and
run by MATLAB/Simulink environment. Figure (8) shows the basic
scheme of the simulated model. To meet the final goal of the paper, the
exact angular positions of the rotor of PMSM under test have been stored
in the cells of the memory block given in the model figure. The location of
each cell is accessed through two address lines. The first line is denoted by
the x-address which can be formed from the six sectors numbering within
the rotor space. Thereby, the memory size is divided into six divisions, each
determining the rotor’s proper position within the specified sector. The
second line is labeled by the y-address line. The value of this address is
specified by the peak of the measured current. The intersection of the x and
y lines permits to access the required memory cell where the value of the
rotor angle is stored.
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Table 2. Parameters of the machine under test

Item Property
Number of phases 3
Type of rotor Salient
Stator Phase Resistance 2 Ohms
Stator Inductance Lg=1.25H, L¢=0.75H
Flux Linkage 0.285757 (V.s)
Inertia, 0.621417(g.m?) ,
Viscous amping 0.303448(mN.m.s)
DC Link Voltage 310V

Specifications of the machine under simulation are illustrated in table 2.
Figure (9) shows 360 values of the current peaks for the angles of the
machine rotor positions from 0° to 360° which were measured by the
proposed model. The symbols ‘x” and ‘o’ indicate the current peak values
of the angle positions from 0° to 180° and from 180° to 360°
respectively. It appears from this figure that the model has succeeded in
exploiting the machine magnetic anisotropic properties to locate a certain
peak current value for each rotor position, within the specified sector, even
for the 180° reversed positions which made it possible to pass the need for
searching rotor magnet polarity. The obtained values for current peaks were
very close to each other which made it not possible to be employed in

addressing the memory, so a certain algorithm based on exponential
function was used to make significant differences between those peak
values and to achieve the results presented in figure (9).

4, Conclusion

The proposed simulated model presents an accurate rotor position
expectation of 1° resolution with a 1% error for non-saturated permanent
machines. Accordingly, it is reliable to take the output of memory directly
to the commutation process controller to start running the machine. The
model has successfully produced the same estimation accuracy when tested
for both one-pair and two-pairs PMSM and it could be used with any other
pole-pairs number. Although the work was applied on a salient machine, it
can be modified to be applicable to the non-salient, round, PMSM. The
proposed algorithm to exploit and amplify the microampere differences in
current response contributes widely to substituting the technique of magnet
polarity test. However, two currents I1 and 12 are the resultants from the
utilization of the two test pulses, but, only one of them is required to achieve
the process of y-address extraction, 12 was chosen in this work.
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