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Estimation of Rotor Position for Permanent
Magnet Synchronous Motor at Standstill Using
Sensorless Voltage Control Scheme

Fatih J. Anayi*, Mazen M. A. Al Ibraheemi

Abstract— The zero-speed rotor position estimation in surface
mounted permanent magnet synchronous motor SM-PMSM
represents a challenge due to the weak magnetic saliency in this
type of motors. This paper presents a new method to estimate the
initial rotor position of SM-PMSMs more simply and more
accurately without any form of position or current sensors. It
achieves this goal through an injection of three short width pulses
and employing only the measurements of the motor terminal
voltage responses, which fluctuate sinusoidally with the rotor
position. Thereby, memory addresses, or dimensions of a look-up
table, were created from the readings of the measured voltages.
The memory was primarily loaded with 360 angles, each
represents 1° angle of rotor positions. The simulated MATLAB
model and experimental results demonstrate the advantages.
Comparing with the previous related publications, this research
work has fulfilled two main contributions. The first is in achieving
a rotor position estimation of 1° resolution. The second is in
eliminating the technique needed for detection of the rotor magnet
polarity. The measured rates of error for the MATLAB model
and the practical model were 2% and 5% respectively

Index Terms— Magnetic saliency, SM-PMSM, rotor position
estimation, voltages measurements, lookup table, dimensions of
lookup table.

I. INTRODUCTION

ver the past two decades, the permanent magnet

synchronous motors, PMSMs, have become leaders

among motor applications. The promising features of
PMSM are summarized by its high efficiency, flexible control,
robust operation, small size, identical high efficient relation
among torque, power and speed, etc.[1]-[4]. These features are
closely related to the accuracy of rotor position estimation.
Moreover, starting-up the PMSM without accurate prior
knowledge about the initial rotor position may cause a rotor
stiffness or running in reverse direction. However, the reliance
on sensors to realize this task involves significant drawbacks
due to their high cost, unreliable usage and large size [5]-[7].
Many techniques have been presented to achieve sensorless
rotor position estimation and running for PMSMs.

Most of the proposed methods are based on the detection of
the inherent feature of rotor magnetic saliency. Therefore, the
estimation of the rotor position at standstill and low speed in
surface mounted permanent magnet synchronous motors SM-
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PMSMs is more difficult and complicated. It still represents a
difficult challenge due to the very weak magnetic saliency in
this type of motors [8]-[10]. Injection of a short width pulse in
the stator windings and sensing the voltage and current
responses at the motor terminals is adopted to obtain a low
resolution rotor position estimation [11], [12]. Whereas, a
technique of high frequency signal injection (HFSI) in the stator
windings is also employed for zero and low speed rotor position
estimation [13]. In both cases, there should be a technique to
detect rotor magnet polarity. However, it is possible to apply a
combination of both these methods to obtain the initial rotor
position, where the HFSI estimates the primary position while
the injection of short pulses indicates the polarity of the rotor
magnet [8], [14]. In these approaches, apart from very large
computational processes which are required and the
complicated estimator circuitry, the estimation resolution still
requires further improvement.

Other efforts for minimizing the drawbacks associated with
the estimation of rotor position have been achieved. Reference
[10] used the HFSI technique to study the effect of variations in
the stator winding resistances on the accuracy of rotor position
estimation. Whereas, [15] injected a HF voltage and estimated
the rotor position from measuring the differences between the
three current responses of the stator windings. Reference [16]
confirmed that the accuracy of standstill SM-PMSMs rotor
position estimation varies from one prototype of motor to
another under the same test procedure. To address the very low
Lq/Lg ratio in SM-PMSM, [17] proposed an approach based on
establishing an overlap space between each pole and the
corresponding stator tooth to create a zigzag linkage flux.

Demodulation method based on direct rather than
synchronous signal injection, was proposed by reference [18]
for initial rotor position estimation. This was to eliminate
utilizing LPF in demodulation process which causes some
limitations and drawbacks. In addition, it influenced the
machine magnetic saturation to perform detection of magnetic
polarity. It was concluded that the proposed method provides
an accurate and reliable rotor position estimation. Although the
key point of reference was to control SM-PMSM running at
high speed with high inertial load, it was necessarily to tackle
the standstill rotor position estimation. It was mentioned that no
approach better than machine saliency for standstill rotor
position estimation [19]. Reference [20] presented pulse
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injection method to estimate the initial rotor position of doubly
salient PM motors. It based on applying a series of pulsating
signals on the stator windings. Then the voltage and current
responses, which are supposed to carry information about the
standstill rotor position, are analyzed. The results were shown
that the proposed method either to estimate the position angle
correctly or with a certain amount of average error rate of 1.4°.
This method may suffer from rotor position shift during its
estimation process if pulses of high amplitude or long duration
are adopted.

The cited references can be classified, according to the
method of estimation at standstill, into two categories;
continuous carrier injection method and pulse injection method.
The former can be extended to be applied on running speed
close to zero speed. However, it suffers from complicated
design, high cost and badly effect on the estimator bandwidth.
Whereas the latter is of simple design and cost effective but it
has a very low resolution of position estimation which is mostly
sufficient for BLDC motor applications. Although the proposed
approach, by this paper, well match the second method, it
presents significant contributions by eliminating the polarity
detection technique and providing an estimation of high
resolution, 1°, by which it overrides the application on BLDC
to PM motors.

This work addresses the difficulty of estimation the SM-
PMSM rotor position through a new method. It fulfils a full
sensorless rotor position estimation with high resolution
through sensing the motor terminal voltage variations at
different rotor positions. This can be achieved by creating two
memory address lines which are employed to access a memory
structure where the rotor angle positions are stored. These
variations are exploited to create two dimensions which are
employed to access a 2D-lookup table where the rotor position
angles are stored in its cells. The proposed method has satisfied
two significant novelties, an estimation of 1° resolution and an
elimination of the magnet polarity technique. The paper has
been organized into six sections as follows: the introduction
which has been presented in section |. The theoretical
background is reviewed in section IlI. Then section Il
introduces the work methodology. Section IV illustrates the
MATLAB model. Section V describes the practical model and
section VI summaries the conclusions.

1. THEORY

In permanent magnet motors, three magnetic fields associate
within the motor magnetic circuit. They are; the stator fields
(®4, @y and ), the permanent rotor field and the air gap
field. As shown in Fig. 1, the magnetisation component of the
permanent magnet field, d-component, linkages the stator
windings. Depending on the rotor direction, this linkage field
either enhances or weakens the stator winding field, i.e.
magnetisation or demagnetisation effect. Therefore, the rotor
magnet effect is sinusoidally oscillated between maximum and
minimum limits. In a certain winding, e.g. winding A, a
maximum magnetisation occurs when the d-axis of rotor field
coincides the axial position of that winding. Vice versa, a

maximum demagnetisation happens if the rotor magnetic
direction and the stator field are in opposite directions. Topics
of maximum magnetization and demagnetization are illustrated
in Fig 1. The air gap has a contribution toward magnetisation
and demagnetisation by affecting the influence of rotor field. In
this work, the air gap impact is negligible as it has a weak and
uniform distribution in SM-PMSMs.
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Fig. 1. Analytical view to the structure of PMSM and its magnetic fields
and illustration for maximum magnetisation and demagnetisation

Consequently, as the numerator of the fundamental equation
of a coil inductance (L=Ad¢/Ai) varies sinusoidally, the
corresponding stator winding inductances also have a
sinusoidal variation with rotor position. This will lead to a
similar variation at rotor terminal voltages, which could be
exploited in prediction of the standstill magnet position. So, the
measured terminal voltages could be used to create two address
lines, x and y. Creation of x and y dimensions will be illustrated
in detail in the next section. The dimensions are employed as
address lines to access a memory structure whose contents are
the all-possible rotor angular positions. Figure (2) shows an
overall view for this concept.

Motor Terminal
Voltage
Measurements

x-address )i -
Creating emory »
Address Lines Strachire :>Rotor Position
y-address

Fig. 2. The proposed concept for rotor position estimation at standstill

Testing of PMSMs could be based on the excitation of only
two of stator windings at any moment of time, while the third
stator winding could be employed as a sensor to measure the
terminal voltages [21], [22]. This concept was applied in this
work by injecting a short duration pulse into any two of the
three motor windings, which form a two-inductor series loop.
The third unexcited winding was used as a sensor to measure
the voltage drops on the excited winding terminals. Figure (3a)
illustrates the application of a short pulse of duration width
(150us) at the gates of the switching elements (IGBTSs) which
respond by switching to the ON condition. The responses of the
IGBTS produce a voltage pulse between the terminals of motor
windings A and B. The amplitude of this pulse equals the dc
link voltage Vqc and its duration equals that of the applied pulse
on the gate of the switching element.

Then, the measured voltage between the free terminal of
winding C and the ground indicates the value of voltage drop
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between the neutral point N and the other terminal of coil B. So,
this voltage is labelled Vyg; where the subscript “1° refers to the
measured voltage at motor terminal C due to the first pulse.
After 150pus has elapsed, the switching element takes the OFF
condition and the connection of coil terminals A and B is
reversed via the freewheel diode. At this moment, the free
terminal of winding C senses the voltage drop in winding A
during the freewheeling period which is labelled as Vyapi,
where the subscript ‘F1’ refers to the freewheeling period
caused by the absence of the first pulse. The same events are
repeated when the second and third pulses fire the IGBTSs to
yield the motor terminal voltages Vycz, Varz, Vncs and Vyges-
These are illustrated in Figs. (3b) and (3c).

As a result, six voltage measurements are obtained at the
motor terminals during the active and passive periods of the
three pulses, Vg1, Vnaris Vnczr Vnarz: Vnes and Vygrs. These
voltages are employed to create two dimensions, or addresses,
x-dimension and y-dimension which are used to access the cells
of the 2D-lookup table, or memory structure, where the angles
of rotor positions are stored.

I1l. METHODOLGY OF FORMATTING THE
MEMORY ADDRESS LINES

As aforementioned, six terminal voltages could be extracted
as impulse responses for injection of three pulses into the motor

stator windings. Comparing these voltages with each other
could be utilized to create the x-dimension. Meanwhile, voltage
variations of one of the responses could be employed in
formatting the y-dimension.

A- Formatting the x-dimension

The results obtained from modelling the undertaken SM-
PMSM, which has three pole pairs, reflect that the total rotor
spatial is divided into six sectors (S: to Se). Each sector is
further divided into six subsectors, (S11 to Sie) for sectorl and
(S21 to Sye) for sector2 and so on, where each of the sub-sectors
covers angle of ten degrees. This sectors division is clearly
illustrated in Table I. The subscripts “n” and “m” vary from 1
to 6 to indicate the sector or sub-sector numbers respectively.
Consequently, the rotor space of a three pole-pairs is divided
into 36 sub-sectors each of ten degrees angle.

As it is shown in Table I the first sub-sector, in main sectorl,
starts at rotor position “0%” and ends at rotor position “9%”. Then
it proceeds by adding an angular space of value 60(m-1), where
“m” represents the sub-sector number. Therefore, the second
sub-sector extends between “60% and “69% of rotor positions,
and so on. Same manner is applied for the rotor positions of the
rest of sub-sectors in the main sectors 2 through 6, regarding the
angle of start position for each sub-sector.

A/B A/C B/C
_ﬂ_ ™ B/A /I_I\ ™ C/A /I-L —> C/B
"l S11A N _I S11A N —'I SLLA N
LV < 2] Ty
c o llhe de Vdc
T ‘,'1\_31 or ‘_.':\_AFI L \C" or ‘rN . L ‘r q::}j;;j
(a) L—* (b) +——* €) _E

Fig. 3. Winding excitations by the three pulses

TABLE I
DISTRIBUTION OF ROTOR POSITION ANGLES INTO MAIN AND SUB-SECTORS S,

wn
=]
3

Sector No. (n)

1 2 3 4 5 6
- 1 0° to 9° 10° to 19° 20° to 29° 30° to 39° 40° to 49° 50° to H9e
"ET 2 60° to 69° 70° to 79° 80° to 89° 90° to 99° 100° to 109° 110° to 119°
% 3 120° to 129° 130° to 139° 140° to 149° 150° to 159° 160° to 169° 170° to 179°
?j 4 180° to 189%9° 190° to 199° 200° to 209° 210° to 219° 220° to 229° 230° to 239°
_3 S 240° to 249° 250° to 259° 260° to 269° 270° to 279° 280° to 289° 290° to 299°
A 6 300° to 309° 310° to 319° 320° to 329° 330° to 339° 340° to 349° 350° to 359°
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Figure (4) shows a block diagram for the hardware view to
detect the main sectors within the rotor spatial of the motor
under test. Detection of the main sectors depends on fifteen
comparisons between the six measured voltages at the motor
terminals aforementioned in section I, Vyg1, Vnari, Viczs
Vnarzs Vnes and Vyges. In this work, the fifteen comparisons
were denoted by logic variables x; through xi5. Comparing the
first measured voltage with the other five voltages gives the
logic values, 0 or 1, of x; through xs respectively. Comparisons
of the second measured voltage with the other four voltages
determine the logic values of Xs through Xg respectively.
Similarly, the logic values of xi0 to Xxi5 are obtained. The
following formula is used to format x-address.

x-address = X1 +2X2+3Xzt ... +15x15 (1)
b 1 1
s A @ Vaarn — » [—
€ — - n 2 = 2 E
£ o E Vra JEF E [ 28
sBl2 g Vs |PEE ¢ B2 | 28 Sector No.
& =g - -y g : - E x-dimension
3 = V\IC3 ) A 5 & 8
= - - Q g 2
s <, = V. 15| A 15| &
E NBF3 — —

Fig. 4: Formatting the x-dimension

B-Formatting the y-dimension
The mathematical model of SM-PMSM at standstill is given
by the following equation: [16]

Va1 [Ra 0 077l
Vsl=[0 Ry 0 13]
Ve 0 0 Rl
LA _MAB _MAC d IA
+|-Mp, Ly —MB]E[IBI )
_MCA _MCB LC IC

With each pulse injection, two of the three stator windings
combine in a series loop, with a common excitation current, to
form one coil. So, there is no active mutual between them.
While the third winding is non-excited, so it is non-active (Fig.
3). Thereby, there are no mutual inductances between the three
windings. So, eq.(2) for the undertaken PMSM model could be
expressed by the following equation where the mutual
inductances are omitted:

Vg1 R4+ Rp 0 0 Iy
Vchl = 0 RA + RC 0 IAC]
Vnes 0 0 Rg + Rl LUp,
Li 0 07 ,(hs
+lo Ly ol— IAC] (3)
0 0 L%,

Individually, if the voltage Vg1 is considered as an example for
voltage analysis, then, referring to Fig. (3a) and eq.(3), it could
be written as follow:

Zp
Vng1 = Vdcm “

where Za and Zg are the impedances of windings A and B
respectively and Vg is the dc link voltage.
In complex form, eq.(4) can be re-written as:

Rp + jwlg c

(Ry+ Rp) +jw(Ly + Lp) )

where La and Lg are the inductances of windings A and B
respectively, which under the influence of magnetic saliency,
are expressed as:
Ly= Ly + ALcos(8), Ly = Ly, + AL cos (9 - %") (6)
Lgy 1S the nominal value of the phase inductance and AL is the
maximum variation in inductance value due to the effect of
magnetic saliency. As ‘®’ in eq. (5) is an angular frequency
and it is equivalent to the switching speed of the IGBTs which
is normally of a very high value, hence, the resistive
components in both numerator and denominator of eq.(5) could
be omitted compared to the correspondingly high inductive
components. Therefore, eq.(5) could be re-written as:

Lg
Ly+ Lg @
Eq. (7) expresses the measured voltage Vyg; as a function of
the values of winding inductances L, and Lg. As these
inductances are functions of rotor position affected by the rotor
magnet saliency, so, indirectly, the measured voltage will be a
function of rotor position as well. Consequently, the voltage
Vg1 Will fluctuate highly as there is a remarkable increase in
the machine saliency within the rotor spatial space.
This deduction is supported and clearly noticeable in Fig. (5),
where the measured voltage Vyg; at the terminals of surface
mounted and interior PMSMs are given. The figure was plotted
by exporting the data of the measured voltage, Vyg;, from the
MATLAB workspace to Microsoft excel. It is clear that Vyg,
has a remarkable fluctuation with variation of rotor position in
the interior type PMSM, 200V peak to peak fluctuation versus
0.6V for the surface mounted type. This result reflects the
considerable weakness of the saliency in SM-PMSM and how
it affects the voltage responses.

VNB1 by SM-PMSM

Vng1 = Vac

Vng1 = Ve

400

N
o
o

Voltage Vyg; (V)
o

200 400
Rotor Position (Degree)

(@)
155.4
155.2
155
154.8
154.6

0 100 200 300 400
Rotor Position (Degree)

Voltage Vg (V)

(b)
Fig. 5: Voltage VNBL1 oscillation due to rotor saliency in; (a) IPMSM and SM-
PMSM, (b) SM-PMSM only
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This saliency makes the inductances in (7) slightly variable
with rotor position. Accordingly, the measured voltage Vg1 is
of a marginal variation with rotor angle. Currently, literatures
have not presented any solution for SM-PMSM rotor position
sensing other than exploiting that marginal saliency effect.
Thereby, this technique took advantage of the weak variation at
motor terminals to format the second dimension of the 2D-
lookup table. Figure (6) illustrates a practical view for the
method of formatting this dimension. After measuring the
terminal voltage, Vg1 in Fig. 6, it should be modified by
removing the dc component and being amplified, according to
a certain algorithm, to maximize the differences among the
measured voltages at different rotor positions.

Fig. 6: Formatting the y-dimension
. It may be worth to mention that any of the measured
voltages is the potential difference between the free terminal of
the non-excited machine winding and the common terminal of
the dc bus voltage. So, there is no need to access the stator
windings neutral point.

At any moment,

=
= = =
2 g = °’§ mg = 8
LI - 3 $E 2%
S mmps: mmp s mmp SC mmp = c P y-addres
=5 > = >3 S & Z oo
= § = g a<
<

two lines are in “input” state and one line in “output” state

IV. MODEL STRUCTURE AND SIMULATION
RESULTS

A- Model structure

The simulated system for standstill SM-PMSM rotor position
estimation is given in Fig. (7). All the figure blocks were picked
up from, or built using, the “Simulink library”. The pulse
generator and inverter block generate the injection pulses and
injects them into the motor windings via an inverter. Each
motor terminal voltage is of two different periods, forward and
flywheel. Voltage measurements are performed, by voltmeter
model, nearly at half of each period to avoid the oscillations at
the period edges. So, the voltage measurements block provided
six voltages which are compared to produce the x-dimension
utilizing eq. (1). Whereas, the y-dimension is established from
the millivolt variations in one of the six measured voltages. In
this work Vg3 was arbitrarily chosen to achieve this issue after
passing through the modification and amplification block. Cells
of the 2D-lookup table are pre-loaded by all rotor position
angles to output the position estimation when addressed by x
and y dimensions.

Amplification
and Modification

X *— oo Pulse
PMSM B IPREPSEPY Generation
& 3ok R and
L 1 Inverter
Vg1 I
= Vn
o v.\.—\l ) é }
£ 8 Na &g 5 ‘2 |x-address Vdc
4> S 2 Vaa = g 3=
- 8 > g n é‘
= V.\‘cs &)
A 7 .
VBs =1 2D Lookup
15 Table or
—p| Memory
Voltage

Rotor
Position

y-address

@ The line in “PMSM output”state, i.e. from PMSM to voltage measurement

@ The linein “PMSM input”state, i.e. from pulse generator to PMSM

A Active only if the reference line in “output™ state
Fig. 7: MATLAB implementation for the proposed rotor position estimator at zero speed

B- Simulation results

The proposed estimator provided 360 estimated rotor
positions, each of which corresponds to an actual rotor position.
As pole-pairs of the simulated motor was three, the whole
spatial of the rotor was divided equally among six main sectors,
and the space of each main sector was further divided over six
sub-sectors. Figure (8) illustrates this division for a rotor of
three pole-pairs.

180

In = rmain sectar number

Fig. 8: Main sectors and sub-sectors division for a rotor of three pole-pairs
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The rotor positions in the main and sub-sectors were pointed
out by the formatted x and y dimensions. It is found that the
proposed estimator has a 2% failure rate and the y-dimension is
the source of this failure because some values of the y-
dimension were too close to each other to be distinguished by
the model. This is because they are derived originally from a
voltage of winding which is under the influence of weak
saliency. To tackle this obstacle, an exponential function
algorithm is adopted to maximize the differences among the
values of y-dimension and thereby an efficient addressing is
obtained. Key topic of this algorithm is taken from the equation
of diode current in forward direction when a little change in
diode voltage causes a big change in diode current. So, the y-
dimension value is put as the power index of the exponential
function. Then, the resultant algorithm value is used as the new
y-dimension value [23].

Figure (9) is a two-dimension plane which is intended hereby

to highlight this point at main sector 1. This sector has divided
into six sub-sectors, distributed over the angles 0°-9°, 60°-69°,
and so on as shown in figure (8). Considering the presence of
six sub-sectors within each main sector, each rotor position on
the horizontal axis is actually assigned for other five positions
by adding 60(m-1) to the numbers on the horizontal axis, where
m is the main sector number. For instance, number “1” on the
horizontal axis may refer to rotor positions “17, “617, “121”,
“1817,241” or “301” as m is an integer varies from 1 to 6. The
corresponding y-dimension, y-address, values are projected on
the two-dimension coordinate plane and those of contiguous
points are circled. These points are hard to be discriminated
because they have the same x-address and very closed y-address
values. So, they need more manipulation to be distinguishable
by the proposed model.

1000 -

® + . ° >
o ] [ ] ¥ : P sub-section!
800 - © I + A sub-section?
- X ®
7 * X *  sub-section3
roor ¥ X +  sub-sectiond
w G00g X A X sub-sectiond
0 + A
2 > ® sub-sections
S swf
s A A x A
> 400 > A * >
300 >
R a—
200 A P +
X
1005 + i)
a I L 1 1 I | I * *
0 1 i 3 4 & 6 7 8 9
+80(m-1)
Rotor Position {deg)

Fig. 9: The values of y-dimension line at main sectorl

The simulated estimation model was tested on a motor whose
specifications are listed in Table 11 (M-0200) but with 310V dc
link voltage. The obtained results for the simulated estimator
model of standstill rotor position are combined with the
practical results and to be explored later in figure (12). Each of
the apparent peaks in the figure represents a failure where a dual
position estimation corresponding to a certain actual rotor
position has been occurred.

V. PRACTICAL MODEL
A- Description and principle of operation

The experimental works on a practical model were carried
out using two SM-PMSMs types “M-0200-104-4-000” and
“ACM-2n320-4/2-3” at standstill and under room
temperature. The details of the motors’ specifications are
given in Table Il. An 8-bit microcontroller type “AVR
ATmega2560” was employed to generate 5V, 3kHz injection

pulses and to perform the calculations for the standstill rotor
position estimation. The inverter was supplied with 24V
direct voltage and fired by the injected pulses.

Furthermore, the voltage responses at the motor terminals
were sensed through exploiting the analogue input terminals
of the employed microcontroller. Whereas, the embedded
microcontroller analogue to digital converter, 10-bit ADC,
worked as voltage sensors and permitted to measure the
voltage responses with less than 5mV resolution. The look-
up table in the MATLAB model was implemented in the
practical model by some form of EEPROM, whereas the x
and y dimensions were combined to form the memory
address. To meet the research goal, which represented by the
zero-speed rotor position estimation, all the tests were done
at room temperature as the motor is at standstill. Therefore,
there was no discussion about the motor running condition or
rotor temperature rising due to motor running.
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An arbitrary light load was applied to the rotor shaft just
to damp the rotor response to the injected pulses, where the
repeating injection of pulses lead to accumulated rotor
position shifts which formed finally a noticeable rotor
position difference from the initial standstill setting.

TABLE Il
SPECIFICATIONS OF MOTORS UNDER TEST USED IN PRACTICAL

MODEL

Value
Parameter
M0200-104-4-000 ACM2n320-4/2-3

No. of phases 3 3
No. of poles 6 6
Stator Phase Resistance 0.6 Ohms 1 Ohms
Stator Phase Inductance 1.7mH 4.2mH
emf constant 11 (V/1000.min?) 30 (V/1000.mint)
Inertia 0.000018(kg.m?) 0.00042(kg.m?)
Rated Speed 3000 rpm 4000 rpm
Rated Power 200W 1.34kW
DC Link Voltage 48V 320V

Figure (10) is a schematic diagram to illustrate details of the
practical model. The measured voltage responses had dc offset
values, which made the responses of values greater than the
voltage specification of the controller. Therefore, a subtracted
voltage was necessary to remove these offset voltages to make
the motor terminal voltages compatible with the
microcontroller specifications.

SM-PMSM
PC

Monitoring =

]
4 -

Subtractored Voltage

— —

Microcontroller

—

=
]

e
g

S AT

|

Vaoltage
Amplification

O/P Subtractors

Fig. 10: Schematic diagram for the practical model

Figures (11a) shows the various parts that were used in
implementation of the practical platform. Figure (11b)
demonstrates a scope vision for the three injected pulses and the
three corresponding voltage responses at motor terminals when
the rotor of motor M-0200-400 at position 30°.

Motors under test
¢ # .. ‘
& ¢
== AcMvizno320 <7 MO0200-104

(b)

Fig. 11: (a) Practical platform (b) Experimental, three voltage responses at
rotor position 30°

Detailed explanation for figure (11b) is given below:

Four plots are given, the first is for the three injected
signals, while the second, third and fourth plots are for the
voltages, which are measured at the motor terminals of
windings C, A and B respectively.

Let us consider the second plot during the period of first
pulse, the terminal of winding C will be free, as illustrated
in Fig (3a), and it could be used to monitor the terminal
voltages of windings B and A during the high level and low
level periods of the 1st pulse, so the microcontroller is
ordered to measure the voltage Vyg, and Vyap, respectively.

The microcontroller was programmed to take the voltage
readings exactly at the points, which are indicated by yellow
circles. This is to avoid the oscillations, which appears at the
waveform edges. Meanwhile, the snubber hardware
structure at the switching elements terminals has an efficient
contribution in suppressing any form of noise or oscillations
due to high switching frequency of injected signals.

The microcontroller compares these voltage readings to
extract the sector number from which the x-address is
extracted.

The millivolt variations in the measured value of the
voltage Vg, With rotor position is taken as a base to create
the y-address.
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Measurement procedure, according to above points, was
repeated 360 times for the simulated and practical models.
Hence, 360 rotor position estimations were obtained for each
model. The obtained results of rotor position estimation by both
models are given in Fig. (12), where the measured via actual
rotor positions are plotted. The correct estimation points are
aligned in a straight line, whereas the peaks represent errored
estimations. For instance, in Fig. (12b), when the rotor is at
actual position 40°, the proposed practical estimator estimates
it wrongly by the peak e, which represents an estimated rotor
position of 130°.
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Fig. 12: Rotor position estimation (a) MATLAB model (b) practical model

Thereby, the proposed estimator introduces either correct or
wrong estimation for the rotor position angle. There is no error
margin for each angle estimation. Table Il summarises the
error estimations via the actual positions. Then the error rate has
been calculated as the percentage ratio of the total error
estimations, 19, to the total number of rotor position
estimations, 360.

TABLE I
ERROR IN ROTOR POSITION ESTIMATIONS AGAINST THE ACTUAL POSITIONS
Actual Estimated Error Actual Estimated Error

14 100 e 191 324 e
40 130 [ 195 9 e
56 240 €3 238 103 €13
65 156 [N 248 168 €14
100 10 es 378 232 €15
110 6 € 290 101 €16
137 4 &7 291 325 €17
151 157 eg 326 12 €1s
174 262 € 332 65 €19
180 135 €10

The absolute errors are obtained as the difference between the

estimated and actual positions and are given by Fig. (13).
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Fig. 13: Absolute estimation errors as the difference between estimated and
actual positions versus the actual rotor position

Figure (14) is a flowchart for the process of estimation by the
practical proposed method.

B- Comparison of MATLAB and practical models Results
Comparison between the MATLAB and practical model
results indicates that there are two main sources for estimation
error. The first is the rotor magnet symmetry which affected
both models, and the second represents the noise which is
clearly noticed in the practical responses. This noise random
oscillation emerges as a resulted of multiple magnetic
saliencies, the saturation effect and the high-speed switching’s
ON and OFF of electronic components, IGBTS, of the practical
model. The effect of the former appeared on both models,
practical and MATLAB, whereas the latter impact was noticed
on the practical model only because the MATLAB calculations
are based on a set of differential equations algorithm so they are
immunised against the effects of the second source of error.
This is the reason for the lower rate of error for the MATLAB
model; 2%, compared with that for the practical model of 5%.
For the same reason, the MATLAB consistent distributions of
the rotor sectors and sub-sectors, given in Table I, were not
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evident in practical model. However, the practical model
employed this inconsistency to reduce the problem of rotor

magnet polarity.
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Fig. 14: Flowchart for position measurements

C-Comparison with other related works

Comparing with other related techniques, the proposed method
is characterised by its simplicity, fast estimation and high
reliability. The dispensing of magnetic polarity and adopting
only the voltage measurements are the major contribution in the
simplicity of the presented technique. The exclusive voltage
measurements reduce the complexity of current measurements
and making the model full sensorless through excluding the
currents sensors. No large computing processes are required so
that the estimated results are obtained within a short time, i.e. a
few hundreds of microseconds. The 1° resolution for rotor
position estimation provides a clear and promising difference
between this proposed approach and the other relevant
mechanisms. Table IV shows a comparison summary for the
results of the proposed method and other relevant works as
given by the references [11], [16], [20], [24]-[26]. The large
difference between the obtained resolution by the proposed
method and the other references, except reference [20], is
because the other references were working on BDCM but not
on PMSM, where this resolution is acceptable to run such
motors. So, they only regarded the comparison results, x-
dimension.

TABLE IV
COMPARING THE RESULTS OF THE PROPOSED METHOD WITH THE PREVIOUS RELATED WORKS
Ref 11 Ref 16 Ref 20 Ref 24 Ref 25 Ref 26 proposed
Resolution .
(degrees) 30 Not given 1 225 60 60 1
Magnet polarity Yes Yes Yes Yes Yes NO No
1/dc-link 1/dc-link 1/dc-link 1/dc-link
Current sensors current current 3/phase current  3/phase current current current No
Voltage
certainty good good good good good good Weak
Error rate Not given 7.64° Varies with Varies with Not given Not given 5%

rotor position

rotor position

V1. CONCLUSIONS

A novel method, of error rate around 5%, has been presented in
this paper to estimate the rotor standstill position of SM-
PMSM. It can be concluded that the novelty has been validated
by three promising achieved improvements which may
maintain immune motor start up. Firstly, it exploits only the
motor voltages terminals to obtain measurable voltage
differences for each rotor position, so no current measurements,
and current sensors, were required. Secondly, eliminating the
detection of magnet polarity led to simplify the structure of the
proposed angle-sensorless rotor position estimator. Finally, the
achievement of 1° resolution for rotor position estimation
represented a significant progress comparing with other
techniques. This resolution is sufficient to maintain soft and
robust motor running, but it could be improved via adopting

electronic devices of higher capability in measuring and
analysis the motor voltage responses. It is also deduced that
the number of main sectors, which divides the rotor spatial, is
equal to the number of poles that are mounted on the rotor
surface, whereas the sub-sectors distribute according to the
space of the main sector. This proposed method may encounter
some limitations which represented by the challenge of
maintaining stable voltage readings. Although the voltage
variations have less effect on specifying the sector number, and
so the sector portion in address formatting (x-address), their
effect is noticeable on voltage portion (y-address formatting).
So, a robust measuring for this voltage is necessary to obtain
accurate estimation of the rotor position. Increasing the
resolution of the ADC could improve the voltage measurement
accuracy and significantly reduce the rate of error. The
proposed method could be applied more efficiently on other
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motor types, such as IPMSM, because the SM-PMSM has the
worst saliency and voltage responses. This work may have a lot
of reference values through eliminating any hardware of
position sensors and magnet polarity techniques. Therefore, it
could inspire more future researches to strengthen this approach
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