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Abstract— This paper presents a review of the saliency-based
soft sensors. In particular estimator based on rotating or
alternating carrier signal injection and methods based on
inductance variations, like INFORM, are presented. The soft
sensors structure and their design are discussed.

Index Terms— Low speed region, Permanent magnet
synchronous motor, Sensorless control, Signal injection.

I. INTRODUCTION

Permanent magnet synchronous machine (PMSM) drive
have been increasingly applied in a wide variety of industrial
applications by replacing classic dc drives. The reason comes
from the special advantages of PMSM such as inherent high
power density, high efficiency, simple structure and absence
of filed losses. To achieve high performance field-oriented
control, accurate rotor position information, which is usually
measured by rotary encoders is necessary. However, the cost
of a sensor may exceed the cost of a small motor in some
applications. Also, the presence of the mechanical sensors not
only increases the cost and complexity of the total material
with additional wiring but also reduces its reliability with
additional sensitivity to external disturbances. In addition, it
may be difficult to install and maintain a position sensor due
to the limited space and rigid work environment with high
vibration or high temperature. Therefore, the idea is to replace
the mechanical sensor by a soft sensor which offers a number
of attractive properties one of them being a low cost
alternative to hardware speed measurement used in classical
motor drives [1-3].

During the years, researchers have developed different
sensorless techniques. These methods were classified under
two main categories:

e Methods suitable for standstill and low speed
region,
e Methods adequate for high speed region.

At high speed, the position can be estimated from the first
harmonic of the back-emf or from the mathematical model of
the drive. Several techniques inspired from control theory
[4-6], such as adaptive observers [7—10], reference models
[11-13], and extended Kalman filter [14].

At standstill, the PMSM is unobservable since the
back-emf are zero. Therefore, classical methods based on the
fundamental wave of the back-emf fail in this region.

At low speed, the rotor position can be estimated by using
inductance variations due to magnetic saturation and/or
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geometrical effects of PMSM. This is achieved by injecting
a high frequency signal in the stator windings of the main
generator. This signal can be a voltage or a current signal,
having a frequency other than the fundamental.
Correspondingly, the current or the voltage response,
containing information on the anisotropy, can be used for
detecting the rotor position.

The injection of HF currents presents some drawbacks such
as the bandwidth estimation is limited by the current
controller bandwidth. This problem disappears when a
voltage is injected. In this case, the estimation bandwidth is
determined by the observer bandwidth.

Several techniques have been developed in order to offer a
solution to the estimation problems at low speeds. Thus, the
startup of the motor can be provided in a closed loop. In this
paper, the principle of the most popular sensorless techniques
is presented.

Il. INFORM METHOD

The INFORM method " INdirect Flux detection by Online
Reactance Measurement™ was first introduced by Shroedl
[15]. This method was based on real-time inductance
measurements using saliency and saturation effects. A
sequence of discrete voltage pulses is injected into the
machine, and the rotor position estimate is deduced from the
difference in the stator inductance.

The stator voltage and stator flux linkage equations in
space phasors can be described in the following way:

dy,
dt 1)
Ws = Ls is + l//pm

u, =R i+

For a sufficiently high frequency of injection, it can be
considered that the stator resistance impedance is negligible
compared to the inductances impedances. Furthermore a
measurement at standstill induced no back-emf. With this
assumption the complex INFORM inductance can be defined
[15]:

uS

ai. 6

dt

LINFORM

where Linrorw iS the complex INFORM reactance, i is the
complex stator current and t is the time.

The current change with respect to the voltage depends on
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the rotor position. In [16], the authors propose to calculate the
incremental inductance in real time and then to deduce the
rotor position. This inductance can be given by equation (3)
by neglecting the emf at standstill or low speed.

. u. —R.I
L(i,0)=———3°
( ) dls
dt
We note that the inductance can be calculated from the

voltage and the measured current. Furthermore, it can be
written as follows

L(i.0) =L (1)+ Ly (i) cos(6) + L, (i) cos(20)  (4)

®3)

Equation (4) represents the first three terms of the Fourier
series. By identifying the equations (3) and (4) and using a
correspondence relationship between the inductance, the
current and position, we can estimate the rotor position.

In the INFORM method, the current variations caused
by the injection voltages are directly used for estimating
the rotor position. The machine parameters will not be
involved in the calculation. Therefore, the INFORM method
is one kind of parameter independent sensorless control
method. However, the main drawback with INFORM is the
unsatisfactory accuracy since current variations are the only
variables used for the estimation. Therefore, the performance
of the position estimation can be dramatically affected by the
accuracy of the injected voltage vectors on the machine
terminals.

I1l. CURRENT IMPULSES METHOD

This method It is based on the injection of voltage pulses in
the motor phases and the measurement of the related current
peeks. The impulses imposed must be sufficiently large to
produce a change in the saturation state of the engine. When a
voltage step is applied to the phase 'a', the current response
can be written as:

. Rt
I, = Ea 1-¢= (5)

S

By applying positive and negative voltage pulses on phase
'a, the related currents i*,and i-,can be measured respectively.
The rotor position is then determined from the difference
between these two peaks. For positive impulse, the stator flux
is in the same direction as with the mutual flux. Therefore, the

total flux 1y, can be given by

l//a = lr//am + V/aa (6)
While for a negative impulse of same duration, the stator

flux is in the opposite direction of the mutual flux and
consequently the resulting total flux can be written as

Va=Van Vaa (7
Therefore, the saturation is lower compared to the case of a
positive impulse. The difference of amplitude between the

two current peaks allows to calculate the half of the electrical
period, thus the rotor position. The same technique is applied
to the phase 'b'.

The current differences Aia and Aib can be written as
follows

e
Al =1,

Ia
TR
Al =1, |b‘

Since Ai,and Ai, vary in a sinusoidal way for the different

©)

rotor positions, then the estimated position can be obtained by
simple trigonometric calculations.

This technique has been used in several publications
[17-18], and it was considered as a simple method allowing
the discriminate between a north and a south pole of the
machine. However, the current impulses injection generates a
large amount of noise which must be reduced in order to
obtain a good accuracy.

IV. HIGH FREQUENCY SIGNAL INJECTION

The high frequency method for estimating the rotor
position was a hot research topic due to improvements in
power technologies. This method exploits the different
anisotropies of the machine, such as magnetic saliency,
saturation and eddy current to detect the rotor position. This
method has the same principle as a mechanical sensor. It is
based on the injection of a high frequency voltage (or
current). The measured current (or voltage) contains
information about the rotor position. Different types of high
frequency signals can be injected. the most used ones are the
rotating high frequency signal and the pulsating high
frequency signal.

The magnitude of the injected signal should be selected
such that the rotor remains at standstill during the estimation
phase. The frequency of this signal may vary between 100 Hz
and 4KHz. The most used frequency is 500Hz.

A. Rotating high frequency carrier injection

In 1995, the rotating voltage injection has been tested on
the interior PMSM [19]. Many saliencies have been exploited
to extract the rotor position. Generally the injected signal is a
HF balanced three phase voltage (or current) which can be
carried by the (o, B) axes [20-22] or the (d, q) axes [23-25]. It
has been proved that the current injection requires that the
bandwidth of the current regulators must be greater than the
injection frequency. Therefore, the injected signal is often a
high frequency voltage. The PMSM can be modeled in the dq
reference frame by the following set of equations

“ .,

ud_RSOId+dt Wy

Uq 0 Rs iq W i l//q ©)
(. ) dt_

where
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Va| | L 0 111, _l_‘//pm

vo ] [0 L] L0
In the fixed reference frame, the PMSM model can be given
by

ua I(Z d l//a
=R+ (12)
U | dt] v
where
v, 1, cos 6,
=L,|. [+v { ] (12)
af m
7P [ ]_Iﬂ " |sin g,
Let
L -L
Ly =—— 13
diff 5 (13)
and
_H+g
oy — 2 (14)
So we have
[L ]: Ly — Lui €026, — Ly Sin26), )
WA -1, 5in26,

Lmoy + L, COS20,

The injected signal can be given by the following equation
where u; is the magnitude of the injected voltage which should
be properly selected, such that the rotor remains stationary
upon the injection.

uai COS(a)it)
=U| . (16)
Uy sin(at)

Then the stator currents can be given by
i sin(amt)+1,sin(26, - mt)
i | —1; cos(ayt) -1 cos(26, - mt)

where I, and I, are respectively the direct and the inverse
components of the stator currents.
They can be expressed as follows:

(17)

@ (Lmoy —Lin )
- U; Ly (19)

o (Lfnoy - ijiff )

We can note that I,; contains information about the rotor
position. In order to extract this information, I,; must be
completely eliminated. In [22], Wang proposed the following
block diagram given by Fig. 1 where filters and an integral
proportional corrector are used for the extraction of the rotor
position.
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Fig. 1. Block diagram of the rotor position estimation

where i is calculated as follows

e

iy =10 €05(26, - ot~ 5in (26, - at

(20)
=Mg@4é—gn=hﬁmcé)
Then, the estimated rotor position can be given by
6,=(K, +K [dt)i, (21)

B. Pulsating high frequency carrier injection

The pulsating high frequency injection scheme makes also
use of the saliencies present in the machine to extract the
position. Usually, a HF signal is injected in one axis of the
reference frame. If the injected signal is a voltage, then the
carrier current response along the axis orthogonal to the
injection axis contains the rotor position information.

Therefore, a high frequency voltage is added to the d-axis
control output as follows:

)

By injecting a carrier high-frequency signal, the machine can
be considered as a RL load given by the following equations:

(22)

. di ) . .
Ugi :Rsldi+de_:|:(Rs+JwiLd)ldi =4l (23)

o di o
u.:Rslqi+LqE:(Rs+ja),Lq)|qizz|

qi oli (24)

where Uy and Uy are the stator voltages at HF, iy and i;are
the stator currents at HF, zy and z, are the d- and g-axes

impedances, respectively, w; is the frequency of the injected
signal.
Equations (23) and (24) may be given by:

B

(25)
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Since
I cosd, sind, ||l
N ~ ||« (26)
i | -sing,  cosé, || Iy
Then
. 1,41, 1,-1 T TR A
|di=i =2 9c0s20, |i,-——2sin20, | (27)
7, |\ 2 2
and
R T A O A A AR "
Iy =——| ————2sin200, +| L +-"—"cos20, |0, | (28)
2,7, 2 2
Let
Zyi =24~ 1, (29)
and
Z,+1
B
Znoy = > (30)
Then
a 1 1 oA 1 - A A
Iy ZEHZW = Zan €08 26?ejudi = Zan SN ZHQU(J (31)
and

L{—%zdm sin24i, +(zmoy + % 2, C0S Zéejﬂqi} (32)

The carrier current response along the g-axis is then given
by:

& —u,sin26,
T 2Ll
For a sufficiently high frequency of injection, it can be

considered that the stator resistance impedance is negligible
compared to the inductances impedances

(Zgy SiN 1) (33)

2, =R+ jo L, = jo L
z, =R+ joL, = joL, (34)
Zg = JoLgy = Jo (Ld - Lq)
Then, fqi can be written by:
h= —4;sin26, (Lys Sinat) (35)
20, L,

- N ~
I depends on the position error 6, , so a synchronous

demodulation is required to calculate the proportional signal
to the estimation error of the rotor position. The use of analog
filters allows the isolation of the term that contains
information about the position and the elimination of
undesirable terms. In general, the diagram can be given by

17

Fig.2. The band pass filter (BPF) is centered on the carrier
frequency. The resulting current is then multiplied by

Sin(a)lt). At the end, a low pass filter is used to get back the
signal ié approached by equation (36)

o —u. L. i ~
i, = LPF(lqi sin ca,t):'—d'ﬁsm26’e (36)
¢ a)| Ld Lq
sin(wgt)
» 2 ju
—< | BPF 2.(X) LPF |——s

Fig. 2. Demodulation scheme used to obtain the position
error signal

Suppose that the rotor position estimation error is so small
(sin26, = 26,). Then,

- —U; Ldif'f é
~ e
20, L,
Finally, the rotor speed can be estimated using a PI controller

@, = 2yl + 2 [ i dt (38)

where Xo and y; are proportional and integral gain of the

I@e

(37)

controller. The rotor position estimate is given by:

0, = [ &,dt (39)

V. SIMULATION RESULTS

In this section we present the simulation results of a soft
sensor based on signal injection technique. We inject a HF
alternative voltage. Indeed, this method was more accurate.
Fig. 3 shows the simulation results where (a) actual and
estimated mechanical speed, (b) actual and estimated electric
position, (c) speed estimation error, (d) position estimation
error. This soft sensor provides a good estimate of the speed
and position of the MSAP at low speed and even at a
standstill.
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VI. CONCLUSION

In this paper, most of the used sensorless techniques have
been described for standstill and low speed. The position
estimation method based on the injection of a rotating or a
pulsating high frequency signal is presented. The basics of the
scheme, the used filtering and the observer structure are
shown. The INFORM method based on inductance variations,
is also presented.
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