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Abstract

In high frequency (HF) injection methods, classical tracking algorithms are used to estimate
the rotor position for sensorless alternating current (AC) salient pole machines. These
algorithms were dependent on AC machine inductances which are characterized by their
large variations. To overcome this dependency, a new approach based on using only the
sign of the rotor position estimation error (instead of using rotor position estimation error)
is proposed. This approach has also the advantage of removing the low-pass filter (LPF)
used to separate the HF component from the rotor position information. Consequently,
only the first order sliding mode observer can be employed to estimate the rotor position,
as only the sign of the rotor position estimation error is known. To avoid the well known
chattering phenomena of this observer, an adaptive step-by-step sliding mode observer is
proposed as an alternative solution to estimate the rotor position of the machine. The
stability study of the proposed observer is analyzed both in transient/steady state ranges
and a procedure for gains tuning is then given. The performance of the proposed algorithm
is tested on simulation and experimentally in the framework of a representative small-scale
electric propulsion benchmark, used in automotive applications. Moreover, a comparison
study is conducted with respect to some existing tracking algorithms in order to illustrate
the well-founded of the designed algorithm.
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Nomenclature

IPMSM Interior Permanent Magnet Synchronous Motor
PLL Phase-Locked-Loop
MSO Mechanical System Observer
x Complex notation of x
x∗ Conjugated component of x
Rs Stator resistance
Ld, Lq dq-axis inductances
L0, L2 Average and differential inductances, respectively
ψm Permanent-magnet flux linkage
ψss Stator flux linkage vector presented in the stator reference frame

vss Stator voltage vector presented in the stator reference frame

iss Stator current vector presented in the stator reference frame

ir∗s Conjugated stator current vector presented in the rotating reference frame

ψrs Stator flux linkage vector presented in the rotating reference frame

ψd, ψq dq stator flux linkage presented in the rotating reference frame
id, iq Stator currents presented in the rotating reference frame
vr̂sc HF injected voltage vector presented in the estimated reference frame

Vc, ωc Amplitude and frequency of the HF injected voltage
vssc HF injected voltage vector presented in the stator reference frame

ψssc HF flux linkage vector presented in the stator reference frame

ψs
∗
sc Conjugated HF flux linkage vector presented in the stator reference frame

issc HF Stator current vector presented in the stator reference frame

iss1 Fundamental current component

eθ Rotor position estimation error
Icp Magnitude of HF positive current component
Icn Magnitude of HF negative current component
ω Electrical rotor speed
θ Electrical rotor position
ε Rotor position estimation error
J Moment of inertia
Kf Viscous friction coefficient
p Number of pole pairs
Tl Load torque
Tm Electromagnetic torque.

1. Introduction

1.1. Problem statement

AC machines drive requires expensive and cumbersome position sensors [1]. To deal with
these limitations, two principle techniques called model based and saliency based methods
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were proposed in the literature. The model-based methods [2], [3], [4], [5] use the mathemat-
ical model to enable access to the rotor and speed estimation of AC salient pole machines.
The demerits of this method are principally the non-modeled dynamics, the observability at
low and zero speeds and the parameter uncertainties [6], [7].
The saliency-based method [8], [9], [6] was proposed as alternative to deal with limitations
of the model-based methods [8]. But in reality these methods are still dependent on some
machine parameters since the rotor position estimation error is function of machine induc-
tances which can vary significantly according to various causes [8], [10], [11]. The tracking
algorithms used in the literature (PLLs [12] [13], MSO [14]) to estimate the rotor position
and speed based on the extracted rotor position estimation error are sensitive to machine
parameter variations and to acceleration effects (transient modes).

1.2. Contribution

In this paper the contribution is twofold. First, an innovative methodology that uses only
the sign of the rotor position estimation error as shown in Figure 1. The aim of Part1 is
to get rid of machine inductances and to remove the LPF usually used in the pulsating HF
signal injection method to reduce the cost and complexity of implementation. The idea of
getting rid of machine inductances has been introduced in [6] and it was associated with the
square-wave (not pulsating) HF signal injection method. However, the square-wave ([15],
[16]) HF signal injection method generates non negligible acoustic noise, requires sensitive
current sensors and generates harmonics on the rotor position and speed estimation [17].
The improved pulsating HF signal injection method proposed in this paper, doesn’t require
sensitive current sensors. Moreover, the generated harmonics on the rotor position and speed
estimation are significantly reduced by the proposed method as well as the acoustic noise.
By having only the sign of the rotor position estimation error as a known information, the
first order sliding mode observer is the natural solution to estimate the rotor position, as
it was proposed in [6] with constant gains. However, in this case, it is well known that
this type of observers suffer from chattering phenomena [18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30, 31]. This phenomena can be reduced by using a low pass filter, but this
solution generates delays and increases the cost and the complexity of the implementation.
That is why, the second contribution (part 2 of figure 1) of this paper is dedicated to
propose a new step-by-step sliding mode observer with adaptive gains, in order to estimate
the rotor position and speed with less chattering and with an easy tuning of the observer.
Moreover, the acceleration is estimated to improve the position estimation in transient modes
and a complete stability analysis is given to ensure the observer convergence in steady-
state, transient and intermediate modes. It is worth noticing that in [6], the sliding mode
observer with constant gains is not proposed with a step-by-step procedure of estimation.
Consequently the tuning of this observer is not done in a decoupled manner that makes this
tuning not easy. Moreover, the stability analysis of this observer is a classical one.
To point out the contributions in simulation and experiments, the performances of the
proposed adaptive gains step-by-step observer based on an improved pulsating HF signal
injection method are compared with the classical tracking algorithms and step-by-step sliding
mode observer with constant gains. Both algorithms are associated with the same HF signal
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injection method as for the step-by-step observer with adaptive gains, i.e., the improved
pulsating HF signal injection method.
The HF injection process can be divided into two parts (Parts 1 and 2), as illustrated in
figure 1.
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Figure 1: Self-sensing control of AC salient pole machines.

As it can be seen in Figure 1, the estimation process (Part 1 and Part 2) don’t depend
on the controller design. They depend only on the injected high frequency voltage.

1.3. Paper organization

The rest of the paper is organized as follows. Section 2 recalls the existing tracking algo-
rithms. The IPMSM modeling is introduced in Section 3. The pulsating HF voltage injection
technique is presented in Section 4. In section 5, parts 1 and 2 (Figure 1) of position/speed
estimation strategy are introduced in details. Simulation and experimental results are pre-
sented in Section 6, where an electrical propulsion profile in automotive applications is used.
A comparative study with existing techniques is given in the same section. Conclusions and
perspectives are given in section 7.

2. Existing Tracking Algorithms

PLLs [32] and MSO [33] are tracking observers mainly used in the literature to estimate the
rotor position and speed based on the extracted rotor position estimation error using HF
signal injection methods. These tracking algorithms will be briefly recalled in this section in
order to compare their performances with the proposed algorithm introduced in section 5.2.
Moreover, the step-by-step sliding mode observer with constant gains is given to compare
its performances with the proposed algorithm.
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2.1. Phase Locked Loop

The PLL is one of the observer algorithm mostly used in the literature for the speed and
position estimation. The PLL algorithm is showed in Figure (5) and given by

˙̂ω = Kω,p ε (1)

˙̂
θ = ω̂ +Kθ,p ε (2)

where the ε is the rotor position estimation error. Gains Kω,p and Kθ,p are chosen according
to the stability analysis given by [32].

1Kω,p

Kθ,p

s

1
s θ̂

ω̂

ε

Figure 2: Block-diagram of PLL estimator.

2.2. Mechanical system observer

Mechanical system observer (MSO) [33] is used to estimate the rotor position and speed.
The estimation is based on the rotor position error. As mentioned in the previous section,
the rotor position error depends on the machine inductances which affect the estimation,
furthermore MSO requires the accurate knowledge of the mechanical parameters which is
not the case in practice. The dynamic equation of the mechanical system is expressed as
follows

J p ω̇ +Kf p ω = Tm − Tl
The mechanical system observer enhanced by steady-state load torque estimation is shown
in Figure 3 and expressed by following system equations

˙̂
θ = ω̂ +Kθ,s ε (3)

˙̂ω =
1

J
[Tm − T̂l −Kf ω̂] +Kω,s ε (4)

˙̂
Tl = KT,s ε (5)

where Kθ,s, Kω,s and KT,s are the observer gains.
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Figure 3: Block-diagram of MSO.

The PLL and MSO widely used in the literature for sensorless control of AC machines
are recalled in this section in order to compare their performances with respect to proposed
method in the sequel.

3. IPMSM Modeling

In this section, voltage and flux-current IPMSM models are presented. The first part
introduces the classical model [34] without HF injection. The second part is mainly reserved
for HF models [35].

3.1. Classical model of IPMSM

The voltage-flux model in the stator reference frame and the flux-current model in the
rotor frame are described by equations (6) and (7) as follows

vss = Rsi
s
s +

dψss

dt
(6)

ψrs = ψd + jψq (7)

where,

ψd = Ldid + ψm, ψq = Lqiq (8)

By replacing (8) in (7), the following expression is obtained

ψrs = L0i
r
s + L2i

r∗
s + ψm (9)

where, L0 = Ld+Lq

2
and L2 = Ld−Lq

2
.

The stator magnetic flux vector can be expressed in the stator reference frame by using Park
transformation for equation (9) as follows

ψss = L0is
s + L2is

s∗ej2θ + ψme
jθ. (10)
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3.2. High Frequency IPMSM models

The following assumptions are regarded to build the HF IPMSM models.

• The stator resistanceRs is overlooked in front of the self-stator reactance jωcLs ((Rs <<
jωcLs)).

• The cross saturation effect and the rotating back-EMF are neglected.

Considering above assumptions, HF voltage-flux and flux-current relationships [35] in sta-
tionary frame are given by following equations

vssc '
dψssc

dt
. (11)

ψssc = L0i
s
sc
s + L2i

s∗
sce

j2θ. (12)

From (12), the current expression is deduced

issc =
1

L0
2 − L2

2
(L0ψ

s
sc − L2ψ

s∗
sce

j2θ). (13)

For clear understanding the operation of the proposed sensorless control method, the pulsat-
ing [36], [37] voltage injection technique adopted in this paper is introduced in next section.

4. Pulsating injection-based method

4.1. HF Injected signal form

The pulsating technique exploited in this paper [9] consists of injecting a HF voltage into
the estimated d̂ axis as illustrated in Figure 4, which can be expressed as

vr̂sc = −Vc sin(ωct)

[
1
0

]
(14)

The injected pulsating voltage vector in the estimated reference frame is shown by Figure 4.
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Figure 4: HF voltage injection pulsating principle.

By using Park transform, the expression of the HF injected voltage in the stator reference
frame is given by

vssc = −Vc sin(ωct)e
jθ̂. (15)

4.2. HF Flux-Current generated by the injected signal

By integrating the injected stator voltage given in (15), the following HF stator flux
expression is obtained

ψssc =

∫
−Vc sin(ωct)e

jθ̂dt =
Vc
ωc

cos(ωct)e
jθ̂. (16)

The HF stator current expression can be obtained by combining (16) and (13)

issc =
Vc

ωc(L0
2 − L2

2)
(L0e

jθ̂ − L2e
j(2θ−θ̂)) cos(ωct) (17)

By taking the fundamental current component iss1 into account, the general stator current
can be expressed as

iss = Icp cos(ωct)e
jθ̂ − Icn cos(ωct)e

j(2θ−θ̂) + iss1 (18)

where
eθ = θ − θ̂, (19)

Icp =
L0Vc

ωc(L2
0 − L2

2)
, (20)

Icn =
L2Vc

ωc(L2
0 − L2

2)
=

(Ld − Lq)Vc
ωcLdLq

, (21)

5. Proposed Position Estimation Strategy

In this section, two parts are introduced. The first part allows to parameters insensitivity
and LPF removal that improve the accuracy and robustness of the rotor position and speed
estimation strategy. The second part focuses on a new adaptive step-by-step sliding mode
tracking algorithm for self-sensing control of AC salient pole machines without knowing
machine parameters (inductances, viscous coefficient, inertia) and HF signal characteristics.
The machine acceleration is estimated to compensate the rotor position and speed estimation
errors in transient modes and to improve performances compared to traditional techniques.
The resulting HF current expression of AC salient pole machines in the estimated reference
frame ir̂s frame (see Figure 4), without the fundamental component1 is given by

ir̂s =

[
id̂c
iq̂c

]
=

[
Icp − Icn cos 2(eθ)
−Icn sin 2(eθ)

]
cos(ωct) (22)

1The fundamental frequency is removed by using a high pass filter (HPF)
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The rotor position estimation error expression (19) can be deduced from the second compo-
nent of (22), iq̂c, which depends only on Icn (21)

ρ = iq̂c = −Icn sin[2(eθ)] cos(ωct). (23)

Then, (23) is multiplied by cos(ωct)

ε = ρ ∗ cos(ωct) = −Icn sin[2(eθ)][cos(ωct)]
2. (24)

5.1. Part 1: parameters insensitivity and LPFs removal

This first part allows:

• to extract the rotor position information by using the sign of the rotor position esti-
mation error in order to get rid the machine inductances,

• to remove the LPF used in HF injection method in order to separate the high frequency
(ωc) component from the low frequency (2(eθ)).

In the literature, the term [cos(ωct)]
2 is always removed by using LPFs, and Icn in (21),

which is function of machine inductances and HF injected signal characteristics, is often
considered as a constant gain, which is a strong assumption.
In this paper, an approach to remove LPFs and to avoid inductances knowledge requirement
is proposed.
It is known that [cos(ωct)]

2 > 0. Moreover, for all AC salient pole machines the condition of
−Icn > 0 is always satisfied because Lq > Ld. One has also Vc > 0 and ωc > 0. Consequently
by applying the sign function to (24), the expression of the rotor position estimation error
becomes independent of Icn in (21) (machine inductances and injection signal characteristics)
as follows

σ = sign(ε) = sign(sin(2eθ)). (25)

For all eθ ∈ [−π
2
; π
2
], σ in (25) becomes

σ = sign(eθ) (26)

where sign(eθ) is sign function defined as in [38]:

sign(eθ) :


1 if eθ > 0
−1 if eθ < 0
∈ [−1 + 1] if eθ = 0.

(27)

From (26), it is confirmed that the HF component can be removed without using LPFs
and it can be seen that the new rotor postion estimation error σ is no longer dependent on
machine parameters (Ld, Lq) and injected signal characteristics (Vc, ωc).
The proposed technique is valid as long as the position error belongs to eθ ∈ [−π

2
; π
2
]. This

includes situations when the motor suddenly gets blocked, or slows down due to some un-
predictable circumstances, or when the initial rotor position is wrong.
The sign of the estimation error σ in (26) is used instead of ε in (24) as a known information in
a new step-by-step tracking algorithm, which has a finite time convergence. This algorithm,
which is the subject of Part 2, aims to estimate the rotor position, speed and acceleration
of AC salient pole machines without knowing machine parameters and with less chattering.
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5.2. Part 2: Adaptive Step-by-step sliding mode observer for rotor position, speed and accel-
eration estimation

The rotor position estimation error σ (26), extracted in Part 1, will be used by the second
part to estimate the position, speed and the acceleration of AC salient pole machines with-
out knowing machine parameters (inductances, viscous coefficient, inertia) and HF signal
characteristics. Note that the machine acceleration will be also estimated to compensate the
rotor position and speed estimation errors in transient modes and to improve performances
compared to traditional techniques. To make the tuning procedure of rotor position, speed
and acceleration estimation technique easier, a robust adaptive step-by-step observer is pro-
posed that ensures the finite time convergence of the rotor position, speed and acceleration
states and reduces the chattering effect on the rotor and speed estimations.

5.2.1. Observer design

Based on the sign of rotor position estimation error (26), adaptive step-by-step sliding
mode observer (28)–(32) is proposed to estimate the rotor position, speed and acceleration
of AC salient pole machines

˙̂
θ = ω̂ + [Kθmax − E1 f1]sign(eθ) (28)

f1 = Kθmax −Kθmin
− (Kθmin1

−Kθmin
)
|ω̂|
ωmax

(29)

˙̂ω = α̂ + E1[Kωmax − E2 f2]sign(ω̄ − ω̂) (30)

f2 = Kωmax −Kωmin
− (Kωmin1

−Kωmin
)
|α̂|
αmax

(31)

˙̂α = E2Kαsign(ᾱ− α̂) (32)

where,
ω̄ = ω̂ +Kθmaxsign(eθ) (33)

ᾱ = α̂ +Kαsign(ω̄ − ω̂) (34)

E1 :

{
1 if g(k) = 0
0 if whereas,

(35)

E2 :

{
1 if E1 = 1 and ω̄ − ω̂ = 0
0 if whereas,

(36)

and
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g(k) :

{
= 0 if |σ(k) + σ(k − 1)|+ |σ(k − 1) + σ(k − 2)| = 0
6= 0 else

(37)

with σ[k] is the discrete form of the temporal function σ[t], k is the delay of one time
step by one control period in the discrete domain.

Remark 1. The function g(k) is introduced to detect the chattering phenomenon, because
as mentioned before only the sign of the position error is available as a known information
for the observer. More precisely, at the beginning the observer is supposed to be in transient,
then E1 = 0, in this case maximum observer gains are applied. When the value of σ changes
twice during three sampling times, then g(k) = 0 which gives E1 = 1 the observer is in steady
state. In this case the applied gains are less than the maximum ones in order to reduce the
chattering. The passage from steady state to transient can be detected when σ doesn’t change
value after one sampling time, then g(k) 6= 0 which gives E1 = 0. In this case maximum
observer gains are applied.

The proposed virtual system for the observer design (28)–(32) is given by

θ̇ = ω (38)

ω̇ = α (39)

α̇ = 0 (40)

In the literature, the rotor speed is usually considered constant which affects the estima-
tion performances in transient modes. Mechanical parameters should be well known when
dynamics of speed are taken into account, especially for drive application. The proposed
virtual system (38)–(40) makes it possible to overcome limitations of accurate knowledge
of mechanical parameters. In addition, the constant speed assumption is not needed if the
acceleration of the machine is taken into account in the estimation process. All these assets
allow to improve the rotor position and speed estimation both in transient and steady-state
modes.

5.2.2. Stability analysis based on the sign propagation

Consider (19), (41) and (42) the position, the speed and the acceleration estimation errors
between observer (28)–(32) and system (38)–(40)

eω = ω − ω̂ (41)

eα = α− α̂ (42)

whose dynamics are given by

ėθ = eω − [Kθmax − E1 f1]sign(eθ) (43)

ėω = eα − E1[Kωmax − E2 f2]sign(ω̄ − ω̂) (44)

ėα = −E2Kαsign(ᾱ− α̂) (45)
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Figure 5: Block-diagram of adaptive step-by-step sliding mode tracking algorithm.

Theorem 1. Consider system (43)–(45) where E1 and E2 (35,36) are defined according
to the function g(k) (37). Then, ∀ Kθmax = 2 ωmax > max{|eω|}, Kωmax = 2 αmax >
max|{eα|}, Kα > 0, Kθmin

= ωmax > max{|ω|}, Kωmin
= αmax > max{|α|}, Kθmin1

> 0 and
Kωmin1

> 0, system (43)–(45) converge to zero in finite-time, where max{|ω|}, max{|eω|},
max{|α|} and max{|eα|} are the upper bounds of speed, acceleration, speed estimation error
(41) and acceleration estimation error (42).

proof: Let Kθmax , Kωmax , Kα, Kθmin
, Kωmin

, Kθmin1
and Kωmin1

satisfying theorem
conditions. Firstly, the stability of the position estimation error dynamic (43) is analyzed.
Considering the nonempty manifold S = {eθ/eθ = 0} and the following candidate Lyapunov
function Vθ

Vθ =
1

2
e2θ. (46)

One proves the attractivity of S as follows

V̇θ = eθėθ

= eθ(eω − [Kθmax − E1 f1]sign(eθ))

= eθeω − eθ[Kθmax − E1f1]sign(eθ)

≤ |eθ||eω| − [Kθmax − E1 f1]|eθ|. (47)

Position transient ranges: As it can be seen on equation (37), in transient ranges
g(k) 6= 0, then, E1 = 0 the equation (47) can be written

V̇θ ≤ |eθ||eω| −Kθmax|eθ|. (48)
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Let be K1 = −|eω| + Kθmax , as Kθmax = 2ωmax > max(|eω|), K1 > 0, then (48) can be
written as

V̇θ ≤ −K1|eθ|. (49)

Position steady state ranges: In steady state, the sliding condition for (19) is achieved
thus E1 = 1, then

ėθ = eθ = 0. (50)

By using (50) in (43), one can deduce

eω = [Kθmax − f1]sign(eθ). (51)

Therefore, ∀ t ≥ t1, the observer output ω̄ defined in (33) is equal to ω (ω̄ = ω), sign(eθ) =
sign(eω) and E1 = 1, for that, an adaptive rotor position gain estimation can be chosen to
verify (52)

V̇θ ≤ |eθ||eω| − [Kθmax − f1]|eθ|. (52)

By replacing f1 defined in (29), (52) becomes

V̇θ ≤ |eθ||eω| − [Kθmin
+ (Kθmin1

−Kθmin
)
|ω̂|
ωmax

]|eθ| (53)

If ω̂ = 0, by replacing this condition in (53), one can obtain

V̇θ ≤ |eθ||ω| −Kθmin
|eθ|. (54)

Set K ′1 = −|ω|+Kθmin
. From theorem conditions Kθmin

> ωmax, K
′
1 > 0, then one has

V̇θ ≤ −K ′1|eθ|. (55)

If ω̂ = ωmax and |eω| ≈ 0, by replacing this condition into (53), one can obtain

V̇θ ≤ −Kθmin1
|eθ|. (56)

From theorem conditions, the gain Kθmin1
is chosen to verify Kθmin1

> 0 and sufficiently
small to reduce the chattering effect. Inequalities (49), (55) and (56) prove the finite time
convergence of the position estimation error eθ to zero in transient/steady state position
ranges for t1 > 0. Figure 6 shows the adaptive gain Kθ with respect to the estimated speed.
On this Figure it can be seen that, the position gain takes its maximum value 2ωmax in
transient modes. When the motor is operated in steady state ranges, the position gain
varies between Kθmin

and εθ1 according to the estimated speed value.

Kθmax
= 2ωmax

Kθmin
= ωmax

Kθmin1
= εθ1

ω̂

Kθ

ωmaxωmax
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Figure 6: Adaptive position gain in different estimated speed ranges.

In the same manner, the stability of (44) can be proven.
In steady rotor position state, ∀ t ≥ t1, the observer output ω̄ defined in (33) is equal to ω
(ω̄ = ω), as one have [Kθmax − E1 f1] > 0 and E1 = 1, then

sign(eθ) = sign(eω). (57)

Therefore, the equation (57) is called the ”sign propagation rule”.
Consider the following candidate Lyapunov function

Vω =
1

2
e2ω. (58)

The time derivative of (58) is given as follows

V̇ω = eωėω

= eω(eα − E1[Kωmax − E2 f2]sign(ω̄ − ω̂)). (59)

With ω̄ = ω and E1 = 1, (59) reads

V̇ω = eωeα − eω[Kωmax − E2 f2]sign(eω)

≤ |eω||eα| − [Kωmax − E2 f2]|eω|. (60)

Speed transient ranges: In transient ranges, E2 = 0, the equation (60) can be written

V̇ω ≤ |eω||eα| −Kωmax|eω|. (61)

Let be K2 = −|eα| + Kωmax . Then from theorem conditions Kωmax > max(|eα|), K2 > 0,
and (61) becomes

V̇ω ≤ −K2|eω|. (62)

Speed steady state ranges: In steady state, the sliding condition for (41) is achieved
thus E2 = 1, then,

ėω = eω = 0. (63)

By replacing (63) in (44), one can deduce

eα = [Kωmax − f2]sign(eω). (64)

Therefore, ∀ t ≥ t2, the observer output ᾱ defined in (34) is equal to α (ᾱ = α), sign(eω) =
sign(eα) and E2 = 1. For that, an adaptive rotor speed gain estimation can be chosen to
verify the following equation

V̇ω ≤ |eω||eα| − [Kωmax − f2]|eω|. (65)

By replacing f2 defined in (31), (65) goes with
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V̇ω ≤ |eω||eα| − [Kωmin
+ (Kωmin1

−Kωmin
)
|α̂|
αmax

]|eω|. (66)

If α̂ = 0, by replacing this condition in (66), one can obtain

V̇ω ≤ |eω||α| −Kωmin
|eω|. (67)

Set K ′2 = −αmax +Kωmin
. Then, from theorem conditions Kωmin

> αmax, K
′
2 > 0, one has

V̇ω ≤ −K ′2|eω|. (68)

If α̂ = αmax and |eα| ≈ 0, by replacing these conditions into (66), one can obtain

V̇ω ≤ −Kωmin1
|eω|. (69)

From theorem conditions, the gain Kωmin1
is chosen to verify Kωmin1

> 0 and sufficiently
small to reduce the chattering effect. From inequalities (62), (68) and (69), the finite time
convergence of the speed estimation error eω to zero is proved in transient/steady state
ranges for t2 > t1. Figure 7 shows the adaptive gain Kω with respect to the estimated
acceleration. On this Figure, it can be seen that the speed gain takes its maximum value
2αmax in transient modes. When the motor is operated in steady state ranges, the speed
gain varies between Kωmin

and εω1 according to the estimated acceleration value.

Kωmax
= 2αmax

Kωmin
= αmax

Kωmin1
= εω1

α̂

Kω

αmaxαmax

Figure 7: Adaptive speed gain in different estimated acceleration ranges.

In the same manner, the stability of (45) can be proven. Let Vα be the candidate Lyapunov
function

Vα =
1

2
e2α. (70)

The time derivative of (70) is

V̇α = eαėα

= eα(−E2Kαsign(ᾱ− α̂)). (71)

As ᾱ = α and E2 = 1, (71) reads

V̇α = −eαKαsign(eα)

≤ −Kα|eα|. (72)
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From theorem conditions Kα > 0. This proves the finite time convergence of the acceleration
estimation error eα to zero in t3 > t2.
Inequalities (49), (55)-(56) (for position), (62), (68)-(69) (for speed) and (72) (for accelera-
tion) prove the stability in finite-time of the proposed observer (28)–(32). �

Remark 2. The proof of Theorem 1 is obtained by considering that the ideal sliding motion
(invariance) is reached [39] with respect to the estimation error. However, in practice as
the error oscillates around zero, the ideal sliding motion can be reached by considering the
average value of the estimation error.

5.3. Parameters Tuning

• Parameters Kθmax , Kωmax , Kα, Kθmin
,Kωmin

, Kθmin1
and Kωmin1

are chosen accord-
ing to the stability analysis given in section 2.2.2 in order to ensure the finite time
convergence of the observer in both transient/steady state modes.

• Parameters εθ1 ,εω1 and εα are chosen sufficiently small to reduce the chattering phe-
nomenon, because their effects appear only in steady-state operating modes.

• The characteristics of the HF injected voltage, defined in (22), verify the following
properties. The frequency (wc = 2πfc) should be less than the half of the inverter
one and higher than the machine nominal one. The injected magnitude (Vc) should
be chosen as low as possible to minimize torque ripples and to reduce the machine
warming.

6. Simulation and Experimental Results

Performances of the developed self-sensing control strategy are evaluated through simulation
and experimental tests and a comparison study with algorithms introduced in subsection 2
is conducted.

6.1. Test Bench (http://www2.irccyn.ec-nantes.fr/BancEssai/)

The test bench is made up of a rated 3 kW target Interior Permanent Magnet Synchronous
Motor (IPMSM), a type of AC salient pole machines, with an incremental coder as position
sensor which is used only for the comparison purpose. A dSPACE board DSP1103 is used to
carry out the real time algorithm. The converter is composed of a three-phase IGBT power
module from (SEMIKRON), a DC-link voltage sensor and protection circuits. IPMSM
parameters are shown in Table 1 and the control parameters are shown in Table 2.
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Figure 8: Experimental test bench

In order to evaluate the performance and the effectiveness of the proposed strategy in re-
alistic situation, a representative cycle of drive benchmark shown in Figure 9 is considered
and the applied torque is shown. These profiles are defined by industrials for automotive
applications. The objective is to test the motor in different possible speed/torque ranges. At
the beginning, the IPMSM is operated at zero speed and maximum torque which represents
a difficult test in automotive applications. From 3.2 s to 4 s, the developed self-sensing
strategy is evaluated at nominal speed with nominal torque. Then, the motor is operated
at zero speed without torque from 4.9 s to 5.5 s which allows to evaluate the performance of
the developed strategy in critical observability areas. The gain Icn defined in (21) is a func-
tion of the machine inductances, which can vary significantly depending on the operation
conditions (temperature variations, magnetic circuit saturation,...) and on injected signal
characteristics. As pointed out earlier, the developed self-sensing strategy is independent
from machine parameters (mainly inductances and mechanical time-constant mismatches).
To highlight this independence, an arbitrary Icn profile (Figure 10) and an arbitrary me-
chanical time-constant (Figure 11) are defined.
For simulation tests (to be closer to the realistic situation) a white noise is added to current
measurements.

Table 1: Motor parameters

Speed 2100 RPM Torque 9Nm
J 7.3 10−3 kg.m2 Φf 0.33 Wb
Rs 1.4 Ω Ld 5.7 mH
p 3 Lq 9.9 mH
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Table 2: Parameters of the control system

Inverter switching
Frequency

10 kHz
Injected voltage
frequency

Vc = 2 V , fc = 1 kHz

DC bus voltage 400 V Kθmax , Kωmax , Kα 250, 110, 90

PLL gains
(Kω,p,Kθ,P )

40, 650 Sampling period 10−4 s

MSO gains
(Kθ,s,Kω,s,KT,s)

30, 275, 3 Kθmin
,Kωmin 110, 280

Kθmin1
and Kωmin1 5 Noise magnitude 0.8 A
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Figure 9: Drive benchmark cycle
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Figure 10: Arbitrary Icn profile
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Figure 11: Arbitrary mechanical time constant

6.2. Results of the proposed estimation strategy

Simulation (Figure 13) and experimental (Figure 12) results of the motivating idea pro-
posed in this paper show the evolution of these quantities: the measured and the estimated
mechanical speeds, the mechanical speed estimation error, the measured and the estimated
electrical positions, the electrical position estimation error and the estimated acceleration
of the machine.
In simulation step, the inductances variation on Icn (Figure 10) and variations on the me-
chanical constant time (inertia and viscous coefficient) (Figure 11) are considered.
It can be seen, from simulation and experimental results (Figure 13 and Figure 12), that

• Convenient rotor position and speed estimation results are obtained in all speed/torque
ranges even in difficult situations mentioned on the cycle of drive benchmark (Figure 9).

• The acceleration is well estimated, this enables to get an enhanced rotor position and
speed estimation even in acceleration modes (transients modes).
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• The electrical position estimation error is centered around zero with the highest noise
peak does not exceed a threshold of 2 degrees for simulation results and 4 degrees for
experimental results.

• The mechanical speed estimation error is centered around zero with highest noise
peak that does not exceed a threshold of 4RPM for simulation results and 8RPM for
experimental ones.

• the chattering effect is reduced in comparison to the results of the step-by-step observer
with constant gains (see Figures 12 and 16).

• The proposed observer gives good estimations in critical observability area (from 4.9s
to 5.5s) because in this area as it is proved in [40], the AC motors are observables
when the HF injected signal is used.

As a conclusion, very acceptable results are obtained in simulation (Figure 13) and exper-
imental (Figure 12) tests at different speed/torque ranges despite the variations of induc-
tances and mechanical constant time, which confirms the machine parameters insensitivity
of the procedure estimation strategy enhanced in subsection 5.1 (Part 1).
However, small noisy position and speed errors can be seen in simulation and experiments.
These errors are more affected in experiments compared to simulation. The reason is that
in simulation only the effect of the chattering is acting, which is well reduced by the pro-
posed adaptive observer of subsection 5.2 (Part 2), while in experiments other parameters
are acting such that the HF injected signal that generates harmonics and the inverter effect.
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Figure 12: Experimental results of the proposed algorithm.
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Figure 13: Simulation results of the proposed algorithm.

6.3. Comparative study

Several simulations have been made in order to compare the proposed self-sensing strategy
with the classical tracking algorithms, PLL ((1)-(2)) and MSO ((3)-(4)), recalled in section
2 and the step-by-step observer with constant gains given in [24].

6.3.1. Comparison with PLL and MSO strategies

For the first evaluation, the PLL algorithm is tested with nominal machine parameters
(without considering the Icn profile in Figure 10). From the obtained results (Figure 15),
one can observe an important rotor position and speed estimation errors during transients.
It confirms its sensitivity to acceleration effect. After that, a simulation was conducted by
considering the Icn profile in Figure 10 (inductance variations). In this case, the estimated
rotor position and speed diverge immediately. It highlights the sensitivity of the PLL algo-
rithm with respect to the parameter (inductances) variations. As mentioned in section 2,
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the MSO depends on the mechanical machine parameters (inertia and viscous coefficient),
which can vary significantly according to several unpredictable effects such as the applied
load torque, weight, road type and tires quality in automotive applications. That is why a
comparison study is made between the proposed strategy and the MSO with respect to the
mechanical parameters. The relationship between the speed and the torque balance can be
represented by the following transfer function

ω̂(s)

Tm − T̂l
=

Kstat

sτ + 1

where Kstat = 1
Kf

and τ = J
Kf

are the static gain and the time constant of this trans-

fer,respectively. In addition, gains of the MSO are computed according to the inertia and
friction coefficient that makes its tuning more difficult and could cause a stability problem.
For this study, an arbitrary profile, shown in Figure 11 of the mechanical time constant is
considered in simulation. Results of this simulation presented in Figure 14 show that the
MSO can give good rotor and speed estimation when the nominal mechanical time constant
is used (t ∈ [0, 1] ∪ [4.9, 5.5] ∪ [7.6, 8]). Important estimation errors can be noticed on
the rotor position and speed obtained by the MSO when the considered mechanical time
constant is biased.
Note that this test is obtained without considering Icn profile, once this latter is considered,
the estimated rotor position and speed diverge immediately.
The robustness comparative study between the proposed algorithm and the classical track-
ing algorithms is summarized in Table 3.

Table 3: Summary of the comparative study

Robustness vs Proposed Algorithm MSO PLL
Mechanical parameters Independent Dependent Independent
Electrical parameters Independent Dependent Dependent

Maximal rotor position
estimation error (Degree)

4 25 30

Maximal speed
estimation error (RPM)

7 45 50

Machine acceleration Insensitive Sensitive Very sensitive

This comparative study confirms that the developed self-sensing strategy offers a significant
and attractive improvement compared to the previous methods.
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Figure 14: MSO simulation results with mechanical time constant variation defined in Figure (11).
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Figure 15: PLL simulation results (without considering the Icn variations)
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6.3.2. Comparison with constant gains step-by-step sliding mode observer

The constant gains step-by-step observer is tested experimentally in order to test its perfor-
mances with respect to the proposed observer

It can be seen that the step-by-step sliding mode observer with constant gains (Figures
16) is sensitive to chattering generated by important imposed gains, the estimated rotor
position is noisy that can affect the control algorithm. However, the proposed adaptive
gains step-by-step observer reduces (Figures 12 and 13) the chattering effects on the rotor
position and speed estimation.
This comparative study between the proposed adaptive step-by-step sliding mode observer
((28)–(32)) and the step-by-step one with constant gains [24] in terms of machine parameters
sensitivity, chattering, and estimation error accuracy is summarized in the Table 4.

Table 4: Summarize of the comparative study between adaptive and constant gains step-by-step observers

Robustness vs Adaptive step-by-step observer step-by-step observer
Electrical parameters Independent Independent

Mechanical parameters Independent Independent
Chattering effect Insensitive Sensitive

Maximal rotor position
estimation error (Degree)

4 15

Maximal speed estimation
error (RPM)

7 20

Machine acceleration Insensitive Insensitive
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Figure 16: Experimental result of the step-by-step sliding mode observer with constant gains.

7. Conclusion

This paper presented a novel approach for tracking algorithms associated to HF signal injec-
tion methods in order to estimate the rotor position of sensorless AC salient pole machines.
The main benefit of this approach is to use only the sign of the rotor position estimation
error as a known information instead of the rotor position estimation error used by the
classical tracking algorithms. By doing so, both advantages of parameters insensitivity and
removing the LPFs used to extract the rotor position estimation error are achieved. As
only the sign of the error position is available, the first order sliding mode observer is the
natural choice to estimate the rotor position. However, in this paper an adaptive step-by-
step sliding mode observer is proposed as an alternative solution to reduce the chattering
phenomena. The stability of the proposed observer is proven in transient and steady state
ranges. The performances of the proposed approach are highlighted in simulation and in
experiments performed at a representative small-scale electric propulsion used in automo-
tive applications. The comparative study with respect to the principal existing tracking
algorithms illustrates the effectiveness of the proposed methodology.
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