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a b s t r a c t

This paper deals with the design of a speed soft sensor for permanent magnet synchronous motor. At
high speed, model-based soft sensor is used and it gives excellent results. However, it fails to deliver
satisfactory performance at zero or very low speed. High-frequency soft sensor is used at low speed. We
suggest to use a model-based soft sensor together with the high-frequency soft sensor to overcome the
limitations of the first one at low speed range.

& 2015 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

PMSM are receiving a very important attention in several
industrial sectors because of its simplicity of design, ability of
operation at high speeds, high efficiency and high power/torque
density. For this reason, the sensorless control of a synchronous
machine has been an interesting topic. The main idea of this
approach 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]. For example, 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 dis-
turbances. In addition, it may be difficult to install and maintain a
position sensor due to the limited space and rigid work environ-
ment with high vibration or high temperature.

At high speed, model-based soft sensors give excellent results.
Several techniques inspired from control theory [4–6], such as
adaptive observers [7–10], reference models [11–13], and
extended Kalman filter [14]. Whatever the chosen method is, the
sensor design procedure can be summarized by Fig. 1 [15].
However, these methods fail to deliver satisfactory performance
at zero or very low speed. From a practical standpoint, the
operational limit of these methods is typically ωN=20, with ωN

being the rated motor speed. So, high-frequency soft sensors are
used in this velocity region. The estimated parameters are
obtained from the carrier high frequency signal injection [16]. In
most of these methods, a signal, which can be either a current or a
voltage, is injected in the (α–β) or (d–q) components. These
techniques are usually applied to the interior permanent magnet
synchronous motor (I-PMSM) as it involves the effect of salience
[17]. In [18,19], signal injection method was extended to the
surface permanent magnet synchronous motor (S-PMSM) by
exploiting the saliency resulting from magnetic saturation.

An attractive solution is to combine the two sensors to obtain a
full-speed range operation. Several hybrid method have been
presented in the literature [20–25]. In [21,22], the changeover
algorithm was performed using weighting coefficients. A linear
combination between the position estimates at high and low
speeds was used in [23] to get a smooth transition. In [24], the
method of transition consists in using a weighted average of the
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estimated speed and position in a given speed gap. In [25], the
incorporation of the HF quantities estimates in the flux observer
allowed a smooth transition and an improvement of the feedback
signal quality.

To ensure that model-based soft sensor works properly, the
PMSM model and its parameters must be known. For this, a
sensorless parameter identification is required. In this paper, a
simple identification procedure, based on HF signal injection and
exploiting the implementation of state variable filters which
replace the band-pass filters, used in the HF signal injection
technique, to obtain a linear model with respect to the parameters
is used. Thus, a least squares algorithm is applied to identify the
model parameters.

In this paper, we suggest to use a model-based soft sensor
together with the high-frequency soft sensor to overcome the
limitations of the first one at low speed range. A simple identifica-
tion procedure based on HF signal injection and exploiting the
implementation of state variable filters is developed. In order to
validate the proposed soft sensor, we provide several simulation
results to assess the relevancy of the proposed solution. The main
interest of this soft sensor is its simplicity, which makes it a
suitable candidate for practical implementation.

Appropriate assumptions allow us to neglect nonlinear effects
as saturations, iron losses or magnetic hysteresis in order to derive
a simplified physical model. It yields a good approximation of the
motor behavior which is sufficient for control objectives. The
identification step concerns the determination of model para-
meters. In Section 3, the general formulation of the recursive least
squares algorithm is shown. The final step towards the identifica-
tion is the validation (Section 4). This phase requires us to verify
whether the model is able to adequately represent the system. If
the validation test fails, the soft sensor design should be
reconsidered.

2. Model selection

2.1. Motor model

In this section, the model of PMSM is presented in two different
frames: in the stationary reference frame (α–β) and in the rotating
frame (d–q).

2.1.1. Model in the stationary reference frame (α–β)
The unsaturated PMSM can be modeled in the stationary

reference frame (α–β) by the following set of equations [26]:

L
diαβ
dt

¼ �Rsiαβþωeψpm

sin ðθeÞ
� cos ðθeÞ

" #
þuαβ ð1Þ

Te ¼
3p
4
ψpmðiα cos ðθeÞ� iβ sin ðθeÞÞ ð2Þ

where iαβ ¼ iα iβ
h iT

is the stator current vector, uαβ ¼ uα uβ
h iT

is
the motor terminal voltage vector, Rs is the stator windings
resistance, L is the cyclic inductance, ψpm is the magnetic flux, p
is the number of pole pairs, θe is the electrical rotor position and
ωe is the electrical rotor speed. Throughout this paper, we shall
assume that the mechanical parameters, position and speed, are
unknown.

2.1.2. Model in the rotating frame (d–q)
This model is obtained by implementing Park's transform to

Eqs. (1) and (2). Then, PMSM can be given by

L
did
dt

¼ �RsidþudþωeLiq

L
diq
dt

¼ �Rsiqþuq�ωe Lidþψpm

� �
Te ¼ pψpmiq ð3Þ

In this type of model, the delivered torque Te is proportional to the
quadrature current iq. Thereby, this representation is the most
frequently used in the field-oriented control of PMSM. However,
Park's transform requires the use of the electrical position which is
not available in sensorless applications. Several techniques have
been developed to estimate, in a first step, the velocity fromwhich
we can deduce the position by integration.

2.2. Sensor model

This section deals with the estimation of the rotor position at
high speeds. The presented technique is based on the model of the
PMSM given by (1) and (2) and on an online reconstruction of the
back-electromotive force [27].

Let us define Ψαβ ¼ Ψα Ψβ

h iT
by

Ψαβ ¼ Liαβþψpm

cos ðθeÞ
sin ðθeÞ

" #
ð4Þ

Based on the previous equation, we can obtain the rotor position

θe ¼ a tan 2ðΨβ�Liβ ;Ψα�LiαÞ ð5Þ
But in the sensorless control, the position is unknown so we
cannot compute the actual value of the total flux. As a solution, we
can use the estimated value of the flux given by the following
equations:

_bΨ α ¼ �Rsiαþuαþνηαðψ2
pm�η2α�η2βÞ ð6Þ

_bΨ β ¼ �Rsiβþuβþνηβðψ2
pm�η2α�η2βÞ ð7Þ

where ν is a positive scalar that establishes the convergence speed
of the observer and

ηα ¼ bΨ α�Liα ð8Þ

ηβ ¼ bΨ β�Liβ ð9Þ

The estimated flux bΨ α and bΨ β are available for measurement as it
only depends on the currents ðiα; iβÞ and the voltages (uα , uβ).
Then the estimated rotor position can be given by

Step 1: Data selection

Step 2: Model selection

Step 3: Identification

Step 4: Model validation

Stator currents and voltages

* Model-based sensor
* HF-based sensor

* HF injection
* RLS algorithm

Convergence study

Fig. 1. Soft sensor development.
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θ̂e ¼ a tan 2ð bΨ β�Liβ ; bΨ α�LiαÞ ð10Þ
However, it is not advised to obtain a speed estimate through
numerical differentiation of the position estimates. Instead, we use
the speed observer given by the following equations [26]:

ẑ1 ¼ Kpðθ̂e�z1ÞþKiz2

ẑ2 ¼ θ̂e�z1

ω̂e ¼ Kpðθ̂e�z1ÞþKiz2 ð11Þ
where Kp and Ki are the proportional and integral gains of the
controller, respectively.

The complete soft sensor is shown in Fig. 2 where is ¼ iα i0β
h i

and us ¼ uα u0
β

h i
represent the stator current vector and the stator

voltage vector, respectively.

3. Identification

To ensure that the previously presented sensor works properly
the PMSM model and its parameters must be known. For this, a
sensorless parameter identification is required. In the automotive
application, electrical parameters of PMSM must be identified at
standstill before the startup of the motor. The identification
process should be fast and requiring a low computing power in
order to be incorporated in an electric variator. This paper presents
a simple method based on HF signal injection and exploiting the
implementation of state variable filters to obtain a linear model
with respect to the parameters. Thus, a simplified procedure of
identification based on a least squares algorithm can be used to
identify the stator resistance and the d- and q-axes inductances of
the PMSM.

3.1. Identification method

At standstill, the PMSM can be modeled by the following set of
equations:

ûd ¼ RsîdþLd
dîd
dt

ûq ¼ RsîqþLq
dîq
dt

8>>><>>>: ð12Þ

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

ûdH ¼ RsîdH þLd
dîdH
dt

� zdîdH ð13Þ

ûqH ¼ RsîqH þLq
dîqH
dt

� zqîqH ð14Þ

where ûdH and ûqH are the stator voltages at HF, îdH and îqH are the
stator currents at HF, zd and zq are the d- and q-axes impedances,
respectively, ωH is the frequency of the injected signal. For a
sufficiently high frequency of injection, it can be considered that
the stator resistance impedance is negligible compared to the

inductances impedances. Then

zd ¼ Rsþ jωHLd � jωHLd ð15Þ

zq ¼ Rsþ jωHLq � jωHLq ð16Þ
In order to estimate the stator resistance Rs and the d-axis
inductance Ld, a carrier high-frequency voltage is superimposed
to the fundamental frequency voltage along the d-axis:

ûdH ¼ VH cos ðωHtÞ ð17Þ

ûqH ¼ 0 ð18Þ
and we obtain

îdH ¼ VH cos ðωHtÞ
zdH zqH

zmoy�
1
2
zdiff cos ð2 ~θeÞ

� �
ð19Þ

îqH ¼ �VH cos ðωHtÞ
zdH zqH

ð1
2
zdiff sin ð2 ~θeÞÞ ð20Þ

The stator resistance can be identified at the steady state where
the PMSM model is obtained by substituting dîd=dt ¼ 0 and
dîq=dt ¼ 0 into (12). However, the d-axis inductance can be
identified at transient state by using the HF model. It should be
noted that for a HF voltage injection into the d-axis only Ld can
be identified as the used PMSM has a low salience ðzdiff ¼ jωH

ðLd�LqÞ � 0Þ. In this case, the q-axis current îqH is negligible and we
cannot estimate Lq. The used model is then

ûdH ¼ Ld
dîdH
dt

ð21Þ

To estimate the q-axis inductance, a carrier high-frequency voltage
is superimposed to the fundamental frequency voltage along the
q-axis. So we obtain the following equations:

ûdH ¼ 0 ð22Þ

ûqH ¼ VH cos ðωHtÞ ð23Þ

îdH ¼ VH cos ðωHtÞ
zdH zqH

�1
2
zdiff sin ð2 ~θeÞ

� �
ð24Þ

îqH ¼ VH cos ðωHtÞ
zdH zqH

zmoyþ
1
2
zdiff cos ð2 ~θeÞ

� �
ð25Þ

In this case, the d-axis current îdH is negligible and we cannot
estimate Ld. The used model is then

ûqH ¼ Lq
dîqH
dt

ð26Þ

Therefore, the model can be given by

ûd ¼ bRsîd

ûdH ¼ L̂d
dîdH
dt

ûqH ¼ L̂q
dîqH
dt

8>>>>>><>>>>>>:
ð27Þ

At first step, we suppose that we calculate the current derivatives
softly. So the general formulation of the recursive least squares
(RLS) algorithm used in this paper can be presented as follows:

Pk ¼ Pk�1�Pk�1φk
ð1þφT

k
Pk�1φk

Þ�1φT
k
Pk�1 ð28Þ

Kk ¼ Pk�1φk
ð1þφT

k
Pk�1φk

Þ�1 ð29Þ

bΘ k ¼ bΘ k�1þKk½yn

k�φT
k
bΘ k�1� ð30Þ

where bΘ ¼ bRs L̂d L̂
T
q

h i
is an estimation of Θ ¼ Rs Ld Lq

� �T and yn

k is
the measured output ðyn

k ¼ ykþbkÞ; bk is the noise for which
variance is equal to σ2. P0 and Θ0 are the initial values of Pk and

Motor
Eq. (1)

us

ωe (unknow)

is (measured)

Model
Eq. (6) (7)

îs Adaptation
Eq. (11)

ω̂eis

Soft Sensor

Fig. 2. Block diagram of the soft sensor.
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Θ̂ k, respectively. If we have no information about the system, we
choose Θ0 ¼ 0.

The expression of Pk is provided by the following equation:

Pk ¼
Xk
i ¼ 1

φiφ
T
i

" #�1

¼ ðϕTϕÞ�1 ð31Þ

with

ϕ¼

φT
1

φT
2

⋮
φT

K

266664
377775¼

φ11 φ12 … φ1N

φ21 φ22 … φ2N

⋮ ⋮ ⋱ ⋮
φK1 φK2 … φKN

266664
377775

The main diagonal of Pk represents the parameters variance given
with an accuracy of σ2. If we have any information about Θ, then,
its variance is infinite and we choose

P0 ¼ αI¼

α 0 … 0
0 α … 0
⋮ ⋮ ⋱ ⋮
0 0 … α

26664
37775 ð32Þ

with αc1. By choosing α small, it means that some degree of
confidence is granted toΘ0 and the parameter variation is slow. At
the limit, if α¼0, then Θk is constant.

The parameters are estimated one after the other which
simplifies the algorithm given by (28)–(30) by avoiding the matrix
inversion. The algorithm used for each parameter can be described
as follows:

PR;k ¼ PR;k�1�
ðPR;k�1 îdÞ2

1þPR;k�1 î
2
d

KR;k ¼
PR;k�1 îd

1þPR;k�1 î
2
dbRs;k ¼ bRs;k�1þKR;kðûd� îdbRs;k�1Þ

8>>>>>>>>><>>>>>>>>>:
ð33Þ

P1;k ¼ P1;k�1�
P1;k�1

dîdH
dt

 !2

1þP1;k�1
dîdH
dt

 !2

K1;k ¼
P1;k�1

dîdH
dt

1þP1;k�1
dîdH
dt

 !2

L̂d;k ¼ L̂d;k�1þK1;k ûdH �
dîdH
dt

L̂d;k�1

 !

8>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>:

ð34Þ

P2;k ¼ P2;k�1�
P2;k�1

dîqH
dt

 !2

1þP2;k�1
dîqH
dt

 !2

K2;k ¼
P2;k�1

dîqH
dt

1þP2;k�1
dîqH
dt

 !2

L̂q;k ¼ L̂q;k�1þK2;k ûqH �
dîqH
dt

L̂q;k�1

 !

8>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>:

ð35Þ

where

PR;k�1 ¼ αR; P1;k�1 ¼ αLd ; P2;k�1 ¼ αLq

bRs;k�1 ¼ 0; L̂d;k�1 ¼ 0; L̂q;k�1 ¼ 0

To estimate Ld and Lq, we must have the measure of the voltage udH
and uqH and calculate the current derivatives dîdH=dt and dîqH=dt,
respectively. The computing of these derivatives can be a source of
problems if the measurement of such currents is noisy. A solution for a
safe computation of these derivatives is proposed in Section 4.3.

Fig. 3 shows the progress of parameters identification at
standstill, the startup of the motor and the low-speed operation.
Initially, we impose a zero velocity to the speed loop and a carrier
high-frequency voltage is injected into the d-axis. During the first
half second of the injection, the initial rotor position of the motor
is estimated. At that moment, we buckle with the estimated speed
while keeping the injection of the HF voltage into the d-axis.
Between t¼1 s and t¼2.5 s, we estimate the stator resistance Rs
and the d-axis inductance Ld using the recursive least squares
method. To identify the stator resistance, we use the steady-state
measurements of voltages and currents. However, the HF mea-
surements of voltages and currents are used to estimate Ld. At
t¼3 s, we stop the injection into the d-axis and we inject the same
HF signal into the q-axis. The stator inductance Lq is estimated
between t¼4 s and t¼5.5 s.

3.2. Experimental setup

This section presents the test bench concept that will be used
to experimentally validate the performances of the previously
designed control scheme. The testbed is composed of two PMSM,
connected through a shaft featuring a torque sensor delivering
accurate torque measurements. This setup is illustrated in Fig. 4.

These two drives have respective rated power of 1.7 kW and
2.2 kW, and similar rated speed of 6000 rpm. They are intended to
deliver a desired torque for the first one, and control the rotary
speed of the shaft for the latter. The control strategy previously
discussed is implemented in a voltage inverter connected to the
first machine. Also note that this machine is equipped with a fine
position sensor. This sensor is used to compare the relevancy of
the estimated position to the actually measured one, both in
operation and at standstill.

3.3. An automotive case study

This test bench allows us to validate the control scheme
through Hardware-in-the-Loop experiments. Therefore, we con-
sider a vehicular application consisting in a shuttle dedicated to

Initial rotor position estimation

Injection uq

Injection ud
Parameter identification (R̂s)

Startup of the motor by sensorless
control of HF voltage injection

(33)

Parameter identification (L̂d)
(34)

Parameter identification (L̂q)
(35)

Fig. 3. Flow of parameter identification and low speeds operation.
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inner city transportation and featuring a full electric power train
including two in-wheel hub motors mounted on the rear axle.
These motors are powered by a hybrid energy storage system
made up of an arrangement of battery and ultra-capacitor cells,
connected in parallel via two boost converters. Further details are
given in [29].

3.4. HiL setup

The testbed in Fig. 4 is able to experimentally represent the
previous vehicle behavior, by making use of the hardware-in-the-
loop (HiL) concept. This bench couples a real motor to mathema-
tical models running in real time to emulate the driveline, the
vehicle, as well as the other components such as the battery, the
ultracapacitors and the power electronics devices. We use the
detailed description provided in [29]. The motor test bench is
controlled in such a way that the speed and the torque at the
motor output shaft represent the outcome of a driver request (e.g.
to follow a prescribed drive cycle). However, since the rated power

of the motors are less than the one used in the shuttle, we proceed
to use scaling techniques to make the torque and speed trajec-
tories suitable with the PMSM used. This allows us to test the
proposed sensorless control scheme in a realistic environment.

3.5. Experimental results

The identification method was tested on the bench presented
above. At the beginning, we inject a high frequency voltage ûdH . At
this moment we estimate the resistance (b) and the d-axis
inductance (c). Once the identification of Rs and Ld finished, we
stop the injection along the d-axis and we inject ûqH . The
identification of the q-axis inductance (d) can be done at that
time. Fig. 5 shows the effectiveness of this method where the
identified parameters is close to the measured one shown given in
Table 1. This method is fast, simple and efficient compared to other
methods that involve the use of temperature sensors on the
surface of the rotor and in the stator windings, or other techniques
requiring a thermal modeling of the machine.

4. Model validation

4.1. Simulation results

In order to be validated, the soft sensor must provide good
speed measurements for all the operating points of the motor.
Each operating point is defined by the pair fωm0; TL0g (index
0 indicates steady state operation). The synchronous motor is
driven through a Field Oriented Control (FOC) with a model
expressed in the rotating frame (d–q). The speed controller
imposes the rotor speed ðωm ¼ωn

mÞ whatever the load torque
(TL) is provided by the DC motor. PI controllers are used for the
control of the currents. The soft sensor provides the speed andFig. 4. Experimental setup.

Fig. 5. Identification at standstill. (a) The injected voltages, (b) stator resistance estimation, (c) d-axis inductance estimation Ld, and (d) q-axis inductance estimation Lq.
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position estimates ω̂e and θ̂e which are used in Park's transforma-
tion. Fig. 6 presents the block diagram of the sensorless control of
a PMSM, whose parameters are shown in Table 1.

The proposed soft sensor is simulated with Matlab/Simulink.
Several tests can be performed to investigate the sensor validation,
among them, reversal speed at nominal torque and slow load
variations at constant speed are particularly used since they
correspond to realistic cases. Fig. 7 shows simulation results
obtained at the nominal load torque. The speed reference reverses
from �120 rpm to 120 rpm. It can be shown that the soft sensor
does not provide correct estimation in the whole speed range at
nominal torque. In particular, the model diverges from real value
at low speed around ωm ¼ 0. This problem around the zero speed
can be explained by the fact that this soft sensor is a model-based
sensor. Then, the rotor position estimation depends necessarily on
the back-electromotive forces which are proportional to the PMSM
speed. So, at low speeds the amplitude of these forces is insignif-
icant which does not allow a perfect estimation of the rotor
position. As a solution, HF-based sensors are used at low speed
and give a good results as it exploits the saliency of the machine.

4.2. HF-based sensor

The HF-based sensor presented in this section used a carrier
high frequency excitation. There are two main forms of carrier
high frequency excitation [30]: rotating vector [31–33] and pulsat-
ing vector [19,34,35]. The first form injects a balanced three-phase
voltage or current carrier signal. If the injected signal is a voltage,
then the carrier current response consists of two components: the
first one is a positive sequence component which turns in the
same direction as the injected voltage vector and the second one is
a negative sequence component which turns in the opposite
direction. Only the negative component contains the rotor position
information. It is necessary to use an appropriate signal processing
to extract this component and then estimate the rotor position of

the motor. In [33], a simple technique to extract the negative
frequency component of the current using only one analog filter is
presented. The rotating carrier injection is given by the following
equation:

udH

uqH

" #
¼ VH

cos ðωHtÞ
sin ðωHtÞ

" #
ð36Þ

The second form injects a voltage or a current carrier signal along
the d- or the q-axis. 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. This method will be
detailed later in this section (for more details see [18]). Therefore,
a high frequency voltage is added to the d-axis control output as
follows:

udH

uqH

" #
¼ VH

cos ðωHtÞ
0

� 	
ð37Þ

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

îqH ¼ �VH cos ðωHtÞ
zdzq

1
2
zdiff sin ð2 ~θeÞ

� �
ð38Þ

where

zd ¼ Rsþ jωHLd
zq ¼ Rsþ jωHLq
zdiff ¼ zd�zq ð39Þ
For a sufficiently high frequency of injection, it can be considered
that the stator resistance impedance is negligible compared to the
inductances impedances:

zd ¼ Rsþ jωHLd � jωHLd
zq ¼ Rsþ jωHLq � jωHLq
zdiff ¼ jωHLdiff ¼ jωHðLd�LqÞ ð40Þ
Then, îqH can be written by

îqH ¼ �VH sin ð2 ~θeÞ
2ωHLdH LqH

ðLdiff sin ðωHtÞÞ ð41Þ

where îqH depends on the position error ~θe, 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 Fig. 8. The bandpass filter (BPF) is
centered on the carrier frequency fH. The resulting current is then
multiplied by sin ðωHtÞ. At the end, a lowpass filter is used to get

Table 1
Nominal parameters of the synchronous machine.

Features Values

Pole pair (p) 10
d-axis inductance (Ld) 0.705 mH
q-axis inductance (Lq) 0.8 mH
Stator resistance (Rs) 0:1509 Ω
Permanent magnet flux (ψpm) 8.3 mWb

Fig. 6. Block diagram of the soft sensor.
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back the signal i ~θ e
approached by the following equation:

i ~θ e
� � VHLdiff

2ωHLdH LqH
~θe ð42Þ

Finally, the rotor speed can be estimated using a PI controller
as in [36]

ω̂e ¼ χpi ~θ e
þχ i

Z
i ~θ e

dt ð43Þ

where χp and χi are the proportional and integral gains of the
controller, respectively. The rotor position estimate is given by

θ̂e ¼
Z
ω̂e dt ð44Þ

4.3. Computing time derivatives using state variable filters

As shown in Fig. 8, in the injection techniques, the measure-
ments are filtered by a bandpass filter (BPF) to keep the HF
components only. So the idea is to simulate the BPF as a state
variable filter (SVF) in order to obtain a safe computation of the
current derivatives (Section 3). This filter structure is used for the
determination of the current derivatives and therefore the identi-
fication of the motor parameters, as well as for the estimation of
rotor position and speed in low speed (HF soft sensor). To do this,
we consider the BPF given by Eq. (45) which can be written
as in (46):

HðpÞ ¼ b0p
a0þa1pþa2p2

¼ if ðpÞ
iðpÞ ð45Þ

HðpÞ ¼ τ2p
1þτ2pþτ1τ2p2

¼ if ðpÞ
iðpÞ ð46Þ

This filter can be simulated as a SVF which can be represented by
Fig. 9,

where I2 ¼
1
τ1p

I1 and I3 ¼
1
τ2p

I2.
With this representation, we have I2 ¼ if and I1 ¼ _if . Therefore,

the SVF allows us to filter i(t) and to recover directly if(t) and _if ðtÞ
using only integrators.

By applying the same filter to the voltage u(t), we can identify L
ðuf ¼ L_if Þ).

The time constants τ1 and τ2 must be calculated according to
the characteristics of the BPF (center frequency and bandwidth).
The center frequency of this filter corresponds to the frequency of
injection.

4.4. Soft sensor design for real-time estimation in a wide speed range
including standstill

We have presented above two soft sensors operating in two
different ranges of speed. Therefore, it remains to establish a
method of transition between both to get a sensorless control in
the full-speed range of the permanent magnet synchronous
machine.

In this section, we adopt the following notations: ω̂LS
e and θ̂

LS

e
are the estimated speed and position at low speed, respectively,
ω̂HS

e and θ̂
HS

e are the estimated speed and position at high speed,
respectively, and ω̂T

e and θ̂
T

e are the estimated speed and position
given by the hybrid observer, respectively. The transition between
the two observers, adopted in this paper, has been realized by
using weight coefficients WL and WH. WL prevails completely
below 80 rpm. However, WH predominates above 100 rpm.

To determine these coefficients, we tested the performances of
the two soft sensors separately. As shown in Fig. 10, the model-
based soft sensor does not provide correct estimation at low
speed, precisely from �100 rpm to 100 rpm. So we can choose
WH¼100. Below 80 rpm, the high frequency soft sensor gives good
results so we select WL¼80. The crossing of both algorithms do
not affect the estimate of the position, since WL andWH are chosen
such that WLþWH ¼ 1, which leads the linear combination to be
convex:

ω̂T
e ¼WHω̂

HS
e þWLω̂

LS
e ð47Þ

θ̂
T

e ¼WHθ̂
HS

e þWLθ̂
LS

e ð48Þ

5. Simulation results

A PMSM with low salience, whose parameters are shown in
Table 1, is used for simulation tests. In Fig. 11, we present the block

Fig. 7. Simulations: reversal test. Speed varies from �120 rpm to 120 rpm under
nominal torque.

Fig. 8. Demodulation scheme used to obtain the position error signal.

Fig. 9. Block diagram of the state variable filter.

Fig. 10. The transition method.
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Fig. 11. Block diagram of the soft sensor: identification at standstill, operation at low and high speed and transition between the two speed ranges.

Fig. 12. Simulation results with torque variations and constant speed ωm ¼ 1000 rpm.
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diagram of the sensorless control system of PMSM with online
parameter identification at standstill and operation at low speeds
and high speeds where a cascaded speed and current control loops
are shown. PI controllers are used for the regulation of the
currents. In this scheme, state variable filters are used as bandpass

filters in the signal injection method and enables us to calculate
the currents derivatives used in the parameters identification. The
proposed hybrid sensor was investigated in simulation for differ-
ent cases. Figs. 12 and 13 show the PMSM torque, the PMSM speed,
the position estimation error and the two weight coefficients

Fig. 13. Simulation results with torque variations and constant speed ωm ¼ 50 rpm.

Fig. 14. Simulation results during a speed reversal test under constant load Te ¼ 2 N m.
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WL and WH at high and low speed while the torque request is
varied from �2 N m to 2 N m. Fig. 12 shows the performance of
the model-based soft sensor at 1000 rpm. In this case the HF-
based sensor is not involved in the speed and the position
estimation of the machine. For this, we have WL¼0 and WH¼1.
It can be seen that the estimated speed tracks the actual speed
very well and the position estimation error does not exceed 0.71.
In Fig. 13, only the HF-based sensor is involved in the estimation
where WL¼1 and WH¼0. The presented results prove the effi-
ciency of the proposed soft sensor at low speed. The performance
of the hybrid soft sensor in a wide speed range including the
standstill has been investigated. The results are shown in Figs. 14
and 15 where the machine was reversed from �150 to 150 rpm
and from 500 to �500 rpm, respectively. It can be seen that the
switching between the model-based soft sensor and the HF-based
sensor was performed smoothly without any problem. High
frequency signal injection was activated from the standstill until
80 rpm to estimate the position and the speed at low speed,
between 80 and 100 rpm a smooth transition was imposed.
Beyond 100 rpm the injected signal was removed and only the
model-based sensor is used. Simulation results show the relevancy
of the proposed hybrid soft sensor. It can be concluded that this
soft sensor is simple, efficient and a suitable candidate for practical
implementation.

6. Conclusion

In this paper, we have presented the complete design of a soft
sensor for speed measurement of permanent magnet synchronous

motor. The rotor speed and position can be estimated in a wide
speed range even at low speed and standstill. We have introduced
two soft sensors operating in two different ranges of speed. Also, a
method of transition between both has been presented. Simula-
tion results showed the robustness of the proposed sensor.
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