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This paper proposes a sensorless control strategy based on Sliding Mode Observer (SMO)
for a Five-phase Interior Permanent Magnet Synchronous Machine (FIPMSM), with a
consideration of the third harmonic component. Compared to conventional three-phase
machines, the third harmonic of back electromotive force (back-EMF) contains more
information. Thus, in this paper, the first and third harmonic components of the five-phase
machine are considered to estimate the rotor position which is necessary for the vector
control. Simulation results are shown to verify the feasibility and the robustness of the
proposed sensorless control strategy.

1. INTRODUCTION

Multiphase machines present some advantages compared to
conventional three-phase machines, such as compactness,
reliability (operating under the loss of one or more phases),
and a reduction in torque ripple at low frequencies even with
non-sinusoidal back-EMFs [1, 2]. Recently, multiphase
machines have been used in electric drives with the power
inverters integrated in machines [3, 4]. The main advantage of
this integration is to reduce the global volume and weight of
the integrated drives without electromagnetic compatibility
phenomena [5, 6]. In fact, this can be an effective solution for
applications which require high power density and
compactness, such as automotive, marine and aerospace
applications [7].

In this context, the replacement of the position encoder
mounted at the end of the rotor shaft by a soft position sensor
using only already integrated electrical or magnetic sensors
becomes interesting. Besides, to improve the precision, which
is classically the weakness of the soft sensor, an algorithm
taking advantage of the specificities of non-sinusoidal
multiphase machines is necessary. In addition, the multiphase
machines are appreciated for their tolerance, a soft position
sensor added to the position encoder can be also required to
bestow redundancy for the angular position used in the vector
control.

In the literature, several studies have proposed sensorless
control methods for interior permanent magnet synchronous
machines (IPMSMs) [8, 9]. Many sensorless control studies
are based on observer for three-phase IPMSMs, however only
few papers have considered the sensorless control for multi-
phase machines [10-12]. Several methods based on the
observer, as Model Reference Adaptive System (MRAS) [13],
Extended Kalman Filter (EKF) [14], Luenberger Observer
(LO) [15] and Sliding Mode Observer (SMO) [16] can be used
to perform the sensorless control of electrical machines.
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Among these methods, SMO will be chosen to achieve the
sensorless control of FIPMSMs due to its simple
implementation compared to EKF, which results in the
calculation burden especially in the case of multiphase
machines. Furthermore, in terms of robustness, SMO presents
a robust structure against variations of machine parameters
(that will be highlighted in this paper) and noise compared to
MRAS and LO [17, 18]. Recently, several researches have
proved that the chattering phenomenon inherent in the SMO
(main disadvantage of SMO who cannot be completely
eliminated) can be reduced, by replacing the saturation
function by a sigmoid function [18].

In non-sinusoidal multiphase machines, the torque is
produced by several harmonics of their back-EMFs and
currents. The current regulation requires the rotor position to
perform the vector control. Therefore, the estimation of rotor
position through each harmonic (that produces a torque) can
increase the degree of freedom for the current control loop, and
it allows to separately control different harmonics. This can
improve the reliability of the control system of FIPMSM:s.

Therefore, in this paper, an observer based on sliding mode
will be implemented to achieve the sensorless control of
considered FIPMSM. The main contribution of this paper is to
use not only one harmonic of the FIPMSM as in [10, 17, 19],
but also two characteristic harmonics of the five-phase
machine to achieve the sensorless control. Therefore, the first
and third harmonic components of the back-EMF of the
FIPMSM are used to estimate the rotor position, to perform an
accurate vector control.

2. MATHEMATICAL
IPMSM

MODEL OF FIVE-PHASE

The FIPMSM model in natural frame, without the magnetic
saturation and saliency, is given by [20]:
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where, ¥ represents the voltage vector; 7 is the current vector;
@ is the back-EMF vector; R is the stator resistance; L, M; and
M. represent respectively the stator self-inductance and two
mutual inductances.

Applying the Concordia transformation matrix shown in (2),
FIPMSM can be decomposed into several fictitious machines
that are magnetically decoupled and mechanically coupled
(Table 1). Indeed, each fictitious machine is characterized by
a quasi-sinusoidal back-EMF [20].

1 1 1 1 1
E AN
21 1 cos(a) cos(2a) cos(3a) cos(da
[T]t 5| 0 sin(ar)  sin(2a) sin(3a) sin(4a) )
1 cos(2a) cos(4a) cos(6a) cos(8c)
| 0 sin(2a) sin(4a) sin(6a) sin(Ba)_

2w
where, a = e

The model of the FIPMSM in the stationary reference frame
(a-p) is given by the following equation:

di, .
p dtl __Rlal ea1+va1
di
Al _
L, el Rij —€p+Vy
di (3)
LS d_atS = Ria3 ea3 + Va3
di,, ,
. d[; —Ri; —€,5+Vy,

where, Tgp1 = [la1  ip1]" and Tpps = [laz  ip3]" represent
respectively currents of main and secondary fictitious
machines. L, and L, represent respectively inductances of main
and secondary fictitious machines.

Table 1. Fictitious machines and associated harmonics of
FIPMSM [20]

Fictitious machines Associated harmonics

Main machine 1,9, 11, ...5%k+1
Secondary machine 3,7,13, ...5%k+2
Homopolar machine 5,15,25,...5%k
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where, k is integer. The homopolar fictitious machine is equal
to zero with a star connection.

As the fictitious machines are mechanically coupled, the
electromagnetic torque of the FIPMSM can be obtained by the
sum of torques provided by all fictitious machines. Therefore,
the total torque is calculated as follows:

I'=I,+I; 4)

_ [easeps]liaz ip3]T

With: I} =1 ! Land [j = R P
where, I} is the torque of the main fictitious machine; I's is th
torque of the second fictitious machine; and Q is the
mechanical speed.

The back-EMF in stationary reference frame (a-f) of each
fictitious machine is expressed as (only the 1% and 3™

harmonics are considered) [21]:

ea1 epi)liar ip1]T

€, =¥, 8ing,
€y =Y,0, COSO, )

€3 = W50, sin 95
€43 = —Y/,@, COS O,

where, v and 3 are respectively the first and third harmonic
components of permanent magnet flux linkage, w, is the
electrical angular velocity. The angles 6, and 6; are defined as:
0,=pQt+0y, and O=3pQt+6y;. Where 6y, and 6y, represent
respectively the initial angles of the first and third harmonics
of the back-EMF.

To perform accurate vector control, the rotor position and
speed information are required to compute the Park
transformation in the rotor reference frame. In this context, it
can be seen in (5) that the back-EMF signal contains this two
information. From (5), it can be noticed that in the case of the
non-sinusoidal FIPMSM (where the back-EMF contains the 1%
and 3™ harmonic), the rotor position and speed can be
estimated through the two fictitious machines (defined by the
Concordia matrix (2)). Thus, an observer based on Sliding
Mode will be designed, in order to estimate with high accuracy,
the back- EMF signals necessary to extract the rotor position
and speed information. It should be noted that the angles
required to control the fictitious machines can be estimated by:
using only the estimated back-EMF signals of 1% harmonic, or
all estimated back-EMF signals of 1** and 3™ harmonics. The
two approaches will be discussed in section 3.3.

3. SLIDING MODE OBSERVER DESIGN
3.1 Current observer

The Sliding Mode Observer (SMO) can be designed in the
stationary reference frame (a-f) [22]. It is based on the
measured stator currents, and the calculated (estimated) ones
by the mathematical model of the machine. The SMO is
constructed by comparing the measured stator current at the
estimated stator current in (a-f) frame. Indeed, the purpose is
to minimize the error between the measured and the estimated
stator current by using a switching function (as saturation
function, sign function or sigmoid function) [23].

We define the error vector S , which belongs to the sliding

surface when i, = T, as:



(6)

where, 1y = [la1 ig1 a3 ig3]” is the estimated stator
current vector and 1y = [la1 i1 ip3]™ is the actual

measure of the stator current vector. the vector S is defined for
the FIPMSM as:

la3

Slll Ial - Ial
. |S b, —i
AL 1 1
a3 los a3
Sﬂ3 'ﬂa I,B3

By using the mathematical model of the FIPMSM (3) and
the sliding mode theory, the current observer based on SMO
can be designed as follows:

Lp[% =-Ri +v, ~27,
di, .
Lp{d—/tﬂ =—Ri, +V, —2,
. ®)
di,, o
Ls dt = _R|a3 + Va3 - Za3
di .
Ls[f =—Riy+Vy 2

where we assume that Z,1, Zs1, Z,3 and Zg; represent the outputs
of switching functions that contain the back-EMF signal and a
high frequency component.

2, =kF (fal _ial) 2,5 =KF (iAas _ia3)

&

2y =K F (T =) |25 =KoF (s =i

ki and k> represent the constant observer gains. The
saturation function or sign function used in the conventional
SMO are replaced by a continuous function, i.e., the sigmoid

function, which is defined as: F(x) = [ 2 — 1. Where x

(1+e-9%)
is a variable, and a is the positive adjustable parameter for the
slope of the sigmoid function.

The aforementioned observer of current based on SMO is
stable if it converges toward the sliding surface, where the
error is equal to zero. Indeed, to verify the stability of the
current observer, the Lyapunov function is utilized.

The Lyapunov function is selected as:

V:%[Sal Sy S Sﬁa}[sal Sp Sus Sﬁ3:|T ©)

Two conditions are required to guarantee the stability of the
aforementioned SMO:
v" The Lyapunov function is positive definite.
v' The derivative of Lyapunov function should be
negative.
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V <0 (10)

The error equation is obtained by subtracting (3) from (8) as
follows:

Lp[diﬁj: RSu1+ € le(l,l1 Ial)
Lp{djtﬂljz_Rsﬁﬁeﬂl le(lﬂl iﬂl)
Ls(d:'?aj: RS“3+E“3_k2F<fa3—ia3) (11)
G e i)

The Lyapunov function V is positive definite, because it’s
the sum of the square of the stator current in (a-f) frame [19].
Therefore, to guarantee the stability condition of SMO, it is
only needed to prove that the derivative of Lyapunov function
is negative. It can be expressed as:

S/il Sa3 SﬁB][Sal S/il Sa3 Sﬁa]T

=S,18,1+5 ;S5 +S,38,5 TS5 55 <0

V=[s

al

The condition in (10) is satisfied if 41 and k» are large
enough, and bounded as in [17-19]:

k, > max(|eal|,|eﬂl|)

Kk, > max(lea3|v|eﬂ3|)

(12)

So, the stability of the current observer based on the sliding
mode observer will be guaranteed by choosing the appropriate
gains k; and k».

3.2 Back-EMF observer

Based on the current observer (8), the equivalent back-EMF
signal can be obtained through the output of the switching
function. But the signal still contains high frequency
components and cannot be used for the estimation of the rotor
position and speed. Thus, to extract the back-EMF signals, an
observer will be elaborated [17-19].

It is assumed that the speed changes slowly (the derivative
of the rotor electrical angular velocity can be considered equal
to zero approximatively @, = 0). Based on (5), the back-EMF
model of each fictitious machine can be expressed as:

deal 2
e —Y,0,” C0S O, = —m,e,
de
B — _yw?sind =wme
dt 1%r p r-al
de (13)
< = —3y,0,” c0s 6, =3m,e,,
dt
de
dfg =3y,m,”sinf, = -3w,e,,



From (13) and the current observer in (8), the back-EMF
observer for the sensorless control of the FIPMSM is written
as follows:

dé

d;d = _d)réﬂl - |1 (éal - Zal)
dé
Pl A A o
at =a,€, -, (eﬂl - Zﬂl)
dé (14)
d(;g = 3a’réﬁ3 -1, (éaS - Za3)
dé
53 A A A
T =-3w,€,-1, (eﬂ3 - Zﬂ3)

where, 8,1, ép1, €43 and g5 are the estimated values of the
back-EMF in the stationary reference frame (a-f), /i and /, are
the constant gains which are determined through the stability
conditions according to the Lyapunov function, in the same
way of the aforementioned current observer.

Based on the Ref. [17-19], the observer gains values /; and
l>» should be greater than zero to guarantee the stability of the
back-EMF observer.

3.3 Rotor position and speed estimate

The rotor position and speed, required to achieve the
accurate sensorless control of the FIPMSM, are estimated
through the extracted back-EMF signals (that contain the first
and third harmonic). Therefore, by using the back-EMF
estimated from the observer based on sliding mode (14), and
the relationship between the back-EMF and the rotor position
as shown in (5), the estimation value of the rotor position is
given in (16). From (5), the electrical rotor speed can be
estimated using the estimated back-EMF of 1* harmonic as:

A é 1 + 1
@ = 7 (15)
v
N é
sing, = ——=
Y10,
R é
cosd, =—2—
Y, 0, (16)
N €.,
sing, = ——~—
V/Swr
n é
cosg, = ——2
V/Sa)r

Conventional SMO, developed in [10, 17-19], uses only the
1% harmonic component to compute (singp, cosép) and then
(sinés, cosés), in order to control the main and secondary
fictitious machine of the FIPMSM. In fact, angle 0 is
computed by multiplying ép by 3. However, in (5), angle 6,
contains an offset 6y, which could be different from an offset
6os contained in 6;. This means that multiplying 9p by 3 does
not allow to obtain the real angle 8. To avoid this problem,
each angle should be estimated from the corresponding back-
EMEF signals. For this purpose, the proposed sensorless control
uses the 1% harmonic component to estimate only
(sind,,cosb,) , and the 3™ harmonic to estimate
(sin o, COS@S). This approach can guarantee the independence
between the control loops of different fictitious machines.

It should be noted that as the back-EMF of 1% harmonic is
more important than the 3™ harmonic one, the estimation
process of rotor speed by 1% harmonic is more accurate. The
overall block diagram of sensorless control of the FIPMSM is
shown in Figure 1.
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Figure 1.

Block diagram of the proposed SMO for the sensorless control of FIPMSM with the consideration of third harmonic

component
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The estimated rotor position, by using all fictitious
machines, can also be expressed as:

- é
0, = —arctan| -+
€
a3
53

(17

D>

(18)

D>

6, = arctan[

4. SIMULATIONS RESULTS

Based on the aforementioned sliding mode observer, the
simulation is used to verify the effectiveness of the proposed
SMO for the sensorless control of the FIPMSM. The proposed
system from Figure 1 has been implemented in the
MATLAB/Simulink programming environment. The PWM
switching frequency is 10kHz. The sampling time used for the
sensorless control system shown in Figure 1 is set at 1 ps. It
can be noted that the low and zero speed region is not
considered in this study.

4.1 Feasibility of the proposed sensorless control

1000

3
=}
S

[
=
S

rotor speed [rad/s|
£
o
o

N
=3
S

0 0.03 0.06 0.09 0.12 0.15 0.18 0.21
timels]
(a)
10
S4
€2
0
0 0.03 0.06 009 0.12 015 0.18 0.21

timels|

(b)
Figure 2. (a) Reference rotor speed, (b) Load torque

Table 2. Parameters of the FIPMSM

Parameters Units Values
Rated voltage (Vdc) A% 48
Rated power kW 8
Base speed rpm 1300
Speed-normalized amplitude
b of 1% harmonic El\IjIF Virads 0.1358
Speed-normalized amplitude
p 31 hormoanic EME V/rad/s 0.01356
w1, Magnetic flux of the 1% mWh 19.4
harmonic '
; rd
W3, Magn}f;;f;l;?cof the 3 mWh 0675
Stator resistance mQ 11
Ly, Inductance of the main
fictitious machine uH 118
Ls, Inductance of the second
fictitious machine wH 14
Pole pairs 7
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Table 3. Parameters of the SMO for the sensorless control

ki
250

Parameters
Values

k> I
25 500

b a
1000 0.1

In this simulation, a special cycle for the reference rotor
speed as shown in Figure 2 (a) is considered to verify the
stability and robustness of the proposed SMO under the speed
and load torque variations. The FIPMSM parameters are
provided in Table 2. The SMO parameters are provided in
Table 3. The control strategy with i;=0 is carried out. In Figure
2 (a), the reference speed is from 0 to 1300 rpm. The
application of load torque shown in Figure2 (b) is as follows:
0 Nm at t=[0, 0.03 s], 10 Nm at t=[0.03, 0.19 s] and 0 Nm at
t=[0.19, 0.21 s]. It can be noticed that the rotor speed is not
required for the torque control, but it is still estimated to verify
the feasibility of the proposed SMO.
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Figure 3. Simulation waveforms: (a) Actual and estimated
fundamental current in a-axis, (c) Actual and estimated
current of third harmonic in a-axis, (b) and (d) the error
obtained from the estimation of fundamental and third

harmonic of current



In Figures 3 and 4, the current and back-EMF observers
based on SMO accurately estimate the current and the back-
EMF signals of each fictitious machine in wide speed range.
Thus, the stability and robustness of the proposed SMO under
the torque and speed variations are proved.
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Figure 4. Simulation waveforms: (a) Actual and estimated
fundamental of back-EMF in a-axis, (c) Actual and estimated
third harmonic of back-EMF in a-axis, (b) and (d) The error
resulting from the estimation of fundamental and third
harmonic of back-EMF

When the amplitude of the back-EMF signal of the main and
secondary fictitious machine is low, the estimation process is
not precise. Therefore, the estimation of the rotor position in
this range will be considered greatly impacted.

In Figure 2 (a), the reference rotor speed cycle contains
several transient and steady states, which are used to highlight
the effectiveness of the proposed SMO. The estimated currents
and back-EMF signals show that the proposed SMO is not
impacted when the reference speed changes from steady state
to transient state or vice versa.

It is noted that the load torque disturbance also has no
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obvious effect on the estimation process. The load torque is
applied in transient state as in steady state. In fact, it can be
seen form the simulation waveforms of Figure 4 that the
estimated back-EMF signals of the first and third harmonic
components are not affected by the load torque variations.

In Figure 3 (c), the current of the secondary fictitious
machine is less than the current in the main fictitious machine.
Therefore, the actual and estimated currents of the third
harmonic are impacted by the high frequency component of
the PWM, especially when the amplitude of the current is low.

Even though the third harmonic of the FIPMSM
(parameters provided in Table 2) only accounts for 10% of the
first harmonic, the sliding mode observer allows a precise
estimation of the back-EMF of the secondary fictitious
machine in wide speed range. Thus, it can be concluded that
the third harmonic component can be used, in the case of
FIPMSM, to estimate the rotor position.

In the following section, actual rotor position, speed and
torque will be compared to the estimated ones using the
proposed sensorless control based on SMO.

Figure 5 and 6 show the actual and estimated values of the
rotor position and speed. The simulations waveforms are
obtained for the reference rotor speed and torque given by the
Figure 2. In fact, the SMO allows an accurate estimation of the
rotor speed in steady state and transient state as shown in
Figure 5 (a). From Figure 5 (d), the estimated rotor position ép
through the main fictitious machine converge to the actual one
with high accuracy. From Figure 6 (b), the estimated rotor
position B, through the second fictitious machine is also
precise. Using the angles ép and @, for the sensorless control
of the FIPMSM, it can be noticed that the torque converges to
the actual one (Figure 5 (b)) obtained when the rotor position
is provided by encoder.

The error between the real and estimated 6,, through the
main fictitious machine (first harmonic), is less than 1.5 degree
as shown in Figure 5 (d). In addition, the error between the real
and estimated 6, through the secondary fictitious machine
(third harmonic), is less than 6 degrees as shown in Figure 6
(b). This error between the real and estimated position is
evaluated in the medium speed range (100-1300 rpm).
Therefore, it is concluded that, in the case of FIPMSM, the
third harmonic can also be used to perform the sensorless
control. However, at zero and low speed range (0-100 rpm),
the rotor position estimation is not accurate as in Figures 5 (c)-
(d), and Figures 6 (a)-(b). This is due to the low amplitude of
the back-EMF at low speed range. In another hand, it should
be noted that the pulses present in the position error (Figure 5
(d) and Figure 6 (b)), resulting to the compute of the estimation
error, have not any impact on the control loop. This is due to
the trigonometric functions used by the Park matrix
transformation allowing the compute of currents and voltages
components in (d-q) frame.
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Figure 5. Simulation waveforms: (a) Actual and estimated
rotor speed, (b) the measured torque (using an encoder) and
the one (using sensorless) (¢) sine actual and estimated rotor

position of the main fictitious machine, (d) actual and
estimated rotor position of the main fictitious machine
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Figure 6. Simulation waveforms: (a) sine actual and
estimated rotor position of the secondary fictitious machine,
(b) error between the sine of actual and estimated rotor
position of the secondary fictitious machine, (c) Actual and
estimated rotor speed during speed reversal, (d) the measured
torque (using an encoder) and the one (using sensorless)

From Figure 6 (c) and (d), the robustness of the proposed
sensorless control based on SMO during speed reversal is
verified. The rotor speed is estimated with accuracy and a good
quality of torque under sensorless control mode is achieved.

4.2 Verifying Robustness of the proposed sensorless
control

The robustness of the proposed observer, based on SMO, is
required to perform an efficient sensorless control of the
FIPMSM. In the above section 4.1, the robustness of the
observer against speed and torque variation is verified. Thus,
the robustness when the parameters of the FIPMSM
(resistance, inductance, and flux of permanent magnets)
change should be also verified. It is to highlight the efficiency
of the proposed sensorless control approach.

The verification of the robustness against the machine
parameters variation can be tested by using the defined
benchmark given in [24]. The reference rotor speed and the
reference torque are shown in Figure 7.
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Figure 7. Benchmark used to verify the robustness of the
sensorless control: (a) reference rotor speed, (b) reference
torque

As defined in the benchmark [24], the resistance as defined
in the benchmark [24], the resistance of the machine increases
by 50% and decreases by 50%. The inductance increases by
20% and decreases by 20%, and the amplitude of the flux of
permanent magnets increases also by 15% and decreases by

15%. This is to introduce a variation in the machine parameters.

It is important to be noticed that the parameters variation is
only at the machine (FIPMSM), and not on the control system
and the SMO. It can be noticed that the machine parameters
are affected mostly by the temperature, the saturation and the
frequency [25]. The simulation results.

With variations of the resistance and the inductance of the
FIPMSM are given respectively in Figures 8 and 9.

In Figure 8, the resistance variation (due to the variation of
the temperature inside the machine) has not an impact on the
measured torque. However, the estimated speed when the
resistance increases by 50% is not precise especially when the
torque increases (Figure 8 (c)). The error estimation value
between the actual and estimated rotor speed is 30 rpm when
the torque is 10Nm. Thus, it can be concluded that the
proposed SMO is robust and can guarantee the sensorless
control under an important resistance variation.
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Figure 8. Simulation waveforms when the resistance of
FIPMSM is changed: (a) the measured torque (using an
encoder) and the one (using sensorless) when the resistance
decreases by 50%, (b) the measured torque (using an
encoder) and the one (using sensorless) when the resistance
increases by 50%, (c) Actual and estimated rotor speed when
the resistance decreases and increases by 50%
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Figure 9. Simulation waveforms when the inductance of
FIPMSM is changed: (a) the measured torque (using an
encoder) and the one (using sensorless) when the inductance
decreases by 20%, (b) the measured torque (using an
encoder) and the one (using sensorless) when the inductance

(b)

increases by 20%, (c) Actual and estimated rotor speed when
the inductance decreases and increases by 20%



From Figure 9, the inductance variation (due to the
saturation effects of magnetic circuit of the machine) presents
no significant impacts on the measured torque. Nevertheless,
the error estimation of the rotor speed is not precise when the
torque is applied.

The error estimation is less than 20 rpm (Figure 9 (c)), when
the inductance increases by 20% and decreases by 20%. So,
based on the results in Figure 9, it can be concluded that the
proposed SMO is robust and can guarantee the sensorless
control under the inductance variation.
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Figure 10. Simulation waveforms when the flux of the
permanent magnets of FIPMSM is changed: (a) the measured
torque (using an encoder) and the one (using sensorless)
when the flux decreases by 15%, (b) the measured torque
(using an encoder) and the one (using sensorless) when the
flux increases by 15%, (c) Actual and estimated rotor speed
when the flux decreases and increases by 15%

Figure 10 shows results under the flux of permanent
magnets variation (due to the variation of the magnets
temperature). When the amplitude of flux decreases by 15%,
the error between the measured torque using an encoder and
the one using the proposed sensorless control is less than 6%.
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And the error when the amplitude of flux increases by 15% is
less than 4%. In Figure 10 (c), the estimated rotor speed is
greatly affected in both cases, when the flux increases and
decreases by 15%. This is due to the estimation process of the
rotor speed, that depends directly on the amplitude of the flux
as shown in (18). Thus, it can be concluded that the robustness
of the proposed SMO is affected under the flux variation of
permanent magnets.

5. CONCLUSIONS

In this paper, an observer based on the sliding mode is
designed for the sensorless control of a non-sinusoidal back-
EMF of FIPMSM. The approach can be easily generalized to
a n-phase machine whose electromotive force contains only
the harmonics from one to (n-1)/2. On the contrary, the limit
of the method is appearing for a five-phase (resp n-phase)
machine if harmonic higher than the fifth (resp. the nth) are
present. The simulation results show that the proposed SMO
estimates the rotor position and speed in a wide speed range
with high accuracy. Furthermore, in terms of robustness, the
results show that the observer can guarantee the precise
sensorless control under the resistance and inductance
variation. However, the robustness is impacted under the flux
of permanent magnets variation, especially in the rotor speed
estimation process. Therefore, the proposed SMO with the
consideration of the impact of third harmonic component (in
FIPMSM) allows an accurate estimation of the rotor position,
as the conventional SMO (with the consideration of only first
harmonic). It can be noticed that when the third harmonic is
important, the estimation of rotor position through the
secondary fictitious machine is more precise. Thus, it can be
concluded that the proposed observer can significantly
improve the robustness and reliability of the control system by
increasing the degrees of freedom for control. Lastly, the
proposed SMO sensorless control in this paper does not take
into account the low speed range (0-10% of the base speed).
Indeed, the developed algorithm is applied to a 48V FIPMSM
since 10% of speed leads to a very low back-EMF which
cannot be estimated correctly.
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