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Abstract: This article compares two sensorless control algorithms for a permanent magnet synchronous machine (PMSM) based on the
back-EMF sliding mode observer (SMO). Indirect SMO (I-SMOQ) treats the back-EMF voltages as a disturbance. Direct SMO
(D-SMO) considers back-EMF voltages as state-space variables. The same phase-locked loop (PLL) is used for both observers
for extraction of the rotor position and speed values from the observed back-EMF voltages. In a sensorless control, the observed
speed is used as feedback for the Pl controller, and the observed position is used in the Park transformations. Both observers have
been implemented and tested with standard field-oriented control. Simulation results indicate rather comparable speed and position
estimation precision for both, but the D-SMO indicates slightly higher precision in steady-state. Even more, a tuning procedure of
the D-SMO is more straightforward when compared to the I-SMO. Thus, the D-SMO was further verified experimentally with the OP
5600 rapid prototyping device and with a 350 W PMSM drive. Experimental results of the D-SMO are included at the end of the paper.
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1. Introduction

Nowadays the permanent magnet synchronous motor (PMSM) is widely used in industry. The main advantages
of using PMSM are high power density and efficiency. Most of the time, a field-oriented control (FOC) is applied
to achieve precise and smooth torque control. A reliable and accurate rotor shaft position information is required
to achieve this purpose, which can be obtained using resolvers or encoders mounted on the rotor shaft. These
sensors increase the overall cost and decrease mechanical reliability. Therefore, several approaches have been
developed to eliminate position sensors and to achieve cost reduction and system robustness. Further, software
development and testing costs must be considered.

One of the widely used approaches for sensorless PMSM control is the back electromotive force (EMF) estimation
where information of the rotor position can be further extracted from the back-EMF value. The magnitude of the
back-EMF value cannot be directly measured during the motor control, and therefore its estimation is required.
Several types of observers can be used for this purpose, such as Kalman filter (Horvath and Kuslits, 2019; Kyslan
et al., 2019), Luenberger observer (Tarczewski et al., 2018) or Sliding Mode Observer (SMO). The approach which
makes use of back-EMF estimation is reliable approximately above 10% of the nominal rotor speed. The extraction
of the rotor position from the back-EMF is done in most cases via a trigonometric function or by using a phase-
locked loop (PLL).

There is a wide range of different SMO for back-EMF estimation, but in general, they can be classified into
two main categories (Changsheng and Elbuluk, 2002). If the back-EMF is considered as a disturbance and if it is
identified by matching the estimated currents with the measured currents using a second-order observer, then the
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Fig. 1. Block diagram of indirect SMO (Changsheng and Elbuluk, 2002).
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Fig. 2. Block diagram of direct SMO (Changsheng and Elbuluk, 2002).

observer is categorised as indirect and it is often referred to as a reduced-order observer (Chi, 2007; Chi et al.,
2009; Elbuluk and Changsheng, 2003; Texas Instruments, 2001; Utkin et al., 1999; Zambada, 2010). Hereinafter
we will reference it as indirect SMO (I-SMO) and its variables are shown in Figure 1.

If the back-EMF is considered as a state variable, then the observer is categorised as direct (Freescale
semiconductor, 2008; Wang et al., 2013) or (Chen et al., 2000). In this case, a fourth-order observer is used for
direct back-EMF estimation and is often referred to as a full-order observer. Hereafter we will refer to it as direct
SMO (D-SMO) and its variables are shown in Figure 2.

Both observers consider input command voltages as u,, uﬁand measured currents as i , i,. In both cases, the outputs
are the avand 3 components of the estimated back-EMF & , éﬂ.These components are further used for rotor position
extraction. A typical characteristic of the I-SMO is a low-pass filter (LPF) which is used to filter out the high-frequency
components from the outputs of the discontinuous control z , Z, Variables z,, z, will be defined later in the text.

2. Design of the Indirect Sliding Mode Observer (I-SMO0)

The mathematical model of PMSM in the ¢, S reference frame is commonly used for position observer construction.
The mathematical model for the surface-mounted permanent magnet synchronous motor (SMPMSM) is given
below, in which stator current components are state variables and are written as:

=7 T 7 M

where R =R, ,/2and R, , is the resistance between two phases, L =L, ,/2and L,  is the inductance between two

phases, e, =-E,, sin(6,) and €p =E, cos(0,) are the back-EMF components, where 6, is the electrical rotor

k,_k
position, E,_= w A, is the extended EMF, where w, is the electrical angular velocity and 1., =§—’:—e is the

p
permanent magnet flux, where £, is the motor torque constant, k, is the EMF constant and p is the motor pole pairs

number.

One of the first applications of the SMO for sensorless SMPMSM control can be found in Utkin et al. (1999). A
2nd order current observer was used for observing the components of the back-EMF and another observer (refer
to as Kalman filter) was used to extract the rotor position value from the observed back-EMF components. The
disadvantage of this solution was its complexity and slow dynamic response of the Kalman filter as discussed in
Changsheng and Elbuluk (2002) or Elbuluk and Changsheng (2003). The next-generation of commercially used
SMO observers introduced a feedback from the observed back-EMF components and avoided using the Kalman
filter. A trigonometric function can be used instead of the Kalman filter for the rotor position extraction from the
observed back-EMF values (Texas Instruments, 2001; Zambada, 2010) or, the PLL circuit was proposed as an
alternative solution in Chi et al. (2009) and Wang et al. (2020) in an attempt to cause further improvement of the
rotor position extraction. In this paper, the observer like the one in Chi et al. (2009) was studied. From the sliding
mode theory, the switching function is defined as follows:
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where superscript ' indicates an observed parameter. The switching surface (or the so-called sliding surface
hyperplane) is defined when the following condition is met:

s(x)=0. 3)

It means that the phase plane is divided into two regions where the switching function s(x) has different signs.
According to the sign of the switching function s(x), the observer state trajectories are forced towards the sliding
hyperplane. In ideal SMO, the sign of the switching function s(x) is verified with infinite frequency and the state
trajectories reach and stay on the sliding hyperplane, i.e. s(x) = 0 and §(x) = 0.

The matrix form of the observer equations is shown below:

l;a :i _Rs 0 l;a +L “a_leia_za , )
i[} L, 0 —R i L, uﬁ—leﬁ—z[3

éa, éﬁ are the observed components of the back-EMF and also a feedback for the SMO. They can be obtained

by filtering the output of the discontinuous control Zy>Zg using a low-pass filter (LPF):

) (5)

where o, is the cut-off frequency of the filter. For the output of the discontinuous control Zy>Zg will be the following:

z sign(i, —i )
o |eg| S | ©
zg sign(ig —ig)

where the parameter & >0 is the switching gain of the SMO obtained from Lyapunov stability analysis. According
to the analysis in Chi (2007), k, should be calculated as:

K (1+1) > max(fe, ,|eﬁ ), @)

where [ is the feedback gain of the SMO and must be greater than —1 according to Eq. (7), if k£, >0 and the product
of k, and (1 + /) is larger than the maximum amplitude of the back-EMF components. The dynamic model of the
SMO can be obtained by subtracting Eq. (1) from Eq. (4):

i = R, i ! (le, —e ) ! z
lZ—_— — - — 5>
LS o LS a o LS o
- R (®)

= K= 1 1
lﬁ__L_lﬁ_L_(leB_eﬂ)_L_Zﬁ'

)

If k is positively large enough to guarantee that:
$(x)"s(x) <0, (€))

then the system trajectories are forced towards the hyperplane described in Eq. (3) and will reach it. After the
system is in sliding mode, the estimated currents will converge to the real measured currents and therefore i, and
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l_'ﬁ become zero, and so will their derivatives. After substituting the above mentioned into Eq. (8) and considering
that the system is in the ideal sliding mode, we get:

éoc
=1+ * | (10)
] p

o

Equation (10) shows the relationship between the real back-EMF and the observed one from the SMO. If
the feedback gain is 0>7>-1, then the amplitude of the observed back-EMF is larger than the real value. Since
the rotor position is obtained from the augmented observed back-EMF value, the proposed SMO is capable of
performing sensorless operation at lower speeds provided the feedback parameter is chosen from the mentioned
interval. On the other hand, at high-speed operation, faster convergence of the estimated errors to zero is required.
Setting the feedback gain / = 1 after a predefined speed threshold will guarantee a higher convergence rate of s(x)
to zero. Therefore, feedback gain / can be adapted to the speed, and a better performance of the SMO can be
achieved at higher speeds by increasing the value of /.

Since the signum function is executed with finite frequency in real life, the well-known chattering phenomenon
will occur. So, a saturation function will be used in simulation to suppress this issue, instead of the discontinuous
signum function, similarly as in Chi et al. (2009).

The electrical rotor position extraction from the observed back-EMF components as well as the electrical angular
velocity determination was done via the PLL circuit. The design of the PLL will be discussed in Section 4 as it is the
same for I-SMO and D-SMO. The overall block diagram of the I-SMO with the PLL can be seen in Fig.3

3. Design of the Direct Sliding Mode Observer (D-SMO)

The back-EMF components are considered as state variables for the D-SMO. These components can be state
variables under the assumption that the mechanical time constant is many times larger than the electrical time
constant of the drive. This is a well-known infinite inertia approach, where @ = 0 is assumed. Under this approach,
the derivatives of the back-EMF components can be expressed as follows:

(1)

The extended mathematical model for the SMPMSM is also referred to as a full-order mathematical model and
can be written as:

i || A An i .| B u. (12)
é 0 A, el o

sign(fa—ia)

sign(i}, —iy) |:za:|

1h 24 .
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according to (4)

Fig. 3. Block diagram of the indirect SMO with PLL implementation.
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where:
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According to Freescale semiconductor (2008), the D-SMO (or full-order sliding mode observer) for SMPMSM is

constructed as follows:
g B I |.
+ 1 Ju+K sign(i—1i),
HO] 1{(;}“ (13)

A ~ A T N ~ N T N A A
where i=|: Iy g } , e=[ ¢ g ] , Ay =ayd=0,J, G=gl+g,J — feedback gain,
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The sliding hyperplane is chosen exactly as for the I-SMO (repeated here for the convenience of readers):
s=(i-i)=0. (14)

In the case of the D-SMO, not only the current error vector s exists but also a back-EMF error vector which can
be defined according to the following equation:

g=(é—e). (15)

Subtracting Eq. (12) from Eq. (13), the error equation is derived as follows (Chen et al., 2000):

[ : }: AO” :“2 [ . :|+Kl{ (1; ]sign(i—i). (16)
22

The observer reaches sliding mode after the next condition is met:
s"$<0. (17)
According to Eq. (16):
T. _ T T .
s's = (A s+A,8)+s" K Isign(s). (18)

Knowing that:

S

a p— p—
P =|so] +{55| =
;

sTsign(s) = [sa sﬁ]sign s|, (19)
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Equation (17) can be rewritten as follows:

s" (A s+A,8)+K I|s <0,
gl P

r (20)
F+K 1| <0.

From Eq. (20) it is clear that K, must be negative, since [s| is always positive. After choosing K,, a negative value
enough large to guarantee Eq. (20), Eq. (17) is satisfied and sliding mode occurs:

s=(i-i)=$=0. @2n
After substituting Eq. (21) into the first raw of Eq. (16), it is now evident that:
A, &=~k Isign(s). (22)
We introduce a new switching function z = [z, zB] as:
z=—k Isign(s), (23)
which means that z is a signal for compensating the back-EMF error ¢, in Eq. (22).
By substituting the new switching signal Eq. (23) into the second raw of Eq. (16), the back-EMF error function in
sliding mode condition is obtained (Chen et al., 2000; Freescale semiconductor, 2008):
£=(A,,-GA,)e (24)

The switching gain parameter design k, and the observer’s pole assignment using G matrix can be found in
Chen et al. (2000). The block diagram of the D-SMO is shown in Figure 4.
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Fig. 4. The block diagram of direct SMO and PLL implementation.
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4. Rotor Position Extraction from the Observed Back-EMF Components

In many cases, the rotor position from the observed back-EMF components is obtained by using the arctangent
function as follows:

A -¢

6, = arctan| —% | (25)
°p

It should be noted that the arctangent function is periodic between [—n/Z, 7r/2] and additional modification is
needed before the observed electrical position ée can be used in Park’s transformations. Based on the equations
in Section 2 for the back-EMF voltages, and according to vector diagrams of the back-EMF voltages along with the
electrical position, it can be shown that for reversed rotation direction the observed position according to Eq. (25)
needs to be shifted by a value of . The estimated electrical angular speed can be calculated from the position
using the following equation:

[0) —dé@ 26
e dt : ( )

Since arctangent function calculation Eq. (25) includes the division operation, the observation error of the rotor
position may be amplified when the back-EMF values approach very low values. An advanced way to carry out the
rotor position extraction is the use of the PLL circuit, as shown in Figure 5.

Its design can be found from examples in Wang et al. (2013). Parameters of the Pl regulator in the PLL, kp and
k. can be obtained from the following equations:

kp =2p,
_ 2
ki=p 27)
p= |—&
Aee_ MAX
The parameter A6, ,,, . is the user-defined expected maximum value of the observed position error.
The parameter a can be calculated according to the following equation:
T
= Py ’ (28)
J

where p is the number of motor pole pairs, T, is the disturbance torque and J is the moment of inertia. We calculated
the value of the parameter a from the nominal values of the motor. It can be seen in Eq. (28) that the value of

é cos(+)

A

N>

pr % L G,
Lot )

. o

i

sin(-) |«

Fig. 5. Phase-locked loop based electrical position extraction (Wang et al., 2020).
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the parameter « varies with the change of T, and J. It should be noted that this variation may affect the overall
performance of the PLL.
Since a low-pass filter (LPF) was used to obtain the observed back-EMF for the indirect observer (see Eq. (5)),
a phase delay is introduced into the observed position. The phase delay in the observed position varies with current
and motor voltage frequency, and it is highly desirable to compensate it. The two commonly used approaches for
compensation are:
1. The filter cut-off frequency w, is always equal to the stator current frequency, which is related to electrical
revolutions per second. A phase delay is fixed at 7 /2 since the cut-off frequency varies with the rotor speed.
The phase delay is then simply added to the observed rotor position and can be used in Park transformations
(Zambada, 2010); or,
2. A fixed value of the cut-off frequency w, is used, and the phase delay is compensated according to the
following equation (Haicai and Guangjun, 2016):

A

e_comp

R PO o)
=6,+A0,=0,+ arctan(—e} (29)
wc
However, in the case of the direct SMO, the LPF is not used and the observed position calculated according to
Eq. (25) or obtained by the PLL can be directly used without any phase delay compensation.

5. Simulation Results

The proposed indirect and direct SMOs were simulated using MATLAB/Simulink. The parameters of the machine
and the parameters of both SMOs can be found in Table 1. The simulation results were obtained by using Universal
Bridge with ideal switches and Permanent Magnet Synchronous Machine blocks from Simulink Simscape. Carrier-
based sinusoidal PWM with a switching frequency of 20 kHz was applied for simulation.

Different tuning parameters of the observers can be found in Table 1. The meaning of tuning parameters is
different for both observers as the principles of their design are not the same. Consequently, in order to ensure a
fair comparison between observers, their tuneable parameters were tuned with priority to the position error, which
is the lowest steady-state error obtained between measured and estimated position.

For achieving a meaningful comparison results, the following conditions are set, which are the same for both
observers. Observers have been implemented with standard field-oriented control. Pl current controllers were
designed for bandwidth 4 kHz and PI speed controller was designed for bandwidth 40 Hz. The sampling time of
the current loop was 50 ps and sampling of the SMO observers was set to 10 ms to reduce the chattering effects.
Otherwise, a detailed analysis of chattering and its reduction would be needed. Further, for both observers, the

Table 1. Parameters of the SMPMSM and tuning parameters for the SMOs

Motor type TGN3-0115-30-48/T1 [-SMO parameters D-SMO parameters

DC link voltage U, =48V K, 75A-s K, —500A-s!
Rated torque M, =113 Nm - 600 Hz g, -13A"
Rated current ly=129A [n]< 500 rpm 1=-01 J, 0A™"
Torque constant k, = 0.101 Nm/A [n]>500 rpm =1

EMF constant

k, = 6.12'V/1000 rom

Low-pass filter for estimated speed filtering

Number of pole pairs p=5 fip 2000 Hz
Rated speed n, = 3000 rom PLL parameters

Stator resistance R,,, = 0258 Q p 500
Stator inductance L,,, = 0.6 mH Aee MAX 0.1 rad
Moment of inertia J =0.0002 kg.m? T, 1Nm
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same PLL was used for the rotor position extraction and the same low-pass filters were used for the final filtering of
the estimated speeds.

Since the back-EMF is zero at standstill and has small values at low-speeds, the motor start-up is provided with
a sensor in the closed-loop. After a predefined speed threshold, the switchover from measured to estimated speed
(and position) is activated. The speed threshold was chosen as 200 rpm. In a real-time implementation, the PMSM
start-up is usually done by an open-loop V/f or I/f method. It is noteworthy to mention that open-loop start-up has
been applied in this paper neither for the purpose of simulation nor for that of experimental verification.

Figures 6 and 7 elucidate the performance of the speed and position estimation of the I-SMO during the
simulation. The drive was loaded by a step change of the load torque with 80% of nominal value in t = 0.11-0.13 s.

===t = ——ed]
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2000 5
— £
§ 54
— =
3 ° g
@ L)
Q ;
7 g
-2000
E,f
0 01 02 03 04 05
Av
0.1
3
= 200 =
E éo.os
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g o 5 o
s g
3 g
2 200 g 005
()
£
0.1
0 01 02 03 04 05 0 01 02 03 04 05
time [s] time [s]

Fig. 6. I-SMO simulation: estimation of position and speed. The transition from sensored to sensorless operation switched for n_, >200 rpm.
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Fig. 7. I-SMO simulation: dg and phase currents. The transition from sensored to sensorless operation switched for n_, > 200 rpm.
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The estimated speed generates high spikes during start-up and during low-speed operation, which is expected
since the observed back-EMF components are small in this region. Spikes or incorrect values of observed rotor
position can also appear in the low-speed region. The drive is operated in an open-loop (or with a sensor in our
case) in this region; therefore neither the speed nor the position wrong estimates affect the performance of the drive.

It can be observed that speed estimation error is zero in steady-states and position estimation error in steady-
state is around 0.025 rad = 1.43°. Position error estimation can be further reduced by an adjustment of the gain
value /, but at a cost of higher speed oscillations.

Figure 7 shows decoupled control of d and q current components and smooth phase current response during
sensorless control. The I-SMO gains were tuned experimentally because the result of the observer’s stability
analysis is only an interval of possible gain values in which the convergence of the observed to the real quantities
is guaranteed.

Figures 8 and 9 elucidate the performance of the speed and position estimation of the D-SMO during the
simulation. The drive was loaded by step change of the load torque with 80% of nominal value in t = 0.11-0.13 s.
As in the case of the I-SMO, the estimated speed generates high spikes during the start-up and the low-speed
operation and this is again expected for the above-mentioned reasons. Further, the drive will be operated using
feedback from the sensor for low speed, and therefore the wrong estimated speed values are not used in motor
control. The same applies to the spikes in the observed position in the low speed region. Figure 9 shows decoupled
control of d and g current components and smooth phase current response during sensorless control.

The D-SMO gains were tuned experimentally, and the priority was to get the lowest possible position error, which
would result in position estimation error in a steady-state of 0.01 rad = 0,58°. The dynamics of the observer mostly
depends on the choice of the g, value. This value is a compromise choice between the observer’s convergence
rate and the minimum speed value for the switchover from open-loop (or feed-back from the sensor in our case) to
estimated speed feedback. To provide a fair comparison, this value was chosen to obtain the same switchover value
for the D-SMO as for the I-SMO which was chosen as 200 rpm.

In Eq. (28), the calculation of the PLL parameters encompasses disturbance torque and moment of inertia
values. In the paper, the disturbance torque T, =1 Nm is constant. The total moment of machine inertia is often
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Fig. 8. D-SMO simulation: estimation of position and speed. The transition from sensored to sensorless operation switched in n_, > 200 rpm.
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Fig. 10. Effects of the moment of inertia mismatches on the performance of the PLL.
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not known precisely and thus a mismatch between the real and calculated value can occur. Figure 10 shows the
influence of this mismatch in position and speed estimation. The upper part of Figure 10 shows the time responses
of the estimated speeds for inertia variation. The bottom right part of Figure 10 shows the influence of this variation
on the position estimation error. The value of J was changed in the mechanical equation of the machine whereas
the value for the PLL (i.e. Eq. 28) remained unchanged. If the real inertia of the drive is two times higher (2J) or
two times lower (0.5J) against calculated inertia, then the speed and rotor position will be estimated with significant
estimation error which occurs even in steady-state.

6. Experimental Results

The direct SMO has been chosen for experimental verification. The experimental setup consisted of an Opal RT
5600 hardware-in-the-loop simulator which is connected to a prototype of VSI, with integrated IRAM136-3023b
VSI supplying SMPMSM with parameters given in Table 1. Incremental encoder with 1024 ppr was used for actual
speed and position measurement. The sensorless control algorithm was developed with RT-LAB software and
automated code generation was used to generate executive code for FPGA circuitry in OP 5600. Experimental
results are shown in Figure 11.

Note that auxiliary algorithms are inevitable and have to be implemented for PMSM sensorless control, such
as for initial position detection and open-loop start-up. In our case, a switchover from measured to estimated
speed was used to simplify the observer implementation. Therefore, during low-speed operation (<200 rpm), no
speed oscillations or repercussions are observed since the actual speed from the resolver is used as feedback.
Figures 11(a) and 11(c) show overall speed performance and speed error, whereas Figures 11(b) and 11(d) show
detailed speed and position error for speed transition from 50 to 100 rad/s. The switchover between sensored and
sensorless operation must be thoroughly provided in relation to the observer’s tuneable parameters; otherwise,
instabilities can occur. It can be observed in Figure 11 that the mean speed error is around * 15 rpm and the mean
position error depends on the actual speed; further, for a given speed, which is around 8°; this is the same value
usually found in the literature.

(@) (b)
1000 1000

= 500 z
g g 800
600

Y -500 ®
-1000 400

0 1.8 2 2.2 2.4 2.6

(c) (d)
50 — 0.1

©

—_ o

£ .
g S of

T @

2 0 5
o = -0.1

o

§ g
o ©-02

-50 v

0 5 10 1.8 2 2.2 2.4 2.6

time [s] time [s]

Fig. 11. D-SMO experimental verification. (a) ramp speed reference performance, (b) detail of the transition from 50 to 100 rad/s, (c) overall speed
estimation error and (d) detailed position estimation error.
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7. Conclusions

Indirect and direct sliding mode observers for sensorless control of the SMPMSM machine were described and
compared in this paper. The main objective of this work was to choose only one type that would be more suitable
for experimental verification. The following conclusions are drawn from the comparison. The sampling time of both
SMO algorithms must be chosen very carefully to avoid chattering effects, and it should be as low as possible
considering DSP performance and computational resources. Simulation results show very similar performance
for speed and position estimation for both observers and from this point of view, it does not matter which one
should be chosen for experimental implementation. However, D-SMO has a complex mathematical description,
but its tuning is more user friendly than for I-SMO. I-SMO has a simpler description and lower order, but its biggest
disadvantage is that estimated back-EMF voltages must be filtered by the low-pass filter. This filtering causes
considerable position delay that must be compensated afterwards. Further analysis is needed for parameter / in
speed adaptation of the I-SMO observer. Therefore, it is noteworthy to mention that more elaboration is needed for
tuning and verification of the I-SMO.
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