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Abstract: An improved rotor position observer based on sliding mode control was proposed to
eliminate estimation error and harmonic ripples for PMSM sensorless control. A multi-proportional
resonant filter was designed instead of a low-pass filter to filter out the specific harmonics of back
EME. The improved filter can solve the phase delay problem caused by a low-pass filter, eliminate
the rotor angle compensator, simplify the system structure, and effectively suppress the system
chattering. Then, a fractional normalized phase-locked loop was adopted to calculate the speed and
rotor position, further eliminating the influence of noise. Compared with the traditional sliding mode
control and the improved sliding mode control, the improved sliding mode observer can effectively
suppress the back EMF chattering and reduce the speed estimation error. The correctness and
effectiveness of the proposed improved sliding mode observer were verified through the simulation
model and experimental platform of PMSM sensorless control.

Keywords: permanent magnet synchronous motor (PMSM) sensorless control; rotor position observer;
multi proportional resonant filter (MPF); harmonic error elimination

1. Introduction

PMSMs are used in various industries such as industrial robots and machine tools [1,2].
The advantages of PMSM include high efficiency, compactness, high torque-to-inertia ratio,
fast dynamic response, and simple modeling and control [3]. Due to these advantages,
PMSMs are well suited for high-performance servo drives [4,5].

In order to achieve field-oriented control, in any case, the exact position of the rotor is
required. To achieve this, a position/speed sensor mounted on the shaft is usually used.
This sensor is usually a decoder or encoder and is connected from the machine to the
circuit. However, the high cost of this sensor greatly affects the choice of control algorithm.
Mounting physical sensors on shafts also has limitations and is susceptible to noise and
the environment surrounding the industry. Due to the limitations and advancements of
high-speed processors, researchers have found the idea of proposing and implementing
a sensorless algorithm to reduce cost and hardware dependencies that can be applied to
machines of any size and any type of environment [6].

Sensorless control technology can be divided into two categories. One is based on
back EMF or flux linkage method; the other is based on salient polarity. Among them,
the first kind often adopts the SMO method [7-11], the model reference adaptive method
(MRAS) [12,13], the Kalman filter (EKF) [14,15], etc. These methods propose a state observer
by measuring voltage and current, they estimate the back electromotive force (EMF) by
relying on the machine model, and finally they obtain the position and speed information of
the rotor. However, these methods have an obvious disadvantage: they lack the information
of the motor at rest or at low-speed conditions, resulting in it only being suitable for the
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application of medium and high-speed motor control. In addition, this method is usually
sensitive to motor torque ripple and system noise [16]. The second method is to inject
high-frequency signal into the stator winding and obtain the rotor position from the output
current. This method is suitable for the motor starting and low speed operation, and some
examples are the rotating high frequency injection method, the pulsating high frequency
voltage injection method, and the high-frequency square wave injection method. However,
the injected signal will produce a harmonic current, which will increase loss and cause
torque oscillation. Among these methods, the SMO method is widely used in sensorless
motor control of permanent magnet synchronous motors due to its simple algorithm,
robustness to interference, and good dynamic performance [17].

However, due to the influence of mechanical tolerances, temperature changes, inverter
nonlinearity, and other factors, there are a large estimation errors in the back EMF, and
there are harmonic components in the estimated back EMF. The error further increases the
calculation error of the speed and rotor position, which affects the system stability and
increases the system loss. Traditional SMO usually uses LPF to filter out high-order har-
monics in the back EMF. However, while using LPF to filter out harmonics, LPF also brings
a phase delay. In order to eliminate system errors, it is usually necessary to perform angle
compensation according to the rotor angular velocity. To solve the above problems [18], it
is proposed to calculate the disturbance voltage caused by inverter nonlinearity through
a special back EMF function and magnetic flux increment and then add it to the current loop
as a feedforward component. However, due to the current sampling delay problem, this
method is difficult to implement in practice. Reference [19] used an adaptive filter that can
track the frequency component changes caused by changes in working conditions online.
The LMS adaptive filter can use an adaptive step size, which can improve the harmonic
detection accuracy and system convergence speed. The change had a great impact on the
performance of the LMS, and the robustness was not strong. The effect of space harmonics
was also considered in [20,21].

The fifth and seventh harmonics are usually present in the back EMF estimation
results, and the sixth harmonic can be generated in the position and velocity estima-
tion. Therefore, an adaptive notch filter (ANF) was proposed in the literature [20-23],
which is a second-order generalized integrator (SOGI) to filter out the harmonics in the
estimated back EMF that achieves a high-precision rotor position and rotor angular
velocity calculation.

The improvement measures of the existing sliding mode observer sensorless control
methods have their own characteristics. Some high-performance filtering methods are
mainly used to reduce the interference of the system, and preliminary research results
have been achieved. In order to eliminate the phase delay caused by the traditional filter,
to simplify the filter structure, and to improve the accuracy of rotor position estimation,
an improved SMO was designed that uses the multi proportional resonant filter (MPF)
instead of the traditional filter to filter out the specific harmonics in the estimated back
EMF and eliminate the phase delay caused by the low-pass filter. At the same time, the
phase-locked loop technology for speed and rotor position calculation was improved, and
the fractional order normalized phase-locked loop (FN-PLL) was designed to simplify
the system structure and eliminate the phase compensator. Finally, the simulation and
experimental analysis of traditional SMO and improved SMO were carried out, and the
effects of rotor speed and position estimation under different methods were compared,
which verified the feasibility and effectiveness of the control strategy.

2. Mathematical Model of PMSM

In this paper, a surface mounted permanent magnet synchronous motor was selected
for analysis. The space vector diagram of the PMSM is shown in Figure 1.
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Figure 1. PMSM vector diagram under d-q coordinate and x-f3 coordinate.

The voltage model of a PMSM motor in the d-q frame can be expressed as

ug | | R+L — Lpwe iq " 0 )
ug | | Lpwe R+Ls iq Prwe
where 14 and uq are the stator voltages, iy and iq are the stator currents, p is the number of
pole pairs, R and L are the equivalent resistance and inductance of the stator winding, we is
the electrical angular velocity of the rotor, and 1 is the permanent magnet flux linkage.

Then, the voltage model of the surface mounted PMSM in the -3 coordinate can be
expressed as

R A o
MR o

where 1 and ug are the stator voltage in the - coordinate, e and eg are the back EMF,
ig and ig are the stator current, and 6. is the electrical angle of the rotor position.
The mechanical equation of the PMSM is as follows:

(F + ), =L.5Pyi,~T,
—

Te

(4)

where F is the dynamic friction coefficient, | is the moment of inertia, Te and Ty, are the
electromagnetic torque and the load torque, respectively, and p is the pole pairs.

3. Rotor Position Observer with Traditional SMO

Firstly, the sliding mode function S, is defined as follows:

| Sx | Z¢oc —ix
Sn_[sﬁ]_[fﬁ—iﬁ] ©
According to Equation (2), the state function of PMSM is expressed as:
dlix ] 1[R 0 in 1] ug —eq
alnl-tle wllnleeln=s ©

Then, the SMO model of PMSM can be expressed as:

d[ix]_ R[i« 1 ue | 17 2«
dt[zﬂ— L[HHM Lz @



Machines 2022, 10, 633

40f19

ey

where represents the estimate value, z, and zp are the sliding mode control functions;
when the sliding mode motion occurs, zy and zg contain the rotor position information,
and the sliding mode control function can be expressed by the Sign (x) function as:

Zo | Sign(fo(—i(x)
[ zp } _k[ Sign(ig — ip) } ®)

The k is the switching gain of SMO and k > {|E« |, | Eg |}, where Sign (x) can be
expressed as:

1, x>0
Sign(x) =4 0, x=0 )]
-1, x <0
From (6) and (7), the current estimation error is given by:
d S R S 1 Cx — Zx
el - _= - 1
dt{sﬁ} L{Sﬁ}+L[eB_ZB (10
When the state variables reach the sliding surface, there is:
[S“]z[i"‘lﬁ*}:o (11)
5p Ip—1p
The z, and zg can be obtained by (11) and (3), which can be expressed as:
ex | | Za | _ w —sin Be (12)
e || zp = Yee cos B

It can be seen from (12) that the sliding mode function contains back EMF information,
so the speed and rotor position can be calculated. Since the back EMF contains chattering,
a low-pass filter (LPF) is usually used to filter out high-order harmonics.

(13)

éo = LPF(zy) = Si’—;cz“

p = LPF(zp) = ¥&izs

where w is the cut-off frequency of the LPF. The estimated electric angle § and electric
angular speed @, are, respectively, expressed as

0= —arctan(é/ép) (14)
E2 +E5
We = ~—— (15)
[

Since the use of the LPF will cause phase delay, the calculated rotor position needs to
be compensated, and the compensation angle is

Af = arctan(@e / w) (16)
The rotor position estimated by the slide mode observer can be finally expressed as
0o =6+ A6 (17)

Figure 2 is the block diagram of the traditional slide mode observer.
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Figure 2. Traditional sliding mode observer.

4. Improved Rotor Position Observer
4.1. Improvement Measures Based on Multi-Proportional Resonant Filter

Due to the influence of uncertain factors such as mechanical tolerances, temperature
changes, and space harmonics, it is impossible to eliminate the harmonic components in the
estimated back EMF. The harmonic components are mainly caused by two reasons, one is
the nonlinearity of the inverter, and the other reason is that permanent magnets cannot be
exactly the same. Traditional SMO usually uses LPF to filter out the harmonics, but the LPF
will lead to system phase delay, so rotor angle compensation is required [24,25]. In this
paper, an improved SMO algorithm was proposed that uses a multi-proportional resonant
filter to replace the LPF, which simplifies the system structure and solves the problems of
phase lag and angle compensation.

Wang Gaolin pointed out in [20] that the nonlinearity of the inverter leads to the
existence of the 5th harmonic and the 7th harmonic in the estimated back EMF, which has
always existed in power electronic applications.

The proportional resonance controller (PR) can realize the tracking of the AC signal
without static error, and the gain at the resonance point is infinite, which can achieve the
effect of suppressing harmonics. The transfer function of an ideal PR controller is shown in
Equation (18):

K;s

Gpr(s) = Kp + -
PR() P 52+w(2]

(18)
where Kp, is the proportional gain, K; is the resonance gain, and wy is the resonance
angular frequency. Since the back EMF is mainly the fundamental frequency component,
wy = We here.

Since the bandwidth of the ideal PR controller is narrow and the frequency response
gain is infinite, the system is sensitive to parameter changes, and the ideal PR controller
is difficult to achieve in the actual control. In this paper, a quasi-proportional resonant
controller (QPR) was used to estimate the back EMF. QPR can effectively widen the filtering
bandwidth, and its transfer function is:

2K;wcs

Gpr(s) = Kp + 105
PR(3) P 2 4 2wcs + w}

(19)

Since there are mainly (6k & 1) f harmonics in the back-EME, the specific frequency
harmonics in the estimated back EMF can be filtered out by paralleling multiple quasi
proportional resonance controllers. The transfer function of the multi-proportional resonant
filter (MPF) can be expressed as:

2K, wes
G s) =Ky + U 20
mrR(s) = Kp h:Z5:7 2 + 2wes + (hwd) 20)

where /1 is the harmonic order, and K, is the resonance gain of the h-order harmonic.
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Based on the open-loop transfer function of the QPR filter shown, its structural block
diagram is shown in Figure 3. Taking the xaxis as an example, & is the harmonic order,
the estimated electrical angular velocity @e is the resonant frequency of the MPF, and the
output is the filtered back EMF.

» K

@,
Zoa + @
:
+
II 20, l«
k|
p

Figure 3. Block diagram of the QPR filter.

The parallel connection composed of multiple PR controllers is shown in Figure 4.

Ko

A 4

K5@,S

s? + 2,5 + (5ax )*

D>

K, @S a

s? + 2w, + (Tay )

Figure 4. Parallel module composed of multiple PR controllers.

Firstly, multiple PR controllers were designed in parallel to extract the negative se-
quence components of the 5th and 7th harmonics in the back EMF, and then the extracted
components were compensated into the back EMF, which achieved the effect of suppressing
harmonics. The closed-loop structure is shown in Figure 5.

|
D>

structure of
Figure 3

Zy + Z, o @e
5th and 7th » >
g) arad]le 1 Pfhs Angle
ased on the calculation é
e
——»

D>
A\ AR

e

Figure 5. Closed-loop control block diagram of MPE.

The zy, zg containing the harmonics of the back EMF were filtered by the closed-loop
MPF, and the filtered back EMF é, ég was obtained. At the same time, the back EMF z4,
zg containing harmonics and the back EMF error z4a, zga were used as the input signal
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of the PR controller, to form the closed-loop control. The rotor position 8 and electrical
angular velocity @, were calculated by the angle calculation module.

4.2. Parameter Design and System Stability Analysis

Since the surface-mounted permanent magnet synchronous motor can be approxi-
mated as a non-salient pole motor, the effective flux linkage model is introduced to simplify
the mathematical model of the motor, which is defined as:

{1@:3&Wx+udumaa 1)
Pa = s+ (Lqg — Lq)ig

where 1, is the permanent magnet flux linkage, and Lq and Lq are the direct axis and
quadrature axis inductance, respectively.

When the system reaches the sliding mode surface, the system will move along the
sliding mode surface. At this time, the control function only moves in the boundary layer,
then z, g can be expressed as:

Zo,p = k(is — is) (22)

From Equations (2), (7) and (22), the function of the MPF with the closed-loop control
can be expressed as:
(8)(5) k Gwmpr(s)

é
=& = . 2
Gs) ea(p)(s)  Ls+R+k 1+ Gupr(s) )

The motor parameters in Table 1 are substituted into the transfer function of Equation (23),
L =0.15mH, R = 0.1 Q. The value of the switching gain of k is 200, and Figure 6 shows
the system bode diagram under different parameters, such as P1 (K, = 0.1, Ki5 = 3, K7 =5,
we =2),P2(Kp =03, Ki5 =3, K7 =5, we =2), P3 (Kp =0.1, Ki5 = 5, Ky7 = 5, we = 2), and P4
(Kp =0.1, K;5 = 3, K;7 = 5, we = 5). The resonant frequency wy is defined as 314 rad/s.

Table 1. Motor parameters.

Parameter Parameter Value
Polar pairs p 4
Rated speed 1 (rpm) 2000
Torque Te (N-m) 14.3
Stator resistance R (Q2) 0.1
Stator inductance L (H) 0.0015
Rated voltage Ug (V) 300
Speed PI parameters 1,02
Current PI parameter 3,20

It can be seen from Figure 6 that the control system had a high gain near the 5th
and 7th harmonics and had a good follow-up performance for these harmonics. Different
parameter values of Ky, K5, K7, and w affected the filtering effect and the bandwidth of
the system. Considering the filter performance and dynamic response performance of the
system, this paper comprehensively selected K, = 0.2, Ki5 =3, K7 =5, w¢ = 2.

By using a bilinear transformation, the discrete open-loop model between the esti-
mated back-EMF and the actual back-EMF based on the MPF observer is:

G(z) = 27'Z(G(s)) (24)

where z is a discrete operator.
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Bode Diagram

N
o

T

-
o

N
IS}

Magnitude (dB)
o

[N
o

(o]
o

N
()]

Phase (deg)
o

A
o

90 & " " n " PR | L L L L P
102 103 104
Frequency (rad/s)

Figure 6. System bode diagram under different parameters.

Figure 7 is the pole-zero diagram and the Nyquist diagram, respectively.
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Figure 7. Pole-zero and Nyquist diagram: (a) Pole-zero diagram; (b) Nyquist diagram.

From Figure 7a, the poles of the system are all within the unit circle, so the impulse
response curve of the system converged with the increase of frequency, and it can be seen
from the Nyquist curve of the system in Figure 7b that the system did not surround the
(—1,0) point; thus, the improved SMO system designed is stable.

5. Rotor Position and Speed Estimation Based on FN-PLL

Tradition SMO rotor angular velocity and velocity were calculated using arctangent,
as shown in Equations (15) and (16), which often have poor accuracy. An improved FN-PLL
was designed to improve the calculation accuracy and eliminate the high-frequency noise.
Figures 8 and 9 are the block diagrams of the FN-PLL structure. Firstly, the back EMF was
normalized, and then fractional integration was used instead of integer integration.
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—éx cos(fe) — ép sin(fe)

NGRS

= sin(fe — 6e) (25)

COS |
d)e
k |[]1]l
K, +— -
s s
sin [«
He + 8n kl a)e 1 09
K, +— > — —>
S S

Figure 9. FN-PLL equivalent Diagram.

When the estimation error of the rotor position is in the range of |9e — 9e| < 71t/6, then
the back EMF error ¢, can be approximated as:

~

en = sin(fe — fe) ~ O — b = AD (26)

According to (26), it can be seen when the rotor estimation error is small enough that
the FN-PLL can accurately estimate the rotor position. Therefore, the FN-PLL closed-loop
transfer function Gpn_pr 1 and the error transfer function G can be expressed as:

) kps™ + k;
Gy prp = 2= P2 71 27
PN-PLL = 50 = T 4 bt 1 R, (27)
A+1
Ge = 0 ° (28)

B S+ kpst + ki

where k;, is the proportional gain, k; is the integral gain, and A (0 < A < 1) is the hierarchical
factor. It can be seen from (27) that the back EMF was not included in the FN-PLL transfer
function; thus its performance will not be affected by the change of speed, and the FN-
PLL can effectively improve the robustness of the system. On the other hand, fractional
integration has more degrees of freedom than integer integration. Therefore, FN-PLL
achieves better performance by appropriate sequential selection.

When the motor operates in steady state, it can be approximated as:

dwe /dt =0 (29)
At this time, 0, is approximately a slope function, and it can be expressed as:
B = kyt (30)

Then, the steady-state output error of EN-PLL is deduced as:

A
Ae(o0) = lims - Ae(s) = lim 5

—_ =0 31
x—0 x—0sAM1 kps’ + k; ( )
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Amplitude

In order to further analyze the influence of the fractional order on system performance,
the influence of the change of integral order A on system performance was studied, and
different A values were selected to analyze the phase-locked loop frequency characteristic
curve. Figure 10a is the step response of the phase-locked loop for different values of A.

Step Response

12 0 *
i
i
51 i
o !
z i
.g -10 :
08H i
© 15 | i
]
i
0. -20 !
0
04l =
@
k=)
Z a5l
QL
0.2 g
=
[a)
0 L L L L L -90 -
0 0.1 0.2 0.3 04 0.5 0.6 0.7 10° 10" 102 10°
Time (seconds) Frequency (rad/s)

(a) (b)

Figure 10. Step Responses for Different A Values and Bode Plots: (a) step response with different A;
(b) bode diagram with different A.

It can be clearly seen from Figure 10a that when A = 1, the overshoot, adjustment time,
and peak time of the system are 0.09%, 0.456 s, and 0.145 s, respectively. When A = 0.5, the
overshoot, adjustment time of the system, and the peak time are 0.1%, 0.196 s, and 0.08 s,
respectively; when A = 0.2, the overshoot, adjustment time, and peak time of the system
are 0.06%, 0.11 s, and 0.051 s, respectively. It can be seen from the data and the figure
that, with the decrease of the A value, the overshoot, adjustment time, and system peak
time of the system improved to a certain extent. At the same time, it can be seen from the
bode diagram in Figure 10b that the FN-PLL system with different A values had a different
bandwidth and phase delay. Its bandwidth varied with increases with decreasing fractional
order, and the phase lag decreased with decreasing fractional order. However, the A value
should not be too small, which will increase the calculation time of the controller. Therefore,
it is necessary to comprehensively consider and select an appropriate value according to
different motor system characteristics to obtain a higher estimation accuracy.

6. Simulation Analysis

To evaluate the performance of the improved SMO, a simulation model of the proposed
observer was established. The PMSM sensorless control system designed in this paper
adopted the iy = 0 control strategy. Table 1 shows the parameter settings of the PMSM.

Figure 11 is the control block diagram of the improved sliding mode observer PMSM
without a position sensor.

i 6 ;
Ua 4 Z(Z ea a)e
—> ‘ > > —>
Current .
MPR | 5 | FN-PLL | 5
Uﬁ Model Sign Zﬂ eﬂ ee
—» »> > —>

+

Figure 11. Block diagram of improved rotor position observer.
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6.1. Simulation Analysis of Low-Speed Operation

In order to verify the filtering effect of the improved rotor position observer, the back
EMF results of the traditional SMO and the improved SMO in this paper were compared
and analyzed. Figure 12a shows the back-EMF waveform of the traditional SMO running
at 450 rpm under half-load conditions. It can be seen from the figure that, although the
back EMF waveform presented a sinusoidal shape, it was accompanied by small-amplitude
chattering in the waveform. Figure 12c is the FFT analysis of the traditional SMO back EMF.
The back EMF mainly existed in the fifth and the seventh harmonics. Figure 12b shows the
modified SMO back EMF. The back EMF was smoother than that in Figure 12a, and the
chattering was significantly reduced. Through the FFT analysis of the improved SMO back
EMF in Figure 12d, the fifth and seventh harmonics in the back EMF were significantly
reduced, and the total harmonic was only 2.9%.

0.05

Fundamental wave=30Hz, THD=9.34%

1 1 -30 L L 1
0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

time (s) time (s)

(a) (b)

Fundamental wave=30Hz, THD=2.9%

- T T T T T T T T ] = 5 | T T T T T T T
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32 g 1 22r / 7
SE «© /’
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Figure 12. Back EMF waveform at low speed; (a) back EMF with traditional SMO control;
(b) back EMF with improved SMO control; (c) traditional SMO simulation back EMF FFT analysis;
(d) improved SMO simulation back-EMF FFT analysis.

Figures 13 and 14 show the simulation results of the rotor speed and position estima-
tion results of the traditional SMO and the improved SMO.
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Figure 13. Speed and position estimation results of traditional SMO at low speed:
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Figure 14. Speed and position estimation results of improved SMO at low speed: (a) rotor speed;

(b) rotor position.
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It can be seen from Figure 13a that the speed error of the traditional SMO was about
5 rpm, which is relatively large, and it can be seen from Figure 13b that the rotor position
had a great chattering problem. From Figure 14a,b, it can be seen that the speed error and
the position error were greatly improved, the estimated speed and actual speed of the
improved SMO under the steady state operation were almost equal, and the waveform
was smooth. However, it can be seen from the traditional SMO back EMF waveform in
Figure 12a that there was a certain amount of chattering and harmonics in the waveform;
thus, the estimation accuracy of the rotor and speed was also reflected in the back EMF.

6.2. Simulation Analysis of Variable-Speed Operation

In order to verify the dynamic performance of the improved SMO, under the condition
of constant load, the speed reference signal changed from 500 rpm to 1500 rpm at 0.1 s and
from 1500 rpm to 500 rpm at 0.3 s, and the waveforms of rotor speed and rotor position
were analyzed. Figures 15 and 16 show the observation results of rotor speed and position
when using the traditional SMO and the improved SMO, respectively.
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Figure 15. Speed and position estimation results of traditional SMO with LPF at variable-speed
operation: (a) rotor speed; (b) rotor position.
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Figure 16. Speed and position estimation results of improved SMO with MPF at variable-speed
operation: (a) rotor speed; (b) rotor position.

As can be seen from Figure 15a, the maximum speed error was about 0.5 rpm when
the speed was 500 rpm, but when the reference speed suddenly changed, the speed and
position errors increased significantly. The difference between the actual speed and the
estimated speed was about 2 rpm.

As shown in Figure 16, using the improved SMO control strategy, the estimated speed
and actual speed of the motor were basically coincident when the speed was 500 rpm, and
when the reference speed changed, the estimated error was about 0.1 rpm at most. At the
same time, from the simulation results of the traditional SMO rotor position in Figure 15b
and the improved rotor position in Figure 16b, due to the LPF existing in the traditional
SMO and the phase compensator, it can be clearly seen that the rotor position lag was
relatively large, while the improved SMO obtained higher control accuracy for the rotor
position estimation due to the use of MPF.

7. Experimental Verification

In order to verify the feasibility of the improved SMO proposed in this paper, the exper-
imental platform was built up. As shown in Figure 17, the experiment system includes the
following parts: (1) a permanent magnet synchronous motor with 4p/36 slots; (2) a motor
control board developed based on TMS28335; (3) a DC power supply; (4) an oscilloscope
of YOKOGAWA. In this experiment, the switching frequency of the inverter was 12.5 kHz,
the dead time was 3us, and the cutoff frequency of the experimental low-pass filter was
2000 Hz.
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Figure 17. Experimental system platform.

7.1. Harmonic Analysis

Figure 18 shows the back EMF waveform of the motor operation at the rated load.
Figure 18a,b is the back EMF of the traditional SMO and the improved SMO, respectively.
It can be clearly seen from Figure 18a that the back-EMF of the traditional SMO had large
harmonics and obvious chattering. The harmonics and chattering in the back-EMF will
increase the rotor position and speed error. Compared with the traditional SMO back-EMF
waveform, it can be seen from Figure 18b that the harmonics and chattering of the back-
EMF waveform were significantly improved, the waveform was smoother, and the e, and
eg were close to perfect sinusoidal waveforms. The experiments showed that the modified
SMO was significantly improved in terms of back EMF harmonics.
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Figure 18. Back EMF experimental results: (a) traditional sliding mode back-EMF waveforms;
(b) improved sliding mode back-EMF waveform; (c) FFT analysis of traditional sliding mode back
EMEF; (d) FFT analysis of improved sliding mode back-EMF waveform.
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It can be seen from the FFT analysis of the waveforms in Figure 18c that the 5th and
7th orders of the back EMF harmonics occupied a large proportion, which is also one
of the reasons for the large speed and rotor position errors. The content of the 5th and
7th harmonics in the back EMF after proportional resonance filtering in Figure 18d was
significantly reduced.

Figure 19 shows the rotor position estimation results of the traditional SMO and the
improved SMO at 1500 rpm and 50% load. The measured value was the actual rotor
position measured by the photoelectric encoder. From the traditional SMO experimental
results in Figure 19a, due to the use of the sign function and the low-pass filter, the estimated
back EMF had many high-order harmonics, which led to the rotor position estimation error
being large, and there was an obvious chattering problem in the waveform, which can
also be seen from Figure 19a. Compared with the improved SMO in Figure 19b, the rotor
position error was about 0.1 rad, and its estimation accuracy was significantly improved
compared to traditional SMO.
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Figure 19. Rotor position experimental results: (a) traditional SMO rotor actual position, esti-
mated position and position error; (b) improved SMO rotor actual position, estimated position, and
position error.

Figure 20a,b is the rotor speed of the traditional SMO and the improved SMO at
1500 rpm, respectively. It can be clearly seen that the maximum speed estimation error
of the traditional SMO was about 2 rpm. However, based on the MPF improvement, the
maximum velocity estimation error of the modified SMO was reduced to about 0.8 rpm, and
the experimental results showed that the improved SMO had better observation accuracy.
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Figure 20. Rotor speed experimental results: (a) traditional SMO; (b) improved SMO.

7.2. Anti-Disturbance Dynamic Analysis

In order to analyze the anti-disturbance response effect of the improved SMO control,
the torque was first abruptly changed from 0 N to 10 N and then suddenly changed to 0 N.
Figure 21a shows the experimental results of loading and unloading of traditional SMO
control. It can be seen that, after loading, the speed dropped by 30 rpm, the time to return
to a steady state after the load changes was about 8 ms, and the sudden change of load also
increased the speed error instantly. It can be seen from the waveform of the improved SMO
speed in Figure 21b that when the load changed abruptly, the speed dropped by about
5 rpm, and the time to return to a steady state after the load changes was about 6 ms. It can
be seen from the comparison that the improved SMO proposed in this paper has a great
improvement compared with the traditional SMO in the case of sudden load changes; not
only are the speed and rotor position errors smaller in the steady state, but they also are
under the load. In the case of sudden change, it can maintain good dynamic performance
and ensure the control accuracy of the system.
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Figure 21. Rotor speed loading experimental results: (a) traditional SMO; (b) improved SMO.
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8. Conclusions

In this paper, an improved rotor position observer with sliding mode control strategy
of permanent magnet synchronous motor was studied.

1. A MPF was designed instead of LPF to reduce the chattering in the traditional SMO
back EMF and eliminate the system phase delay. The parameter design of MPF
was analyzed. Using the frequency response analysis, the relationship between the
main parameters and the stability margin was discussed and summarized. Then,
the improved FN-PLL was used to calculate the rotor position and speed, which
simplified the system structure. The stability of the improved SMO was verified by
the pole-zero and Nyquist theory of the discrete model.

2. The simulation model was built to verify the proposed control strategy. Through
the analysis of the simulation results, compared with the traditional SMO, the total
harmonic distortion (THD) in the back EMF in the improved SMO was reduced by
6.14%, the chattering was suppressed while the system phase delay was eliminated,
and the estimated accuracy of position and speed were improved; the performance of
the improved SMO was verified by simulation.

3. The experimental platform was built up and showed that the improved SMO has
the following advantages. The experimental results show that MPF can effectively
eliminate the selective frequency harmonic content of the estimated back EMF; under
different working conditions, such as load and speed transients, the position error
and speed error of the improved SMO were also significantly improved compared
with the traditional SMO, which helps to improve the sensorless control performance
of the PMSM driver.
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