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G W N e

Abstract: Aiming at the issue of the sliding mode observer (SMO) being sensitive to the motor model
parameters at low speeds, a rotor position observation method based on resistance adaptive SMO
and considering the influence of inverter dead time is designed in this paper. In this method, the
online resistance identification is introduced into the conventional SMO, the resistance parameters
of the SMO are modified in real-time, and the online resistance identification algorithm is designed
by using the Lyapunov function. An enhanced linear dead time compensation method is proposed
to improve the resistance adaptive SMO and eliminate the voltage error between the estimated
and the actual motor models in order to address the impact of inverter dead time on the voltage
parameters in the estimation model at low speeds. Simulation results show that the online resistance
identification and dead time compensation can significantly improve the accuracy of sensorless speed
control at low speeds, and the dead time compensation can also improve the accuracy of online
resistance identification.

Keywords: sliding mode observer; sensorless speed control; low speed; dead time compensation;
online resistance identification

1. Introduction

A permanent magnet synchronous motor (PMSM) has the advantages of small volume,
light weight, simple structure, high efficiency, high torque current ratio, high power density,
and low moment of inertia. It has been widely used in the field of industrial drive [1].
As the most reliable and widely used control method in PMSM, vector control needs to
obtain the accurate position and speed information of the motor rotor to realize the accurate
control of PMSM speed and torque. At present, the common method is to install mechanical
sensors (such as the Hall sensor and photoelectric encoder) to obtain position information.

Sensorless speed control is used to maintain the normal operation of the system in
the event of hardware sensor failure. There are three main categories of sensorless speed
control strategies. The first category is based on the back electromotive force (EMF) method;
it estimates the motor speed by observing the back EMEF, but the observation result is less
accurate at low speeds. The second category relies on high-frequency signal injection, which
involves injecting the high-frequency signal and extracting the high-frequency current
signal to determine the position information of the motor. Despite torque fluctuation, it
has a good observation effect at low and zero speeds. The third category is based on the
method of state observer, which not only requires a lot of calculation, but also has an
inaccurate estimation effect at low speeds. Except for the second category, sensorless speed
control algorithms estimate rotor position information using the PMSM mathematical
model. Therefore, the accuracy of the parameters in the PMSM model directly determines
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the estimation accuracy of the rotor position, which affects the stability of the whole control
system. When there is a high load at low speeds, the resistance voltage drop of stator
winding cannot be ignored. At this point, the accuracy of the resistance parameters will
play a decisive role in the estimation of the rotor position.

The sliding mode observer (SMO) has been widely used because of its strong robust-
ness, fast dynamic response, and simple engineering implementation [2]. Domestic and
foreign experts have proposed several solutions to address the issue of the inaccurate
estimation of SMO position information caused by uncertain motor parameters and load
torque at low speeds. The adaptive SMO proposed in References [3-7] can simultaneously
identify the stator resistance and speed online and eliminate the effect of inaccurate resis-
tance parameters on speed identification at low speeds. On this basis, the super-twisting
algorithm (STA) presented in References [8,9] based on the second-order was proposed,
which replaces discontinuous functions with an STA. The chattering problem and time
delay, which could not be avoided in conventional SMOs, are eliminated in this STA-based
second-order SMO. The resistance parameters in SMO designed in Reference [10] are es-
timated by a fuzzy logic controller (FLC) to achieve a high-performance standard that is
simpler and requires less computation. The load torque observed in the SMO in Refer-
ence [11] is used as feedforward compensation for the g-axis current, which improves the
accuracy of load torque estimation and enhances the SMO’s dynamic characteristics and
robustness at low speeds. In References [12,13], the disturbance observer (DOB) scheme
is used to parallel SMO to estimate the load torque and generate compensation signals to
eliminate the load rotation. The transient response of the rotor speed is also improved,
reducing the settling time and the maximum overshoot. Reference [14] analyzed the in-
fluence of periodic oscillations caused by dead time on the position estimation of SMO
rotors and proposed a dead compensation scheme to reduce such position estimation errors.
Reference [15] used the recursive restricted total least squares method to estimate voltage
distortion amplitude and improve the accuracy of the designed SMO position observation.
A new adaptive SMO was proposed in Reference [16]. The back EMF no longer obtained
the rotor’s position information, but was directly obtained by the stator current, and the
stator resistance could be identified simultaneously. Reference [17] proposed an improved
SMO. Based on the generalized sliding discrete Fourier transform (GSDFT) strategy, the
harmonic components were extracted, the corresponding compensation voltage was calcu-
lated, and the intermediate variable H was introduced to expand the back potential at low
speeds, which significantly improved the accuracy of low-speed identification. In order to
further improve the sensorless control effect of PMSM at low speeds, the SMO based on
the back EMF method was studied. The adaptive SMO with online resistance identification
was used to estimate the position information of the rotor, and the stability of the system
was analyzed according to the Lyapunov stability criterion. The adaptive sliding mode
observer was less sensitive to the motor parameters, and could more accurately extract
the reaction potential at low speed, and improve the robustness of the controller. At the
same time, following low-pass filtering, the high-frequency back EMF signal was angle-
compensated according to the speed. On this basis, the influence of inverter nonlinearity
on rotor position observation error and online resistance parameter identification was
studied, and a better linear dead time compensation method was proposed. When the
current was closer to the zero-crossing point, the dead time compensation gain decreased
faster, and the gain change rate could be adjusted according to the working environment
of the motor. In the case of low speed and light load, the current was very small. The
dead zone compensation designed in this paper can effectively avoid the risk of incorrect
compensation due to the wrong judgment of current polarity. At the same time, the dead
zone compensation gain slope was different, which can fully compensate the current close
to zero crossing, and further improve the position observation accuracy and load carrying
capacity at low speeds.

In order to demonstrate that the adaptive sliding mode controller and dead time
compensation can effectively improve the estimation accuracy of the SMO position infor-
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mation at low speeds, it was compared with the conventional SMO by simulation and
experiment. The simulation results showed that the accuracy of no speed estimation can be
significantly improved by online resistance identification and dead time compensation at
low speeds, and the accuracy of online resistance identification can also be improved by
dead time compensation.

2. Design of Adaptive Sliding Mode Observer
2.1. Design of Sliding Mode Observer

The PMSM control belongs to the AC motor control and is a multi-variable, strong
coupling, nonlinear, and time-varying complex system. Therefore, for such a complex
control system, a mathematical modeling analysis needs to be conducted on it and it needs
to be decomposed into a system with controllable variables through mathematical methods.
Therefore, the following assumptions are made: (1) the induced electromotive force in the
phase winding of the motor is a sine wave; (2) there is no damping winding on the motor
rotor; and (3) the core saturation and motor core loss are ignored.

The mathematical model of surface-mounted PMSM (L; = L; = L) in «-f3 coordinate
can be simplified by ignoring the saturation of the motor iron core, eddy current, hysteresis
loss, and other factors [18]:

di Re; | 1 1

@=Lt Lt L F

diﬁ o Rs : 1 1

o = ~roiptup — o Ep )

Ey, = —Prwe sin 6
Eg = ywe cost

where R, is the stator resistance; L, is the stator inductance; ln, g, Ua, Up denote stator
currents, the stator voltages of the «cf axis; E, and E p are the back EMF of «-f axis; i f is
the permanent magnet flux linkage; w, is the rotor angular speed; and 0 is the electrical
angle of the rotor. iy, ig, us, g denote stator currents, the stator voltages of o-f3 axis.

The stator current SMO is constructed:

iy — —lf—zfajt%su,x—%sz,x o
d{ Ry 7 1 1
T = T s — 17
where 7, and 7, p are estimated current. Z, and Z p are control rates:
Zo = Ksign(ia =) )
Zg = Ksign(ig — ig)
where K is the sliding mode gain coefficient; and sign is a switching function.
The sliding surface of the SMO is defined as:
T ~ . ~ . = =
Su=[sa sp]” = [ta—ix 1p—ip] = [ia ip] @)

where s, = i, :fa—ia,srg =g :fﬁ—i )
Through Equations (1) and (2), the current deviation equation can be obtained as
follows:

i) _ — 1 (la —ia) + - Ea — £sign(ia — ia) -
d(ig—ig) s (P . . S .
lﬁdt B —Iz—;(zﬂ —ig) + L%Eﬂ - L%mgn(zﬁ —ig)

According to the Lyapunov criterion, when the system is stable, the derivative of the
energy state equation of the system has the relationship of Equation (5), and based on this,
the value of sliding mode gain coefficient is determined, so as to ensure the stability of
sliding mode variable structure control system and the accessibility of sliding mode.
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The Lyapunov function is constructed as V = S(x)TS(x)/2. Then the stability con-

dition of SMO is V = S(x)7S(x) < 0. According to Equation (5), the observer stability
condition equation is:

= 5(x)TS(x) = susa + spsg = Ll[(f —iy)Eq —K(fa — ip)sign iy — in)]

. (6)
[ ig —ig)Eg — K(ig —ig)sign(ig —ig)] — [(1« za)2 + (ig — iﬁ)z}

According to Equation (6), the value range of sliding mode variable structure gain
coefficient under the condition of ensuring system stability: K > max(|E,|,

For a better performance of the adaptive sliding mode controller, a larger K value must
be chosen. However, the larger the K value is, the larger the chattering of control variables
and system state will be. The perturbation upper bounds determine the K value selection
of numerical evaluation. If the perturbation upper bounds are bigger, the corresponding
sliding mode gain selection should also be larger in the practical application process.
However, it is difficult to select a complex system accurately. There are many disturbances
on the upper bound of size, so K assigns a value through the experience adaptation method.

The low-pass filter can effectively suppress the high-frequency current noise in
Equation (3), but it will introduce a certain phase delay, which requires corresponding
phase compensation. The compensation angle is shown in Equation (7):

— a1 We
A6 = tan <wc> (7)

2.2. Design of Adaptive Sliding Mode Observer

SMO extracts the position information by observing the back EMF of the motor.
However, at a low speed, the back EMF is very small, and the voltage drop at the stator is
mainly concentrated at the resistance, as shown in Equation (8) below. When the resistance
is inaccurate, the rotor position information observed by SMO has a large deviation, which
affects the overall control effect of PMSM.

A diy .
0 = tan! (?‘") —tan~! _# — Retu + ¥ 8)
Es — % — Reig +up

Therefore, the online resistance parameter identification is introduced, and the iden-
tification resistance is fed back to the sliding mode controller in real time to improve the
control effect of the sliding mode controller at a low speed.

According to the SMO designed according to Equation (2), the adaptive sliding mode
observer with resistance on-line identification is designed as follows [19]:

Ly — IE— + Llua — Lﬁssign(fa —iy) o
] _Rg? . 2 .
@ =~ s+ goup — 1sign(ip — ip)
where R; is the estimated stator resistance.
The current deviation equation can be obtained by Equation (1) and Equation (9):

d 4,X—',x Rs—Rs) » o . . o .
(Zdtl ) _ _( - )Za — %:(l,x —in) + - Ea — f-sign (i — in) (10)
d(ig—i Rs—Rs) » Rs (% . 1 K .. o .
Uepie) = (R Ry Ry i) + L — Ksign(ip — ip)
The Lyapunov function is constructed as:
1 1,4
V= 35x)"S(x) + 5 (R~ R:)? (11)

The stability condition of SMO is V = S (x)TS(x) + (Rs — Rs)2 < 0. According to
Equation (11), the observer stability condition equation is:



Actuators 2022, 11, 267 50f 15

(Rszs)f.\ R.= 1 K . =

. N Iy — 731y + - Eq — 7-signi R -

V=l i) @Sy, o R Bl L (Ry—R)Re <0 (12)
—n T it B — rosignip

Equation (12) can be disassembled into two equations:

(IAQS—RS)'.\
A Lo
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T B

S

+ (Rs—R)R, =0 (13)
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—Iiia + I E, L. Signiy
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L e
According to Equation (14), the estimated resistance is:
A 1 < ~ = ~
Rs = —(ia - 1a +ig - 1p) (15)

Ls

From the above, as long as the sliding mode gain K > max(|E,|,
stability requirements.
The designed adaptive SMO is shown in Figures 1 and 2.

Eg|), it can meet the

Sp PMSM Model
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Figure 1. Adaptive SMO.
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Figure 2. Online resistance parameter identification.

3. Analysis and Compensation of the Influence of Dead Time Effect on
Observation Error

The turn-on, turn-off times and dead zone settings of the switching device cause
nonlinear distortion of the device’s actual output voltage waveform, which results in
dead zone effects such as the distorted motor current waveform and torque ripple [20].
The distorted stator current contains fifth and seventh harmonics. After Clark and Park
transformation, it contains sixth harmonics in the synchronous rotating coordinate system.
Finally, these sixth harmonics will be brought into the -3 axis extended back EMF observed
by the SMO, and the SMO’s low-pass filter can filter out the sixth and above harmonics.
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However, the SMO cannot filter the voltage distortion which has a significant impact at
low speeds.

When PMSM operates stably, the given voltage vector Us rotates at the current angular
frequency, and the actual voltage space vector Uy is:

Uger = Us + Aui (16)

where AU is the error voltage vector. Its size is shown in Figure 3. The amplitude is simply
equivalent to T;U, / Ts. Its phase is related to the polarity of the three-phase current. When
the polarity of the three-phase currents i,, i, and i. are positive, and positive and negative,
the error voltage vector corresponds to All.

ts

AU, AU,

AU, AU, «

« > —>
AU, AU,

Figure 3. Error voltage vector.

When the polarity of the three-phase currents i,, i, and i, are positive, and positive
and negative, the current phase is [30°,90°]. It is assumed that the given voltage vector U; is
ahead of the current vector ¢, so the phase of the given voltage vector U is [30° + ¢,90° + ¢]
and the size of the actual voltage vector U, is shown in Figure 4. In addition, 6 is the
phase of the given voltage vector Us; the included angle between the given voltage vector
Us and the actual voltage vector Uy, is o and the included angle between the error voltage
vector Al and the given voltage vector Us is A.

B A B4,
U,
U, A
2 AU
Ua('t
(o) U,.
o 2] (04
o > >

(a) (b)

Figure 4. Voltage vector composition diagram when current polarity is positive and negative: (a) 0 is
in [30° + ¢,60° ; (b)0 is in [60°,90° + ¢ ].

When 6 is in [30° 4 ¢,60°], the angle A between error voltage vector Allg and voltage
vector U is:
A=60°—0 (17)

Therefore, the amplitude of the actual voltage vector U, can be obtained:

|Upet| = \/\u5|2+ |AUg|* — 2|Us|-|AUg |- cos A (18)

The phase of the actual voltage vector U, lagging behind the given voltage vector Us
is:
o = arcsin(|AUg|- sin A/ |Uget|) (19)



Actuators 2022, 11, 267 7 of 15

Then it can be concluded that the phase of the actual voltage vector Uy is:

Opct =0 —0 (20)
Similarly, when 6 is in [60°,90° + ¢]:

A=6—60° (21)

At this time, the actual voltage vector Uy is ahead of the given voltage vector U, and
the phase is:
Opet =0+ 0 (22)

The actual voltage vectors of the other five current polarity sectors can be inferred ac-
cording to the same theory. Assuming the dead time T; = 7 ps, the bus voltage U;. =310V,
and the PWM switching time T; = 100 ps, the error voltage amplitude can be obtained as
21.7 V. Additionally, the results shown in Figure 5 can be obtained assuming that the given
voltage vector is ahead of the current vector and has an amplitude.

—prer 87 T T T T T T T
100F —Us | '
861 ——Uact
5ot 85t
>
2. _ 84
g =
—_— [}
g 0 2 g3t
4 S
g >
o 82r
-50F
81f
80r
100t
L L L L 79 L L L 1 1 1
-100 -50 0 50 100 0 005 01 015 02 025 03 035
B -axis voltage[ V] Time[s]
(a) (b)
7 T T T T T 10 : . :
804
6_
60r
5 40_
= 20r
7 9 2
o) g o
o0 °
g 3f > -20F
2 -40r
60"
1+ ]
—Uact -80f ——Uact
Us —Us
0 ‘ ‘ . . . . . 10 . . . 4 . . ‘
0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 035
Time[s] Time[s]
(c) (d)

Figure 5. Waveform of dead time effect: (a) The ideal voltage and the actual voltage between «
axis and B axis; (b) actual voltage amplitude; (c) the phase between the actual voltage and the ideal
voltage; (d) actual phase voltage and ideal phase voltage.
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According to the aforementioned results, there is a large deviation between the actual
and the given voltages due to the existence of a dead zone, and the adaptive SMO uses
the given voltage to determine the speed and the resistance. Therefore, it is necessary
to introduce dead time compensation to reduce this deviation and improve the adaptive
SMOQ's observation effect at low speeds.

Accurate three-phase current polarity determination is the key technical component
of dead time compensation. The three-phase current contains more harmonics, particularly
at low speeds, so it is impossible to directly determine its polarity. Therefore, this paper
processes the DC component on the synchronous rotation coordinate to identify the current
polarity. First, the DC component is low-pass filtered (the interference signal is removed
and there is no phase lag), then the ipark transform is carried out (the x-p axis current is
obtained), and the arctangent of the current is finally used to calculate the current phase.
The current polarity is then determined accordingly. The corresponding three-phase dead
time compensation voltages U,;, Uy, and U, can be obtained through the current polarity.
The compensation scheme is shown in Figure 6.

T . . . T
[Un Up Ual =AU [f(ia) f(ia) f(ia)] (23)
c ¢ i Coordinate Coordinate
urr(eni s;m;;o Ing ptransformation > LPF P transformation
o (abc/dq) (da/abc)
y
Inverter ke SVPWM | Compensation| Current detection
M modulation | signal " |(Polarity judgment)

Figure 6. Dead zone compensation.

When the current crosses the zero point, it is difficult to determine the current polarity.
If the identified polarity is incorrect, it will even aggravate the dead time effect, particularly
at low speeds and low voltages. Therefore, this paper used the improved linear compen-
sation method to compensate for the dead time, as the compensation gain is in the form
of a quadratic function near the current zero-crossing. The principle is shown in Figure 7.
The size of m is affected by hardware conditions, and 4% of the rated current was taken
in this paper. When the current is less than m, the compensation gain decreases as the
current approaches the zero-crossing point, which can effectively avoid the risk of false
compensation due to the incorrect identification of current polarity.

fli) = {Sig”(i)’(';y : (24)

li| <m
sign (i) li| > m

ON

Figure 7. Improved linear compensation function.

4. Analysis of Simulation Results

The principal block diagram of the adaptive sliding mode observer algorithm based on
the improved linear dead time compensation proposed in this paper is shown in Figure 8.
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l—> Improved linear Au,
dead zone

ig . Au,
—»| compensation
-
iPark ’_0—‘
D 4
dq 7N . L,
of |4 V_[ SVPWM :: |
7'y
» O
v
< ia - in .

. 5 ; dg Al 1753 b bl
Ya ¥ Adaptive d of et abc le L
L;ﬁ I sliding mode
a A
iy > observer ? Park Clark

vVy
M

Figure 8. Block diagram of algorithm principle.

In order to verify the improved effect, the simulation verification is carried out in
Matlab/Simulink, and the selected motor parameters are shown in Table 1.

Table 1. Parameters of simulated motor.

Parameter Value
Rated line voltage/V 310
Rated line current/A 3
Rated power/W 750
Rated speed/(r/min) 2500
Stator phase resistance/() 1.68
Inductance/mH 3.2
Permanent magnet fluxlinkage/Wb 0.093
Polar 4

Figures 9-12 are the simulation waveforms of the traditional sliding mode observer
and the adaptive sliding mode observer based on improved linear dead time compensation
under the control of id = 0. The simulation time is 0.4 s, the simulation step is 0.001 s, the
given speed is 300 r/min, and the load torque of 2.5 N - m is suddenly added at 0.2 s.

4 ; ; ; 35 ; ;
35 /r 7/ . 3t e
3 1 25 / g
- W\ 37 v _ 32 v
G 251 7'/ 36 _ 1 a2 1 1
o |\ 0, VYV v = -
g 35 1 — > 29
g 2] 29 v 34 | g1 Y 28 1
7 : g %_,
‘215 28 0.3 0.32 034 036 038 - g g 03 032 0.34 036
Q x
2 27 & 18
1 26 . 05 {14 S—— E
25 . . 1.6
0.5 0.08 0.1 012 014 0.6 , ot 1.5 —— Identified resistance]| |
008 0.1 012 014 0.16
0 1 L 1 1 L L L _0 5 1 1 1 1 L L L
0 005 01 015 02 025 03 035 04 Yo 005 01 015 02 025 03 035 04
Time[s] Time[s]

(a) (b)

Figure 9. Resistance identification waveform: (a) Adaptive sliding mode observer; (b) adaptive
sliding mode observer + dead zone compensation.
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Speed(r/min)
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350 : : : : : : :
300
_ 250
g
£ 200
=
3 150
&
100
- 50 —— Identified speed
Identified speed 0 027 029 031 033 —— Actual speed
50 —— Actual speed -
. . ‘ . . \ : %0 0.05 0.1 0.15 0.2 025 03 0.35
005 01 015 02 025 03 035 Timels]
Time[s]
(a) (b)
350 - ; . ; . :
300 ,r\
250 \/ .
g 200 306 T
£ 150 S0 d .
: = ON——
£ 100 o E
50 296 |
294 = Identified speed
0 0304 0308 0312 0316 —— Actual speed
50 ‘ . ‘ ‘ . ‘ :
0 005 01 015 02 025 03 035 04
Time[s]
(c)
Figure 10. Speed estimation waveform: (a) The traditional sliding mode; (b) the traditional sliding
mode + dead zone compensation; (c) adaptive sliding mode observer + dead zone compensation.
= Estimated Angle | | = Estimated Angle | |
——  Actual Angle — Actual Angle
£}
1\
=
o
a0
c
<
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time[s] Time[s]
(a) (b)
7 T T T T T T T
— Estimated Angle | -
— Actual Angle
k=)
°
=
o
V]
=
<
10 005 0.1 015 02 025 03 035 04
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(c)

Figure 11. Angle estimation waveform: (a) The traditional sliding mode; (b) the traditional sliding
mode + dead zone compensation; (c) adaptive sliding mode observer + dead zone compensation.
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Current/(A)

S o - N
O o o L o N O’

'
o

e (] axis current

d axis current

3 T T T T
25 q axis current H
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. . . . . . I . . . . . . .
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Time[s] Time[s]
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3.5 T T T T
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< 2
=
o15 |
5
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0
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Time][s]
(c)

Figure 12. d-q axis current waveform: (a) The traditional sliding mode; (b) the traditional sliding
mode + dead zone compensation; (c) adaptive sliding mode observer + dead zone compensation.

Figure 9 shows the resistance identification of the adaptive SMO under a 7 us dead
time, both before and after the improved linear dead time compensation. The motor
resistance is changed from 1.68 to 3 () at 0.2 s. It can be seen from Figure 9a that there is a
large error in resistance identification without dead zone compensation. After introducing
dead zone compensation in Figure 9b, the resistance identification error is within 0.05 ),
which demonstrates that the dead zone has a significant impact on the accuracy of resistance
identification. At the same time, the improvement of linear dead zone compensation can
significantly improve the accuracy of online resistance identification. In [21], the second-
order sliding mode observer (STA-SMO) with the supertorsion algorithm is used to estimate
the stator resistance (Rs) and rotor position information online, in order to consider the
influence of the dead zone. In this paper, the dead zone effect was considered and the
improved nonlinear dead zone compensation was adopted. In [21], the resistance of the
motor is 2.785 (), and the resistance error identified by STA-SMO is about 0.2 (3. According
to the above results, the resistance identification accuracy of the observer designed in this
paper is higher than that in [21].

Figures 10-12 show the observed waveforms of speed, electrical angle, and the d-q axis
current, respectively, observed by both the improved adaptive SMO and the conventional
one, under the condition of low speed (300 r/min). The actual phase resistance of the motor
is 1.68, the given resistance of the SMO is 3 (), and the dead time is 7 us. It can be seen from
Figure 10a that the speed observation of the conventional SMO has a deviation of 50r/min,
and the observation effect is very poor. Figure 10b demonstrates that after improved linear
dead time compensation, the speed observation error of the conventional SMO is less
than 10 r/min, which has an obvious improvement effect. On this basis, the resistance is
identified online in Figure 10c. The speed deviation can be controlled within 2 r/min, and
the speed observation effect can be further improved. When the motor is 500 r/min, the
observed electrical angle of STA-SMO designed in [21] has a certain deviation, and the
observed speed has a deviation of 5-10 r/min. When the rotor is 300 r/min, the electric
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angle of the observer designed in this paper has no deviation, and the speed is controlled
within 2 r/min. The observer designed in this paper has better performance.

It can be seen from Figure 11 that the conventional SMO has a significant deviation
in the estimation of the electrical angle during startup and sudden load change. After
improved linear dead time compensation and resistance identification, the observed and
the actual electrical angles are basically consistent, and the improvement effect is obvious.
Figure 12 shows that under the conventional sliding mode control, the d-q axis current
fluctuates significantly, the torque waveform is large, and the overall control effect of the
motor is poor. Following the improved linear dead time compensation, the d-q axis current
fluctuation is significantly improved. At the same time, after the introduction of online
resistance identification, the d-q axis current essentially has no fluctuation.

The simulation diagram of phase current and spectrum before and after dead time
compensation is shown in Figures 13 and 14. The dead time in motor is 7 us. Through
comparative analysis, it can be seen that at a low speed and low load, the sinusoidal
degree of the phase current waveform without dead time compensation is very large,
the zero current clamp phenomenon is obvious, and there are more fifth and seventh
harmonics, and there is serious phase current distortion. After the traditional linear
dead zone compensation, the sinusoidal degree is improved, and the fifth and seventh
harmonics are also reduced, but the effect is not very good. The improved linear dead time
compensation proposed in this paper can significantly improve the sinusoidal degree of
phase current, eliminate the zero-clamp region phenomenon, reduce the amplitude of the
fifth and seventh harmonics, and eliminate the distortion phenomenon. Compared with
the traditional linear dead zone compensation, it has a significant improvement.
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Figure 13. Phase current waveform: (a) No dead zone compensation; (b) the traditional linear dead
zone compensation; (c) the improved linear dead time compensation.



Actuators 2022, 11, 267

13 of 15

Mag(% of Fundamental)

18f

16

14f

Mag(% of Fundamental)

10 15 20 1 5 10 15 20

Harmonic frequency Harmonic frequency

(a) (b

5l i
= 45- 1
[l
=
g ’
@ 3.5" J
=
S 3t 1
(18
G 25t ,
§
w2 )
[0
= 15
1k
050
1 5 10 15 20
Harmonic frequency
(c)

Figure 14. Fast Fourier transform (FFT) waveform: (a) No dead zone compensation; (b) the traditional
linear dead zone compensation; (c) the improved linear dead time compensation.

Simulation results show that the dead time effect and inaccurate resistance parameters
of the SMO have a significant impact on the estimation of rotor position information at
low speeds. The enhanced linear dead time compensation and adaptive sliding mode
controller proposed in this paper can improve the dead time effect and accurately identify
the resistance parameters under the condition of stable convergence of the algorithm.
Upon an abrupt change in the load torque, the position information can also be observed
accurately, and the current overshoot is small, which significantly improves the position
observation accuracy and robustness of the SMO at low speeds.

5. Conclusions

Aiming at the SMO’s sensitivity to resistance parameters and the influence of the
dead time effect at low speeds, an adaptive SMO is proposed to observe the rotor position
information based on improved linear dead time compensation. In this scheme, the
resistance parameters are identified online, the parameters of the SMO are modified by
real-time feedback, and the improved linear dead time compensation is introduced. The
latter improves not only the position effect of the SMO, but also the accuracy of the online
resistance identification. The accuracy of the parameters in the motor model used by the
algorithm is guaranteed, and the sensitivity of the SMO to these parameters at low speeds
is reduced. Simulation results demonstrate that this scheme can accurately estimate the
rotor position information at low speeds and abrupt loads and improve the robustness
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to motor parameters. Since it is a simulation experiment, the controller involved in this
paper is not very convincing, so experimental verification will be carried out in future
experiments. At the same time, the meta-heuristic learning algorithm is very popular in
the current application because it can determine the optimal solution within the desired
range of the controller and has a low computational cost and high optimization efficiency.
In future studies, the meta-heuristic algorithm will be combined to estimate the electronic
parameters and torque ripple to improve the controller’s stability further. However, since
the proposed method is based on the fundamental model, it cannot operate at zero or
ultra-low speeds. Therefore, the high-frequency injection algorithm is adopted to realize
the stable control of the full-speed section of the controller.
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