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Abstract: In the research of the high-speed sensorless control strategy of an interior permanent-magnet
synchronous motor (IPMSM), considering the harmonic influence of inverter nonlinearity on
traditional sliding mode observer method, a full-order sliding mode observer (SMO) method
based on synchronous frequency tracking filtering is proposed. This method avoids the phase delay
defects caused by the use of filters in traditional second-order SMO. Then, the observed extended
electromotive force (EMF) signal is filtered using a synchronous frequency tracking (SFT) function.
It tracks the changing stator current and filters out harmonics that are not part of the tracking
signal to achieve static tracking of the stator current. Then, the rotor speed can be estimated by
a Luenberger-based observer. Experimental results verify the effectiveness and feasibility of the
proposed method.

Keywords: IPMSM; full-order SMO; synchronous frequency tracking filter; position sensorless;
Luenberger-based observer

1. Introduction

Electric vehicle technology is a multi-disciplinary integrated technology of mechanics,
power electronics, electrochemistry and control [1]. With the advantages of the stable installation
structure of the permanent magnet, IPMSM has higher reliability [2]. Vector control has been widely
adopted as the control strategy for IPMSM in electric vehicle applications. For the high-performance
motor-driving applications, accurate detection of the rotor angle is the key to the frequency conversion
control systems, especially when motors are used at high-speed applications [3]. Existing motor position
detection methods can be classified into mechanical position sensor-based method and sensorless
control method. The mechanical sensor method is to place a position transducer on the shaft of the
rotor, like a mechanical encoder or a Hall sensor [4]. With the rapid development of electric vehicles,
safety and reliability issues have increasingly become the focus of attention, and safety and reliability
design in the process of vehicle design plays a pivotal role [5]. However, coupling structures are
costly, unstable and complex due to the installation of mechanical sensors. Moreover, the mechanical
sensor is affected by the circumstances such as high temperature or low temperature, thus affecting
the performance of position-detecting in special environment [6,7]. Therefore, research on position
sensorless control methods has received much attention in the past decades [8].

The sliding mode observer (SMO)-based control is one of the most conventional methods for
the medium and high speed sensorless control [9,10]. SMO has the advantage of strong robustness
to interference and insensitivity to the system parameter variations [11]. However, SMO uses
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discontinuous switch function, resulting in the chattering problem in the system. In addition, a low
pass filter (LPF) is generally utilized to alleviate the chatting issue, which causes phase delay [12].
In [13], an adaptive structure for conventional, super-torsional and high-order sliding mode schemes
is studied. The goal is to change the modulation gains associated with these schemes so that they
are as small as possible to mitigate buffeting effects, but large enough to ensure that they remain
sliding in the face of bounded and derivative bounded uncertainties [14]. In [15], aiming at the control
problem of electropneumatic actuators, a new super-torsional adaptive sliding mode control law is
proposed. The main point of [15] is to consider the uncertainty, and the boundary of the disturbance is
unknown [16]. These methods improved the chattering problem of the traditional synovial membrane.
In [17], with the purpose of avoiding the phase retardance of the LPF in sliding mode control, a new
technique based on fractional phase-locked loop (PLL) is proposed, in which the fractional PLL provides
additional degrees of freedom by the selection of proper fractional order. However, this method does
not apply to the wide speed range of PMSM. Reference [18] proposes a quadrature PLL comprising two
synchronous frequency extraction filters, which estimates the rotor position angle by calculating the
fundamental harmonic component of the estimated back-EMF. Because it retains the traditional SMO
link, the harmonic signals are not completely eliminated. The rotor position angle is calculated from
the inverse tangent of the estimated back-EMF, which causes the estimation error of the back-EMF and
an inaccurate estimation of the rotor position and speed.

Moreover, due to electromagnetic and mechanical errors, temperature changes, and nonlinearities
of the driving inverter, there are many harmonics in estimating back-electromotive force
(back-EMF) [9-12]. These harmonics affect the accuracy of the rotor position and speed estimation.
Based on the model-based sensorless control method, S. Jung et al. [19] proposed an accurate
mathematical model considering spatial harmonics of inductance. However, this method requires
off-line debugging, which increases the complexity of the system. In [20], a new sensorless speed
control method is proposed, which combines SMO and a model reference adaptive system (MRAS).
The combined method can simultaneously ensure the estimation convergence of both velocity and
position. With the aim of eliminating the torque fluctuation and mitigating the impact of the back
EMF’s harmonics estimated by the SMO, a variable frequency stator current-tracking method according
to the output regulation is introduced, which accurately estimates the back EMFE. The enhanced control
method has higher precision in rotor position and speed estimation, and can maintain high-accuracy
estimation of the rotor even at the scenario of low-speed cases.

In addition, other methods have gradually attracted attention in recent years, including the
extended Kalman filter (EKF) [21,22], recursive least squares (RLS) [23], artificial neural network
(ANN) [24], full-order observer [25] and reduced-order observer [26]. In [21], satisfying rotor
flux estimation results are obtained through the EKF technique. However, this suffers from the
demerits of complex algorithm structures, parameter adaptation difficulties and initialization problems,
and inattentiveness to disturbance. The RLS method for electrical parameter estimation proposed
in [23] provides a fast converging rate. However, because of the large number of differential
equations incorporated, the performance of the controller is reduced, and the system response is slow.
In [25], a full-order observer is used to estimate the stator current. Although its robustness is good,
the accurateness of the full-order observer relies on other motion factors. In addition, the sign of gain
matrix for the observer is pretty complex. In [26], a reduced-order observer with respect to the rotor
flux is proposed, while the mechanical parameters are eliminated. However, the current value obtained
from the sensor is impacted by the noise and interference. Thus, the reduced-order rotor flux observer
brings distortion of the estimated parameters. Although the location estimation methods proposed by
the predecessors have unique characteristics and reasonable performance, these methods still have
certain limitations or deficiencies in theory.

This paper proposes using a full-order SMO method based on synchronous frequency tracking
filtering to track the fundamental wave of s the estimated back-EMEF. Therefore, a proposed
speed-estimation method merging the full-order SMO, SFT Heterodyne and LBO establish this tracking
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strategy to support IPMSM motors in wide speed applications. Therefore, the proposed method is of
great significance to industry applications, like the electric vehicle (EV) system, the air-conditioning
system, the elevator and assembly line.

2. The Method of Position Estimation Based on the Traditional Second-Order SMO

2.1. Extened EMF Model of IPMSM

Unlike the surface PMSM, the d and q axis inductance of IPMSM is not equal. Therefore, under the
d-q axis, the voltage equation for IPMSM is

ug | _ Rs +pLy —a)qu i n 0 (1)
Uy w.Ly R + qu iq wg¢f
where p is the derivative operator, u; and u, are the d—q axis stator voltage components, i; and i, are
the d—q axis stator current components, L; and L; are the d—q axis inductance, R;s is the stator-winding
resistance, w, is the rotor mechanical speed and y is the flux linkage of the rotor magnets.

By changing the Equation (1) as follows, the position information of the IPMSM rotor can be
obtained to make it symmetrical

Uy Rs +pLy —a)qu ][ ig ] [ 0 :|
= L+ 2
[ Uy ] [ weLq Rs +pLd Ig Eey ( )
where Eox = (Lg — Lg)(wely — pweiq) + weyf, and E,, is named as extended EME. It consists of a

traditional back electromotive force w,, Yrand the (L — Lg)(weis — pweiq) produced by the salient pole
characteristics of IPMSM. Figure 1 shows the physical model of the IPMSM.

Figure 1. The physical model of interior permanent-magnet synchronous motor (IPMSM).
2.2. Traditional Second-Order SMO of IPMSM

The traditional second-order SMO constructs the PMSM position observer using the mathematical
models of the a-f axis motor [27-32]. This is due to the fact that the mathematic model of the rotating
coordinate system obtained from the Park transformation needs the position information 6, of the rotor.
The control system adopts the qd0 model [29]. Figure 2 shows the schematic diagram of a traditional
second-order SMO [31].
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Figure 2. Traditional second-order sliding mode observer (SMO) schematic.
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Therefore, in the a-f axis, Equation (2) becomes
[ Ug :|_[ Rs +pLy we(Lg—Lyg) H I ]+[ e ] ®)
ug _C‘)e(Ld - Lq) Rs + pLd iﬁ ep

where
eq = —Eexsin 0, , eg = Eex cos O, 4)

and they are the extended EMF components on the a-f axis. As found in Equation (3), the rotor position
information only appears in the extended EMF. Thus, the Equation (3) is written as follows

dlic|_ 1 —Rs —we(Lg = Ly) in L 11 ua—eq 5)
dt iﬁ B Ly| we(Ly— Lq) —Rg iﬁ Ly ug —eg
Selecting the sliding surface s(x) = 0 on the stator current, thus
s(x) = La :[Zﬁa_l.a]zo (6)
g g —1p

where, i, and fﬁ are the current values observed under the a-f axis, iy and 1~'5 are the difference in value
between the estimated and the actual values, respectively.
Using iy and iz as state variables, and the SMO equation is derived as follows from Equation (5)

dlin]_ 1 —Rs ~@e(Ly—Ly) |[ ia L[ ez )
dt ;ﬁ o Li| @e (Ld - Lq) —Rg fﬁ Ly ug —zp
where, @, is the estimated rotor speed, z, and zg are the control components for the a-f axis, and where

k is the sliding mode gain, and it is a normal number which is large enough to ensure that the observer
is stable, and sign represents the sign function.

Za | sign(iy —ia)

The dynamic error equation can be obtained from Equations (5) and (7),

di RS (Lg=Ly) , A » . k T e
?? = T la— T, (@elg — weip) — L—dszgn(za) + 1 ©)
dip _ R, (La~ly)

A A . k .- v e
= Tt L (Dely — Weiy) — L—dszgn(zﬁ) + L—'Z
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When the system enters the sliding surface, the observer speed @, will converge to the real value,
we, and @, = w,. At this time, Equation (9) can be simplified into Equation (10)

@___Rs’.‘_(Ld—Lq)A’.'_L. - ea
e — 7 ST - i+ 5 -
dilg =R+ (Ld—Lq)

= ig + Dol — Esign(ig) + L
ar — I I; Wela — [;S18N\IG) T 1,

When the system converges, s(x) = ds(x)/dt = 0, the current error i, andgiig approaches 0. The system
operates steadily on the sliding surface, and the calculated extended back-EMF is expressed in

the following
[éa ]:k[ sign@) ]:[ —E, sin O, ] an

—~

ép sign(ip) Eex cos 6,

where é, and &g are both the back-EMF obtained by a LPF from the sign function, and the rotor position
angle passes can be obtained as

—~

0 = —tan™" (¢ /2p) (12)

Normally, the rotor position signal of the IPMSM can be obtained by the inverse tangent function
of é, and ég. However, the inverse tangent function will lead to large rotor position error especially
when the back-EMF crosses zero. Furthermore, an estimate of the rotor speed is calculated by
differentiation of the rotor angle, which amplifies the noise. Using LPF also causes phase delay errors.
Traditional second-order SMO reduces the accuracy of the estimated speed, especially in the case of
motor runs at low speeds.

Figure 3 shows a sensorless control method for an IPMSM employing the traditional second-order
SMO. The accuracy of the method is verified by simulation. the IPMSM parameters for the test
were listed in Table 1. The sensorless algorithm developed was simulated by MATLAB/Simulink.
Simulation continuous operation t = 2 s, load torque Te = 0.5 Nm. The steady-state performance of the
system at 1000 rpm was simulated.

The actual speed n and the estimated speed 7 are compared in Figure 3a. It can be seen that the
pulsation of the estimated speed is large, which is mainly due to many uncertainties such as inverter
nonlinearity, electromagnetic and mechanical tolerances. This causes the estimated back-EMF to have
more harmonic content. The speed error is about +40 r/min. Figure 3b,c gives the actual position of the
rotor 0, and the estimated position 6,. As demonstrated by the enlarged waveform, the estimated
rotor position is unstable and there is an obvious chattering phenomenon. Figure 3d illustrates the
rotor position error waveform. The position error is large when the motor starts running, and then
the error oscillates around 2.5°. Figure 3e shows the extended back-EMF component of the rotor
position information observed by the conventional second-order SMO. As presented in this figure,
the observed back-EMF component does contain a large number of harmonics. Figure 3f shows the
harmonic spectrum obtained by Fast Fourier Transform (FFT), where the fundamental frequency
is 66.67 Hz. Through the FFT analysis, the observed back-EMF mainly contains 3rd, 5th and 7th
harmonics, which coincide preciously with the theoretical prediction. These harmonics and noise
greatly reduce the accuracy of rotor position estimation. Therefore, with the traditional SMO method,
the estimated speed error is large, and the accuracy of position observation is not high.
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Figure 3. The simulation results of estimated extended back-EMF by the traditional second-order SMO
sensorless control method for an IPMSM. (a) The actual speed n and the estimated speed; (b) the actual
position of the rotor 6, and the estimated position; (c) the actual position of the rotor 6, and the
estimated position; (d) the rotor position error waveform; (e) the extended back-EMF component of the
rotor position information observed by the traditional second-order SMO; (f) the harmonic spectrum
obtained by FFT.

Table 1. Parameters of the tested IPMSM.

Symbol Quantity Value
Ve Rated Voltage 220V
I Rated Current 14.7 A
n Rated Speed 2500 r/min
S Rated Power 2500 W
Rs Resistance 0.7Q
Ly d-axis Inductance 32mH
Ly g-axis Inductance 4.0 mH
Magnetic Pole Pairs 4

p
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3. Proposed Rotor-Speed Sensorless-Control Method of Full-Order SMO Based on SFT Filter and
Luenberger Observer

3.1. Full-Order SMO Method

For IPMSM, rewrite the current equation under the a-f axis

d
Eis = Ais + Bu + Ce (13)
where . . .
is:[ia iﬁl,e:[ea eﬁl,u:[ua uﬁ];
A:_Rs/Ld'I+a)e(Ld—Lq)/Ld'];B:1/Ld'I,C=—1/Ld'I,'

10 0 -1
I= = .
01 1 0
In the control system, since the speed variation rate is considerably smaller than the stator current
variation rate, ¢, and eg, and their rate of change is written as

dl e | —ep
A

A full-order SMO can be created by using Equation (14). Its state equation is

%25 = Ais+Bu+ C(2 +z2) (15)
d. |-, 1
Ee = a)e[ s ] + LdDz (16)
where .
N s A 1T 1T Za sign(iy — i)
= = = :K A~
e R R R [ zp } [ sign(ig —ig) |

R I 0
A:—Rs/Ld'I+d)e(Ld—Lq)/Ld'I/D:|:0 ]

where K and ! are the stable SMO gain derived by Lyapunov function theorem. The state variables at
this time is the E,» component and the stator current.
According to Equations (14) and (16), the dynamic error equation of E,, component is:

LA I + | sign(ia) (17)
| % Ze | sign(ip)
where ¢, and eg represent the dynamic error of the estimated extended back-EMF component and the
actual extended back-EMF component.

When the system enters the sliding surface, the estimated back-EMF can still be obtained by
referring to the analysis process of the second-order SMO.

e | sign(iy) —E,,sin 6,
hA_[w(J{EWMJ 19

Substituting (18) into (17)

dle ] .| —¢ 11| e
dt[é‘ﬁ]“”[ % ]*w[?ﬁ] 1
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The above equation shows that the dynamic equation of the full-order SMO includes two links of
filtering and correction, so that the LPF is not needed here. Thus, the phase delay defect generated by
the LPF in the conventional second-order SMO method is avoided. The accuracy of position estimation
is improved. Then, the obtained back-EMF is passed through the position observer to obtain the rotor
position signal.

However, due to the influence of electromagnetic error, mechanical error and flux harmonic,
the rotor position estimation error is still very large. These errors will affect the stability of the
system and increase the loss of the system. In order to eliminate the influence, researchers have
adopted corresponding methods in motor design, such as choosing permanent magnets with the same
performance and permanent magnet materials with good temperature stability. However, the harmonic
components in the estimated extended back-EMF are difficult to eliminate. There are a large number of
5th and 7th harmonic components in the estimated extended back-EMF due to the nonlinearity
of the inverter [27,28], and this problem has always existed in power electronics applications.
Therefore, eliminating harmonic components in the estimated back EMF due to inverter nonlinearity is
the key to the SMO method.

3.2. Construction of Synchronous Frequency Tracking Filter

The harmonic estimation and error of the back-EMF will lead to the inaccuracy of rotor speed
estimation. This will affect the accuracy and stability of velocity identification. To filter out the
harmonics of the estimated back-EMF signal, a synchronous frequency tracking (SFT) filter is proposed.
PR controller is used in SFT because PR controller can accurately track ac signals at a specified
frequency [29]. The fundamental wave of the estimated back-EMF can be extracted from the original
signal through the SFT filter. Meanwhile, the harmonic components in the back-EMF are reduced by the
SFT filter. Therefore, this filter can be used to obtain the signal of the desired frequency and eliminate
the harmonic signals of other frequencies, thereby achieving the purpose of tracking and filtering.

The influence of harmonic components on SMO can be overcome by using the proposed SFT.
Figure 4 shows the block diagram of the SFT filter. The transfer function of SFT can be expressed as

Y(s) 2K w,s
UG) 24205+ (2nf)2

(20)

where f is the stator current frequency obtained from the observed rotor speed @, f = @,/27, K, is
the resonance gain, and w, is the cut-off frequency. U(s) is the input signal of the SFT filter, and it is the
extended back-EMF component observed by the full-order SMO under the a-§ axis. Y(s) is the output
signal of the SFT filter. It contains rotor position information and then enters into the position observer,
as shown in Figure 4. The obtained observation speed will be sent back to the £, which is the stator
current frequency of the SFT filter to obtain the target of tracking filtering. During the actual operation
of the motor, the frequency of the stator current changes with the variation in the speed. The SFT filter

can track the varying frequency well.
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Figure 4. Schematic diagram of the SFT filter.

In the IPMSM drive system, the stator current and the electromagnetic field of the a-f axis have the
same frequency and the value is proportional to the estimated rotor speed [29,30]. Therefore, the resonant
frequency of the SFT function is not a constant quantity, but a real-time variable speed feedback.
Furthermore, static tracking of the stator current can be achieved with SFT.

The stability performance of the SFT is analyzed below. Figure 5a shows the pole-zero plot and
root locus of the SFT function as @, increases. It can be seen that the SFT does not have poles and
zeros with a positive real part. SFT is stable over the entire speed range. The real part of the pole is
small (=-0.5).
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Figure 5. Analysis of the SFT function. (a) The root of the SFT function when w, is increased;
(b) Bode diagram of the SFT function when w, increases.

Figure 5b shows the Bode plot of the SFT function when w, increases, at this time @, = 50 rad/s.
In this figure, the three lines correspond to w, = 0.1 rad/s, w, = 1 rad/s and w, = 10 rad/s from the inside
to the outside. All three lines are centered around @,, meaning that the SFT function can accurately
track the phase and amplitude at the same time. As the cut-off frequency of the SFT function w, is
reduced, the signal extraction capability of the SFT function is enhanced.

However, its phase delay will become larger at the same time. Therefore, the value of w. should
be adjusted according to the actual situation.

The Bode plots of the SFT functions at different @&, are shown in Figure 6, with &, = 10 rad/s,
@, = 25 rad/s, @, = 50 rad/s from left to right. It can be seen that, when &, is different, the phase and
amplitude of the signal at the center frequency stay the same, while the signals on both sides decrease
quickly. When the speed of IPMSM changes, the observed &, will also change. The SFT can accurately
track the changing stator current frequency through the change in @, and filtering out the harmonics
that are not part of the tracking signal.
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Figure 6. Bode plot of the SFT function when &, increases.

3.3. Luenberger-Based Observer Processing

The rotor position 6, can be obtained from Equation (12). To solve the problem, as stated in
Section 2.2, a Luenberger-based observer (LBO) [32] is proposed and designed from the motor’s
mechanical characteristic.

The block diagram of the LBO observer is shown in Figure 7. Through the heterodyne method,
the position tracking error signal ¢ is calculated by the sine and cosine signals which contain the
position information. Then, the signal ¢ is passed through the LBO. It is designed to be a linear
observer that filters out signal noise through the PID, where Ky, K;, and K; are the coefficients of the
PID, respectively, to adjust the observer performance.

Figure 7. Overall block diagram of the position observer.
The transfer function of the observer can be expressed as

JK4s* + PKys + PK;
 Js® + JKgs? + PKps + PK;

G(s) (21)
where | is the inertia moment of the IPMSM, P is the logarithm of the motor pole. The characteristic

equation of the observer is
s3+dez+%s+%:0 (22)
J J
In order to adjust the parameters of the PID regulator, the three poles of the configuration
Equation (22) are set to the same value, that is, the triple pole. At this time, the PID parameter can be
represented by the pole

K, = 3Ja*/P, K; = —Ja*/P, K; = -3a (23)

where « is the triple pole.

Figure 8 shows the Bode diagram of the transfer function when the triple poles «
take -5, =10, and —15 from top to bottom. As can be seen from the Bode diagram, the response
speed is different when the poles select different values. When the response speed is high, the noise
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suppression capability is low. Therefore, different poles should be chosen according to the actual
situation. Its stability is only related to the parameter configuration. If a is on the left side of the
complex plane, that is, the value of a is negative, the observer is in a steady state. Therefore, this LBO

has sufficient dynamic anti-interference ability.

Figure 9 shows the overall structure of the full-order SMO, which is based on SFT filter and LBO
for the application of IPMSM sensorless speed control. The sign function is replaced by the saturation
function to eliminate the chattering problem of the second-order SMO. The full-order SMO is employed
to eliminate the use of the LPF. This improves the accuracy of the rotor position. To eliminate harmonics
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Figure 8. Bode diagram of LBO transfer function.

due to uncertainties, SFT filters is used.
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Figure 9. Overall structure of the SFT and LBO-based IPMSM sensorless speed control.

According to the analysis in Section 3.3, the harmonic components in the estimated back EMF
directly affect the accuracy of rotor position estimation. For this reason, two SFT functions are
used to filter out higher harmonics. It can also be seen from Figure 9 that the reference signal
of the SFT is generated by the estimated rotor position which obtained using the output of the
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LBO. These two feedback paths then return the reference signal from the LBO output to the SFT.
Thus, this method eliminates the influence of torque ripple on harmonic components and can estimate
the back-EMF accurately.

3.4. Phase Compensation Design

As can be seen from Figure 5b, different w, results in different filtering effect of the SFT function.
In order to achieve better results, w. should be selected to be small. However, this will increase the
phase delay caused by the filter. Therefore, it is necessary to design phase compensation. The phase
compensation design is shown in Figure 9. Firstly, the component of E,, containing the position
information is obtained. Then, the higher harmonics are filtered by two SFT functions, and the obtained
signal serves as the input to the position observer of LBO. The phase error caused by the filter can
be compensated by the PI link. In addition, the position observer uses the LBO. It can also filter out
high-frequency noise.

In view of the above analysis, the control method can accurately estimate the rotational speed and
rotor position of the motor.

3.5. Stability Analysis of the Speed Observer System

The speed estimation observer system contains a full-order SMO, SFT Heterodyne and LBO,
which are strongly coupled and are represented by Equations (24)-(27). Therefore, the system using
full-order SMO, SFT heterodyne and LBO is a multi-input, multi-output system.

d

Eﬁs = Ais+Bu+C(e+z) (24)
ga/ﬁ K;s
Fa/ﬁ(s) = 5 = Kpl + 4 > (25)
Ca/p 2 4 2ws + (27 f)
&= (—Eﬁ -c0820, + &, - sin 20,) (26)
20, JK4s* + PKys + PK;

e (27)
€ Js3 4 JK;s* 4+ PKps + PK;

Qp21ny A

where, ® = ——¢5—, 0 = f @.dt, f = kf “Qm /21 ris the flux of IPMSM. i, is the derivative of i,, ;ﬁ
is the derivative of ;/;. The (28) represents the subtraction stage.

=L L) (28)

ip=—Tip— £ (% —ep)

The a-f axis model for the IPMSM in the stationary reference frame is characterized by (29).

dy
is = Als +Bu+ C(2 + 2) (29)

where 5
I R PO PO A -7 Sign(ia_ia)
b=l ] e=la & ] 'Z_[ 2 ]_K[ sign(iy —ig) |
. I o
A=-Rs/Ly- T+ @(Lg—Lg)/Ly-],D = [ 0 ]
To prove the proper stability of this adaptive speed observer system, the SFT should be made as

the structure (30).

dy o
s = Als +Bu+ C(e +2) - K (30)
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[k O A —sin O,
whereK—[ 0k }F, eaﬁ—wm[ cos 6, ]

The SFT is defined upon the proportion and resonance of the estimated back-EMF.

T . k- 2w
F=(fi fo) =kp-éap+ —— (31)
bap -t +2wc + [ Capdt
Then, one can obtain
. R . 1. . d 1
F:—k,,l-L—j.I-ea5+L—Sl~ea5—1<+k,-2a)c-a( (32)

Gap £+ 200c + [ Lapdt
The Lyapunov function V is selected as

1
V=:F'F
2

Based on mathematic theory, if the following equation is convergent, the Lyapunov function V' is
convergent as well [13,14].

. 2
1 (O — wm)
“Flp4 1 T2
2 + 2

Assuming that the rotor angular speed is constant, the following equation can be derived

V=

. 1 +. .
V = EPTP + (O — W) O (33)

Substituting (21) and (22) into (23), the following equation can be obtained

; ~ ~ R = —
V' = (a)m - (Um)a)m + %FT[—kpl . L_< -I- laﬁ + L%Iea,g —K+ kr . ZCL)C . %(m)]
o et Jo Ly

~ A < kr2a 1
= ((Um - (L)m)ﬁ)m + kpl : laﬁT + - e N
zaﬁ~f+2wc+ﬁ) iqpdt

Rs B 1 = d
| [k - Be TG+ AT B — K + Ky 200 - L
g Tt 20c+ ) TgTdt [ Pl L ap T L5 Fap r 20 g (

(34)
|

According to Lyapunov stability theory, in order for the system to converge [15,16], it can be

derived that .

F .
1 8o + (O — W) = 0 (35)
S

1
——)|<0 (36)
bap -t + 2w + [ Copdt |

From the inequality (26), the AFTO parameter and back-EMF gains k1, kr and k. can be obtained

R d
T s ~
F [—kpl-L—S-I-eaﬁ—K—I—kr-Za)C-E(

R d 1
T ~
P [—kp1~L—§-I-eaﬁ—keFkr-ch-E(

" )] <0 (37)
Cap -t +2wc + [ Eapdt |

The sufficient conditions to satisfy the inequality (37) are

1 R R
)_kplL_s'I'eaﬁ <0 (38)

d
T 2kywe - :
éaﬁ 4 2w + j(; éalgdf s

~kFTF<0 (39)
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Therefore, from the two inequalities (38) and (39), the kpl, k;, ke, and ¢ can be obtained

ky1 - R
kp1>0,kr< Pl

oo L ke> 0
Through stability analysis, as long as the parameters meet k> = 8.06, k; = 16.25 and k1 > 0,
and k, > 0. when ky1 = 10, k; < 540, the whole adaptive velocity observer system is stable.

4. Simulation and Experimental Results of the Proposed Method

4.1. Simulation Results

Simulation results verify the correctness of the proposed method. Table 1 lists the IPMSM
parameters for the test. MATLAB/Simulink was used to simulate the sensorless algorithm. In the
simulation, the given motor speed is 1000 rpm.

Figure 10 shows the simulation results of the proposed full-order SMO sensorless control method
based on the SFT filter and LBO for an IPMSM. Figure 10a shows the actual and estimated speed.
The estimated speed follows the actual speed well. The harmonic content is significantly reduced
compared with Figure 3a. The estimated rotational speed error is small, within +0.1 rpm. The actual
position of the rotor and the estimated one is compared in Figure 11.
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Figure 10. Analysis of estimated extended back-EMF by the SFT-based sensorless speed control method
for an IPMSM. (a) Estimated and measured rotor speed; (b) Estimated and measured rotor position;
(c) Rotor position estimation error; (d) Estimated back-EMF; (e) the FFT of estimated back-EMFE.
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Figure 11. The experimental platform based on dSPACE.

Compared with Figure 3b, the estimated rotor position has no chattering phenomenon and
the accuracy of the position estimation is clearly improved. The harmonics in the rotor position
are eliminated as well. The rotor position estimation error is shown in Figure 10c. The error is
finally stabilized at around 0.32°, and the error is significantly reduced. Figure 10d illustrates the
observed extended back-EMF component. The observed back-EMF is smooth and free of harmonics,
which ensures a high-precision estimation of the rotor position. Figure 10e provides the FFT analysis
results of estimated back-EMF. Compared with the Figure 3e, the 3rd harmonic has been eliminated,
and the 5th and 7th harmonics are also allocated to a negligible extent. The effectiveness of the proposed
full-order SMO sensorless control method is verified by simulation results.

4.2. Experimental Results

The photo of experimental platform is shown in Figure 11. For the power drive circuit,
six complementary PWM signals generated by dSPACE are used to drive the IPMSM. In addition,
the power drive circuit also contains DC bus voltage acquisition circuit, stator current sampling circuit
and overvoltage protection circuit. The stator current is detected by the CS040GT Hall current sensor.
In SFT, the cutoff frequency w, set as 2. The control petameters of the phase compensation are k;, = 0.1
and k; = 1.

Figures 12 and 13 illustrate the experimental results of the actual speed and estimated position
and speed employing the traditional second-order SMO method when the rotor speed runs from 0 rpm
to 800 rpm and decrease to 0 rpm.

L 500 tomidiy i Actial speed ] . Estimated épeed i~ - L
o LY i ] L 200y it P
c : : : : : c :  fponaas é o :
g . . ? . . -~ g : ; HERE BRI
5 b P i i i Do i Estimated speed 7, 4 S b PeecieoifoActialispeed na g b
5 3 z 5 g $ L H :

500V : n 500V ' ][z.nu; ]Eﬂ; /2.46\; ) lu;:zs:nn 200 : 200V ; ][2.uois ] ]@ /2.45\; ] M}
Time(2 s/div) Time(2 s/div)
(a) (b)

Figure 12. Actual speed and estimated speed employing the traditional second-order SMO method
when the motor operates at 800 rpm (a) separated waveform; (b) overlapped waveforms.
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Figure 13. Actual position and estimated position employing the traditional second-order SMO method
when the motor operates at 800 rpm (a) separated waveform; (b) overlapped waveforms.

Figure 12 shows the experimental results of the actual speed and estimated speed employing the
traditional second-order SMO method. Figure 12a gives the separated waveform. Figure 12b presents
the overlapped waveforms. It can be seen from Figure 12a,b the estimated speed contains a large
number of high-frequency harmonic components. The pulsation of the estimated speed is +40 rpm.

The experimental results of the actual and estimated rotor angular position by the traditional
second-order SMO method is shown in Figure 13a,b. Figure 13b presents the existence of a clear delay
between the actual and estimated rotor positions. The phase delay caused by LPF of the traditional
SMO method, which is also the main reason for its low positional accuracy.

Figures 14 and 15 give the experimental results of the speed and rotor position using the
proposed full-order SMO method based on SFT filter when the rotor speed was changed from 0 to
800 rpm and 0 rpm. The experimental results of the actual speed and estimated speed is present in
Figure 14. Figure 14a gives the separated waveform and Figure 14b presents the overlapped waveforms.
Compared with the traditional second-order SMO method, the high harmonics of the motor are good,
and the rotor speed has no obvious pulsation, which is basically coincident with the actual rotor speed,
and the errors between the actual speed and estimated speed are within +5 rpm.
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Figure 14. Actual speed and estimated speed employing the proposed full-order SMO method based
on SFT filter when the motor operates at 800 rpm. (a) separated waveform; (b) overlapped waveforms.
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Figure 15. Actual position and estimated position employing the proposed full-order SMO method based
on SFT filter when the motor operates at 800 rpm (a) separated waveform; (b) overlapped waveforms.
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Figure 15a,b illustrate the experimental results of the rotor position using the proposed full-order
SMO method based on the SFT filter. Since there is no LPF used in the full-order SMO, the phase delay
is reduced. The rotor position error is within 5°. In addition, the SFT filter can filter out the harmonics
caused by the nonlinearity of the inverter. The phase error caused by LPF is eliminated by the
compensation link. In addition, high harmonics can be filtered out by the LBO. Therefore, the harmonic
in the estimated rotor position can be eliminated.

Figure 16 shows the estimated back-EMFs by the full-order SMO method based on the SFT filter.
It can be seen that the harmonics in the estimated back-EMF are significantly reduced. The waveforms
of the estimated back-EMFs are smooth, which ensures a high-precision estimation of the rotor position.
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Figure 16. Extended back-EMF component when the motor operates at 800 rpm.

Figure 17 shows the experimental results for the estimated and actual rotor angular positions and
speed employing the proposed method when the rotor speed was 3000 rad/min. The estimation errors
were +6 rad/min when the speed was 3000 rad/min, respectively.

. .
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Figure 17. The experimental results using the proposed method when the rotor speed was3000 rad/min.
(a) the measured and estimated rotor positions, (b) the measured and estimated rotor speeds.

5. Conclusions

This paper proposes a sensorless, SFT-based, full-order SMO method for employ in IPMSM drive
applications of the medium- and high-speed sensorless control strategy. Considering the harmonic
influence of the inverter nonlinearity on the traditional method, this method uses a full-order SMO to
replace the traditional second-order SMO to avoid the phase delay defects caused by the use of filters.
On this basis, the SFT function is used to filter the observed extended back-EMF signal. By tracking
the current changing stator current and filtering out the harmonics that are not part of the tracking
signal, the static tracking of the stator current is achieved. The experimental results have proved that
the estimated rotor position and the harmonic content in the rotor speed are significantly reduced,
and the rotor position error is significantly reduced.
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