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A Newly Designed VSC based Current Regulator for

Sensorless Control of PMSM Considering VSI
Nonlinearity

Zhao-Hua Liu, Jie Nie, Hua-Liang Wei, Lei Chen ,Xiao-Hua Li, Hong-Qiang Zhang

Abstract—A novel d-axis variable-structure control
(VSC) current regulator for realizing fast and accurate
sensorless control in the surface-mounted permanent
magnet synchronous motor (SPMSM) is proposed in this
paper. A switching-control law is employed to drive the
plant’s state trajectory onto a selected surface in the state
space. Due to sign function is discontinuous and easy to
cause chattering to the practical system, the sigmoid
function is designed in this paper. The sensorless control
performance under d-axis VSC current regulator is
testified by sliding mode control (SMO) and model
reference adaptive system (MRAS) method. In MRAS
observer, the adaptive law of speed and resistance are
designed so that resistance/speed/position can be estimated
simultaneously, which can eliminate the influence of the
resistance variations theoretically. In SMO observer, the
back electromotive force observer is employed to estimate
the PMSM speed and position so that the estimation can
cover a relative low speed range because pure integration is
not employed. Furthermore, the dead time compensation
voltages (DTCYV) strategy is employed to online estimate
disturbance voltage in a feed-forward manner, which can
improve the sensorless control performance of PMSM.
Experimental results obtained from a SPMSM drive
system are validate the superiority of the proposed d-axis
VSC current regulator.

Index Terms—Surface-mounted permanent magnet
synchronous motor (SPMSM), estimation, speed-sensorless
drive system, nonlinearities, dead-time compensation
voltages (DTCYV), variable-structure control (VSC), model
reference adaptive system (MRAS).

NOMENCLATURE!
A. General
R,R Rotor, stator resistance.
P Number of pole pairs.
J,B Inertia and viscous friction.
T,.T, Electrical and load torque.
o, Electrical angle
L..L,L Magnetizing, rotor, stator inductance.
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H.-L. Wei is with the Department of Automatic Control and Systems
Engineering, University of Sheffield, Sheffield S1 3JD, U.K. (e-mail:
w.hualiang @sheffield.ac.uk).

E, Dc link voltage.
@ Rotor flux .
u,i Stator voltage and current.

,,0, Mechanical and electrical angular velocity.

D/q axis dead-time voltage compensation.

udcom ’ uqmm

Ve Vo Saturation and diode forward voltage.
1,.71,.T, Dead time , turn-on/off delay time

B. Superscripts

A Estimated value.

* Reference value.

C. Subscripts
(a.p)
d.q)

Stator fixed coordinates.

Synchronous rotating coordinates.

I. INTRODUCTION

ERMANENT-MAGNET synchronous motors (PMSMs)

have been widely used in various high-end equipment
manufacturing industries due to their high torque per unit
volume, high efficiency, large torque to inertia ratio, and
excellent controllability [1]-[4]. There are two main
techniques, namely, direct torque control (DTC) and field-
oriented control (FOC) for position and speed control in the
linear induction motors (LIM). However, the DTC type
algorithms usually have the disadvantages of low speed
stability, torque ripple and less robustness to parameter
changes[5], [6]. Therefore, the FOC algorithm is often used
in ac servo machine due to its efficiency for PMSM control
and drive systems.

Unfortunately, in the conventional FOC control strategy,
precise information of the realtime rotor position and speed is
required to know so that the encoder, tachometer or other
mechanical position sensors are needed in a gearbox with
limited space [7]. Although accurate magnetic FOC could be
achieved, the use of mechanical sensors reduces the reliability
of the system, increases the motor volume and also makes the
design of motor complicated, particularly in hostile
environments [8]-[10]. Due to these considerations, the
sensorless technology plays a very important role in PMSM to
replace the mechanical sensors used to obtain the information
of rotor speed and position, and the sensorless approach has a
clear edge over the traditional vector-controlled drive [20].

Wide speed range capability and motor parameter
insensitivity are very important in position sensorless vector
control. Based on this, a variety of sensorless methods have



been proposed, which can be generally divided into two
categories: high-frequency signal injection methods, and
back-EMF model-based methods. High-frequency signal
injection methods have a good performance even in low-
speed range and standstill operations. However, the main
drawbacks of such methods lie in the unnecessary noise
produced by the injected signals and they cannot be
applied to surface-mounted PMSMs [16].

Unlike high-frequency signal injection methods, back-
EMF model-based methods have no restriction regarding
the structure of the PMSM and do not need extra high-
frequency signal sources. Commonly used back-EMF
model-based methods include  sliding-mode-control
(SMO) [11]-[16], model reference adaptive system
(MRAS) [17]-[23] and extended Kalman filter (EKF)
[24]-[26]. The design of the observers in these methods
is very important because the quality of the estimation
directly affects the performance of the whole control
scheme.

Although the EKF algorithm is robust to the system
noise, the advantages of this method are limited by the
large amount of computation, the sensitivity of
parameters, and the need for proper initialization [19]. In
[25], a rotor position estimation algorithm based on the
extended Kalman filter algorithm was proposed.
However, only the experimental results at constant speed
were considered, and it turned out that the error of the
estimated rotor position was large.

Compared to EKF, the model-based method has been
adopted for sensorless control in many applications as it
is simple and easy to implement [26]. Rotor flux MRAS
was first introduced by Schauder [19], and a lot of effort
has been focused on improving its performance [8], [33].
In [33], a MRAS approach has been studied without
considering the rotor position and the associated results
were verified only in the Simulink. In [8], Zhen et.al.
removed the integration element and stator leakage
inductance so that MRAS can be performed in both
lower and higher speed ranges. However, MRAS has a
drawback in that it is sensitive to parameter change,
especially to stator resistance [21]. Therefore, MRAS
has been used extensively for combined rotor resistance
and speed estimation in induction motors [17], [18]. In
[17], an artificial neural network (ANN) technique is
employed in MRAS for resistance estimation. In [18],
MRAS wasemployed for estimating stator resistance and
rotor flux linkage but the rotor speed was derived from
phase-locked loop (PLL). However, no experiment was
performed to test the robustness of the system when
resistance varies with temperature.

Recently, a useful observer named SMO are attracting
widespread attention because it is robust to noise and
parameter uncertainties [11]. Different from the MRAS
method, the SMO method always identifies the motor
speed and position by using a back-EMF observer so
that the estimation can cover a very low speed range,
without using a pure integrator [35]. Therefore, the back
EMF MRAS is believed to have superior performance.
Nonetheless, phase compensation is still necessary due
to the existence of LPF. Accordingly, some higher-order

SMO methods are developed [13], [14]. In this paper, a low-
pass filter and an additional position compensation of the rotor
position are employed to reduce the chattering problem that
commonly occurs in the conventional SMO. Theoretically
speaking, for an ideal sliding mode motion with a sign
function, the observer will not cause chattering due to infinity
switching frequency of the system [4]. However, in the
practical instruments, owing to the mechanical delay and other
imperfects of the system, the ideal characteristic of infinity
switching frequency cannot be achieved. Therefore, in this
paper, we employ a sigmoid function to replace the sign
function in the SMO observer design.

Nevertheless, no matter how reasonable the observer
structure is, the dead time effect caused by the voltage source
inverter (VSI) is inevitable. Especially at low speed, the
control performance of the model based sensorless technique
is poor due to the low back EMF, VSI nonlinearity, etc [37].
VSI nonlinearity is mainly caused by dead-time, turn-on/off
delay and saturation voltage drop of the active switch, which
cannot be eliminated. Such a nonlinearity will lead to
voltage/current distortion, torque pulsations, resulting in
mismatch between reference and actual voltage [28]. With the
increase of switching frequency, the dead-time effect on VSI
output voltage and current is also increasing. Therefore,
neglecting the VSI nonlinearity will certainly affect the
performance of sensorless control [27]. Bearing this in mind,
VSI nonlinearity compensation techniques have been widely
reported see e.g. [27]-[31]. In this paper, the mathematical
model of VSI nonlinearity is given and the estimated
disturbance voltage is added to the d/g current control loop in
a feedforward manner [30].

As one of the PMSM high-performance control methods,
the core of FOC technology is to control the excitation
current iz and torque current ig, respectively. The currents id
and ig can be calculated from the three phase currents ia, ib
and ic (which can be obtained by current sensors) by
clark/park transformation. Traditionally, the scheme of two
proportional-integral (PI) closed loop vector control is often
employed in many real applications. However, the PI current
regulator has a poor control performance for handling
nonlinear disturbance, and such an issue cannot be solved
simply by adjusting the parameters. Therefore, many
advanced controllers have been developed based on neural
networks, genetic algorithms, fuzzy logic systems, and
wavelet-networks,- and were utilized to improve the
performance of the control system [34], [38], [39]. In [34],
Yasser et.al. employed variable-structure control to replace the
traditional d-axis PI current regulator in the DTC strategy.
However, sign function signal is discontinuous and easy to
cause chattering to the system.

The main contributions of the paper are summarized as
follows:

1) Different from existing regulators, a new d-axis VSC
current regulator is designed, where the current can still
be precisely controlled in the presence of external
disturbance such as resistance variation.

2) To test the applicability and performance of the newly
designed d-axis VSC current regulator, it is employed in
both MRAS and SMO methods. In addition, the



resistance variation caused by temperature is
considered in the experiment to testify the
robustness.

3) The mathematical model of the VSI nonlinearity is
proposed. A simple disturbance observer without
any additional circuit and offline experimental
measurement, disturbance voltages in the rotor
reference dg frame caused by the dead time and

nonideal switching characteristics of IGBT are
estimated in an on-line manner and fed to dg

current control loop in a feedforward manner for
compensating the dead-time effects.

This paper is organized as follows. In Section II-A,
we first analyze the PMSM mathematical model by
considering the dead-time effect, and the equations of
PMSM are presented. In Section II-B, the structure of
the d-axis VSC current controller is proposed. In Section
III, we employ two type of observers (i.e. MRAS and
SMO) under d-axis PI/VSC current regulator to realize
sensorless control of PMSM, respectively. The
experimental results and detailed analysis are given in
Section IV to show the superiority of the proposed d-
axis VSC current regulator over the traditional d-axis PI
current regulators. Finally, a brief conclusion is provided
in Section V.

II. MODELING OF PMSM

A. Modeling of SPMSM under the dead-time effect

Assume that the employed SPMSM has negligible
magnetic saturation, iron losses and the eddy current loss,
the dynamics of a PMSM in the rotor d-q coordinates can
be described as follows:

. d . .
u,=Ri,+L, Eld —a)equq

p (D
u,=Ri +L, Ei" +o,Li, +o,p,
o, =Li +M i, +M ;i )
Py = Ldid +quiq +Mdfif

where My, and M, are the mutual inductances between
d/q axis, Mg and M are the mutual inductances between
d/q axis and permanent magnet.

¢ =\, +o; 3)

S =tan”’ (goq /god) “4)
Under the d/g two-phase rotationary reference frame,
equivalent circuits of a three-phase PMSM are shown in
Fig. 1
For the SPMSM, since the torque ripple is mainly
caused by the flux harmonics in the permanent magnet,
the effect of inductance harmonics can be neglected

Fig. 1. Equivalent circuits of PMSM machine.

and the torque under ig=0 control strategy can be characterized
as:

T, =15Py i, 5)
T,-T, =Jo+Bo (6)
Since the practical device has a finite switching time, a dead
time should be considered in the PWM gate signals in order to
prevent the simultaneous conduction of two switching devices
in each leg of the inverter. Therefore, a top switch of one
phase leg should be turned off before a bottom switch of the
leg is turned on and vice versa. Although the dead time is very
short, usually only a few microseconds, the effect of its
cumulative effect over multiple cycles of the carrier waveform
on the control performance of PMSM system cannot be

ignored. Relevant parameters of the VSI are given in Table I.
TABLE I
SPECIFICATIONS OF EXPERIMENTAL SYSTEM

Dc link voltage 560 [V]
Dead-time 4 [us]

Turn-on time 0.8-2.0 [ps]
Saturation voltage 1.8-2.7 [V]

Switching period 166 [ps]
Switching device IGBT

Turn-off time 2.0-2.9 [us]

Diode forward voltage 2.2-2.3[V]

It is easy to analyze the dead-time effects from one phase
leg of the inverter and extend the results to the other phase
legs. Fig. 2 exhibits the basic configuration of one phase leg of
the PWM inverter, where IGBTs are used as switching
devices. During the dead-time period 7, , both the main
switching devices Q, and Q, in the same leg are turned off
and the output voltage therefore depends on the direction of
When the
positive/negative, the phase current flows through the
bottom/top diode D, / D, during the dead-time period.

Fig. 3(a) shows the channel flow of A-phase current for

current 1 current is

a

the phase phase

positive direction (i, >0). According to Fig. 3, considering the
DTCV, (1) can be updated as follows:

d
. . . .
Uy +ity,,, =Ri +L, Eld —O,L1 ity

@

. . d . .
Uy Uy = szq +Lq Ezq +o,L;i, + 0,0, U e

When u,,,, and u equal to the u, ., and u

q.dead
respectively, the dead-time effect caused by VSI can be offset
and compensated correctly. Furthermore, in the steady state,
the disturbance voltages in the rotor reference frame can be
represented as follows by employing the i;=0 control strategy
[30]:

q.com
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Fig. 2. Basic configuration of A phase leg of PWM inverter.
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Fig. 3. A-phase bridge arm gate trigger pulse.

sgn (iq,. cos6, )

|:“qu dead :| =V gead K’ (0' ) Sgn[iqs COS(@V - ZZJJ (8)

d, dead

sgn [iqs cos (Hr + 2?”)]

where VdeaﬁW'(V@—V +V")+w is the

sat
K

distorted voltage caused by switch on/off (Zon, Tosr) and
dead time (%) delay of PWM, and saturation voltage
drop of the active switch (Vi) and diode forward
voltage( VD ), respectively. K" (Hr) is the rotation

factor and can be derived from:
cos(0,) cos(@r —2—”) cos[&, +2—”j
3 3 9)

sin(6,) sin(ﬁ,—%r] sin(9r+27ﬁj

The V, ,,, and V, , , waveforms are shown in Fig.

-

K'(0)-2

16(c). It can be seen that Vq seaq 18 larger than V,

Jdead *
Therefore, ignoring VSI nonlinearity has a great impact
on the sensorless control.

B. The design of d-axis VSC current regulator

In the design of the d-axis current regulator, the main
objective is to realize fast and accurate flux control

(¢, = 0 control). A switching-control law is employed to
drive the plant’s state trajectory onto a selected surface
in the state space (sliding surface). The mathematical
model of the d-axis current regulator can be designed as:

Sia = Eu +Cubu (10)

where ¢, =i, —i, is the d-axis current error , C, is the

coefficients of the sliding surface
In the sliding mode, it is required to restrict the controlled
states onto their corresponding sliding surfaces. This is

exclusively governed by S = § = 0. Under this condition, the
equivalent dynamics can be described as:

&, =-c,E, 11
The sliding-surface coefficients can be chosen to achieve

the required dynamic performance on the
A Sign(x)
1 . 1

A Sigmoid(x)

> 0 >

(a) (b)
Fig. 4. Switching function employed in d-axis VSC (a) sign Function, (b)
sigmoid function.
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Fig. 5. Block diagram of the traditional two closed loop vector control.

*
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n

Fig. 6. Block diagram of the newly designed two closed loop.

control error without imposing stresses on the electrical and
mechanical subsystems of the drive system.
Based on (10), the following control inputs are employed:

u, =K, sgn(Sid)+Ki2josgn(Sid)dt (12)
where Kj;, K> are the gains of the control input, sgn(O) is

the sign function and the symbols “*’denotes the reference
value.

In order to reduce the chattering effect and to increase the
degrees of freedom in tuning the controller, we employ the
sigmoid function to replace the sign function as shown in
Fig.4. Therefore, (10) and (12) can be updated as:

u, = K, Fal(S, )+ K, [ Fal(s,)dr (13)
S =€+ Cui
where
| s|” sign(s) |s|=0

Fal(s,7,0) = (14)
— |s|l<&
5 T



where ¢ is the thickness of boundary layer in the
range of (0, 1); 7 is a positive coefficient in the range
of [0, 1], which is employed to adjust the slope of the
function.

The control law (13) restricts the system state onto
the surface S in the sliding mode. Moreover, the
control law produces a switching excitation signal

controlled by K;; superimposed by the slow-motion integral
of the switching signal, which is controlled by Kj,. This
hybrid control law gives more degrees of freedom to achieve
adequate control performance with enough robustness and
reduced chattering.

p{ Disturbance
Voltage Observer de
Ty [ HC
el € p Ug, Ua\(SVPWM)
4 + IPark PMSM
*
Y U Us_
N é B /
~ 14 L 1,
Caculation | < . ‘Ia
A o.f rotor b 3925 Zb A/D Wave b
position and | . filter 1
speed | r Zq Zc
-l -

Fig. 7. Whole sensorless control system diagram with the proposed d-axis current regulator and VSI nonlinearity compensation

Usually, the VSC strategy needs the control law gains
to be large enough to realize the rejection of wideband-
disturbance. Specifically, the switching gain K;; has to
be large enough to ensure that the stability condition

$S <0 is satisfied.

The overall schematic diagram of the proposed rotor
speed estimator, including the speed/rotor position
estimator, and the disturbance voltage compensation, is
shown in the Fig. 7.

II1. POSITION AND SPEED ESTIMATION

A. Mathematical models of the MRAS observer based on d-
axis VSC current regulator

A MRAS observer is employed to estimate the rotor
speed and the position of PMSM. Such an observer is
comprised of two models, namely, the reference model
and the adaptive model. All the information in the
reference model is known, while the adaptive model
contains unknown parameters that need to be identified
from measurement; the output of the two models,
however, has the same physical meaning.

In this paper, the adaptation algorithm is based on
Popov  hyperstability theory, which has been
theoretically verified and the verification process can be
found in [36]. According to the formula used in the full-
order flux observer with speed adaptation, the speed
tuning error signal & can be computed as:

g:[Kan?]{idfq—iqfd—(zf(iq—i;)}+a‘)((0) (15)

A PI controller is used to minimize this error, which
in turn generates the estimated speed at its output

tqz(K,+K)g (16)
S

The resistance estimation formula can be written as:

e B8]

p
The identification equation of rotor position follows:
0=[o (18)

The symbols ‘ A’ denotes the estimated value and the block
diagram of the MRAS observer shown in Fig. 8.
I .
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Fig. 8. Basic configuration of the MRAS scheme for estimating the speed and
angular simultaneously.

B. Models of the SMO observer based on d-axis VSC current
regulator

The current state equations of a motor in @/ f two - phase
stationary coordinate system are given as:

di, R . 1 1
—*=——i, +—u,——e,
i L L L, (19)
di, R . 1 L,
—_— == i — Uy, ——
dt L’ L7 L’
. 1oy
[‘alf > 73 [ (20)
i = 3 \/g -\/5 B
o Y3 B
/B 2 2 lc

The equations of BEMF are derived from



{ea =—p,0sinf o

e, =@ 0cosd
According to the basic principle of SMC structure and

the associated low pass filter (see Eq.(24)), we define the
SMO switching function as:

The sliding-mode current observer is constructed as follows:

di:—ﬁfa—%iua—ﬂsign(fa—ia)
dr L~ L L,
di, R. 1 k. ;. .\ @3
= L. ﬁ+L—u/,fL—‘szgn(zﬂfz/,)

s s s

0]
Carculation of | °

|
| velocity
|

i—i
s(x) = {f‘ - (22)
b~y |
[————
|
u |
S PMSM |
—» Current
—» Observer
Sigmoid

>

€ BEMF

Fileter —p Carculation of
Observer

angular

e
of angular

Fig. 9. Block diagram of the improved SMO scheme for estimate speed and position synchronously.

The back electromotive force (BEMF) estimate values
are:
z, =k, sign (i; —ia) 24)
z, =k, sign(z’ﬁ —iﬂ)
where K is the SM observer switching gain, its value

must be large enough to satisfy the accessibility and
existence of SMO. But large gain will increase the
chattering noise and cause unnecessary estimation errors,
so it needs to satisfy the following relationship:

k, >max|e,| Je,|) (25)

Due to the high frequency switching function, the
output BEMF is also a high frequency discontinuous
signal, which has some distortion and cannot be directly
used to calculate the rotor position and speed. Therefore,
it is necessary to introduce a low pass filter with
sufficient cutoff frequency to remove the higher
harmonics. The low-pass filter model is:

de,

= —C()L, (éa - Za )
dt (26)
de .
d_f:_“’c(eﬁ ~2,)

where @, is the cut-off frequency of the low-pass filter,
expressed in terms of transfer functions

6, =2 (z,-¢,)
§ (27)

A

s :%(Zﬂ _éﬂ)

According to (20) and (26), we can know that rotor
position information can be extracted from BEMF:

0, = —arctanf—“ (28)
€p

Because the first order low-pass filter is employed to
filter the estimated BEMF, the rotor position should be

compensated. The delayed phase is compensated by the

cut-off frequency of the low-pass filter and the angular
frequency of the input signal, as shown below:

@
A@ = arctan — 29)

a)C
where @ is the frequency of the input signal. Therefore,
motor rotor position information can be expressed by the

following equation:

A e ®
0, =0, + AQ = arctan = + arctan — (30)
€y o,

The rotor speed can be obtained by differentiating the rotor
position equation. However, differential function may reduce
the dynamic performance of the system. Since the BEMF
contains the information of speed, it is generally used to
extract the speed information. According to (21), the rotor
speed of the motor can be obtained as:

e=, ,é; +é;
= \/[ch?)sin 9]2 +[t//fc?)cos 0}2 = |y/fa”)|

In addition, the operation performance of the rotor is
studied when the it rotates in the positive direction, so the

rotor speed of the motor is:
,Az ~2
ﬂ (32)

Yy
Because of the discontinuity of the sign function, the power
function, instead of the sign function, is used as the switching
function in this paper, making the SMO switching function
have switching characteristics and also can effectively reduce
the discontinuity and chattering effect. According to the
sigmoid function (14), (23) and (24) can be updated as:

€1V

o=

;R . .
dy R, 1, —ﬁFal(ia ~i,)

dt L, L, L, (33)
diy R, 1

ar L



Regulator/Observer Gains

Speed regulator Kﬂ =0.24; K, =1.23

PI current regulator Kp =58.8; K, =0.73
K =12; K =1; 6 =0.5;
D-axis VSC current regulator !

7=0.9; C,,=0.02.

MRAS observer for speed estimation K =108; K =0.82

MRAS observer for resistance tracking K =0.03; K,=0.0015

P

SMO observer K, =0.36; 6 =0.9; 7=1.0

Nominal terminal wire resistance 0.043 Q
Nominal self inductance 2.91mH

Nominal mutual inductance -0.330mH

Nominal d-axis inductance 15.86mH

Nominal g-axis inductance 15.86mH
Nominal amplitude of flux induced by magnets 79mWb

Number of pole pairs 4
Nominal phase resistance(T=25C) 1.204 Q2
Nominal moment of inertia 0.8e-5 kg.m?

z, =kFal (i, —i,) 34

2, =k,Fal(i, —i,)
Note that the coefficient K can affect the respond
speed and a large K, may make the system unstable.

The block diagram of SMO observer is shown in the Fig.
9.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Configuration of the Experimental System

In this section, to evaluate the control performance of
the proposed d-axis VSC current regulator, the
experimental results for sensorless control of PMSM are
reported.  Simulations are  carried out in

MATLAB/Simulink and the sampling frequency is 11.5
kHz. The experimental setup is given in Fig. 10 and the
prototype machine design parameters are given in
TABLE II. In all the tests, the

Fig. 10. The used prototype PMSM.

estimated speed is fed back to the speed control loop. To
testify robustness of the system, the resistance variation
is considered in the experiment. The gains used for the
tuning of the PI regulator and observer is given in
TABLE III.

TABLE II
DESIGNE PARAMETERS OF THE SPMSM
Machine Parameters
Rated Speed 3000rpm
Rated current 4A
DC link voltage 311V

Note: Nominal values are measured.

TABLE III
GAINS USED FOR REGULATOR AND OBSERVER

B. Experimental schemes and results analysis

In order to show the superiority of the proposed d-axis VSC
current regulator based on DTCV strategy, the following four
schemes are introduced and investigated in the experiment.

1) Sensorless control at variable speed with DTCV based
on MARS observer at 1.2049Q: Under this condition, set a step
speed command but the stator resistance remains 1.204 Q) . An
MRAS observer has been employed for estimating the rotor
speed using (15). The experimental result using the MRAS
observer based on d-axis PI/VSC current regulator is shown in
Fig. 11 and Fig. 12. At first, the rotor speed is 100rpm, which
suddenly changes to 50rpm at the 1s and return to 100rpm in
the 2s. The rotor speed changes periodically at the time of 3s
and 4s. Fig. 11(a) shows the measured and estimated speed
under d-axis PI current regulator. The dashed line represents
the measured speed, and the solid line represents the estimated
speed. The actual rotor speed reaches the command in about 0.3s.
It can be seen clearly that the estimated speed can quickly
track the measured speed. To further validate the superiority
of the proposed d-axis VSC current regulator, Fig. 11(b)
exhibits the experimental result under d-axis VSC current
regulator. Compared with Fig. 11(a), it has a faster
convergence speed, smaller steady state error and smaller
overshoot. The experimental results at speed variations + 50
and = 100 rpm during 10 seconds with rated load 20N are
shown in Fig. 12. As shown in Fig. 12(c) and (d), it has a
smaller steady state error as shown and a smaller overshoot
under d-axis VSC current regulator. The experimental results
show that MRAS observer has a good sensorless performance,
and the control accuracy is better at d-axis VSC current
regulator.

2) Sensorless control at variable speed with DTCV based
on SMO observer at 1.204Q2: Under this condition, the
reference speed is set to be the same as that of Scheme I and
the experimental results using SMO observer under d-axis
PI/VSC regulator are shown in Fig. 13(a)-(c). From Fig. 13(a),
the actual rotor speed ramps up from standstill to 100 r/min in
about 0.58s. Compared with the results of MRAS observer as
shown in Fig. 12(a), no overshoot occurs in Fig. 13(a). The
estimated speed also shows a faster convergence rate obtained
by d-axis VSC current regulator and a smaller measured error
as shown in Fig. 13(c). The tracking error is less than 0.1%
under d-axis VSC current regulator. The estimated and the
corresponding actual rotor position are given in Fig. 13(c),
where it can be seen that the measured error is relatively small.
The experimental results show that the sensorless control for
SPMSM is good in this scheme and the performance is better
at d-axis VSC current regulator.



3) Sensorless control at constant speed with DTCV
under resistance variation: In the practical application,
the stator resistance would increase when the
temperature is rising. Therefore, stator resistance
variation is considered as a disturbance and the speed
command is set to 1000rpm. The MRAS estimator is
employed for speed and resistance estimation using (15)-
(17). The experimental results using MRAS observer are
shown in Fig. 14(a)-(d). In Fig. 14(a), the dashed line
represents the measured resistance. Note that the
measured resistance means the change process of stator
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resistance which follows 1.204Q (100%) — 1.806Q (150%)
— 1.204Q (100%) — 0.8428Q (70%) — 1.204Q (100%). It
can be seen that the estimated resistance under MRAS
observer has a high accuracy. Fig. 14(c) exhibits the
corresponding speed response. It can be seen that the speed
undershoot and overshoot are smaller under d-axis VSC
current regulator. In Fig. 15(a), the change process of the
stator resistance (i.e. the measured resistance) follows 1.204Q
(100%) — 2.408Q (200%) — 1.806Q2 (150%) — 1.204Q
(100%) — 0.8428Q (70%). From Fig. 15(b), it can be found
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Fig. 11. Speed estimation using MRAS observer at 1.204 Q . (a) Under d-axis PI current regulator; (b) Under d-axis VSC current regulator; (c) Measured

error between d-axis PI/VSC method.
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that the measured error is less than 7.5% in the steady state.
The corresponding speed response is shown in Fig. 15(c).
These results show that the sensorless control performance
for PMSSM is good and robust in the MRAS observer at d-
axis VSC current regulator. Furthermore, the comparison
between online/no estimation of resistance is also carried
out and the experimental result is shown in Fig. 14(d). It is
obvious that the estimation accuracy of speed can be
improved if resistance is online estimated.

The SMO observer for speed and rotor position using
(27)-(32). The reference speed is set to 100rpm. The
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experiment is performed on d-axis PI/VSC current
regulator for further demonstrating the superiority of the
proposed d-axis VSC current regulator. The experimental
results using SMO observer are shown in Fig. 14(e)-(g). In
Fig. 14(e), the actual rotor speed reaches the command
within about 0.2s/0.15s under d-axis PI/VSC current
regulator. It is evident that the whole system has a good
robustness to resistance variation. The estimated speed
under the d-axis VSC current regulator has a shorter rise
time and smaller
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Fig. 14. Study on a big change of stator resistance(100%-150%-100%-150%-100%). (a) Estimated resistance using MRAS observer; (b) Measured error of
resistance; (c¢) The estimated speed using MRAS observer at 1000rpm; (d) Estimated speed with/without resistance estimation under resistance variation; (e)
The estimated speed using SMO observer at 100rpm; (f) Measured error of speed; (g) Estimated and actual rotor position using d-axis VSC regulator.

steady-state error compared to d-axis PI current regulator
as shown in Fig. 14(f). It can be seen that the steady-state
error is less than 0.3 % under the d-axis VSC current
regulator. Furthermore, rotor position estimation are given
In Fig. 14(g) and the measured error is also relative small.
Although the first-order low-pass filtering can cause phase
lag, the estimated rotor position is derived from back EMF
and is compensate properly. Therefore, the sensorless
control performance for SPMSM is good using SMO
observer and the performance is better at d-axis VSC
current regulator.

4) Sensorless control and resistance tracking at
constant speed considering DTCV based on MRAS
observer: Under this condition, the comparison of
sensorless control between DTCV and without DTCV is
shown in Fig. 16. Fig. 16(a) shows that the whole system
without DTCV not only exhibits lower efficiency but also
suffers usual speed overshoot and undershoot before
reaching steady-state speed. The measured error of speed
with DTCV is also smaller than that without DTCV.
Resistance tracking is shown in Fig. 16(b). It can be seen
that resistance can be more closely tracked with DTCV.



Simulation waveforms of Dd and Dq under i;=0 control
and speed command of 1000 rpm are shown in Fig. 16(c).

It can be seen that g-axis DTCV V" is a DC voltage with

pulsation. On the other hand, d-axis DTCV V,""is an AC

voltage.Finally, a detailed comparison table demonstrating
both the qualitative and quantitative superiority of the
proposed method over d-axis PI current regulator
ispresented in Table IV.

V. CONCLUSION

An effective d-axis VSC current regulator for sensorless
SPMSM drive considering VSI nonlinearity scheme is
proposed for the first time in this paper. The proposed
regulator can reduce or avoid the overshoot of rotor speed

estimation and improve the performance of sensorless
control. We investigated the performance of the sensorless
control of the MRAS/SMO observers under the d-axis
PI/VSC current regulator, respectively. Sensorless control
and resistance tracking at variable speed with/without
DTCYV are also studied. The experimental results show that
the proposed VSC current regulator has the following
properties:

1) The MRAS observer has good sensorless control
performance at low, medium or high speed and robust to
resistance variation. MRAS observer can also track the
resistance very quickly and the measured error is smaller
under d-axis VSC current regulator.

2) The SMO observer has a faster convergence but the

Table IV A detailed comparison between d-axis PI and d-axis VSC regulator.

Control Strategy
D-axis control method D-axis PI current regulator D-axis VSC current regulator
Evaluation index Rise time | Overshoot | Undershoot| Error | Rise time | Overshoot |Undershoot|  Error
Unit
Disturbance Operating mode Second(s) | Percent(%) | Percent(%) |Percent(%)|Second(s) | Percent(%) | Percent(%) | Percent(%)
. 50rpm~50rpm(MRAS) 0.76 0 0 0.07 0.54 0 0 0.01
Rcs‘iti“f‘;é{fg;mged 100rpm~100rpm(MRAS)|  0.65 12.8 0.13 0.08 0.23 0.05 0 0.01
At 100rpm~50rpm(SMO) 0.62 13.2 10.1 0.05 0.58 7.62 421 0.01
Resistance Variation 100rpm(SMO) 0.61 28.5 24.1 0.26 0.37 27.4 23.7 0.01
(100%-150%-100%-150%-100%) 1000rpm(MRAS) 0.65 0.21 6.21 0.04 0.27 0 5.03 0.02
Resistance Variation 100rpm(SMO) 0.54 11.7 1.02 0.26 0.48 114 0.71 0.01
(100%-200%-150%-100%-70%) 1000rpm(MRAS) 0.56 6.95 3.82 0.21 0.31 6.51 0.61 0.04
VSI nonlinearity Without DTCV strategy With DTCV strategy
Resistance Variation
(100%-150%-100%-150%-100%) 1000rpm(MRAS) 0.41 6.72 8.08 2.05 0.22 0 721 0.02
Parameter estimation Without resistance estimation With resistance estimation
Resistance Variation
(100%-150%-100%-150%-100%) 0.24 8.75 8.08 1.52 0.24 8.11 722 0.02
Resistance Variation 1000rpm(MRAS)
(100%-200%-150%-100%-70%) 0.24 8.65 16.7 1.24 0.24 8.45 15.6 0.02
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steady-state error is larger than MRAS and the stator
resistance can not be identified. Therefore, its overshoot
and undershoot can be large compared to MRAS when
resistance varies. In addition, better sensorless control
performance can be obtained under d-axis VSC current
controller.

3) The dynamic performance such as estimation accuracy
of sensorless control and resistance tracking cab be
improved if DTCV strategy is adopted.
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