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Abstract: Aiming at resolving the limitation of the speed regulation range of sensorless control technology, a new composite

sensorless control strategy is proposed to realize a control method for a permanent magnet synchronous motor (PMSM) in full speed

range. In the medium- and high-speed range, the improved new sliding mode observer method is used to estimate the motor speed and

rotor position information. In the zero and low speed range, in order to avoid the defects of the sliding mode method, the rotating

high-frequency voltage signal injection method is used. When switching between low, medium, and high speed, the fuzzy control

algorithm is adopted to achieve smooth transitions. The simulation experiment results show that the hybrid mode combining the

sliding mode observer and rotating high-frequency voltage injection methods, can effectively reduce the jitter in the algorithm

switching process, and realize the smooth control of a PMSM in full speed range.
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1 Introduction

Permanent magnet synchronous motor (PMSM) is
widely used in the small and medium power ranges
because of its excellent attributes such as high
reliability, small size, high efficiency, and energy
saving characteristics. However, there are few studies
on the full speed range of the motor. At present,
full-speed sensorless control methods can be roughly
divided into two categories: the first class of methods
uses a combination of open-loop startup and back-
EMF (Electromotive force) observation, and the
second class of methods uses a combination of
back-EMF

observation. The former uses constant current

high-frequency injection and

frequency conversion or constant voltage

frequency conversion, drags the motor open loop to
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a certain speed, and switches to a closed loop control,
based on back-EMF observation ', The methods in
this group are simple to control, but the low-speed
dynamic performance is not high. Devices that have
high requirements for low-speed dynamic performance,
adopt the second class of methods to achieve
sensorless control over the full speed range 2
Accurate detection of the motor speed and rotor
position information in the low-speed range, realized
by the characteristics of the rotor salient pole, does not
rely on the fundamental wave equation. The method of
applying an externally excited high-frequency voltage
signal to the stator winding of the motor is adopted;
the high frequency response current generated by the
voltage signal, can be processed to extract the required
detection signal Bl The medium- to high-speed range
usually uses the position estimation algorithm for
back-EMF observation ™. Commonly used methods
include extended Kalman filtering, model reference
adaptation, and the sliding mode observer Bl The rational

design of the observer can meet the requirements of speed
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regulation and loading performance in the medium- and
high-speed ranges. Compared with other methods, the
sliding mode observer method is robust and
computationally simple and hence, widely used At the
same time, in order to achieve sensorless control in the
full speed range, it is necessary to develop a strategy to
attain smooth switching between the high-speed injection
method used during low and medium speed operation and
the sliding mode observer method using during high
speed operation.

Most of the high-speed and low-speed switching
methods use a weighted average and a hysteresis
smooth switching strategy 781 The weighted average
method is relatively simple; however, when the given
speed happens to be in the transition interval, it may
cause frequent switching between the two methods,
which will cause the speed fluctuation to be large
and unstable; the latter method is more complicated
and difficult to achieve in practical applications.
Therefore, it is key to a reliable operation to realize a
smooth switching strategy for full speed sensorless

control.

2 Mathematical model of PMSM

Regardless of the phenomenon of motor saturation Bl

the voltage equation of PMSM in rotating coordinates
is expressed as follows

u, R+Lp -olL, |i 0
= P +a)el///' (1)
u, w,L, R +Lpli, 11

where uq, uq, ia, i; are the voltage and current in the
d-q (two-phase rotor rotation axis) system, R; is the
stator resistance, P is the differential operator, Ly, L,
are the stator inductance, o, is the rotor electrical

angular velocity, and ¥, is the permanent magnet

flux linkage.
The d-q axis of electromagnetic torque is
established as follows
3 . . .
T‘e :_pnlq (l//dlq _l//qld) (2)

2

where v, , v, are the equivalent values of the

permanent magnet flux linkage under the shaft system,

and p, isthe motor pole pairs.
The switch to the static coordinate system is

expressed as follows

ua i{l d l//a
Mﬁ lﬂ dt l//’g
where

Vol |L- ALcos(20)  ALsin(26) d|i, cosé
L/J ) { ALsinQ20) L+ ALcos(Zé?)} ' E[ij Y Lin 9}
(4)
and where AL = (Ld —Lq)/Z . L= (Ld +Lq)/2 are

the d-g axis inductance mean, and difference,

respectively.

3 Sensorless compound control strategy

3.1 Medium- and high-speed control based on
improved sliding mode observer

The mathematical model of PMSM in the a-f

coordinate system is expressed as follows

4
t

; (5)
di——ﬁi —lKe +lu

dt L? L <7 L7’

where u, ,u,,i,,i;, e, e, are the voltage, current,
and back electromotive force on the a-f axes,
respectively, R is phase resistance, L 1is phase
inductance, and K, is the back-EMF coefficient.

The back-EMF model of PMSM in the a-f axes is

expressed as follows

e, _E —sind, 6
e, ~ 7| cosb, ©

where E,, =(Ld —Lq)(a)gid —iq)+ oy, .
From Eq. (6), the back-EMF contains motor speed
and rotor position information. The sliding mode

observer equation is expressed as follows

dfa R u, K . -
=——za+———szgn(za)

dr L L L )

%——ﬁf +u—ﬁ—£si n(?)

ar rrT

where i,,i, are the current observation, i, iy are
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the current observation error, and K is the sliding mode
coefficient.
The sliding mode variable structure with function

switching control is expressed as follows
u=u,, + Ksign (s(x)) =e+ Ksign(s (x)) (®)
When the system switches to the synovial state,
d —
s(x)=0 ,d—s(x)ZO. After a limited interval, i,=0,
t

- d— d— .
iy =0. Assume —i =0,—i,=0. The equation is
dr de”

expressed as follows
Upy = [Ksign (i )lq =e,

v [Ri0n(5)] =e "

The estimated values of rotor position and speed are

expressed as follows

A 1)
6& = > ea
S+ o,
(10)
A a)
Qﬂ =——¢,
S+ o,

In order to weaken the inherent chattering
phenomenon of the sliding mode observer 19 the §

function is now used to replace the switching function

as follows
! _1
s 1 _ (7 _-\] 2
|:]“aj|= F(z:l za) _ +exp| n(za za)_ an
Lol | 1(iy-iy 1 !
1+exp_—n(fﬁ—iﬂ)_ 2

where I, I'; are the components of the S function

on the a-f axes. The S function curve is shown in
Fig. 1.

Fig. 1 S function curve

During the actual operation of PMSM, the flux

linkage will change under the influence of various

factors, such as load and ambient temperature,
which affects the estimation accuracy of the rotor
position M In this paper, a phase-locked loop is
designed, and the feedback of the S function is
introduced into the observer. The block diagram of
the improved sliding mode observer is shown in
Fig. 2.
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Fig. 2 Schematic diagram of improved sliding mode observer

From Eq. (7)

ég = —arctan [f—“} (12)

e
8
The motor speed information can be obtained by Eq.

(13)

dé
5y = e (13)
e dr

The low-pass filter present in the device will
inevitably cause a phase delay and result in certain
error when calculating the speed of the PMSM, which
affects the stability of the system. To compensate for
the phase delay, a phase-locked loop (PLL) is
embedded in the speed position calculation section to
make the PMSM operation more stable. The block
diagram of the PLL is shown in Fig. 3.

Fig. 3 Block diagram of PLL structure

where K, K, are PLL ratio and integral coefficients.

N:— éaz —‘réﬂz (14)
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H=-, cosée —e, sinée (15)

Substituting Eq. (6) into Eq. (15)

u=-E_ sin(ée —0(,) (16)
i, :%zsm(ég—@) (17)

When the estimated rotor position of the PMSM
and the actual rotor position are infinitely close,

then that is the position error and is expressed as

follows
ﬂn ~ AL’ _0(.’ (18)
The back-EMF error is
_ m11 _
e, =-w,e;, ———e,
kL,

(19)

e, =—w.e —ﬂié

B e a k B

where m, k are the gain of the sliding mode observer.
By solving the differential equation of Eq. (19) and
using Laplace transformation, the eigenvalues are
obtained as follows
-m/ktjL,w,
S, =———""""
1.2 L, (20)
The two characteristic roots of the equation are

complex and conjugate. Therefore, the system

converges.

3.2 Low-speed control based on high-frequency
voltage injection method

When a high-frequency signal is injected, its
frequency is much higher than the inherent frequency
of the motor, and the influence of the voltage drop on
the stator resistance of the PMSM, and the induced
electromotive force, can be ignored. The stator voltage

equation is expressed as follows

u, | | P 0y,
{”ﬂ}~{0 P}{Wﬁ} 2D

After injecting a high-frequency sinusoidal voltage
signal, the voltage equation generated in the o-f

coordinate system can be expressed as

|:uai:| -U l:COS(wit):l =U, exp(jw[f) (22)

Ug sin (1)

i

where U; is the amplitude of the injected
high-frequency signal, ,is the angular frequency of
the high-frequency signal, and o,=w, .

The high-frequency response current equation is

expressed as follows

diai
dr | |L+ALcos(20)  ALsin(26) u,
diy, | | ALsin(20) L-ALcos(20)]| |uy
dr

(23)

Integrating and simplifying using Eq. (22)

{im}: U, { Lsin(wt)+ALsin(20 - ot ) }

o, (L2 - ALz) —Lcos(wt)—ALcos(20 - w)
(24)

The negative phase sequence, owing to the
high-frequency current response, contains rotor
position information. It is necessary to use a
band-pass filter to filter out signals other than the
injected high-frequency signals, and then filter the
positive-phase sequence component to the opposite
of the negative phase sequence component in the
carrier current through a synchronous axis high-pass
filter (SFF). The high-frequency current vector is
transformed through a series of coordinates of the SFF.
At this

high-frequency current vector becomes DC, and the

point, the positive-phase  sequence
positive sequence component in the high-frequency
current signal can be filtered by a general high-
pass filter.

Multiplying Eq. (24) by the conversion factor at the

same time

i =1 exp{j(%’ —2mt + gﬂ exp(ja)l.t) =1, exp{j(%’ — ot + gﬂ (25)

The error signal of rotor information obtained by the

heterodyne method is expressed as follows
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e=i cos(Zé— a),.t) +iy, cos(20-mt)=

~ Yain

I, sin(2é - 20) (26)
where € is the loop filter PI regulator input,
AO =6 — 6. when 29<%,sin2A€z2A6’.

e=~2I, A0 (27)

The heterodyne method can be used to obtain a
tracking error signal proportional to the phase error
As long as the tracking error signal is adjusted to
approach zero, the rotor position estimation angle is

guaranteed to be close to the actual value.
3.3 Sensorless control under compound strategy

In view of the limitations of the current low and
medium to high-speed switching control algorithms, a
single-point fuzzy control method 3] g proposed to
realize the smooth switching of the PMSM from low
speed to medium and high speed.

3.3.1 Traditional compound control strategy

At present, the most commonly used traditional
compound algorithm is the

weighted average

algorithm. The principle diagram of weighted

switching is shown in Fig. 4.

0 n ny n

Fig. 4 Schematic diagram of weighted switching

When the estimated speed of the PMSM is greater
than the upper limit speed ny, the sliding mode
observer method is used. When the estimated speed of
the motor is less than the lower limit speed n;, the
rotating high-frequency voltage injection method is

expressed as follows

0 n<n
n,—n

u=<-2 n<n<n, (28)
nZ nl

[12]

where u is the weighting factor, and # is the estimated
rotational speed of the system composite observer.
The system block diagram of this weighted

switching is shown in Fig. 5.

o
Weighting
factor u
i l Rotary high
Estimated
X N L2
speed = frequency injection
Estimated
position

Fig. 5 Block diagram of fuzzy control strategy

The input of the weight coefficient adjustment rule
is the speed error ¢ and the error rate of change &. The
total output of the control system can be expressed as

follows
n=un, + (1 — u)nm (29)
0=ub, +(1—u)9m (30)

where 7, is the rotational high-frequency voltage

injection method to estimate the speed, n,,, is the

sliding mode observer to estimate the speed, 0 is
the rotating high-frequency voltage injection

method to estimate the angle, and 6, is the

estimated angle of the sliding mode observer,

My | Oy .

3.3.2  Weight coefficient fuzzy control

The idea of the fuzzy weighting coefficient 4151 g

that at different stages of the adjustment process, the
weighting coefficient u is adjusted according to the
change of the input error ¢, and the PMSM is smoothly
switched from low speed to medium and high speed.
The various aspects that are involved in weight
coefficient fuzzy control include the following. The
fuzzification process performs functions or table
look-up calculations. This paper adopts the function
calculation method, which not only makes the
calculation uncomplicated, but also simplifies the
process of compiling the table. Suppose that the input
error is ¢ and the error change rate is &, then its
membership functions are as shown in Fig. 6,

respectively.
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Fig. 6 Input membership function

Now the weight domain u of the system is set to
[0, 1], and the values are taken according to 11
levels: uy, ua, *** u11. Subsequently, its membership
function is represented by a single point as shown

in Fig. 7.

uj Ui

0F=T=T-T-T-T-T-T-T-T-T—

0.5

0 0.2 0.4 0.6 0.8 1.0
Fig. 7 Weight coefficient # membership function

(2) Input quantity synthesis algorithm. This is
applied to find the membership value of the
antecedent of each rule. Commonly used methods
are OR, AND, and algebraic equations. In this paper,
the AND method

membership value of the antecedent of each rule

is selected. Therefore, the

can be expressed as
a;zmin{u(e),u(ec)} (31)

(3) Inference rules. The adjustment of the
weighting coefficient should follow this rule: in the
initial stage of the switching interval, the estimated
error ¢ is very large, and PB (positive big) and &
are very small, and the value of u is almost 0. At
this time, the main role of the rotating
high-frequency voltage injection method is: as the
speed increases, ¢ is ZO (zero), but & is NB
(negative big) or PM (positive middle), indicating
that the system is in the middle of an adjustment
period, and the weight coefficient is adjusted
appropriately; when ¢ and g are gradually reduced,
in order to avoid impact on the dynamic
performance of the system, u# should be gradually

increased; in the late adjustment period, the output

approaches the target, and u should continue to
increase; when both ¢ and & are zero, u = 1 is the
largest, and the speed and rotor position
information sensors are sliding mode observers,
thus achieving motor speed, and the position is
switched between the rotating high-frequency
injection method and the sliding mode observer.
Applying the aforementioned principles and the
values of the corresponding periods ¢ and & in Fig. 10,
49 control rules for the weight coefficient u# can be

obtained, as shown in Tab. 1.

Tab.1 Control rules for weight coefficients

C
E NB NM NS zZ0 PS PB PM
Weights u
NB u
NM Uy Us Ug
NS
Uy us Ue
Z0
Uz Uy Uio us
PS
. Uy ug uz
PM “ Ug Ug Uy
PB u; Uy

According to these rules, the weight coefficient u
look-up table can be obtained through an offline fuzzy
operation. When the system is running, the controller
has a quantized value of ¢ (k) and g.(k).

(4) Deblurring 3] This article uses the center of

gravity method as the final output of fuzzy reasoning.

. IU,u(U)du
J-,u(U)du

333 Simulation analysis of full-speed range compound

(32)

sensorless control method
Generally, the best switching point is at 10%-20%
of the rated speed of the motor. In this study, the
speed switching range is set at 150-300 r/min,
which is simulated under Matlab/Simulink, as
shown in Fig. 8.

The relevant parameters of PMSM used in the

simulation are shown in Tab. 2.
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Fig. 8 Simulation diagram of full range sensorless control based on fuzzy control

Tab.2 Parameters of PMSM

Parameter Value
Rated power/kW 1.4
Stator resistance/Q 0.8
Rated speed/(r/min) 1500
d-axis inductance/H 0.008
g-axis inductance/H 0.021
Rotor flux linkage/Wb 0.175
Inertia/(kg-m?) 0.000 46
Number of pole-pairs 2

(1) When the motor runs from low speed to medium
and high speed, we can set the speed switching
interval to [150, 300], and observe the simulation
results of the traditional weighted switching control
system.

According to Fig. 9a, when the motor has just
started, it runs at 50 r/min with no load at first, and
adds half a load after 0.3 s. After 0.6 s, it starts to enter
the traditional weighting mode. At 1.4 s, the motor is
fully loaded and then it stabilizes. However, from the
enlarged switching range in Fig. 9b, when 4 N *m load
is added at the beginning of switching from low speed
to medium and high speed, there is a jump in speed,
and when switching to sliding mode control, the
overshoot is about 50 r/min. It can be seen from Fig.
9c that, after entering the speed switching interval,

there is a certain error in the rotor position.

Y,
g

3| ---Estimated speed
£ 1000r—True speed —~
Q._‘- 800+
=
g GO0
2 400+
2 200
= L
=

0 02 04 06 08 10 12 14 16 1.8 20

Time/s
(a) Full range speed response curve of traditional
weighted switching control

. 400
= True speed
E - -Estimated speed
= 300 '
=
= 200
L
2
o
§ 100
=3

0 02 04 06 08 10 12 14 16 18 20

Time/s

(b) Speed response curve of traditional weighted switching interval

8 —True position
---Estimated position

Rotor position/rad
=

10 12 18 20

Time/s

0 02 04 06 08
(c) Rotor position response curve of traditional weighted switching control
Fig. 9 The full range sensorless control waveform under the

traditional weighting algorithm

(2) Under the same working conditions as the traditional
algorithm, use of fuzzy control based on the speed and rotor

position waveform in the switching interval.
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According to Fig. 10a, the actual and estimated speeds
are smooth and the response speed is fast. From the
enlargement of the switching interval in Fig. 10b, when
the same load as in the traditional algorithm is added to
the fuzzy control algorithm, and is switched, the motor
speed is smoother, and no large oscillation occurs,
compared with the traditional switching algorithm,. It can
be seen from Fig. 10c that this method can smoothly enter
the rotation speed switching interval, and has good
tracking dynamic performance.

---Estimated speed
—True speed

Motor speed N,/(r/min)
2
(=]

1 1 1 1 1
0 02 04 06 08 10 12 14 16 18 2.0

Time/s

(a) Full range speed response curve based on fuzzy control

4000
= — True speed
= - - Estimated speed
£ 300-
;- |
B 200
2
w
=
g 100]

1 1 '} J

0 02 04 06 08 10 12 14 16 18 20
Time/s

(b) Speed response curve of switching interval based on fuzzy control

8 —True position
---Estimated position

Rotor position/rad
E=

L

L J

L L L L 1
0 02 04 06 08 10 12 14 16 1.8 20

Time/s
{c) Full range rotor position response curve based on fuzzy control

Fig. 10 Full range sensorless control waveform based

on fuzzy control

(3) Error waveform comparison in the switching
interval between the traditional weighted switching
and fuzzy control when the motor is running in the full
speed range, based on the speed and rotor position.

According to Figs. 11a and 11b, when entering the
switching interval at 0.6 s, it can be seen that the error
of the traditional weighted switching speed increases
significantly, up to about 55 r/min. Through fuzzy
control, it can be seen that the speed and speed errors
of the two
significantly smaller.

algorithms during switching, are

60
= 40F
£ i |
< i
3 oy-—m—l,w———hMmu_IW
5 -20f | !
5 L
= =40 |
2 -60F
w _80 1 1 1 1 1 1 L L L J
0 02 04 06 08 10 1.2 14 16 18 2.0
Time/s
(a) Full range speed error curve based on traditional
weighted switching control
60
£ 40F
£
= 20-
% 0:/_.___‘_‘:_"_ ||Ir T~ 'Il’
£ -20f ' i
= 40t
2
& -60F
_80 1 1 1 1 1 1 L L L J
0 02 04 06 08 10 1.2 14 16 1.8 2.0
Time/s
(b) Full range speed error curve based on fuzzy control
Fig. 11 Comparison of the speed waveforms of the

two control algorithms in the switching interval

According to Fig. 12a and 12b, when entering the
switching interval at 0.6 s, it can be seen that the error of
the traditional weighted switching rotor is significantly
increased. Through fuzzy control, it can be seen that the
two algorithms can effectively and accurately detect the
rotor position during the switching process.

- 10T

£

< 0.5[

2 |

o

g 0 I

2

2 05 |

8 LT LI

=]

2 1.0 | | 1 1 1 1 | 1 1 )
-(’0 02 04 06 08 10 1.2 14 16 18 2.0

Time/s

(a) Full range rotor position error curve based on
traditional weighted switching control

T

1 1 1
0 02 04 06
Time/s

Rotor position error 6/rad

(b) Full range rotor position error curve based on fuzzy control

Fig. 12 Comparison of the rotor position waveforms of the

two control algorithms in the switching interval

4 Experimental results and analysis

The experimental platform, which employs two
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permanent magnet synchronous motors, a PMSM as the
load, and a digital signal processor (DSP-TMS320F28335)
controller, is shown in Fig. 13. The parameters of PMSM

are given in the simulation.

Fig. 13 Experimental platform

(1) When the motor runs from low speed to medium
and high speed, we set the speed switching interval to
[150, 300]. The experimental results are shown in Fig. 14.
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(a) Full range speed response curve of traditional
weighted switching control
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(c) Rotor position response curve of traditional weighted switching
control

Fig. 14 The full range sensorless control waveform under the
traditional weighting algorithm

According to the experimental verification, the
traditional weighted switching method has a large
overshoot under the load.

(2) Under the same working conditions as the
traditional algorithm, fuzzy control is carried out in the
switching interval according to the waveform of speed
and rotor position. The experimental results are shown
in Fig. 15.

Compared with the simulation, when the motor
speed rises to 1 000 r/min, the reaction time is shorter

and the system sensitivity is higher; therefore,
overshoot occurs.
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(a) Full range speed response curve based on fuzzy control
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(¢) Full range rotor position response based on fuzzy control

Fig. 15 Full range sensorless control based on fuzzy control

According to the experimental verification, the
fuzzy control algorithm has a smooth transition
between the speed and the rotor position in the
switching interval. It is verified that the method
presents good tracking dynamic performance.

(3) When the motor runs in the full speed range, the
traditional speed and rotor position error waveforms,
based on weighted switching and fuzzy control, are
compared in the switching interval. The experimental

results are shown in Fig. 16.
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Fig. 16 Comparison of the speed waveforms of the two

control algorithms in the switching interval

The experimental results are shown in Fig. 17. The
error of traditional weighted switch speed and rotor
has obviously increased. Through fuzzy control, it can
be seen that the two algorithms can effectively and
accurately detect the speed and rotor position in the

switching process.
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Fig. 17 Comparison of the rotor position waveforms of the

two control algorithms in the switching interval

5 Conclusions

In this paper, the overall scheme design and control

strategy of the PMSM sensorless control system, are
studied, and the control method of motor running in
the full-speed range, is analyzed in detail. The
simulation results and experiments show that the
high-frequency signal injection method in the
low-speed range, and the sliding mode observer
method in the medium and high speed range, can
accurately estimate the rotor position and speed, and
the tracking speed is fast. In the estimation process,
the robustness improves. At the same time, using fuzzy
control in the low-speed to medium and high-speed
range, can make the PMSM switch smoothly, which

has a certain application value.
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