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X ABSTRACT
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Dr. Xinhua Yan Permanent magnet synchronous motor is the most commonly applied
Nobot Intelligent motor for industrial robots. In this paper, the structure and working
Equipment (Shandong) Co., | principle of permanent magnet synchronous motor are analyzed, and
Ltd., Liaocheng, China the mathematical model of permanent magnet synchronous motor in
252000.

different coordinate system is introduced based on coordinate

transformation. On this basis, the working principle of space voltage loss control algorithm
for three-phase voltage source inverter is introduced, and the model of permanent magnet
synchronous motor vector control system is set up. To realize the speed sensorless control of
permanent magnet synchronous motor, the model reference adaptive algorithm is used to
estimate the rotor speed and position, and the adaptive law is designed according to the
theory of wave's super stability. Since the slow convergence rate of the traditional model
referencing adaptive algorithm, the synovial state observer as an adjustable model is designed
in this paper, and the corrective feedback closed-loop link is added in the state equation,
which greatly improved the speed of the speed identification and realized the effective
estimation of the position and speed of the motor. Finally, the hardware in loop simulation of
the motor vector control is established by using MATLAB/Simulink. The simulation results
show that the sliding mode variable structure MRAS speed observer proposed in this paper

has good dynamic performance.

KEYWORDS: Permanent magnet synchronous motor; Vector control; MRAS sliding-mode;

Dynamic speed estimator.
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1. INTRODUCTION

With the rapid development of electronic power technology and microelectronics, permanent
magnet synchronous motor has been widely used in different fields, such as agriculture,
automobile industry, electric power industry and so on.? Compared with the traditional
electromotor, Permanent magnet synchronous motor (PMSM) has the advantages of less loss,
high efficiency and obvious power saving effect. Permanent magnet synchronous motor uses
permanent magnets to provide excitation, simplifies the structure of the motor, reduces the
cost of processing and assembly, and improves the reliability and efficiency of the motor
operation. Therefore, permanent magnet synchronous moto has been widely used. Because
the use of speed sensors will lead to increased cost, difficulty in installation, and low
reliability, researchers have studied how to avoid using speed sensors in applications. They
propose many control strategies for permanent magnet synchronous motor speed sensorless
vector control system. The reference model based on the stator flux vector and the MRAS
method of adjustable model are proposed in document.?® The stator flux is calculated with
voltage model and current model respectively. The adaptive algorithm is used to adjust the
stator flux of the two models, and then the motor speed is measured. The disadvantage of this
method is that the calculation is complex and the accuracy of the observer depends on the
accuracy of the motor parameters, especially in the voltage model. The stator resistance
varies with the temperature rise of the motor and has a great influence on the calculation
results of the stator flux. In document,’®” a model reference adaptive method based on stator
current is given. This method is simple and has good performance in middle and high speed.
But the error of low speed running is large and the load is poor at less than 5% rated speed. It
is only suitable for some situations where low speed operation is not high. In document,®! the
high frequency injection method of using the motor salient effect is used. This method needs
to increase the extra bandpass filter, and the effect is obvious in the middle and low speed
domain. But as the speed increases, the frequency of the high frequency injection current and
the basic frequency current is getting closer and closer, and the resolution of the filter
decreases and the estimation effect becomes worse. In order to obtain a better control
algorithm, some researchers used the method of estimating the rotor position, including the
back EMF integral method,% the model reference adaptive,™ the extended Kalman filter
method,™? the sliding mode variable structure observer™ ! and so on. The inverse electric
integral method is easily affected by the change of motor parameters, and there is a constant
drift of the stator flux integral. The model referencing adaptive method is simple, but

sensitive to the change of the parameters; the extended Kalman filter method has large real-
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time computation, high dependence on the control chip, and the dynamic response is not
ideal. The sliding mode observer has the characteristics of fast response, insensitivity to
system internal parameter changes and external disturbances, and is simple and easy to
implement. However, this kind of sensorless detection method based on the back electric or
state observer is only suitable for high speed. At low speed, the position estimation precision
is reduced due to the inability to obtain enough phase voltage or back EMF. Therefore, in the
start-up stage of motor, a different position sensorless control strategy is needed.

In this paper, the model referencing adaptive principle is used to select the output of half back
EMF for the same physical meaning, and the speed and position signals are extracted by
adaptive control law. Under the above guidance, an adaptive variable structure sliding mode
observer for extended state of permanent magnet synchronous motor is proposed. The
extended state adaptive sliding mode observer is constructed with stator current and half
reverse potential. The adaptive speed adaptive law is proposed by using the equivalent semi
reverse EMF and the estimated semi reverse EMF model reference self-adaptive system. The
output of the adjustable model is close to the output of the reference model, thus the speed
signal and the half reverse EMF estimation signal of the permanent magnet synchronous
motor are extracted, and the system buffeting is weakened when the traditional sliding mode
observer is calculated to get the position and speed signal. According to Lyapunov's
improved pulse vibration high frequency injection method, it is based on the traditional pulse
vibration high frequency injection method. It simplifies the dynamic performance of the
motor at the low speed section and makes it easy to do in the process of current signal
processing. The model referencing adaptive law varies with the difference between the
reference model and the adjustable model. The rotor speed and position estimation can be
obtained by the adaptive law. Finally, the stability of the control method is proved under the
Popov super stability theory. Finally, a motor model based on variable structure sliding mode
observer and model referencing adaptive motor model is built, and the simulation analysis is

carried out.

2. Mathematical model of permanent magnet synchronous motor

2.1 Coordinate transformation of space vector

The coordinate transformation of space vector is an important mathematical method to
simplify the complex model of permanent magnet synchronous motor, and is the foundation

of vector control for permanent magnet synchronous motor. The coordinate transformation of
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space vector mainly refers to the ABC transformation between three stationary coordinate
systems, aff two stationary coordinate systems and d-q two rotating coordinate systems. The

motor stator currents in these three coordinate systems are shown in Figure 1.

Figure 1: Stator current diagram in three coordinate systems.

It is shown that in the ABC three stationary coordinates, the ABC three axis angle difference

is 120 degrees, the stator three-phasei,, i,andi_current is equal in size, which is located on the

a, b, and c three axes respectively. The current vector is i, and the rotational speed of the
rotating magnetic field is . In the af two phase stationary coordinate system, the positive
direction of « axis coincides with the positive direction of an axis. The a axis lags behind the
S axis ninety electric angles in space, the current vector i and the a axis are positive angle of

¢, and the current component on the « and the £ axis is i, and i, respectively. In the d-q two

phase rotating coordinate system, the direction of d axis is consistent with the direction of the
rotor flux, lagging behind the electric angle of the g axis at 90 degrees in space, and the
whole coordinate system rotates in space at the synchronous speed «,, the angle of the
current vector i and the d axis is 8, and the components decomposed to the d-q axis are i, and
i, respectively. In order to realize the transformation between the three coordinate systems,
two coordinate transformation methods are needed, namely, the Clark transformation
between the three-phase stationary coordinate system and the two-phase stationary coordinate
system, and the Park transformation between the two-phase stationary coordinate system and
the two-phase synchronous rotating coordinate system. Clark transformation can be

introduced from Figure 1.

WwWw.wjert.org 302



http://www.wjert.org/

Xinhua et al.

World Journal of Engineering Research and Technology

I, =1, —i,sin30°—i, sin 30°
i,=0+1i, cos30°—i, cos30°

Form the form of a matrix

1 g el

Clark inverse transform

10
i, :
{ib} 2l 05 [ [:}
i, 3 2 L'

05 |2

1)

(2)

(3)

From Figure 1, the Park transformation is introduced

{id =i, c0s 6 +i,sin @
ly=—1,5IN0+1,c0s6

(4)

The form of a matrix is the form of a matrix
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ly | |sing cosé | s
Park inverse transform array
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s | |sin@ cosé ||

(5)

(6)

2.2 The mathematical model of permanent magnet synchronous motor

The mathematical model of permanent magnet synchronous motor is composed of stator

voltage equation, flux linkage equation, torque equation and mechanical motion equation.

Because permanent magnet synchronous motor is a nonlinear complex system, it is difficult

to establish a precise mathematical model.*® Therefore, to simplify the model analysis

process, we often neglect some parameters with less influence. Therefore, the following

assumptions are made before establishing the mathematical model of PMSM.

[16]

(1) The stator armature winding produces sinusoidal induction electromotive force, and the

air gap magnetic field of the rotor permanent magnet is also distributed in the air gap

space with sine wave;
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(2) The eddy current and hysteresis losses of stator and rotor cores are negligible;
(3) The saturation of the stator core is negligible and the inductance parameters remain
unchanged. And it is considered that the magnetic path is linear ;

(4) Neglecting the damped windings of the rotor.

The voltage equation and flux linkage equation of motor stator winding are not constant
coefficient equations, but strong coupling time-varying equations. After decoupling the
motor, the voltage equation and flux linkage equation of the stator winding of the motor are
converted to solving the easier constant coefficient equation. The expression of the voltage
equation after its transformation:

Uy =R, iy + Ly - piy —@, - Lai,
u, =R i, + L, - piy —@, - La-i, + @, -y, (")

The u,andu, denote the stator voltage in the d-q coordinate system in the equation; i, and
i, represent the stator current in the d-q coordinate system; L represents the equivalent
number of inductance in the d-q coordinate system;R, represents the stator
resistance; o, represents the angular velocity of the motor rotor; the stator flux ,_ of the motor
is composed of the full flux linkage v, ,w,and . in the static three phase ABC shaft system;

The rotor chainy , consists of v, v, , andy . . Its motor flux linkage equation:

v, =Lslsty ®)

For permanent magnet synchronous motor , the d axis of d-q two phase synchronous rotating
coordinate system coincides with the axis of rotor pole, and the q axis converse clockwise
forward d axis 90 electric angle, the angle of the axis of d axis and the stator winding of A

phase of motor is ¢,, and rotate with the angular velocity «, of the rotor in space. ABC three

phase stationary coordinate system and d-q two-phase synchronous rotating coordinate

system is shown in Figure 2.
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Figure 2: Three phase stationary coordinate system and two phase synchronous rotating
coordinate system.

The flux linkage equation of PMSM in ABC three-phase stationary coordinate system is

decomposed into the flux linkage equation in d-q coordinate system.

v =Ly ’_id Ty
v, =L, i (9)

wherey, is the flux linkage between rotor permanent magnet and stator winding; L,and L, are
direct reactance and cross axis reactance;i,,i,andi are three-phase stator currents of
permanent magnet synchronous motor;y,,y, andy are three-phase stator flux linkage of

permanent magnet synchronous motor.

Electromagnetic torque equation of motor

3 : :
Te:Enp'(l//d'lq-l//q'ld) (10)

Combination Eq. 4 and Eq. 6

3 .
Te = Enp[l:l//f[iq +(Ld — Lq)):|'|q'|d ) (11)

The equilibrium expression of the mechanical motion balance equation for three phase

permanent magnet synchronous motor is as follow

2
J-ddzet“+D-dir+K-0r:Te—TL (12)
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where ¢ is the mechanical angle; the T.is the load torque; the J is the moment of inertia; the D

is the friction and the wind resistance torque coefficient which is proportional to the speed,

and the K is the torsion elastic torque coefficient.

In general, K can be approximately equal to zero, Load torque T. can be incorporated into the
frictional resistance moment, Thus, the dynamic equation of calculation is simpler, that is

J do,
n_dt

p

=Te—TL (13)

3. The principle and Realization of vector control

For the three-phase permanent magnet synchronous motor, the voltage, current, magnetic
potential and magnetic chain of the fixed rotor are rotated at the synchronous speed in space,
and their components on the three-phase stationary coordinate axis are all inflow, and it is
inconvenient to calculate, adjust and control them directly. And through vector control, the

stator three phase currenti,_,i andi _of the motor are transformed from three-phase stationary
coordinate system to DC currenti, and i, of two phase rotating coordinate system. In this way,

the exchange physical quantities are transformed into DC physical quantities. It can be seen
from Eq. 10 that the excitation and flux linkage of the permanent magnet is determined by the
permanent magnet itself, and the inductance of the motor stator is also the parameter of the

motor itself. In this way, the torque component i, and the excitation componenti, of the stator
current determine the torque of the motor; i, andi, are equivalent to the excitation current and
torque current in the DC motor. By controlling the two current ofi; andi,, the permanent

magnet synchronous motor can be controlled like the DC motor.

4
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ation Isp lon Isq motor T
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4

Figure 3: Bit vector control schematic diagram.
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In the Eq.9, if i,=0, the stator current vector i, only g axis component, no d axis component.

There is an electromagnetic torque equation.

3 . ..
Tezgnp.[z//f.lq +(L, —Lq))].lq.ld (14)

It can be seen from the formula that the alternating and direct axis currents in the torque
expressions are completely decoupled, and because of the permanent magnet rotor, , is a
constant value. Therefore, the electromagnetic torque is proportional to the q axis component
i, of the stator current and can achieve the same control effect as DC motor. At this point, the
torque to current ratio is the largest, and the minimum stator current can be used to generate
the required torque. Moreover, due to the decrease of stator current, copper consumption is
reduced and motor efficiency is improved. As shown in Figure 4, the block diagram of
vector control system using i,=0 control mode is presented. The whole control system mainly
includes permanent magnet synchronous motor, PI controller module, Park inverter module,
voltage space vector pulse width modulation module (SVPWM), three-phase full bridge

inverter circuit, stator current acquisition module, rotor position acquisition module, Clark

transform module, Park transform module, and flux observer module.

ol

o, i Jigs Ve v, >
—— > (O—— Pl —(—» PI - &3 > >
+ i + i SV » 3-Phase
o e Vas vy PWM > Inverter
@, Ids;_'_> > Pl >/ ap > i
i o
. Y . .
Ic|S d’ q P Ia o, ﬁ Ia
4 B iy is ||
apfB | ab,c
grel
Rotor ﬁ
Speed/Position PMSM
Feedback

Figure 4: Vector control diagram of permanent magnet synchronous motor.

The vector control system is divided into two negative feedback loops, the outer ring is the
speed loop, which ensures the actual speed of the motor to track the given speed steadily, and
the inner ring is the current loop, which ensures the fast and stable current of the motor to

track the given current.[78!
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The stator currenti,,i,andi under the three-phase stationary coordinate system collected by

the current sense sensor are transformed intoi, andi, in the o two phase stationary coordinate
system by Clark. Becausei, andi,are DC components, the permanent magnet synchronous
motor can be controlled by controlling these two currents. The difference betweeni, andi, are
the corresponding expected excitation currenti,"and torque currenti “are the input of the
current PI controller. The PI controller outputs the desired d axis control voltageu,and the

desired g axis control voltageu,, and then through inverse Park transform, the a axis

q 1

componentu,and £ axis componentu,of the stator voltage in the af biphasic stationary
coordinate system are obtained;u, andu,are modulated by SVPWM module and output six

PWM waves. It is used to control six switch tubes in the three-phase full bridge inverter
circuit, and output the three-phase AC voltage to the permanent magnet synchronous motor
and complete the inner loop current control. For the speed outer loop, as shown in Figure 4,

the desired torque currenti,’ required for the current inner loop control is given by the PI

speed controller in the speed outer loop control. The input speed of the PI speed controller is

the difference between the expected speed »,” and the mechanical speed », . The mechanical
speed , is calculated by collecting the rotor position information of the speed sensor. In the

block diagram above, the & parameters of the Park transform and the Park inverse transform

module are obtained by integrating the actual speed of the flux observer module.

4. Speed sensorless technology

In the modern AC speed regulation system, in order to get high performance speed control,

speed closed-loop control is adopted, and speed sensors must be installed on the motor shatft.

But in practical systems, the installation of speed sensors is often limited. The main problems

are the following problems.

(1) The installation of speed sensor reduces the robustness and simplicity of the system.

(2) High precision speed sensors generally cost more and increase system costs.

(3) In some harsh conditions, such as high temperature, humidity, etc., the installation of
speed sensors will reduce the reliability of the system.

(4) There are some difficulties in the installation of speed sensors. If they are not installed

properly, they will become a fault source of the system.

WwWw.wjert.org 308



http://www.wjert.org/

Xinhua et al. World Journal of Engineering Research and Technology

In order to avoid these problems, people turn to study speed identification methods without
speed sensors. In recent years, this research has become a hot issue in AC drive. Foreign
studies began in 1970s. For the first time, the application of speed sensorless to vector control
was completed in 1983 by R. Joetten, which made the development of AC drive technology a
new step. In the following ten years, scholars at home and abroad have done a lot of work in
this field, and so far, many methods have been put forward. In general, these methods can be
divided into the following: (1)Dynamic speed estimator; (2)Model reference adaptive
(MRAS); (3)Based on PI regulator method; (4)Adaptive speed observer; (5)Rotor tooth
harmonic method; (6)High frequency injection method; (7)A method based on artificial
neural network. In a variety of different methods, model reference adaptive system is the
most popular technique. If the speed deduction is attributed to reference identification, the
model reference adaptive theory (MRAS) can be used to construct a system that can identify
speed. In this case, the system is a nonlinear system, so the super stability theory of Popov
can be used to deduce the identification algorithm under the condition of ensuring the
stability of the system.

In all kinds of observers, sliding mode variable structure is not very demanding for the
precision of the mathematical model of the system. It is not sensitive to the change of the
system parameters and the disturbance of the external disturbance, and the control method is
simple and easy to be realized. It gets the universal attention of the scholars at home and
abroad and has been widely used in the field of electric drive. But because the uncertain
factors such as variable structure control meet the "matching condition™, that is, "matching
condition", that is, it has the robustness against external interference and internal parameter
perturbation, but it is difficult to determine the upper and lower bounds of the change of the
uncertain parameters in practice. Therefore, the boundary of uncertain factors can be
estimated in real time by using the adaptability of MRAS to the change of system parameters,
and a variable structure MRAS speed identification algorithm is proposed. In this method, the
variable structure control has the robustness against external interference and internal
parameter perturbations and the adaptability of MRAS to the change of system parameters.
This method can achieve accurate and rapid tracking of the reference model, meet the
requirements of the system steady-state error, improve the accuracy of the magnetic chain

observation, and then improve the precision of the speed identification Degree.
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4.1 Construction of state error equation
According to the voltage equation flux linkage equation of AC induction motor in two-phases
stationary of coordinate system, the rotor flux linkage voltage model under two-phases

stationary af coordinates is established.

z//ra:%U(usa ~Rj,)dt-oLi, |
L (15)

Vis=| [ [(uyy ~Rii, )dt oL, |

m

According to the state equation of AC induction motor in two phase stationary o/ coordinate
system, the rotor flux linkage current model in two phase stationary o/ coordinate system can

be obtained.
d l//ra Wra iSOC
— = +Db| .
dt |:l//rﬂ} A |:l//r,8:| |:Isﬂ:| (16)
1
= o ]
where *' = 1], bZ‘T_m.
w —T— r

As the rotor speed information is included in the current model, the model is selected as an

adjustable model, and the rotor flux voltage model is employed as a reference model, and Eq.

16 is simplified
d o
al//r - A’lr//ra + Isa (17)

The rotor flux estimation model with adjustable parameters is constructed.

d |:li}ra:| A l:\ilra} b|:isa:|
N — +
2 2 i 18
dt Y., Y., Iy (18)
1 A
-— -
LT
WhereA'_ P 1|,¥%,and¥, are the estimated values of rotor flux components
T

r

respectively, and W is the estimated value of rotor angular velocity.
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The EQ.19 is simply written as

d

E\Pr:ATr +bis (19)

Definition of error state

e, =V, —Yr (20)

The error equation of Eq.19 subtraction Eq. 20.
d

at , =AY, _\i’r(@—a)) (21)

4.2 Switching function construction

The principle of selecting switching surfaces is that s(e) =0 occurs when the system slips, and
the sliding motion is asymptotically stable and has better dynamic quality. According to this
principle, the switching functions of the variable structure MRAS speed identifier constructed

are as follows.

A A

s:‘Prﬂ‘{lra _‘Pra\Prﬂ (22)

4.3 Determination of the equivalent velocity
According to the basic idea of variable structure control, if the system enters sliding mode
control, then S=0. The expression of the equivalent velocity is as follows

D =+ Lmisa(\Prﬂ _Lilr,b’) + Lmis,b’(\ilm _lPra)
" TP W+ P, ) (23)

This formula shows that when the estimated flux is convergent to the reference flux, the

equivalent velocity converges to the real velocity.

4.4 Design of sliding mode observer
According to the obtained switching function and equivalent speed, the speed observer can be
designed. When the constant switching control method is adopted, the speed estimation

expression is as follows:
@=M sgn(s) (24)
where m is a constant greater than zero; sgn(s)is a sign function. This formula shows that the

velocity;  is a discrete function of the switching function, and its low frequency component
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is the equivalent velocity. In order to weaken the buffeting, the filter method is used. The

low-pass filter is used to smooth the control signal and weaken chattering effectively.

5. Build a simulation model
5.1 Build a motor model
According to the voltage equation of the permanent magnet synchronous motor in the d-q

shafting, the motor model in two phase stationary coordinate system is built as follows.

(3} »
uglphat 1 =
—* s
ialpahi
‘ Integrator peisle
ialpha1
rs1 ‘Add
1) g
ubetal 1
|
- negaat P
ibetal
r=2 Add1

Figure 5: Motor model.

5.2 Construction of vector control system
According to the principle of vector controller, the following vector control system is built.

Speed PI control module:

Figure 6 Speed PI control module.

5.3 Construction of sliding mode observer module
A sliding mode observer with variable structure is built according to the principle and

formula of sliding mode observer.
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Figure 7: Current estimation module.

6. Simulation results and comparison

In the estimation formula of rotor speed, the selection of M value has a great influence on the
performance of the speed regulating system. Generally speaking, the larger the M value is
chosen, the better the control of sliding mode variable structure is, but at the same time, it
will bring more obvious buffeting phenomenon. When the M value is reduced, the chattering
phenomenon is obviously improved, but if the M value is too small, the speed regulation

system cannot work normally.

Figure 8 is the speed and flux linkage curve when the speed is abrupt. The horizontal axis is
in seconds, and the vertical axis is rpm. The given load is 10 N/m, and the given speed is
1200 rpm. It can be seen from the diagram that the rotational speed of the measurement
module is smooth and the tracking performance is good in the steady state. The calculated
speed is swinging back and forth along the sliding surface in a small range, and the difference
is very small. It shows that the speed estimation method can reflect the rotor speed of the
motor in time. After 0.5 seconds, the motor will reenter the steady state and have no
overshoot. It shows that this speed regulation method has better dynamic performance and
can meet the general engineering requirements, but there is a certain speed fluctuation

phenomenon after steady state.
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Figure 8: Speed and magnetic chain curve when the speed is abrupt.

Figure 9 shows the change of state when the motor runs steadily at 1.5R; rated load at 300
r/min. When the load is suddenly increased, the running speed of the motor drops to 50 r/min,
and the torque drops rapidly. After the motor running speed begins to recover from the lowest
point, the output torque is basically stable. When the load is added to the motor, the speed of
the motor is restored to the stable running value. The time is about 0.5s. It can be seen from
the actual speed wave and current waveform that the motor runs very stable with the rated
load of 1.5 times. The experiment shows that when the given speed is 300 r/min, the motor

has good stability and strong carrying capacity.

400

300+ ]

1 3200 1
1 100} ]
. : : 4 5

Times Times

(a) Torque with time (b) Speed with time

Figure 9: Speed and curve of torque mutation.

7. CONCLUSION

The simulation results show that the speed sensorless control method of permanent magnet
synchronous motor based on the estimated current model has a fast speed estimation of rotor
speed. From these simulation curves, it can be found that the speed overshoot is very small

and the time of reaching the stable speed is short. In each sampling period, the speed and
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rotor position are estimated based on the error correction between the measured current value

and the estimated current value. It starts directly in the static state of the motor, has no state

switching, has the fast starting ability, the high speed state runs well, and the low speed

running capacity is improved significantly compared with the existing methods. The

proposed algorithm is very easy to be realized through DSP, and has strong robustness to the

uncertainty of motor parameters in the operation. It has the advantages of low cost, high

reliability, good stability and wide range of use.
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