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ABSTRACT

Adaptive observer method is a widely used method, which includes a reference model and adjustable contained
identification parameters. Its speed adaptive law is derived by Popov ultra-stability theory, which ensures the
asymptotic convergence of the parameter estimates, and it has a good dynamic performance. The control system
using space vector control method, and the implementation process of vector control on permanent magnet linear
synchronous motor is analyzed particularly, we also give the modules of control system in Matlab/Smulink.
Through the results, we can verify the reliability of the speed sensorless control method. The problem of instability
in the low-speed electric mode according to the observer linearization method was analyzed. To solve the problem,
the observer augmented with a signal injection technique was researched. The simulation results show that the
method is effective to enhance the system parameter robustness and speed observation, improve low-speed
performance of the speed-sensorless vector control system.

Key words: permanent magnet linear synchronous motors (PML3Mgptive Speed Estimator; Speed-sensorless
vector control; Popov Stability Theorem

INTRODUCTION

Permanent magnet linear synchronous motor moves aggermanent magnet structure, simplifying thesjulay
structure of the mover, with a better performamceeims of efficiency and positioning accuracy [1].

Usually a method of controlling the system by coltitng the speed or position of the motor to cohthee servo
system, thus speed closed-loop control is the sacgsart; the speed can be obtained through arrasta
magnetic sensor grid generally [2-3]. With the dagevelopment of power devices and control chip stronger
computing functions, motor control methods tendécome more perfect and precise, and at the same diue to
the applications of linear motor in the filed ofl teansportation, the speed sensorless controhatehas become a
hot destination and put forward many practical rnd#j4]. Efficient computational methods can bedfd into two
categories: (1) the fundamental incentive appraaties on a mathematical model of the motor, swladaptive
closed-loop observer method or back-emf methodh bave a good dynamic performance under the conddf
high speed, however, due to the strong dependamosotor parameters, the rotor position and speeutiiitation
will be easy to fail within the scope of the zeqmesd and low speed[5-6]; (2) high-frequency signgction
method, the use of motor saturation effects, igjéigh frequency voltage (current) signal to thataon system by
extracting the exact location information of théorofrom the response signal, the rotor position ba tracked at
low speed, has good robustness[7-8].

In this paper, a stable adaptive observer is stiydéd permanent magnet linear synchronous moteedsp
estimation method is obtained by using Popov stalitheory. In the condition of low speed, the hilghquency
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signals can generate the rotor position error mespothus injecting a high-frequency voltage sigoathe motor
control system, to adjust the output of the adaptibserver and improve the dynamic performanchefystem.

CONTROL SYSTEM MODEL OF ADAPTIVE OBSERVER
In this section, the PMLSM model and control problaere formulated, and the used PMLSM is depictdeignl.

primary section{ mover) secondary section

Figurel Permanent Magnet Linear Synchronous Motor.

In the adaptive observer, using the amount of dyetween the reference model and adaptive modetaweyet the
rotor speed and position information via an adaptegulator.

Under thedq coordinate system in sync with the rotation of ratmagnetic field, PMLSM stator voltage equation
is[9]:

u, = Ri, + .+ @ i, (D
P . T s T .
Where: U, and | is respectively expressed stator voltage and nurta;:[uduq] \ |s=[|d|q] ; U showing
stator flux Iinkage,l//s=[(//d(//q]T; R, said stator resistancéy), said rotor electrical angle frequen%=9m;
0 —
J= :
1 0
The equation of stator flux linkag¢f, is expressed as:
Y, =Lig+y,, (2)

L, O
Where:l,l/pm is expressed as the excitation flux linkage of Eeremt magneil//pm = [l//pm 0]T . L=[ ‘ }

L, and Lq is respectively expressed as the equivalent iladheedf d andq shafting.

According to the equation (1) with equation (2) timathematical model of adaptive observer can bairedd as
following:

0 0 a] a]
i = (- RSLfl—a)m LflJL)iS+ LfluS -, Lfl\]l,llpm + HAI, €))

O
Where, the superscript: "indicates the observed valugi_is stator current erromi_=i_-i_; H is the error
feedback matrix of adaptive observer, in orderdable to configure any observer poles in the cermplaneH is
often represented as a symmetric matrl .= h,| +h,J . is shown in Figure 2.

Figure 2 Block diagram of the adaptive observer.
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To the motor itself as a reference model, obsenaudes the estimated speed of the motor. A stiaent error
by acting adaptive law on speed, can identify tlitamspeed and instantaneous feedback to the adjasinodel;
using adaptive observer for speed estimation, éeetback matrix constitutes a progressive staservir.

Finally the error term of adaptive observer is got.
£ =CAi, @))
Where :C, = lO LqJ o

By using the PI controller to make the observatibfaster convergence, the estimated motor speed is
]
w, =-k,e~k | et (5

Wherein,kp,h are for the coefficients of adaptive PI controligse estimated electrical ang@mn@1 is obtained by the

. O
integral ¢, -

3.THE SUPER-STABILITY ANALYSISOF POPOVA STABILITY THEORY

Based on the theory of super-stable design metBpded estimation method of permanent magnet linear
synchronous motor is obtained. Popov super stabifieorem determines the adaptive observer of pegnia
magnet synchronous motor with the adaptive lawgihebased on the above stator resistance and fotolirfkage

is stable[10].

Sol, = Lq =L,, by the PMLSM stator voltage equation under thexgig can get its current mathematical model:

di .71, .U
—":—&|(,+—V|q+—d (6
dt L T s
di . T, U T
_qz_&|q+_v|d ARV C))
dt L L, L7
Adjustable parallel model formula can be abbredats follows:
dy 5 _5
d—l =Ai +Bu (8)

t
O

O . .k
V is expressed as the estimated speed of MRAS asdhth state variable erroras€=1 —1 . The state equation
of the parallel adjustable model will rewrite as thllowing form:

d—e:Ae—Iw €))

dx
V =De (10

O

*

O
Among themw = (A- A)i ,sothatD =1,thenV =e.

To make the design of MRAS system is asymptoticstiible, it needs to meet two conditions of thed®aguper
stability theory:

1) Linear forward square is strictly positive reabmely transfer matriH (s)=D(sl — A)™is strictly
positive real matrix.

t
2) n(0,t) Z.[VTWdtZ —JZ2 ., WVt =0, y is an arbitrary finite positive number. The modeference
0
adaptive system is asymptotically stable.

Depending on the PI regulation, the estimatiorhefgdpeed formula is expressed as:
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Electrical and mechanical angles as follows:
o Lz o
6=Vt (12)
o 7T

ENHANCED MRASMODLE

In low-speed region, the identification error obative observer leads to failure recognition angsea instability in
the system. In order to improve the adaptive olesettre high frequency voltage injection methodsed to correct
itf11-12]. High-frequency AC voltage signal is leatto the d-axis:

O
U, = U, cos(u.t) (13
o
Where: U, is amplitude;d). is frequency.

Magnetic circuit saturation caused the salient pdfiect, so under the high frequency excitatiom, ittductance od
andg axis is no longer equal, and high frequency curresponsey, iqc contains information of the rotor position
error. With the current response components| shaft to estimate the rotor positidgis as an input signal to
observe the rotor position information accuratélirst, fundamental frequency current component laganonic

components of the inverter switching frequency gahiq, using the sin i.t) signal to demodulate the high-
frequency current signél., and finally a low-pass filter (LPF) can get tla¢or position error signal:

A= LPF{iqcsina)ct} (14
The signal extraction diagram is shown in figure 3.

[}
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i . sin( w,t)
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—C 4+ BPF LPF A

Figure3 Thesignal extraction diagram.

The role of Pl regulator is to eliminate the ers@mnal, to realize the rotor position tracking witih deviation. The
rotor position error signal of the Pl controllemgeates a correction signal for correcting an adephodel.

After correction, the observer model can be represkas:
i, = (- R - g, LML)+ Ly, = (agy- 0,) L3y, + HAI, (15)

W, =r,A+ riJ'/}dt
(18

At low speeds, MRSA and high frequency injectiorthoe interact simultaneously: at the moment of metarts,
first of all, the high-frequency signal injectios to accurately track the position of the rototeafthe speed
increases to a certain value, the adaptive obséegins to identify the stability. When the speecréases up to a
certain value, the adaptive observer will be agmamate role for carrying speed estimation. In otdeachieve a
smooth transition between two rotation speed regiom amplitude value of the injection parameterd the error
signal of the PI regulator parameter value aregalécreased linearly with the speed of rise, tigh fiiequency
signal will terminate the injection when the rotathl speed rises to.

2737



Hua Sun et al J. Chem. Pharm. Res,, 2014, 6(6):2734-2742

SIMULATION ANALYSISOF THE CONTROL SYSTEM

The main idea of model reference adaptive idemtificn can be summarized as follows: Choose thetiequaith
unknown parameters as adjustable model, and thatiequwithout unknown parameters as reference mdtgh
models have outputs with the same physical sigmfie. When two models work at same time, parameters
adjustable model can be real time regulated bygutiie difference value between their outputs basedhe
adaptive law, so as to achieve the goal of tracafgrence model by controlling the output. In tbése, choose
PMLSM as reference model, and current model asstaljle model. Rotor speed can be estimated by prope
adapting adjustment, on the basis of the differermween the output d-q current values of thertwalels. The
rotor angle can be derived through an integraticthe speed.

Fig.4 shows the sensorless vector control systefAMESM. The field oriented control is establishetder d-g
coordinate system. The estimated speed is compdtiedhe given speed, and the difference valueuisipto a Pl
controller, then the given torque curréptan be calculated. Torque voltage can also bérgat Pl controllers by
adjusting the torque current errors. After the damate transformation, voltage signals are usedSfiPWM to
generate PWM control signal, and drive the invémsége. Thus, double close loop vector control viigadback of
speed and current are realized.
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Figure4 Sensorlessvector control system of PMLSM.

The system uses a table-mounted 4-pole permanegrieanaynchronous motor, the specific motor pararaeis
shown in Table 1.

TABLE I. Simulation Parameters Table of PMLSM
Project Name Value
Rated speed 2000 r/min
Rated torque 7.5N.M
Stator flux 0.38Wh
Stator resistance 0.60Q
Number of pole pairs 2
Stator Inductance 3.1mH
Moment of inertia 9.6 kg.cm2
DC bus voltage 310V
Switching frequency 12.5 kHz
High-frequency voltage amplitude 31V
High-frequency voltage frequency 1 kHz
Critical speed 20.94rad/s

The main Simulink module of MRAS method is showrFag5 to Fig.7.
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Figure5 Speed and angle estimation module based on MRAS.
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Figure7 Adaptive law

1) The figure 8 shows that the motor electromagnetique decreases with the speed increases urdgihdhes
the rated speed, torque ripple in the vicinity @,start-up current is gradually reduced from éatg stabilized.
And the use of adaptive observer calculated velanifrve can be a good tracking simulation speedecof the
motor.

(a) Torque waveform (b) Three-phaseent waveforms

____________________________________________________________________

(c) Velocity waveform (d) Velocity weform error

Figure8 Waveform of the motor parameter swhen load isON, speed is2 m/s

2) Given the speed of 0.2 m/s, motor related parametewaveform are shown in figure 9 (a) ~ 9(d) whies
load at the time of 0.1 s is from O N to 50 N.Thgufe shows that before 0.1 s, the motor electrovatig torque
increases with the speed. Gradually reduced to &ftd; the sudden increase in load, for the sakeystem stable
operation at the rated speed, the electromagrmtiti¢ increases, the three phase current incréasathance the
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ability of the motor load. Its speed stability iating, little fluctuation, and speed calculatedveuby using the
adaptive observer is good for tracking the simatagpeed curve of the motor.

(a) Torque waveform (b) Three-phaseent waveforms

(c) Velocity waveform (d) Velocity weform error

Figure9 Waveform of the motor parameterswith the mutation load and speed is0.2 m/s.

3) With a rated load of the motor 50 N, when the ma&peed adjusts from 0.2 m/s to 2 m/s, the parameter
waveform of the motor are shown in Figure 10 (40~d).

(a) Torque waveform (b) Three-phase curvemteforms

(c) Velocity waveform (d) Velocity weform error
Figure 10 Waveform of the motor parameter s when When theload is 50N and velocity mutation.

As shown in figure, before the speed changes,rel®etgnetic torque is stable at 50N, speed reachesen value.
When the speed suddenly changed from 0.2 m/s tés2the electromagnetic torque of the motor suddereased
and the speed is adjusted to re-stabilize at tine pwnt near 50N. The same variation rule of thpbase current
and electromagnetic torque, speed suddenly incseaben the current increases, and with the congpietf a
stable speed adjustment on the new current valube aame times in order to satisfy the requirdamehthe motor
speed, the current value is greater. Speed ercogases when a sudden change in speed, this iadeettee speed
must be calculated after the acquisition of theéage and current.

At the situation of the sensorless vector contfoPMLSM, two speed estimation models are respelgtifer
simulation in low speed.

Steady state performancd-ig. 11 shows speed, torque, flux, speed errompasdion error between high frequency
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estimation and measurement under steady-stateranv.0
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Figll Steady-state performance of DTC with HF injection at 70 rpm.

As can be seen from the figure, the speed erranasbn position obtained from HF injection comphngith the
measured position is very small, confirm the effesntiess of the method at 70 rpm. However, as tfextefrom
concentrated winding PMLSM with low saliency ratamd non-sinusoidal MMF, the estimation using high
frequency injection is difficult to work at lowepeseds.
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Figl2 Dynamic performance of DTC with HF injection under load Disturbance

Dynamic performance: The dynamic response of theedo load step change is illustrated in Fig. TBe machine
initially was run at 100 rpm under no-load conditidhen load of 5 N.m was applied to the shafthef tnotor at
t=1.25s.

At t=3.3s, the load torque was abruptly removed @iedmachine come back to the no-load conditiore @trors
between estimated and actual speed and positioreayesmall as shown in Fig. 12. This speed andtipaserror
indicated the good estimation performance. Theleippthe measurement results is caused by harmamithie CW
PMLSM and current measurement inaccuracies.

CONCLUSION

In this paper, an enhanced adaptive speed sersonethod is applicable to a wide range of speed®SM and
high frequency signal injection method are usedpbmize the speed identification method compreivehs to
achieve a closed-loop start of the whole systermmaon in the low speed range for an accurate esimfthe
PMLSM speed and improves the low-speed dynamiopadnce of the system. From the analysis of thellsition
results, the improved adaptive speed observer utifferent given speed can be a real reflects efrthtor speed
and position, speed and parameter mutation expetimerified it has good stability and robustnesshie vector
control system.

By algorithm simulation and results analysis, thRA& and high frequency signal injection methodspaoved to
be available in the sensorless vector control {dt8M, and either has its own superiority. Both noeth has good
stable state precision, as parameter identificataoe based on the design of stability, and entkereonvergence of
parameter estimation. The MRAS method is relativ@ipple to achieve, but the dynamic property isegah
because the prerequisite for MRAS identificatiothiat the rotor angular speed remains constanhamges slowly
compared to the convergence rate at least. HysteoésPl adaptive controller also influences theparty in
dynamic process.
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