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Abstract — In this paper the non-linear system control carl. Rotor flux and speed observer

be solved by using theory of adaptive control whikerver _ .

theory application. In this paper is analyzed IMserless ~ The analyzed sensorless induction motor vector
vector control system based on Model Referencethdap control is shown in Fig. 1 [1]. The control systénm
System. Estimation of rotor flux, rotor speed atates established in synchronously rotatingy reference
resistance identification is based on known statiitages  frame. The angular frequency of this frameis at the
and currents. In this paper has been analyzed a8 of g3 me time reference value of first harmonic angular
mutual inductance in the low speed region anql imphc frequency of supply voltage vector. The observed
changes of stator and rotor resistance. Mutual ctduce vector control system is based on two-axis conttol;

Ly is chosen by method described in reference. ~
component of stator current vecigy that is reference

Index Terms:. Alternative energy, Induction motor value of rotor flux, and- component of stator current
control, core loss, Magnetic saturation. vectori_, that is reference value of IM electromagnetic
torque. The reference value of angular frequengy
and reference values of the stator voltage vector

With the development of microelectronic circuitsOmponentsug, and ug, are formed by using set
(DSP, FPGA, dSPACE, etc.) high-speed performancesference value of rotor speedand reference valaé
are now realized using vector control of IM drivis. rotor flux i . The modern microelectronics and power
these systems is intensively researched IM ro®edp electronics circuits enable "copying" of first hamic
estimation using measurement stator currents aggpmy voItageU; from electronics circuits to IM

voltages. This problem based on IM parameter Cl&Ng&,or and actual stator voltage vector and retere
due to satura.t|0n in iron and thermal changesatbst voltage vector are equal( = L_J; ). Also, their angular
and rotor resistance.

1. Introduction
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Rotor flux and speed observer

Figurel. Sensorless vector control system



The feedback signals in the control system awontrol system stator and rotor currents don't meac
measured components of stator current végtandis;  especially large valueb£214;)[3]. Mutual inductance
and estimated rotor spe€d. The components of the Lm varies rapid during saturation in iron. This effisc
stator current vector are given by transformatibn @specially expressed in low speed region and cdrenot

measured phase currents in origiaa,c reference neglected. Thus, rotor flux position in refererte
frame. frame has been described with three vectors (Ffig. 2

R _ rotor flux vector is estimated by using voltage miod
For'rotor* speed estimatiow and forming angular v current modeli® and actual rotor flugp, .
velocity ws has been used the method based on rotdr

flux adaptive control with observer theory applicat A5
For rotor flux estimation can be used space-vector q
voltage equation of stator or voltage equatiorotdir. v
The well-known space-vector voltage equation absta 7, @y d
is expressed as: ’wr
d Wrc
US - RSI_S +% * jwsqjsi (1) ys
a'

and estimated rotor flux is:

Figure 2. Position of rotor flux vectap, in

L stationary reference franeef3 and synchronously
P, = L_r(qjS - GLSFS)_ 2 rotating reference frame d,q

m
So, itis necessary to find such method of adaptive
control that rotor flux vectors given from the et
On the other hand, rotor flux vector can be esthat model and from the voltage model are just equal to
using space-vector voltage equation of rotor wigdinactual rotor flux vector.
which being expressed by stator current vectothtas

form: In this paper has been proposed rotor-flux-based

estimator with the current model as a referenceamod
The d- axis of synchronously rotatind,q frame is

aligned with the flux vectot; . The rotor flux vector
_ L, 11 ( A ) dy, '
0= ‘?' + T + )\, — W) |, +_dt , (3) [’ being estimated using the voltage model is output

value of adaptive model. By solving the differeite
rotor flux vectors given from the voltage and cutre

model P} -~y , is possible to estimate rotor speed
Also, verification of tuned stator and rotor registe

The equations (1) and (2) describe the voltage and mutual inductance is possible.

model, and equation (3) describes the current model Rotor flux vector described using current model is
[1]. reference vector controlled by the components of

] o ) reference stator current vecﬁég and i;q in condition
The input values for rotor flux estimation using, (1

(2) and (3) are stator supply vect@r,, angular ‘quc = const. 0;/dt =0).
frequencyw, and measurement stator current vegtor  BY introducing this type of control, equation (2nc

The stator and rotor resistand®@sandR; are thermal be expressed as:
dependent. It is supposed that relative changsstoir

i L 1 (. =
and rotor resistance are equal. The stator and roto SO Y I et J(oos —oo) 7. 4)
leakage inductanceLs, and L,, have constant T
(unsaturated) values, because in observed vector

L2
whereg =1-—=" andT,=i.

sr




If equation (4) is described in scalar mode tden For the adequate rotor speed estimation is used the
component of rotor flux vectow, (Wy, =0) and following equation [5]:

angular velocity ofl,q reference frameo; become: A
da _ K,

. a T, ©
Wiy = Lais, (5) ®
dLS* = = 0ot i;q . ©) that, essentially, present proportional integr&l)
dt ° T, i;d controller with rotor flux componerl;l’/;’q as an input

Because of the errors of estimated rotor spgeahd  value and it must converge to zero. The outputlof P
motor parameters, andT, the actual anglg/; isnot speed controller is estimated rotor spe@d The

the flux angle. This is a common problem of allteec constant valu&,, is the proportional gain ar@, is the

control systems. The used signs indicate: *—egfe® nteqral gain of rotor speed PI controller. Theorot
value,v— vector estimated from the voltage model, speed estimator is shown in Fig. 3.

vector estimated from the current model,  — edticha

value.

To calculate the fluxes from the voltage modellgf ( lIJ\r/q—’ Eq. (9) Wt 00;
and (2) a numerical integrating process is needed. %+
However, it is difficult to maintain the vector dool i o
system stability during numerical integration pisge o =4
due to IM parameter changes. In order to overcbise t log ™| Trlsq

problem, the current model using observer theory

modifies the voltage model as follows [1]: ) )
Figure 3. The rotor speed estimator

d \ ~ . . I_ c __ v . . .
[N =0, -RJ. - jop! + - [V BT e Therefore, taking into account that there is réitot
dt L, T, componentljJ‘r’q in negative feedback control loop of
o = i(qj\s/ _GLsi_s)’ ®) the PI controller of_rotor speed (Eig. 1) it widally
L., converge to zero. Fig. 3 and 4 depict the analyazied

flux and speed observer.
The stator resistance depends indirect on rotadspe
where 1T is the gain of the flux observer. estimation during estimation of vector rotor flux

The quality of rotor flux and speed estimation i§omponents. Their actual value varies with inner
strongly dependent on gai'T,. By the simulation temperature of IM. Thus, it is necessary to know
program it is shown thaf, must be equal to small €xactly the value of stator resistance for stabditd
positive value. In this pap&g=0,048[ms]. speed control accuracy. For rotor resistance etima

Stator and rotor fluxes are estimated by (7) apof8 iS used equation as follows [1]:
the adaptive model. If all IM parameters in the

dR. [N [y e
simulation are properly tuned then vectal§ and d—R:S = S'gr(ws'sq)ll(wrd _ller)' (10)

; are absolutely equal in dynamic state as well as in

the stationary state. When there is an estimatiar e Where | is the identification gain and must be set

of motor parameters (parameters in observer, egfyeci €9ual to a small positive value. The gaindefines
convergence speed of rotor resistance from initikale
to actual value. It was obtained by trial and error
different just in dynamic state, but in stationatste procedure (1=2). The described procedure of rotor

are equal. flux estimation, rotor resistance identification is

mutual inductancé,), than vectors; and {J; are



represented in Fig. 4. magnitudes. An exponential function thus is able to
approximate these time varying harmonics.

* Cc
i l'Ier ~
= Referer;ce model Elg R, Table 1. Estimated set of model parameters for E2-30
©) iy €3 (10) steel sample
l.IJV
P ) Adaptive model (7) d Parameter Value
S _p and (8) L » qJ‘r’q al- 1.26.10°
0 i a 17.3
B 2546.5
k 17.3
Figure 4. Stator flux and rotor resistance estimato Mo 18710

It is proposed that relative changes of rotor tasise _ _
are equal to relative changes of stator resistandeSimulation results

Process of stator resistance identification andrrot
speed estimation is simultaneously. The input parameters of simulation program are IM

The measurements of hysteresis loops al{)&rameters (appendix) and command variablesd

associated loss were carried out in conformande wffd - The run-up of unioaded IM has been simulated to

-1- .
the requirements of IEC 60404-3 standard, i.esifoe rotor speed 06,28[s™] (stator frequency is theig=1

wave of flux density. The extended type B uncetyain [Hz]).dIf_deswec!lcondltlor Ij consltandt value otoo |
of loss measurement related to errors introduceléy speed=6,28]s ) at applied step load, vector contro

measurement system was lower than 1.5 %. The Stg@tems mustincrease stator frequédndyig. 5 shows

grade under examination for the purpose of thisepapStat'C characteristic of electromagnetic torqumode

was ET 122-30 (0.3 mm thick). The grades ET 120-2¥; =124, atfrequencies of stator voltage suppfi at
and ET 130-35 are examined. The frequency and thel [Hz] and £ = 4,06[Hz].

amplitude of flux density were equal to 5 Hz ariTL,.
respectively. It was assumed, that for this fregyen
and gauge of examined steel the dynamic effeats fro e
eddy currents could be neglected. 10

20

The estimated set of model parameters is giveng ’

in Table 1. The algorithm has reached the finaes ~ _© -

value 3.86[10'°[(A/m)?] determined as the sum of s
squared errors in 33 reference points because of ..
exceeding the assumed number of iterations. The
number of data points used was redundant in “omega [1/s]
comparison to the problem dimensions in order t
diminish the possible effect of measurement errors.

Igigure 5. IM torque-speed characteristic by conditi
Y, =12y, and {=4.06 Hz
The simulated system is designed to be o B
resonant at forth harmonic. Both even and odd Itis showninFig.5 that for rotor spee®8[s"]

harmonic components are produced during trand stator voltage frequency406[Hz] corresponds
transformer energizing. Among them, the secorelectromagnetic torque @2,32[Nm] (1,2 M,,). Thus,

harmonic is dominant harmonic. The magnitudesef th is expected stator frequency increasing in dyicam
harmonics during energizing vary with time. No gltru a4 To jllustrate this effect motor was loadetiine

changes are found in time varying harmonl?:159[ms]with load torqu0 %higher than nominal



torque value MI=1,2 M,). The actual speed and 600

estimated rotor speed are shown in Fig. 6. Thigltres T PhaseA
. . L Phase B ||
has been reached with saturated mutual inductapce ( 400 ! Phase C
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= 0,23[H]). 200} 1
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Figure 6. Actual and estimated rotor speed by step 29|
load torque at 1,2 M I

0 L L L L
0.06 0.08 0.1 0.12 0.144 0.18 0.2 0.22 0.24
Frequency of stator voltage has been reachdgDét Time (S)

[Hz]. This is the same value defined by torque-dpee
characteristic in Fig. 5. In Fig. 6 is correctla aictive
load torque only.

Figure 8. Load Currents (Phase A)

300+

The following figures show the harmonic 250}
supervision results of test system using the toarnsf 200}
based harmonic surveying analysis. Fig.7 and Fig.8 . 150}
show the fundamental and"4harmonic voltage =
waveform derived from the magnitudes from FFT. § 50
Because there is no decaying or growing in the or /
fundamental component, the magnitude obtained from  -50"
FFT agrees with the magnitude of the fundamental -100}
voltage waveform.

——with active filter ]
— without active filter

0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19

Time (S)
The 4" harmonic, the magnitude from FFT is Figure 9. Source Currents (Phase A)
much smaller than that from system tfeh&rmonic
decays fast. Fig.9 and Fig.10 show the fundamental The system runs at steady state with only ideal

and 2¢ harmonic current from the analysis and thgiode rectifier load connected. After the activieefi
magnitudes from FFT. Due to the slow decaying angkes action at 0.06 second, the induction motor is
growing speeds, the magnitudes are agreed well Wilfjitched into the test system at 0.12 second. Tierm
the magnitudes from FFT. starting transient lasts for several cycles and davn
approximately at 0.2 second. The test system finall



settles down at steady state with both motor aodedi References
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4, Conclusion [4]

In this paper the sensorless vector control syssem
based on the current model as the reference model a
voltage model as the adaptive model. Proposed rotor
flux and rotor speed estimation algorithm is simple
than conventional MRAS algorithm that inversely
defines adaptive and reference model. [5]

The analyzed vector control system is based om roto
speed estimation by solving an error in estimafed
component of rotor flux and by stator resistanc[e6]
estimation by solving an error in estimated
component of rotor flux. The rotor flux and rotpesd
estimation strongly depend on the observer géin

The researchers, in this paper, have been shown tha
mutual inductancé,, saturation strongly depends on
guality of rotor speed estimation. Unsaturatedeaff
mutual inductancé,, in analyzed observer gives bad
rotor speed estimation, and the vector controlesgst
becomes unstable. By determining mutual inductance
in the way described in reference [3] actual speed
practically in conformity with the estimated rotor
speed.
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