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In the paper a problem of speed and position estimation in sensorless control of
PMSM drive is discussed. A presented concept is a modification of solution based on
detecting back EMF, induced in stator windings. A new structure of adaptive observer
with proportional-integral function of corrector was introduced. Both simulation and
experimental results show good properties of proposed observer structure.

Introduction. Permanent Magnet Synchronous Motors (PMSM) are taken into account in
many industrial drive applications due to their high power factor, high torque density, high
efficiency and small size. PMSM control requires position sensor like encoder or resolver. Such
sensors increase the overall cost of the drive system and decrease its reliability and noise immunity
and this seems to be one of the main drawbacks hindering wider application of PMSMs.

Elimination of position sensor is an open question for researchers and is a subject of
investigations in many scientific centers. Severa approaches to this problem are reported in
literature, which base on states observer [4], extended Kalman filters [3], sliding-mode observer
[2, 7, 10], or some new method basing on motor saliency [6]. State observers and Kalman filters
base on complex motor model with electrical and mechanical equations. Proper accuracy requires
complex computational operations, what aways creates some problems in rea time realization.
Some new approaches apply the motor magnetic saliency and detect the rotor position by
measurement of the phase inductances. These methods give proper solution for small speed as well
asfor standstill operation but requirements according hardware and software are high.

A new more genera structure of observer was proposed in the paper. The observer structure
bases on a modified concept of detecting back EMF. Into this observer structure a complex
corrector function different than traditional proportional one was introduced. The structure
includes instead of proportional correction of Luenberger observer a corrector with proportional-
integral function. Nonlinear character of observer, shown in the paper, required adaptive change of
observer corrector settings. Such observer structure was implemented on DSP microprocessor and
experimentally verified.

Description of observer structure. Assuming ordinary simplified assumptions, the
mathematical model of PMSM in ¢ orthogonal coordinates can be described as follows[3, 7]:
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wherevg , Vg , i, ig, Wa , Vg €, € arecomponents of stator voltage, stator current, stator flux and
induced back EMF in o5 coordinates; R and L are the stator windings resistance and inductance, o and
O arerotor speed and position, Jis moment of inertiaand T, isaload torque.

According to the method presented in [3, 7] it is convenient to use only first two electrical
equations, in which back EMF components are considered as disturbances. In such a case extended
state formula can be written in matrix form as[7]:

Xe = AeXg + Beu y=CgXg

where: 2

Xg = [ia’iﬁieoueﬁ] T y Y= [ia’iﬁ] T’ u= [VOL'VB] T
For presented system it is possible to use ordinary Luenberger observer [4] with correction based
on error between measured and calculated currents value. In [3, 7] it was assumed for smplicity that
derivative of disturbancesis equa zero. Such a smplified formula does not show a nonlinear character
of observer gtructure. In the paper a modified mathematical description is proposed. On the base of well
known formulas for calculation of back EMF (3) and (4)
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it is possible to calculate derivative of EMF [7]:
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After proper transformations one can obtain modified extended state formulafor observer:
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or in matrix form
Xe = AgXe +Beu+ K [Ai] (7)

In the formula (6) is visible that right sides of two equations for EMF derivative are
nonlinear functions of estimated speed and its derivative (Aw/Ts in discreet form). This fact has
significant influence on observer stability and synthesis procedure of observer corrector.
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A correction of ordinary Luenberger observer bases on multiplication of an observer error by
constant coefficients — matrix K in (7), and can be called a proportional correction. The authors
proved in their earlier works [8, 9] that a significant improvement of observer operation can be
gained due to introduction of corrector with more complex function than a proportional one. In
such observer the corrector operation is of proportional-integral type. This leads to a new general
concept of observer, which formula can be written as:

X. = A X, +B.u+F[Ai] (8)
where F[ Ai ] isacorrector function of observer.

Fig. 1 shows a block diagram of general observer structure. Inner structure of observer
depends on function F[Ai].

Fig. 1. General structure of observer

On the base of many simulation tests a proportional-double integral (PII?) corrector structure
was proposed [8, 9]:

Fo[Ad) = K p[Afl K [[ad dt+ g [[[Ad dt ot ©)

where the matrixes K, K; and K; are:

Kpr 0 Kipn O Kizz O
0 K 0 K: 0 K.
K o= p22 Ki _ 22 Kii _ ii22 (10)
Kpzr O Kizz O Kiizs O
0 Kpa 0 Kig 0 Kig

Integral and double integral component of observer corrector leads to astatic character of
observation (estimation) during transient process with fast change of currents. Estimation of back
EMF signals by means of observer creates possibility to calculate rotor speed and position on the
base of formulas (3) and (4).

Adaptive procedure of a corrector parameter sdection. The synthess of the observer
corrector consists in selecting the coefficients values of the matrixes K, K, Kii in (9). Proper selection
is of great importance for the observer stahility, static estimation accuracy and good dynamic behaviour.
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Yet, the synthesis poses some difficulties due to the non-gtationary character of the observer. The
number of the selected coefficients equals 12, but fortunately the mathematical modd of the motor
assumed in the observer has a symmetrical structure with reference to the axis 5. Due to this symmetry
the coefficients of the observer corrector have equa values on both axes, which reduces the number of
the selected values to 6. The process of synthesis was optimized by means of the random weight change
(RWC) procedure [1]. This procedure is fast and robust against the local minimum of the optimised
criterion. The criterion of observer optimization isformulated as.

t1+7
Q= [e3(t)dt + Aeo(r) (12)
ty
where ep is the position estimation error, Aeg is the range of the error value changes of the
estimated position during the transient process, t; and t; + t are the time boundaries of the integral
calculation.

The optimization procedure was performed “off-line” by simulating a transient process. The
optimization procedure was repeated for different points of operation, which were determined by
the steady state speed value. At each step of optimization the transient process of the step response
to speed reference changes in the selected point of operation was simulated, and during this
process the value of the criterion (16) was calculated in the time range from t; to t; + t . According
to the RWC procedure a new set of corrector settings is randomly selected at each step but only the
set which gives estimation improvement (smaller criterion value) is stored. As a result of such
“off-line” optimization a set of optimal values of corrector coefficients is found for each point of
operation as shown in fig. 2.

Sets of observer parameters factors according to frequency

parameter factor value

fregquency x 10 [Hz]

Fig. 2. The optimal values of observer corrector coefficients

The diagram gives only discreet optimal values as a result of finite number of optimization
tests. In such a case some interpolation of coefficients values is needed during observer calculation
in rea time. In the paper fuzzy logic base interpolator was used with six membership input
functions determined in the range of speed control. These membership functions suit speed steady
state values for which optimization process was done. Input membership functions are shown in
fig. 3. For each step of observer calculations the set of optimal settings is determined by applying
Mamdani implication method and defuzzification procedure of high method.
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Mermbership functions of speed obserer
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Fig. 3. Input membership functions

Results of experimental investigations. The laboratory stand consists of PMSM motor
supplied from PWM inverter and controlled by means of microprocessor system with floating
point DSP of SHARC family. The control system was equipped with current and voltage sensors
(LEM) and resolver. As a result of simulation test the observer of PlI? type was selected for
laboratory experiment. The observer algorithms as well as control agorithms were implemented
on DSP processor.

Experimental tests confirmed good properties of investigated version of observer. Fig. 4
presents test of position estimation accuracy gained for observer with constant settings, selected for
speed equal to 105 rad/s. The maximum estimation error reaches 2.23° for » = 105 rad/s and value
equa to 4.6° for o =37.7 rad/s. This means that in operating point assumed for selection of
observer settings better accuracy is gained. Fig. 5 shows transient process involved by step change
of speed reference (0 rad/s — 209 rad/s — 105 rad/s — 0 rad/s) for sensor and sensorless control
system. Very similar waveforms of speed, observed speed and current iq confirmed proper
operation of sensorless systems.
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Fig. 4. Test of position estimation accuracy with observer setting selected for = 105 rad/s:
A—w=37.7radls, B— o= 105rad/s
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Fig. 5. Waveforms of speed, reference speed, real current in axisd
and g involved by step change of reference:
Orad/s — 209 rad/s — 105 rad/s — O rad/s
A —sensor control; B — sensorless control

Only remarkable difference is visible in waveforms of current iy — for sensorless system, as a
result of some observation error, current iy is not equal zero but its value reaches 1.3 A, what is
equal 29 % Ir. Waveforms presented on this figure give possibilities to make comparison between
starting process of both analyzed systems. Special starting procedure guarantees proper starting for
sensorless system so showed processes are similar.

Conclusions. In the paper a new structure of observer of rotor speed and position for PMSM
was proposed. The novelty of this observer structure is included in its complex corrector function
of proportional-integral type and adaptive change of corrector settings. This structure implemented
on DSP processor showed proper operation confirmed by experimental results.
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MOJAEJIUPOBAHUE CXEMbI
MATPUYHOI'O ITPEOBPA3OBATEJIA HACTOTDI

© Illasénxun A.A., 2003

HaBeneni gesiki pe3yibTaTu J0CJTiIKeHb MATPUYHOI0 MEPETBOPIOBAYA YACTOTH.
IMoka3ana wmoxIUBiCTH 3a0e3neyeHHs Oe3NMeYHOI KOMYTalili TPAH3UCTOPIB NPH
BHKOPHUCTAHHI AJITOPUTMY, IO Po3noaiyisie QyHKIII KI04YiB 0€3 KOHTPOJII0 HANPSIMKY
cTpyMy Yy BuxiaHux ¢a3ax, a TaKo}K JAOUIJbHICTL BHUKOPHCTAHHS PeJIeiiHOro
peryjasiTopy cTpymy, 1o 3a0e3ne4ye CHHYCOIIHY (popMy BUXITHOTO CTPyMYy.

Some results of researches of a matrix converter of frequency are given. The
opportunity of support of safe switching of transistors is shown at use of algorithm
with division of functions of switches without the control of a direction of a current in
output phases, and also expediency of use of a relay regulator of a current for
maintenance of the sine wave form of an output current.

IlocTanoBka mnpodaembl. HecMOoTps Ha MIMpOKOE pacmpoCTpaHEHHE MpeoOpa3oBaTeleit
gactoTl ([TY) ¢ NpOMEXYTOYHBIM 3BEHOM IIOCTOSHHOTO TOKa W aBTOHOMHBIM HHBEPTOPOM
Hanpsokennss (AVIH) wa IGBT B mocnezanee necsaTuietie BO BCeM MHUPE, CyJs 0 MHOTOYHCIICHHBIM
MyOMKaluUsaM, BO3POIUJICS, yTpaueHHbId Obuto, mMHTepec kK [IY ¢ HemocpeacTBeHHOHW CBsi3bio. B
nocyIe/IHee BpeMsi OH MOJTyY/IT Ha3BaHUEe MaTPHUHBII ripeodpaszoBaress (MIT).

Opnako Bompoc mpakTHueckod peanuszanuu MII mo cux mop He pelieH, YyTO CBSI3aHO C
obecrieueHreM «0©e30macHoi» KomMMyTanuu (0e3 K.3. U pa3pbhlBOB TOKA) TPAH3UCTOPOB CXEMBI,
pa3paboTKOoil yIOOHBIX B peanu3aii U paboTOCIIOCOOHBIX aITOPUTMOB YIIPABICHHUS.

AHau3 nmocjeaHux ucciaegoBanuii. CymecTBymONIMEe pelieHus, B TOH WIK WHOH (opme,
OCHOBaHbl Ha WPHUHIMUIIAX MPOTPAMMHOTO WJIM Pa3JIETbHOTO VYIPABICHUS KIIOUYAMU C
MCIOJIb30BaHNEM MH(OPMAIIUU O MOJSIPHOCTH BBIXOJHOTO TOKA WIJIM HAMPsHKEHUU MUTAIONIEH ceTn
[1, 2]. BonpmMHCTBO aBTOPOB B mpoliecce (GOPMHUPOBAHUS BBIXOIHOTO HAPSHKCHHS paccMar-
puBaiOT 0HOKpaTHY0 Moaysiuio (OM). Tlpu 5TOM CKiajpIBaeTCs BIICYATICHUE, YTO aBTOMATH-



