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Keywords. PMSM vector control, sensorless, flux estimatomlhe paper, then, wants to compare the two methotigins

reduced observer, comparative study. of:
« Complexity of the method.
Abstract - Position and speed estimation performance.

« Sensorless speed range.
The paper describes the comparison between twereift . Immunity against motor parameters uncertainty and
high-performance techniques used for the sensorless electrical measurement errors.
estimation of the motor shaft position in Permandagnet . Initial position error cancellation.
Synchronous Motor Sensorless Drives.
Rotor position and speed are estimated from medsuge M odeling of the PM SM
terminal voltages and currents, and are used abée& in a
sensorless vector control scheme, achieving althessame In this section, a brief description of the PMSMtheamatical
high-performance of a sensored drive. models are described since both the investigatéthaon
The paper point out the differences, by using erpemtal methods need to manipulate the equations of théimac
implementation, between an open-loop flux estimdtased

on the electrical model of the machine, and a redutux The models of the PMSM in the stationary franee/j and

the rotating framed-q) are respectively:

observer.

1 Introduction v, =Ri, + d;”

Vector controlled Permancnt Magnet Synchronous Koto . do, (1)

(PMSM) need an encoder or a resolver to corredityndhe Vs =Rig + dt

stator current vector. Such an electromechanicaitipa _

transducer is not present in DC motor drives oconstant @, =L,i, + @, c080) o)

V/Hz induction motor drives, thus disadvantaging $W @, =L, + @, sin(0)

drives in medium and low power applications.

To overcome this weakness, several sensorlesegtatfor and

PMSM vector control, based on different positiorl &peed . do,

estimation techniques have been proposed in lasisd]. Vg =Rig + —we,

Generally, they consist of processing stator veltaand do (3)

current measurements to perform the sensorlesaagin of v, =Ri, +— 1 +wo,

the mechanical quantities dt

Among the proposals in this field, two kinds of epgches Py =Lyig @,

seem to be most interesting since they do not regd ?,=L,i, (4)

additional hardware i.e. the electrical model basetiniques

[8] and the state observer based techniques [2-5]. where @, is the maximum phase flux linkage of the

From the two mentioned families, the paper consideermanent magnet,; andLy, the inductances imf anddg

precisely: frames R the winding resistance aftithe actual rotor angle.
- An open-loop electrical model based flux estimdtat These models form the basis for the presented paisition

was developed in our laboratory [11]. and speed estimator. As the considered PMSM is r& no

- A reduced flux observer which is derived from asalient machine, all the inductances in those éopmtare
existing full order Luenberger observer [6,7], andqual d.eLo~LsL4LqL.
improved to achieve good performance.



3 Open-loop Flux Estimator Based Technique Step 3:
Position sensing via flux-linkage variation has d@own Calculation of the difference between the actuatents and

for many years, but its successful implementatias lrecome the estimated ones in-£ and d-q frames using the Park
possible only in the last decade with the emergeote fransformation:

devices with sufficient real-time processing power. Nin=i.—i @
The first investigated technique belongs to thieegary of ap ~af Cap
estimators. It is based on an open-loop flux lirkag diy =4, sin(é)+Aiﬁ cos(@) )

estimation and PI-controller. Accurate flux linkagere
derived from the back-emf by means of a modifigégnator. This last current error is passed through a LowsFiter to
The estimation algorithm is schematically illustéiin Fig. 1 reduce the effect of the noise due to the difféation.
and involves the following steps [8]: Sen 4

ep 4

Step L. Finally, a PI-Controller is used to cancel the aidd error by

Estimation of the flux linkage im-frame by measuring the  5ccelerating or decelerating the-§ frame. Thus, the PI-

hase voltages and currents: . . -
P 9 Controller output is the estimated spegd

@, = [ (Vo = Rig )t () " o
_ The position estimated can be deduced through an
Step 2: . integration and corrected using Look Up Table pdoce that
Estimation of the motor Currentgﬂ: gives a correction terrmH' SO:
i, =Y [®,-®,cos0)] ©) 6, =0+46 )
=Y (@~ @, sin()] 4 Reduced Flux Observer Based Technique
State observers require the use of a relativelyrate motor
Voltage & Current measures model, the measurement of the motor currents (syste
output) and the knowledge of the feeding voltagestém
Traﬁgfolr?nﬁaﬂo input). The basic idea is to use the differencevben the
state variables and the estimated state variablesltulate
a-B Voltage a-B Current the rotor position and speed, directly or througiated
variables. Several sort of approaches are repaorthrature
Flux Estimation i.e. deterministic (Luenberger [2,3]), non-linesliding mode
(Ea.5) [4]) and stochastic (extended Kalman filters [SBhservers.
Drift Correction They exhibit different peculiarities in term of akihm
~ complexity and sensitivity to parameter variatiowl aoise.
The used observer is based on the flux linkage mofdéhe
Current Estimatio PMSM in a two phase stationary frame as shown @ th
(Eq. 6) following equation:
iaﬁ X=Ax+ Bu (10)
y =Cx
g-Current Error B
_'| Calculation (Eqs. 7 & 8) —y 0 vy 0 10
i, 0 -y 0 vy 01
where A= ,B=
l‘h_ O O 0 _We O O
LP Filter
11
| ! 0O 0 w, O 00 (11)
PI-Controller -
and C= %- 0 %- _O
; o X oK
1 Look Up Table The input vector and the full state vector are eetpely:
5 Position Correction T T
u=[v, v, | andx=[o, o, o, @] -
. The aimed states argi =® cosf, andb , =  sid
Estimated - Corrected, ~ Estimated . . a7
positior Y8 Position V6 Speer V(U The output vector is the measured curreqﬁ&DH i ﬂ] :

Fig. 1: Flowchart of the position and speed estimat



In the state space modek and &. are the electrical rotor Supposing the mechanical quantities slowly Chang'kﬂg;us
speed and positiony = R / L is the inverse of the timethe electrical ones, the model can be then coreides a

constant.
To consider the reduced version of the above obseav
reduced vector and matrix are introduced as follow:

Ap=Jdw, Ap=[0], Ay=yl, A= -y,

Blz [0], Blzl (12)

x=[o, o, } o, o T

el
(Dmﬁ q)ﬂ

e

If z= V- Gy, zthe reduced observer is defined by:
2=(As=G A )Z+[( A =G Au)G, + A, -G AL]Y
+(B, -GB;)u
vV=z+G,y

,where

(13)

linear time varying system. Now with appropriatéca#ation
of the matrixesG,, By and K, the state error continually
vanishes. The rotor position estimation is caladaby the

arctg operation:
. Dy
6 =Arctan —
CD ma

Fig. 2 shows the resulting observer scheme.

It is clear from the state equations (10,11) tlo&dm speed is
required first for the implementation of the flubserver. A
simple manner to estimate its magnitude is givef6hy

=1

Here,dis an adjustment coefficient.

(15)

oY, (o)

5 Experimental Results

The general block schematic of the laboratory sefsgd for
experimental verification is shown in Fig. 3. Itnsists of a

V is the estimate state a® is the reduced observer gairpOOW three-pole PMSM which is fed by an IGBT Vokag

and is defined by :

Source Inverter. For estimation and control taskslSpace

DS1104 board has been used. In order to compare the

G, :[gl ‘QZJ =gl+g,J (14) estimated position and speed signals with the hotitput, an
9. O incremental encoder is also mounted on the driaét.sh
l_ F=A11- GA2:
v, V 6.
d Bo @ I O v Arctg
A
w, R Gr
------- b-o-- Ko
] 1
) L 7/ Yy

Vd

Idref

oy S s
v = P —] V3T
Py - i abo | —
¥ . T
abc
dg -
Current
E. R : Voltage
W
Position & Speed ||
Estimator

& )

Fig. 3. Sensorless control with Position and Sgestdnator.



The sensorless PMSM drive is demonstrated to opdrat emf signals derived from the measured current avithge
satisfactory manner with the two elaborated tealmsq are feeble. Additional procedure is then necesgarngmove
1. Open-loop flux estimator based technique Fig. 4.  the effects of this uncertainty.
2. Reduced flux observer based technique Fig. 5.
The tests are accomplished with correction procesiufhe 6.3 Effect of Resistance Uncertainty:
figures show the speed estimates (in rpm) and twsitipn - )
errors (in deg): in low speed operation (a) andvamying In the PMSM, the most temperature sensitive paranigthe

speed and considerable load conditions (b). stator winding resistance, the fundamental paramete
The positional error is measured to be withinl.5° in all Nnecessary for all the presented techniques. Thestedff an
conditions for the first method ard-1° for the second. uncertainty at the level of this parameter intragie steady

A minor prior adjustment is necessary to allowiaiposition Fotor angle estimation error. If the stator currentn phase
error cancellation in open-loop flux estimator hseVith the motional back-emf, uncertainty in the stat

technique. resistance generates no error in the estimated aogle [7].
6 Results Analysisand Comparison 6.4 Effect of Stator Voltage and Current M easur ement
Errors

When the mechanical sensor is replaced by an dgdima
technique that provides the rotor position and dpedl the measurement of the stator current and voltage woaves

control methods commonly used in sensored contfahe The use of these measurements in the rotor posstmator
motor are conserved in the sensorless scheme. i§hhe . X N . post
Yé@s result in angle estimation inaccuracy owing the

major advantage shared by the presented SensoriSalitable scaling or offset errors contained ir thensed
techniques. "
quantities.

On the other hand, the major difference between tive | tice. th J int tion in (5) i ¢
techniques results from the flux estimation whishcarried N practice, the open-oop integration in (5) isme to errors
out by an open-loop calculation in the first mettaydl by a caused by d”ﬂ'. Small OﬁTSEt S|gn_als in the meesumts are
closed-loop one in the second method. So, the dhserver summed over time, causing the integrator outpuiaiirate.
based technique is a self-adjusting flux estimati@thod. Furthermore, an initial valqe problem assoma_lt.et_dh.\lhe pure
integrator occurs from the integral value at th8ahinstant.
In the following section the effects of differemictors on the Integrator drift can be reduced by improving therepu
rotor position and speed estimation accuracy aresiigated. integrator with a low-pass filter with very low ofit
frequency. Another way to solve this problem csissiin

6.1 Starting up replacing the integrator by an alternative integrattructure

) o ) ) ) [8,12]. But these modifications have two drawbackse
Starting difficulty is a challenging problem in senless innipition of the flux estimator in low-speed ranged the
opera_uon of PMSM drives. For cqnsstent;tartmgs,epgrate phase lags induced by the filter. Consequently dditianal
technique was needgd, often using the _|n.ductannatwm position error arises.
approach [9] or the high frequency signal injecip®,11]. I Based on the above considerations, a Look Up Table
fact, a closed loop smooth and reliable starting ealy be procedure is implemented to compensate the position
achieved when information regarding the absoluteorroestimation error. The estimation algorithm becontieen
position is avallab_le. _ _ more complicated.
For a simple starting, the test motor is startethuppen-loop |, the second technique, selecting the magnitudethef
operation as a stepper motor w_|th sinus-wave emmta_mtll closed-loop eigenvalue reals to be much greaten the
the rotor speed reaches convenient level for aggtienation. angular velocity helps to reduce the effect of agdt
The lowest sensorless spee@fsrpmfor the first technique measurement offsets on the rotor position estimatio
and33 rpmfor the second. accuracy.

Both the indirect position sensing methods requine

6.2 Speed Estimation 7 Conclusion

As described in section 3 the rotor speed, in thendoop \when the presented estimation methods are compatadir

flux estimation based method, is obtained by cldse@ complete version, the reduced flux observer basebinique
estimation using PI-Controller. That is the reasbthe good seems more complex in term of formulation and peatt
estimation results of this quantity (Fig. 4). _ implementation. But in actual fact, the closed-lofipx
However, in the observer estimation technique,Speed is estimation achieved by this technique makes it more
estimated separately and it is considered to be/stem attractive; especially if the problem of the spestimation in
parameter (11). Therefore the position estimatictueacy is |ow speed rang is resolved by using a positionvaénn
dependent on the accuracy of the speed estimat&hwhnstead of the back-emf based calculation. Furtbeemwith
depends itself on the PM flux linkagg, (16). appropriate parameters adjusting the observer laskdique

Not including an adaptive correction scheme, PM fiokage presents a good immunity against motor parameters

uncertainty would generate velocity estimation errauncertainty and electrical measurement defaults.
particularly in low speed rang. As, in such cormitthe back-



Basically, the main limitations of the investigatsdlutions [6] T.D. Batzel and K. Y. Lee, “Electric propulsiomith the
refer to standstill operation and safe starting doethe sensorless permanent magnet synchronous motor:lrande
unobservability of rotor angle under those opetatirmpproach,” IEEE Trans. Energy Convers., vol. 2Q,4opp.
conditions. In many industry applications, init@bsitioning 818-825, Dec. 2005.

is not necessary and a simple open-loop startingambe [7] T.D. Batzel and K. Y. Lee, “Electric Propulsiowith
used. In the opposite case, starting method shmiidvolved Sensorless Permanent Magnet Synchronous Motor:

in the whole sensorless algorithm. Implementation and Performance,” IEEE Trans. Energy
Convers., vol. 20, no. 3, pp. 575-583, Sept. 2005.
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Fig. 4. Experimental results of the open-loop flux Fig. 5. Experimental results of the reduced flux
estimator based technique. observer based technique.



