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Abstract - This paper presents an algorithm for speed and
rotor position estimation in permanent magnet synchronous

An alternative approach is to use reduced order
observers to reduce the computation load. Among them,

motors (PMSMSs). Stator voltage and current measurements
are used to build a nonlinear reduced order observer. Back
Electromotive Forces (EMFs) are estimated first and then
rotor position and speed are reconstructed from the estimated
EMFs. The observer is implemented and tested in a
permanent magnet AC drive (PMACD). The experimental

results show that our observer gives a good estimation of
speed and rotor position in a wide speed range.

reduced order Luenberger observers can be found in their
linear and nonlinear versions. The linear solution can be
found in [7] and [8] while a nonlinear solution was

proposed in [9]. In both types of observers the EMF is
estimated first. Then, rotor position and speed are obtained
from estimated EMF. The EMF must be estimated with low
error in order to obtain good estimates of the rotor

variables.

In this paper a novel algorithm for estimating rotor
position and speed of PMSMs is presented. This algorithm
estimates the back electromotive forces (EMFs) using a

Recently, great attention has been paid to improve theonlinear reduced order observer and rotor position and
performance of electrical drives using asynchronous angbeed are reconstructed from them [9]. The proposed
synchronous motors. Advances in the technology obbserver presents exponential convergence of the EMFs
magnetic materials, electronic devices and VLSI circuit@stimation error. This is the main advantage with respect to
provide the tools for designing high performancethe approximations introduced in [7] and [8]. In section Il
adjustable speed drives [1]. These drives need a precigee motor model is presented. The nonlinear reduced order
knowledge of rotor position to synchronize the statoobserver used to estimate mechanical variables is presented
currents with the rotor. For different reasons, in somén section Ill. In section IV the algorithm behavior is tested
applications it is desirable to avoid mechanical sensorfn a commercial PMACD and experimental results are
This fact has encouraged the research on the sensorles®wn. In section V conclusions are drawn.
operation of Permanent Magnet AC Drives (PMACDS).

Rotor position and speed may be estimated with an
observer based upon measurements of electrical variables
of the motor. Different approaches to estimate the state
variables can be found in the literature. In [2] and [3] The motor is described in a stationary two-axes
nonlinear full order observers are employed for speedeference frame. Thus, the model voltages and currents are
estimation. They suggest obtaining rotor position byelated to the actual physical quantities by the following
integrating the speed estimate in open loopughothis is linear transformations:
subject to biases. In [4] an algorithm to estimate flux and
current by integration of differential equations was
proposed. In [5] and [6] the implementation of an Extendedu, O
Kalman Filter (EKF) is proposed for speed and rotor] 5=
position estimation. This approach makes use of e
linearization of the system model around operating points.
Though the EKF is well known, the convergence of the
estimated speed and position are difficult to guarantee.

|. INTRODUCTION

II. MOTOR MODEL
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where v, vg, i and j are voltages and currents in the A nonlinear reduced order observer can be designed for
stationary two-axes reference framg;vy , Ve, in, i and i estimating the EMFs {g¢ &). The observer copies the
are phase voltages and phase currents. The factor 2/3nianlinear dynamics (eqns. (9) and (10)) and adds
both equations means that the transformation preserves tberrection terms such that the following equations are
amplitude of voltages and currents, thus it is not powedbtained:

conservative.
The dynamic model for a motor with P pairs of rotor do KoK g ., .. 0 B
poles is given by: & B D& o 5% ;BE_,@“_
dt b OE+E &g g3 (13)
99 _s (3) .
dt P 2. = Ema dlaH
o
Z—?:ﬁ[—iasiMPe)+chos(PQ)]—?w 4) Ke e dt
di R K v d&,  KgK Déu” 2 0B
Za - T+ DE bsin(Pg) + -9 (5) BT D&S L 8 0 e
dc.zlt L L L dt 0 R+ @+8 g I (14)
| v
B__R _Kg B 6 .
R i N S L -
Ke ot ol

where the electrical parametel: L andKg are resistance,
|nductaqce aqd EMFs = constant, - respectively. Th(\a/vhere hat stands for estimated variables and
mechanical variables and parametétse B, J and Ky,

are rotor position, rotor speed, viscosity, inertia, and torqu%A

constant, respectively. Ga _ —Eiq _1 8 +o0
dt L L L
[1l. POSITION AND SPEED ESTIMATION VIA EMFS -
d'B R . 1. Ug
— = -—ig-—¢g +—
Taking into account the motor electrical equations (5) gt L L L

and (6), it is clear that the rotor position and speed
information is contained in the back electromotive forces In this observer 0n|y the g constant is to be designed_ A

(EMFs) terms. These are given by: g value guaranteeing exponential convergence of the
estimation error can be found using Lyapunov techniques

& =-Kg wsin(P8) (7)  as was demonstrated in [9].

ey = Kg wcos(PO) (8) Note that the correction terms use the time derivative of

stator currents. In order to avoid the differentiation of the

Taking the time derivative of (7) and (8), and remacindneas_ure.ments, the . observer equaFions .are modified
(7) and (8) in (5) and (6) the dynamical model of theconsidering the following change of variables:

machine can be rewritten as follows: .. .
U =& -Lgiq

0, =g -Lgi (19)
de,  KeKy O eg i €4 € i B 2 =%
= 0 a 60
dt b [Eite  eitel [ ©) In this way, the modified observer's equations are given
BTN < oy
e by _ KeKr & (s +igh) B,
- — T
dey  KeKy E € . e i E dt J (& +&) J (16)
a b 10
a9 e e f 4o P o [EAE +o(R, +8-0,)
_EeB +Leﬂ e§+e§ KE
K -~ ~ . ~ . oA
- dUz_KEKTeB('uea“Beﬁ)_BéB_
di R 1 V] - - -
— =g e (11) dt J (& +&) J (17)
dt L L L
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e, =0, +Lgi, (18) tachometer of the drive; the speed error signal is obtained

L in the digital oscilloscope. The observer gain g is fixed at

6 =L, +Lgig (19)  400. This value satisfies the trade off between a fast
convergence of the algorithm, and acceptable sensitiveness

Th h L f th . d d to current ripple and noise. If a sinusoidal PWM inverter is
en, the estimation of the rotor position and speed algseq 1o drive the motor, then it is possible to increase the

calculated as follows: value of g improving the robustness of the algorithm
against mechanical parameter uncertainties.
3ty _@_ e, @ (20) The data and parameters of the motor are: 0.75 kW
P 0 & 0 (nominal power), 2000 rpm (nominal speed), 3 pairs of
poles, 2.63 ohm (stator phase resistance), 4.5 mHy (stator
R 1 55 phase inductance), 0.156 V/rad sec-1 (EMF constant), 0.81
W=—",6&*6 (21) Nm/A (torque constant), 4.7 A (nominal stator current), 5.7
Ke Kgemz2 (inertia). The inverter switching frequency is 8 kHz

Hence the proposed observer is represented by ﬂ?@d the DC bus voltage is 240 V. The stator voltages and

second-order dynamic system given by (16) and (17), annﬁ:]rrents were measured using standard Hall effect sensors.

four algebraic equations which allow to calculate the bacr ey are fitered with antialiasing filters with cut-off

EMFs (18) and (19), the rotor position (20) and the roto requency at 500_Hz, and then they_are fed to 12bit A/D
speed (21). converters at the input of the PC equipment.

Figs 2 through 8 show the experimental results obtained
with the above-described experimental set-up. For the first
test we consider the motor running at medium speed (500
rom) and we show different aspects related with the

The proposed algorithm was tested with a commercijfeasuremem? of the _commercial dri\_/e. Fig. 2 ShOW.S the
PMAC drive as shown in Fig.1. The drive consists of EMs estimations, which are the basis of the behavior of

PMSM and an electronic converter with a speed contr&r'_e whole observe_r. As expected they are tWO. S|nuso_|ds
th 90° phase shift, but they present some spikes which

loop. The control and converter forces a quasi-square wavé . ; ot
current into the motor phases. This represents a hi e due to the high value of the time derivatives of the
ase currents.

exigency to our observer because it is sensitive to the ti I .
derivatives of the phase currents The effects of these derivatives on the rotor position and
The proposed algorithm runs in a PC with a Pentium O?Eeed tehsumatlonts eflre pre?(tarr]\tedhm F|gs]; t::] and t4. Flgth 3
166MHz, with a sampling period of 2@8ec. Two discrete shows the current of one ot Ine phases of the motor n the
@ottom trace. The speed estimation is shown in the upper

difference equations for (16) and (17) are implemente ce. Taking into account that there is a current transition
using the Euler method. The measured voltages anfee: o gin . . .
ery 60° it is evident that the ripple in the speed

currents are converted to the quadrature components @i o T
g b timation is a consequence of the transition in the phase

and (2) to be inputted to the difference equations. Then the : . . .
algebraic eqns. (18) trough (21) are built to obtain the rotocrurrents, the same as the spikes in the estimated FEMs. It is

position and speed estimation. These estimations apossmle to diminish this ripple decreasing the gain of the

conuered t anlog variabes using 12 s DIACS and ol >S5, [ S o8 e Sonueigence oL e obeenc
visualized in a digital oscilloscope. The speed estimation is ' 9

compared with the actual speed, which is provided by the
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IV. EXPERIMENTAL RESULTS
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. . . Fig. 2.: Estimation of the motor FEMs. Upper trage:Bottom
Fig.1 Block Diagram of the experimental set-up. trace: g Scales voltage: 200 V/div., time:10ms/div.



Tek [II0E S0ks/s 52 acgs (55 00.02 vac Tek [I1LE 250 Sis 2Ags (55 00.02 vac
I'T A ----n----n--l'--n----n -------- |----|--l--|----|----
S T ST 3 SO
-+ S S PPt PP S SUUUESUURE SUUPESUUNE JUUPEUURESUPPE SRR IO -
sV M S e Y 3somy o T PUUTETIE FURTR FUTIR ST PUUE T T P
hz 2V M 1schls 2y
Math 2y

Fig. 3: Upper tracei: 333 rpm/div; Bottom fice: phase

current: 2 A/div., t: Sms/div. Fig 5. High speed operation Upper trdsemid traceé - w,

bottom traces. Scales: speed: 666 rpm/div, time:
1s/div.
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parameter uncertainties will decrease. So we have adopted
the value of 400 as a trade off, we tolerate some ripple and
we preserve the robustness of the observer. Fig. 4 showéz
the corresponding estimations of rotor position and speed,
again while the motor is running 800 rpm. It is seen that

the estimation of the rotor position is less sensitive to the )
current transitions. This is due to the fact the ripple in théUnning at 50 rpm which corresponds to 1/40 of the
FEMs estimations is somewhat cancelled when we takgPMinal speed. The three traces are equivalent to those in
their relationship to calculate the phase. It is clear that thfsig- 5. It is evident that the estimation at low speed is as
situation can be easily overcome using a PWM inverteﬂOOd as that of nominal speed. So we conclude that the
which forces sinusoidal currents into the motor. observer is capable of estimating the rotor speed in a very

Once the behavior of the observer and the commerci¥fide range. _ _ _ _

drive were determined, we examine the performance of the Other test, which was carried out, consisted in the
proposed observer in the whole speed range. Fig. ay)phce_mon of a trapezoidal refe_re_nce speed profile. The
presents the high speed operation. The motor is running BtOr is running al00 rpm, then it is accelerated to 2000
nominal speed and the rotor speed is estimated with almd&m (nominal speed) and then the speed command is
no error. The upper trace corresponds to the estimatétgcreased back to 100rpm. The Fig. 7 shows the response
speed, the bottom trace to the actual speed, measured fr8ffhe estimated speed to this varying speed profile. Again
the tachometer of the drive. The scale for the estimatdf}€ UPPer trace corresponds to the estimated speed, the
speed was adjusted to fit that of the tachometer (3 Yottom frace to the actual speed, measured from the
corresponds to 1000 rpm). the speed error was calculatégFhometer of the drive, and the mid trace is the error
with the mathematical function of the digital oscilloscope alculate by the oscilloscope. It can be seen that the
Fig. 6 presents the low speed operation, while the motor fgansient in the motor speed does not affect the quality of

ig 6. Low speed operationuf=50rpm). Uppertracé‘), mid

trace ‘33“*), bottom tracéV. Scales: speed: 33
rpm/div, time: 200 ms/div.
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Fig. 7: Acceleration and deceleration of the drive. Uppertigge: Fig 8. Convergence of the proposed observer. Scéles666
mid trace® ~ @ bottom trace. Scales: speed: 666 rpm/div, t:2ms/div.
rpm/div, time: 1 s/div.
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