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Sensorless Indirect-Rotor-Field-Orientation Speed
Control of a Permanent-Magnet Synchronous
Motor With Stator-Resistance Estimation

Mohamed Rashed, Peter F. A. MacConnell, A. Fraser Stronach, and Paul Acarnley

Abstract—Efficient and precise sensorless speed control of a
permanent-magnet synchronous motor (PMSM) requires accu-
rate knowledge of rotor flux, position, and speed. In the litera-
ture, many sensorless schemes have been presented, in which the
accurate estimation of rotor flux magnitude, position, and speed
is guaranteed by detecting the back electromotive force (EMF).
However, these schemes show great sensitivity to stator resistance
mismatch and system noise, particularly, during low-speed opera-
tion. In this paper, an indirect-rotor-field-oriented-control scheme
for sensorless speed control of a PMSM is proposed. The rotor-flux
position is estimated by direct integration of the estimated rotor
speed to reduce the effect of the system noise. The stator resistance
and the rotor-flux speed and magnitude are estimated adaptively
using stable model reference adaptive system estimators. Simple
stability analysis and design of the estimators are performed using
linear-control theory applied to an error model of the PMSM
in a synchronous rotating reference frame. The convergence of
rotor position- and speed-estimation errors to zero is guaranteed.
Experimental results show excellent performance.

Index Terms—Parameters identification, permanent-magnet
synchronous motor (PMSM), sensorless control, speed control.

NOMENCLATURE

@T Rotor-flux space vector.

i Stator-current space vector.

us  Stator-voltage space vector.

w,  Rotor angular speed in electrical radians per second.

Or Rotor position.

we  Synchronous rotating-reference-frame speed in electri-
cal radians per second.

Pe Position of synchronous rotating reference frame in elec-
trical radians.

1, Actual rotor (magnet)-flux magnitude.

R,  Stator-winding resistance.

Ly  Stator-winding inductance.
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x,s Subscripts, real, and imaginary components in synchro-
nous rotating reference frame.
«, B Subscripts, real, and imaginary components in stator

reference frame.

I. INTRODUCTION

ERMANENT-MAGNET synchronous motors (PMSMs)

are known to provide higher torque per unit volume and
better efficiency than induction motors, while improvements in
the properties of permanent-magnet materials have increased
their viability. Recently, sensorless PMSM drives have received
increasing interest for industrial applications where there are
limitations on the use of a position sensor. The elimination
of the position sensor reduces the cost of the drive and
increases the overall system ruggedness and reliability. High-
performance operation of sensorless PMSM drives mainly re-
lies on accurate knowledge of the rotor-magnet flux magnitude,
position, and speed. The sensorless rotor-position estimation
techniques can be classified into two major groups: the motor-
model-based and the rotor-saliency-based techniques. The latter
are suitable only for the interior PMSM (IPMSM). Most of
the motor-model-based techniques detect the back-EMF vec-
tor, which holds information about the rotor position and
speed, using either open-loop estimators [1]—[3] or closed-loop
estimators/observers [4]-[9]. In other motor-model-based tech-
niques, the rotor-flux vector is directly estimated [10], [11].
Moreover, adaptive observers have been used to estimate the
stator current, the rotor speed, and the rotor position [12]-[15].
Extended Kalman filters (EKF) have also been proposed for ro-
tor speed and position estimation [16], [17]. Although the EKF
algorithm is stable and well known, the EKF is computationally
intensive and requires proper initialization. Furthermore, model
reference adaptive system (MRAS) has been used extensively
for combined rotor flux and speed estimation in induction
motors [18].

In [1], open-loop back-EMF-based position and speed
estimators have been considered. The scheme is sensitive to
the system noise and to the stator resistance mismatch. In
[4], the rotor-flux vector is estimated by direct integration of
the calculated back EMF. The estimated rotor-flux vector is
corrected adaptively by utilizing the error between measured
and estimated stator currents to reduce the effect of integration
drift. However, the scheme is not suitable for low-speed
operation. On the other hand, in [12], an identity observer
has been proposed to estimate the rotor speed by utilizing the
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stator-current estimation error, provided that the rotor-flux mag-
nitude is known. The rotor position is estimated by integrating
the estimated rotor speed to reduce the effect of the system
measurement noise. A similar nonlinear full-order observer
is employed for speed estimation in the study in [15], where
the pole-placement technique is used to locate the observer’s
eigenvalues. Although, the convergence of the estimated rotor
position to its true value is guaranteed, the scheme is sensitive
to stator-resistance and rotor-flux magnitude mismatch.

In [14], a sensorless adaptive full-state observer incorporat-
ing a motor mechanical model has been developed. The stator
current, the rotor speed, and the rotor position are estimated.
Moreover, the parameters of the mechanical model are adap-
tively estimated and used for online pole placement of the
motor controller. A series of papers has been published by
Solsona [5], [6], [13], in which the rotor position and speed
are estimated using the mechanical and electrical models of the
PMSM. In [5], a reduced order observer has been presented,
in which the back-EMF vector in the stator reference frame is
observed. The rotor position and speed are, then, algebraically
calculated using the two back-EMF-vector components. This
method of calculation introduces measurement noise directly to
the estimated position and speed signals. In [13], an extended
observer has been proposed to estimate the stator current, the
rotor position, the rotor speed, and the load torque. The observer
shows sensitivity to electrical parameter variations that may
lead to unstable operation.

Some authors have used a two-time-scale approach, where
the drive’s mechanical model variables are assumed to be
slowly varying as compared to the electrical variables, i.e., w,
is assumed constant. Therefore, only the electrical model of the
PMSM is used to estimate the rotor position and speed [7]-[11].
A disturbance observer has been proposed to estimate the back
EMEF, from which the rotor position is directly estimated [7].
An independent adaptive rotor-speed estimator is also used.
It has been shown that the observer suffers from steady-state
position-estimation error [6]. In [10], a sliding-mode observer
has been developed to estimate the rotor-flux vector instead
of the back EMF. In addition, in [11], a flux-state observer
has been developed to estimate the rotor flux; however, the
observer is sensitive to stator resistance mismatch. In [8] and
[9], a disturbance observer has been applied to the IPMSM
to estimate the back EMF. The motor speed is adaptively and
independently estimated. It has been shown that these observers
are sensitive to mismatch between the actual value of stator
resistance and the value of resistance assumed in the electrical
model. This mismatch has greatest effect at low speeds and
high loads, where the voltage drop across the stator resistance
is large in comparison to the back EMF.

It is now clear that sensorless rotor-flux estimation using the
machine model is still problematic at low speeds. The main
limitations arise from the observability problem when operating
at zero speed and the sensitivity to stator resistance mismatch
at low speed. Moreover, direct estimation of the rotor position
from the estimated back-EMF vector introduces measurement
noise directly into the position estimate. During operation, the
stator resistance increases while the rotor magnet flux decreases
due to the motor-temperature rise. However, the rate of change
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of the stator resistance per degree Celsius is much greater than
the rate of change of the rotor magnet flux. The stator resistance
may increase by a value up to 50% of its nominal value
during operation. This large percentage of resistance mismatch
severely affects the accuracy of the estimated rotor-flux vector
and may lead to unstable operation at speeds close to zero [15].
Thus, for low-speed operation, it is much more important to
update online the stator resistance than the rotor flux.

In this paper, an indirect-rotor-field-oriented control (IR-
FOC) scheme for a PMSM is proposed. The new scheme is
insensitive to the stator resistance mismatch. The rotor-flux
vector is estimated in its polar form, where the rotor-flux
vector is completely defined by its magnitude and position. The
electrical model of the motor is used to estimate the rotor-flux
vector, assuming w,., and the rotor-flux magnitude are slowly
varying parameters. Three MRAS estimators are designed to
estimate the rotor speed, the rotor-flux magnitude, and the stator
resistance. The rotor-flux position is estimated by direct inte-
gration of the estimated speed to reduce the effect of measure-
ment noise. It is demonstrated that the simultaneous estimation
of the stator resistance and the rotor-flux magnitude is not
possible, so two separate estimation schemes are proposed. In
Scheme 1, MRAS stator-resistance and rotor-speed estimators
are used, while the rotor-flux magnitude is set to its nominal
value. In Scheme 2, the rotor-flux magnitude and the rotor speed
are estimated adaptively using MRAS estimators, while the sta-
tor resistance is set to its nominal value. Scheme 1 is shown to
provide stable and robust operation at low speeds. The MRAS
estimators are designed to provide stable operation when used
independently and simultaneously. Stability analysis and design
of the MRAS estimators have been performed for a PMSM er-
ror model in a synchronous rotating reference frame fixed to the
estimated rotor-flux vector. The convergence of the estimated
rotor position and speed to their true values is also guaranteed.

The model of the PMSM in stationary and synchronous ro-
tating reference frames is discussed in Section II. In Section III,
sensorless adaptive rotor-flux-vector estimation Schemes 1 and
2 are designed and discussed. Experimental results for both
schemes are presented in Section IV.

II. PMSM MODEL

The linear state-space model of a surface-mounted PMSM
in a stationary reference frame (sc, s(3), which is fixed to the
stator windings, is given as [10]

11{,‘ = Jw,o@,. (1a)
iy = —alis — JCLQUJ»,«ET + asts (1b)
where
Ug = [Usoz usﬁ]Ta ;9 = [ZGO/ isB}Ta

Er = [7pra "/}rﬁ]T7 "/}r =/ %oz + "/Jgg

Yra =1y cOS Prs wrﬁ = 1, sin Pr,

R 1
pr:/wrdty alzia a2:fg7

0 -1 10
—L 0}, and I—{O 1]
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The motor-state variables are the two stator currents 7,
and isg and two rotor fluxes 1, and v,g. The system inputs
are the stator voltages s, and usg. The system outputs are
1so and ig3. Equation (1b) represents the motor-stator-circuit
model. Equation (la) represents the rotor model, which is
completely decoupled from (1b), since the rotor flux is pro-
vided by a permanent magnet. Practically, because of drift
and initialization difficulties, the rotor-flux vector cannot be
estimated by using the rotor model (1a). Therefore, the rotor-
flux vector is estimated/observed by utilizing the error between
the measured and estimated stator currents using (1b). It is well
known that the design and analysis of estimators/observers in
the synchronous rotating reference frames is much simpler than
in the stator reference frame, since in the synchronous reference
frame, the sinusoidal time varying variables of the PMSM are
transformed to dc variables. In a synchronous rotating reference
frame (x,y) that rotates at speed w,, the motor model in (1) is
written as

Y, = — J(wa)P, ()
iy = — (a1 + weJ)is — Jagw,ap, + asts  (2b)
where
Us = [Usy  Usy|T, Ts = [isz isy)
U =lse VslTs Ur = \[U5 YR,
d
We = 7 Pe, and wg = (We — wy).

III. ADAPTIVE ROTOR-FLUX-VECTOR ESTIMATOR

In the synchronous rotating reference frame, the estimated
version of the PMSM model in (2) may be expressed as follows:

ir - J(d)Sl)@r (38.)

— (a1 + weJ)i

gs = s JCLQCDTET + agug (3b)
where Wg; = (we — W), and “A” denotes an estimated quantity.

By subtracting (3a) and (3b) from (2a) and (2b), respectively,
and by applying the Laplace transformation, an estimation-
error model of the PMSM in the synchronous rotating reference

frame and in matrix form is given as

{ﬁz:f’] - 5242“31 [((wﬁf++wifi/f$)} Awr (4a)
3] -5 {[r ]
o (e
roly S[R]) @
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Fig. 1. Sensorless IRFOC PMSM drive.
where
AP, =, — 1, = At Agy,]T,
Dwy = (wp — @), Ay =Gy — 4y = [Digy Ay,
Aay = (a1 —a1) Adgy = (isz — lsz),
Nigy = (isy —isy), Aty = (thre — Vra),
Aty = (ry —Vry), @ty — &y, = 0, A, + Aw,3h,,
D=F*4+u? and F=(s+a).

The stator-current errors Aigy, and Ad,, are utilized to
estimate the rotor speed (w; ), the stator-resistance parameter
(a1), and the rotor-flux magnitude (¢,.), using MRAS estima-
tors. The actual PMSM drive (as a reference model) and its
implemented model inside the drive controller (as an adjustable
model) are operated in parallel. Inside the controller of the
IRFOC PMSM drive, the synchronous rotating reference frame
is assumed fixed to the estimated rotor-flux vector, and thus,
the estimated rotor-flux-vector components are the following:
z/;m = 1/)T and 7/’ry = 0. Therefore, from (3b), the estimates of
the stator currents and the rotor position are implemented as
follows:

lsg = — &1%8.’,8 + we%sy + a2Usy (5a)
isy = - dlisy - we%sx - GQ‘DT'JJT + A2Usy (Sb)
B =0 we=0n pr— / Ondt. (5¢0)

Fig. 1 shows the block diagram of the proposed sensorless
IRFOC PMSM drive.

It should be noted that the estimated flux component z/?ry is
assumed known and equal to zero, while the estimated flux
component z/AJm is assumed equal to the magnitude of the
estimated rotor-flux vector zﬁr and is unknown. In addition,
wy = —Auw;., since Wy is equal to zero (5¢). Furthermore, for
small perturbations around the equilibrium point, Aw, is small,
and thus, Aw? is negligible. Therefore, substituting w? = 0 and

'([er = 0 into (4) and eliminating A, from (4b), yields
Aisw _ 1 7%sxF - %sywr w%
[Aisy] B 5 —’zsyF + %szwr Aar —a wyF Aq/)m

_|_ e alwrlzjr
1/)T (s +a18+ w?

) o
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The stator-current-error components Aig, and Adgzy are
functions only of the errors of the unknown parameters, which
are Aw,., Aay, and A),.., and are utilized to derive the adaptive
error signals ., €4, and £41. The intention is to feed these error
signals to polarization-index (PI)-type controllers to estimate
adaptively the unknown parameters w,., .., and a;. However,
it is at this stage that a fundamental difficulty arises: it is not
possible to derive values of the three independent variables
Ay, Aaq, and Aw,. in (6) in terms of the two variables, Ai,
and Adé,,. The remainder of this paper describes the techniques
used to overcome this difficulty. The basic strategy is to use two
separate schemes, each of which calculate just two of the three
error signals (with the third signal assumed to be zero), with
the choice of scheme depending on the instantaneous operating
condition of the PMSM. Thus, in Scheme 1, 1[),, is set equal
to its nominal value ,_,,, and the estimator adapts the rotor
speed w;., and stator-resistance parameter a;. As discussed in
the Introduction, variation of the stator resistance is much more
significant than variation of rotor flux at low speed, so Scheme 1
is most suitable for low-speed operation of the PMSM. Con-
versely, in Scheme 2, the stator-resistance parameter a; is
set equal to its nominal value aq_,,. Therefore, the Scheme-2
estimator adapts the rotor speed w, and rotor flux %),., which
is most appropriate for high-speed operation, where the stator-
resistive voltage drop is small in comparison to the back EMF.

A. Simultaneous Estimation of Motor Speed
and Stator Resistance: Scheme 1

From (6), the adaptive-error-signal equations of the rotor
speed and the stator resistance are chosen as follows:

1

Cw="—

1 ~ ~
—Aigy €a1=ﬁ(—isyAisw+iswAisy). @)
as Yy Zng

The adaptive-error-signal equations in (7) are chosen according
to the following rules.

1) They should be a set of linearly independent equations in
Aigy and Adgy.

2) The poles and the zeros of the transfer functions
(ew/Aw,) and (£41/Aaq) should be located in the left-
hand side of the s-plane at any operating point.

3) The gains of these transfer functions should be unity.

The adaptive error signals are fed to PI-type controllers to
estimate w,., a1, while the estimated rotor-flux magnitude is set
equal to the nominal value of the magnet flux ¢,._,,. Thus,

Wy = Gcwgw Gy = Gcalsal 1;2]7" = 'l/)rfn (®)

where Gy = kpw + ki /S: Gea1l = kpa1 + Kia1/5. kpws Kiws
kpa1, and k;q1 are the PI controllers gains.

1) Stability Analysis and Controller Design: By substituting
from (6) about Ai,, and Aig, into (7), €, and £,; may be
expressed as function of Av,.;., Aaq, and Aw,. as follows:

Ew wa Gwal AW’r Gwl/)
|:5a1:| |:Ga,1w Ga1a1:| |:A0,1 :| + |:Ga11,[1:| ¢ ( )
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Aa,—p
A(/Iari_> quIAal + va/Al//rx disturbance
+ ~
G, + €, kp mss+ k., a),=
()
Aw,—pp
4 !//,;—> Cornd®, + G\ AY,, — disturbance
ks+k, a
Ga]a] Pa]ss ial I:

(b)

Fig. 2. Scheme-1 estimator block diagrams. (a) Rotor-speed estimator.
(b) Stator-resistance estimator.

where

(52 +a1s+ wf)
Coo=""p

w F Gy F — igpw
wa - AT’ ’ Gwal = ~ = Ta

QZJTD aszD

R isyalwr + %SE (32 +a1s+ wf)
Galw = - a21/}r ) ’
12wysD
GoyWr — 1ap 1

Garp =as—2——""— and Gaig1 =

2D D

S

The rotor-speed and the stator-resistance estimators, which
are given by (7)—(9), are represented by the 2 x 2 multiple-
input-multiple-output (MIMO) closed-loop control system
shown in Fig. 2. The design of the PI controller for each
estimator is performed independently, with each estimator be-
ing treated as a single-input—single-output (SISO) closed-loop
control system. As an example, the rotor-speed estimator is
designed by assuming the effect of A, and Aa; is a bounded
external disturbance. From (9) and Fig. 2, since the poles and
the zeros of transfer functions G, and G141 of the rotor speed
and the stator resistance estimators, respectively, are located in
the left-hand side of the s-plane, the estimator’s PI controller
gains can be selected as high as possible to provide quick
tracking of the estimated variables. However, stability will not
be guaranteed for simultaneous use of the estimators and needs
to be investigated.

In the next sections, the speed and the stator-resistance
estimators are designed independently. Afterwards, stability for
simultaneous use will be investigated.

2) Speed-Estimator Design: The block diagram in Fig. 2(a)
shows the closed-loop rotor-speed estimator. Before proceeding
to determine the speed estimator’s PI controller gains, it should
be noted that the existence of a G, pole at the origin of
the s-plane ensures the convergence of Aw, to zero, what-
ever the value of the disturbance signal. This agrees with the
physical interpretation that, at steady state, the rotor speed is
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exactly equal to the estimated value, since w, is set equal
to the estimated speed in the proposed IRFOC PMSM drive
(5¢). Thus, a simple proportional controller would be suffi-
cient to ensure the convergence of Aw, to zero; although, &,
would not converge to zero. For this reason, a PI controller
(with transfer function G, and controller gains k;,, kpy) is
used. The forward transfer function of the speed estimator
[Fig. 2(a)] is

Or [ AWy = Gy G (10)

It has four poles and three zeros. All are located in the left-hand
side of the s-plane. Two of these poles, FFP1 and FFP2,
are located at the origin, and the other two are conjugate
poles, FFP3 and FFP4, with negative real part of —a; and
imaginary part of w.. One of the three zeros is the PI controller
zero FFZ1 and the other two are the zeros FFZ2 and FFZ3
of the transfer function G..,. The feedforward gain is k.
The feedforward poles and zeros are the following: FFP1,
2=0; FFP3,4=—ay £ jw.; FFZl=—k;,/ky,; and
FFZ2,3 = —0.5a; + 0.5sqrt(a} — 4w?).

The locations of the closed-loop transfer function poles char-
acterize the control-system dynamics. The closed-loop speed
estimator, which is shown in Fig. 2(a), has four poles. It was
decided that the location of the PI controller zero FFZ1 should
be on the real axis at —a; to make sure that the fast dynamic
closed-loop poles are always located to the left of the conjugate
poles FFP3-4, providing a quick transient response. The value
of the proportional gain £, can be selected to be as large as
possible to give close tracking of the actual motor speed. The
PI controller gains are chosen as follows: k;,/kp, = a1 and
kp. = 300.

3) Stator-Resistance Estimator: The block diagram in
Fig. 2(b) shows the closed-loop control system of the stator-
resistance estimator. Similar to the speed estimator, the forward
transfer function of the stator-resistance estimator is

a1/Aar = Geag1Gatal- (11)

It has three poles FFP1-3 and one zero FFZ1. All are located in
the left-hand side of the s-plane. The first pole FFP1 is at the
origin. The other two poles are as follows: FFP2,3 = —a; &+
jwe. The zero FFZ1 is the PI controller zero and is as follows:
FFZ1 = —k;q1/kpa1. The FFZ1 is positioned close to the origin
to reduce the dominance of the first closed-loop pole CLPI.
Kia1/kpa1 is selected equal to 20, and ka1 = 5000.

4) MIMO Stability Investigation: The two estimators,
which are shown in Fig. 2, have been designed independently
by considering their separate open-loop transfer functions and
selecting appropriate values of PI controller gains. However,
changes in estimated outputs from either controller appear as
disturbances in the other controller, so, therefore, the stability
of the complete 2 x 2 MIMO system must be investigated.
The stability analysis is performed by finding the locations of
the closed-loop poles of the MIMO system. From Fig. 2, the
relationship between the system outputs w, and a; and the
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errors Aw, and Aaj, which represents the forward transfer
function of the 2 x 2 MIMO system, is given as follows:

t:}r _ Gcw 0 wa Gwal
CAll N 0 Gcal Galw Galal
Aw, Gy

Aal Ga1¢

<[]

The error A, in (12) is assumed to be a bounded external
disturbance, which is ignored for the purposes of the stability
study. The closed-loop poles are obtained by solving the char-
acteristic equation

1 + Gchww + GcalGalal + Gchcal
X [waGalal - GwalGalw] =0.

| v}

(12)

Gew 0
0 Gcal

wa
Galw

Gwal

‘I—’_ |: Ga1a1:| ‘ =0 (13)

which reduces to

(14)

The characteristic (14) is on the seventh order, and thus, it
is difficult to determine analytically the stability conditions.
However, one of the conditions of the Routh stability criteria
is that the coefficients of the characteristic equation polynomial
should be positive. Since, by inspection, the coefficients of the
terms G, Guw» Gea1Galal, and G, Geq1 in (14) are positive,
the Routh stability condition exists if the coefficients of the
fourth term [GwGa1a1 — Gwa1Galw] are also positive. It can
be shown that this condition is met if

e =0 or sgn(fsm) = sgn(isywr). (15)
In fact, 75, is usually set equal to zero for operation at speeds
below the base value, and this condition is imposed for all of
the results in this paper. The conditions in (15) are validated
by investigating numerically the locations of the closed-loop
poles for the various operating modes of the drive. For example,
Fig. 3 shows the loci of the closed-loop poles when i,, =0 A
and ¢4, = 2 A for a range of speed starting at £0.1 up to
+314 elect. rad/s for the motor parameters given in
Appendix A. The points indicated by crosses in Fig. 3 are
the locations of the seven poles of the characteristic equation
at w, = 0.1 elect. rad/s. As the speed increases, the poles’
locations move in the directions indicated by the arrows. The
loci obtained shows stable operation for the whole speed range
in motoring and generating modes of operation. In conclusion,
although the two estimators proposed are stable when used
independently, interaction between the two estimators result in
the overall scheme having the possibility of instability at low
speeds. Specifically, the conditions in (15) should be considered
to obtain stable operation at low speeds, but for high speeds,
is¢ can be set to any value. The convergence of the Scheme-1
estimators is investigated in Appendix B.
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Fig. 3. Loci of closed-loop poles for simultaneous speed and stator-resistance
estimation. isz; = 0 A, isy = +2 A, and we = 0.1 — £314 elec. rad/s. Top
subplot: complete Locus. Bottom subplot: zoom in at the origin.

B. Simultaneous Estimation of Motor-Speed and
Rotor-Flux Magnitude: Scheme 2

This estimation scheme is most suitable for use at higher
rotor speeds, where the effect of any stator-resistance mismatch
is reduced. The adaptive error signals of the rotor-speed and the
rotor-flux-magnitude estimation are defined by (6) as follows:

1 1
Ew = _7AA7/5y Ey = —7AZSI (16)

ast), asw?
These adaptive error signals are fed to PI-type controllers to
estimate w,., ¥, while the estimated value of a; is set equal to

its nominal value. Thus

Or =Gt by =Geyey G1=an (17

where Gy = kpy + kip/s. kpy and k;y, are the PI controller
gains.

1) Stability Analysis and Controller Design: By substituting
from (6), about Ai,, and Aig,, into (16), yields

€w | _ wa wa AWT‘ Gwal
e B it | et B R

wa Awrft G’Lb(].l
where
al/(/;r 1 'zsx (5 + al) + %sywr
Gypw=— Gypyp=—= Gya1= .
v wysD YT D al asw2D

The rotor-speed and the rotor-flux-magnitude estimators, which
are described by (16)—(18), are represented by a 2 x 2 MIMO
closed-loop control system, as shown in Fig. 4. As in the
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Aa, )
Ay, : | GmaIAal + GwylA Yix — disturbance
w, Awr wa kpws+kia) Ct)r=
+ N
(@)
Aw,—p
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Fig. 4. Scheme-2 estimator block diagrams. (a) Rotor-speed estimator.
(b) Rotor-flux estimator.

previous sections, each estimator’s PI controller is designed for
independent use as a SISO closed-loop system. Subsequently, a
stability investigation for simultaneous use is carried out.

It should be noted from (16) that the speed estimator used
in Scheme 2 is the same speed estimator used in Scheme 1.
Therefore, the same PI controller gains will be used. Thus, the
selected PI controller gains are the following: kiy/kp, = a1
and k., = 300. Similarly, the rotor-flux-magnitude estimator
transfer function G, is equal to the stator-resistance esti-
mator transfer function G,141. Therefore, the same PI con-
troller gains selected for the stator-resistance estimator are used
here. Thus, the selected PI controller gains are the following:
ki¢/kp'¢ = 20 and k‘pw = 5000.

2) MIMO Stability Investigation: The stability of the two
estimators when used simultaneously as a 2 x 2 MIMO system
is investigated, using the PI controller gains selected in the
previous section. From Fig. 4, the relationship between the
system outputs w,. and 1/3T and the errors Aw,. and A1),.,., which
represents the forward transfer function of the 2 x 2 MIMO
system, is

dﬁr _ Gcw 0
wr N 0 Gcw

(Lo sl [
Gy

Gwlb A’L/)r Gwal
The effect of the error Aaq in (19) is assumed to be a bounded
external disturbance, which is ignored for the stability study.
The locations of the closed-loop poles of the 2 x 2 MIMO
system are obtained by solving the characteristic equation

; O
P

G O

GUJUJ
0 Gey ] [wa (20)

-+
which is reduced to

1+G oo, G —I-Gchdﬂ/, —|—GchC¢ Lwawa —Gw/,waJ =0.
(21)

As in Section III-A4, the coefficients of the characteristic
equation in (21) are found to be positive, then one of the Routh
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stability conditions exists whatever the value of ,, since the
polynomial coefficients of (21) are not functions of either 7,
or ig,. In fact, if ., is set equal to zero in (14) and the same
values of the PI controllers gains are used, the characteristic
equations (21) and (14) are identical. Since the poles of (14) are
stable, which are as shown in Fig. 3, the poles of (21) are also
stable. In conclusion, the two estimators of Scheme 2, when
acting together, show stable operation at any operating point,
independent of the values of i, and i,,. The convergence of
the Scheme-2 estimators is investigated in Appendix B.

IV. EXPERIMENTAL RESULTS

The algorithm of the sensorless IRFOC PMSM drive in-
corporating the designed rotor-speed, stator-resistance, and
rotor-flux-magnitude MRAS estimators has been implemented
on a TMS320C31 DSP platform. The pulsewidth-modulation
(PWM) switching and the current sampling are synchronized to
a common interval of 100 us, so there is no need for filtering
of the current signals. The stator voltage is reconstructed by
using the PWM pulses and the measured dc link voltage.
In addition, an algorithm is implemented to compensate the
effect of the inverter nonlinearities, i.e., the dead time and
the device voltage drops [19]. The discussion of the algorithm
is beyond the scope of this paper. An incremental position
encoder of 4096 lines is used to measure the rotor position.
The measured rotor position is used for comparison purpose
only. The (adjustable) model of the PMSM implemented inside
the control algorithm should strictly include the effects of
harmonics in the spatial distribution of the magnet flux and of
the air-gap reluctance variations due to the stator slots. These
effects are sources of current harmonics and torque pulsations.
However, the PMSM used for the experimental investigation
had a sinusoidally distributed magnet flux and skewed stator
slots, so the flux harmonics and air-gap reluctance variations are
negligible, and thus, the ideal machine model can be used. The
stator current, rotor speed, rotor position, stator resistance, and
rotor flux are estimated using (5), (8), and (17), respectively.
Extensive experimental work has been carried out to investigate
the performance and the stability of the developed PMSM
drive at low-speed operation, using Scheme 1 in comparison
with Scheme 2. The parameters of the PMSM used for the
experimental work are given in Appendix A.

An initial set of tests were carried out with the drive being
used to lift and lower a constant mass (crane-type load). During
the lifting phase, the PMSM operates in motoring mode, while
it operates in generating mode during lowering. The drive lifts
amass of 15 kg at the low speed of 2 rad/s. The reference value
of i, is set equal to zero.

For the results shown in Fig. 5, the estimators of Scheme 1
were activated with the estimated rotor-flux-magnitude set con-
stant at 0.24 W. At t = 0 s, the speed is reversed to —2 rad/s
to lower down the load. The average value of the rotor-position
error converges to zero, as shown in Fig. 5(c). Despite the high
system noise-to-signal ratio during such low-speed operation,
the results show stable operation in motoring and generating
modes. With an improved inverter-nonlinearity-compensation
algorithm, smoother and smaller ripple signals could be ob-
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Fig. 5. Experimental results, Scheme 1, crane load. Operation at low speeds
with nominal value of rotor flux.

tained at low speeds. The torque current component ig, is
shown in Fig. 5(f). During the lifting period, i,, was greater
than 3 A, which corresponds to 90% of the rated torque of the
motor. In the lowering period, %, is less than 3 A because of
the crane-pulley friction-torque component being reversed. The
estimated stator resistance is shown in Fig. 5(d). Its value is
almost unchanged by the speed reversal, since its sensitivity to
machine parameter mismatch is small at low speeds [see (B.3)].

When the same test was carried out but with the Scheme 2
estimators activated, with the estimated stator-resistance value
set constant and equal to its nominal value, the results obtained
are shown in Fig. 6. The results show stable operation in
motoring and generating modes. It is also noted that the average
value of the rotor-position error converges to zero, as shown in
Fig. 7(c). Thus, Schemes 1 and 2 exhibit satisfactory responses
in this initial experiment.

The effect of errors in the quantity that is not being esti-
mated was investigated by the next pair of experiments. First,
Scheme 1 was applied with the same test conditions used to ob-
tain the results in Fig. 5 but with a detuned rotor flux magnitude
(set to 170% of its rated value). The results in Fig. 7 show stable
operation of the sensorless Scheme 1, even with such a large
rotor-flux mismatch. Note, however, that the estimated stator-
resistance value is increased after the speed reversal because of
the rotor-flux mismatch. A similar test was carried out using
Scheme 2. The experimental conditions were the same, as
though used when obtaining the results in Fig. 6, except that the
stator resistance was detuned by setting it to 95% of the correct
value. The results in Fig. 8 show unstable behavior during
transient period after the speed-reversal moment at £ =0 s.
At the low rotor speed, the sensorless Scheme 2 shows great
sensitivity to even a small stator-resistance mismatch of 5%.

Authorized licensed use limited to: Newcastle University. Downloaded on June 23,2010 at 13:37:29 UTC from IEEE Xplore. Restrictions apply.



RASHED et al.: SENSORLESS INDIRECT-ROTOR-FIELD-ORIENTATION SPEED CONTROL OF A PMSM

— a): 4 F
—w 2 b
. ‘: _g r 3@’- N
(mech.rad/s) -4 £ . i . . .  (a)
S W\l\l\[\
— Pr o
(elec.rad) :i r . . . . . - (b)
1 -
Ap,
(elec.rad) v
At - - - - - , (©)
R, 4t
@ af
Y
04
"r 03
(Web)  O2¢ |
| R N 1
4 L
l'sx 2 M
—i, a
N — ()
Ly 20¢
10 F
—Usy 0 ke . " T ““ — -
M o0 ' 1 - - - - ()
-2 -1 o} 1 2 3 4

time, s

Fig. 6. Experimental results, Scheme 2, crane load. Operation at low speed
with nominal value of stator resistance.
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Fig. 7. Experimental results, Scheme 1, crane load. Low-speed operation with
rotor flux at 170% of nominal value.

Another common test for sensorless drives is to investigate
the convergence of the estimated rotor position to the true value
during the start up of the drive. In this test, the PMSM motor
was coupled to a dc generator, which acted as a load. The dc-
generator terminals were connected to a resistor, causing the
load torque at the motor shaft to be proportional to rotor speed.
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Fig. 8. Experimental results, Scheme 2, crane load. Low-speed operation with
stator resistance set at 95% of nominal value.
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Fig. 9. Experimental results, Scheme 1 with speed-dependent load. Effect of
initial position error using nominal value of rotor flux.

First, Scheme 1 was investigated. The rotor flux magnitude was
set equal to its rated value. The reference speed was set to
10 rad/s. The initial rotor-position error was set to +1.2 elec.
rad. The drive and the estimators were started at ¢ = 0 s. The re-
sults obtained are shown in Fig. 9, which demonstrates that the
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Fig. 10. Experimental results, Scheme 2 with speed-dependent load. Effect of
initial position error using nominal value of stator resistance.

rotor position converges quickly to its correct value. It can be
seen from the results that, at higher speed operation, the noise-
to-signal ratio is less. The same experimental conditions were
used for Scheme 2 but with the stator resistance set to its rated
value. The results obtained are shown in Fig. 10, where it can be
seen that the rotor-position error reduces to zero within 0.5 s.

Finally, the two schemes were investigated for no-load
operation. In this test, the shaft of the PMSM was completely
decoupled from the shaft of the dc generator and left to run
free of load. A speed-reversal test from 2 to —2 rad/s was
carried out for Scheme 1 with the rotor flux magnitude set
to its rated value. The results obtained (Fig. 11) show stable
operation. The average value of the rotor-position error tended
to zero. Although, i,, was very small [Fig. 11(f)], stable
stator-resistance estimation was still possible [Fig. 11(d)]. The
relatively high ripple content of the stator-resistance estimate is
due to the high noise-to-signal ratio of the reconstructed stator
voltage. When the same test was carried out for Scheme 2, with
the stator resistance at its rated value, the results obtained were
as shown in Fig. 12. Again the results are stable, but the cyclic
variation of the position error [Fig. 12(c)] is larger than that oc-
curring in the Scheme 1 results [Fig. 11(c)], because Scheme 2
is less suitable for such low-speed operation.

V. CONCLUSION

The proposed sensorless IRFOC PMSM drive provides a
rotor-position estimate, which is immune to system noise, and
an accurate speed estimate, which is insensitive to machine-
parameter mismatch. The rotor speed, the rotor flux magnitude,
and the stator resistance have been regarded as slowly varying
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Fig. 12. Experimental results, Scheme 2 at low speed and light load.

parameters, which have been adaptively estimated using three
MRAS estimators. It has been demonstrated that simultaneous
estimation of the stator resistance and the rotor flux magnitude
is not possible in sensorless PMSM drives. Two sensorless
schemes, Schemes 1 and 2, have been proposed. In Scheme 1,
the rotor speed and the stator resistance are estimated, while in
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Scheme 2, the rotor speed and the rotor flux magnitude are the
estimated quantities. It has been demonstrated by theoretical
and experimental investigations that Scheme 1 is more suit-
able for low-speed operation than Scheme 2, since Scheme 2
is very sensitive to stator-resistance mismatch at low-speed
operation. Stability analysis and design based on the linear-
control theory have been performed for the proposed MRAS
estimators on an independent and simultaneous use basis. The
convergence of the estimated quantities to their true values is
also guaranteed on the condition that the other machine para-
meters are accurately known. The convergence of the estimated
rotor position to its true value is always possible if 74, is
equal to zero, whatever the value of the machine-parameter
mismatch. Experimental investigations of the drive demonstrate
that accurate and stable position/speed estimation is possible
in the various operating modes, provided that an appropriate
estimation scheme is chosen.

APPENDIX A
PMSM PARAMETERS

Connection type Y;
rated voltage 380V,
rated current 3.54 A,
number of phases 3;
number of poles 6;
frequency 50 Hz;
rated speed 3000 r/min;
L 0.017 H;
Ry 3.6 Q;
Vr_n 0.24 W,
maximum torque (Te—max) 35 N-m;
rated torque (T,_,) 3.7 N-m.
APPENDIX B

PROOF OF CONVERGENCE
Scheme 1

The stable operation of the two estimators of Scheme 1
when used independently is guaranteed, as demonstrated in
Section III-A4. However, it is crucial for high-performance/
efficient operation of sensorless PMSM drive that the steady-
state errors of the estimated quantities converge to zero. At
steady state, the adaptive error signals €, and ¢,; are equal
to zero since they are fed to PI controllers. In addition, the
estimated speed is exactly equal to the actual speed; thus, the
speed error is zero, as has been explained in Section III-A2.
Then, at steady state: €, = 0; €41 = 0; and Aw, = 0; also,
Wy = We = Wy, %SI = 44z, and isy = igy. Furthermore, practi-
cally the set value of the estimated flux magnitude Q;T is not
exactly equal to the actual value of the magnet flux v,.. The
difference between the square of the actual magnet flux )2 and
the square of the estimated magnitude 1&3 is assumed equal to
§,ie., 92 — 2 = 4, and from which the following is obtained:

2y Ay + (A7, + AY2,) = 6. (B.1)

1673

In addition, by substituting (4b) into (7) and by substituting the

operator s = 0, yields

Ew = (alisy - wrisz)Aal + a1a2wTAwrw + a2w?Awry =0
(B.2a)

Eal = izeral + a2w’r‘(wrisy - alism)Awrw

—aowy (Wrlsy + A1lsy) Athry = 0. (B.2b)

From (B.1) and (B.2), the errors A, Ay, and Aaq, as
functions of ¢, are

_ Zgydjr - %Zgy + (ng + Zgy) 4
Atpry = — . 1+ -
(B.3a)
isz
Aty = — Z.—Azbm (B.3b)
sY
Aay = — a;“’r Aty
sy
- a2w1*isy7~/;r 14+ Agzgy + (Z%x + Z%y) 4
(2, +12,)
(B.3¢)
A,
Ap, = sin! <$y) . (B.3d)

It should be noted from (B.3b) that, if i,, is equal to zero,
A1,y is also zero whatever the value of 6. In addition, from
(B.3d), the error in the estimated rotor position Ap,. is either
zero or = rad. However, if the estimators are activated when
the initial position uncertainty is less than +7/2 rad, Ap,
usually converges to zero. Then, if i, is zero, the steady-state
errors are

Alprm =7 Awry = 07 ARS = _?77 and Apr =0 (B4)

sy

where v = (¢ — ¥r).

It should be noted from (B.4) that Ap, is zero despite the
value of the rotor-flux-magnitude mismatch . However, the
error in the estimated stator resistance is proportional to 7, w,.,
and the inverse of i,. Practically, the change in « during oper-
ation is small, and thus, its effect on the estimation accuracy is
small. If v is equal to zero, i.e., 77/}7« is set exactly equal to the
true value, the estimated stator resistance converges to its true
value. In addition, theoretically, at no-load, when i,, — 0 A
and i,, = 0 A, the error in the estimated stator resistance tends
to infinity. But, practically, i,, exists even when the PMSM
operates at no-load. In general, the reference value of 7, is set
equal to zero in order to obtain accurate rotor-position estimate
even when -y exists.
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Scheme 2

The convergence of the rotor-flux vector to its true value
and the influence of the stator-resistance mismatch Aa; on
the estimate of the rotor flux magnitude and position must
be investigated. At steady state, the adaptive error signals &,
and €, and the speed error Aw, are equal to zero. Then, by
substituting (4b) into (16) and setting the operator s = 0
Ew = (alisy_wrisx)Aal + a1a2erwa + a2w$A¢ry =0

(B.5a)

. . 2
ey = (—Q11sz —Wrisy) Aty — 2w Athyg+a1aowr Athry, = 0.
(B.5b)

By solving (B.5), the
functions of Aa; are

A/l/}T'y
Atpry

It should be noted from (B.6a) that, if i, is zero, Ay, — 0,
and, thus,

rotor-flux-vector error components as

= (isg/aowy)Aay

— (tsy/aswy)Aas.

(B.6a)
(B.6b)

Ap, =0 Py =0,

ql}mc :7/}7" Awmc = (1;[}7" - 1/37")

_BUAR,. (BT
wr

From (B.7), the rotor-position error is zero despite the stator-
resistance mismatch: The existence of Aa; influences only the
error in the estimate of the rotor flux magnitude Av,.,. The
error A1, increases as the speed decreases down to zero.
However, the influence of Aa; is small at high speeds. Even
if 44, is nonzero, the influence of Aa; on the rotor-position
and rotor-flux-magnitude estimate tends to zero as w, tends to
infinity, so Scheme 2 is more suitable for high-speed operation.

REFERENCES

[1] J. Kim and S. Sul, “New approach for high performance PMSM drives
without rotational position sensors,” IEEE Trans. Power Electron., vol. 12,
no. 5, pp. 904-911, Sep. 1997.

[2] N. Matsui and M. Shigyo, “Brushless dc motor control without position
and speed sensors,” IEEE Trans. Ind. Appl., vol. 28, no. 1, pp. 120-127,
Jan./Feb. 1992.

[3] N. Matsui, “Sensorless PM brushless dc motor drives,” IEEE Trans. Ind.

Electron., vol. 43, no. 2, pp. 300-308, Apr. 1996.

N. Ertugrul and P. Acarnley, “A new algorithm for sensorless operation

of permanent magnet motors,” IEEE Trans. Ind. Appl., vol. 30, no. 1,

pp. 126-133, Jan./Feb. 1994.

J. Solsona, M. 1. Valla, and C. Muravchik, “A nonlinear reduced order

observer for permanent magnet synchronous motors,” IEEE Trans. Ind.

Electron., vol. 43, no. 4, pp. 492-497, Aug. 1996.

J. Solsona and M. I. Valla, “Disturbance and nonlinear luenberger ob-

servers for estimating mechanical variables in permanent magnet synchro-

nous motors under mechanical parameters uncertainties,” IEEE Trans.

Ind. Electron., vol. 50, no. 4, pp. 717725, Aug. 2003.

M. Tomita, T. Senjyu, S. Doki, and S. Okuma, “New sensorless control for

brushless DC motors using disturbance observers and adaptive velocity

estimators,” IEEE Trans. Ind. Electron., vol. 45, no. 2, pp. 274-282,

Apr. 1998.

Z. Chen, M. Tomita, S. Doki, and S. Okuma, “An extended electromotive

force model for sensorless control of interior permanent-magnet synchro-

nous motors,” IEEE Trans. Ind. Electron., vol. 50, no. 2, pp. 288-295,

Apr. 2003.

[4]

[5]

[6]

[7

—

[8

[t

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 54, NO. 3, JUNE 2007

[9] S. Ichikawa, Z. Chen, M. Tomita, S. Doki, and S. Okuma, “Sensorless
controls of salient-pole permanent magnet synchronous motors using ex-
tended electromotive force models,” Electr. Eng. Jpn., vol. 146, no. 3,
pp- 55-64, 2004.

Z. Chen, M. Tomita, S. Doki, and S. Okuma, “New adaptive slid-
ing observers for position and velocity-sensorless controls of brushless
DC motors,” IEEE Trans. Ind. Electron., vol. 47, no. 3, pp. 582-591,
Jun. 2000.

S. Shinnaka, “New sensorless vector control using minimum-order flux
state observer in a stationary reference frame for permanent-magnet syn-
chronous motors,” IEEE Trans. Ind. Electron., vol. 53, no. 2, pp. 388-398,
Apr. 2006.

L. A. Jones and J. H. Lang, “A state observer for the permanent-
magnet synchronous motor,” IEEE Trans. Ind. Electron., vol. 36, no. 3,
pp. 374-382, Aug. 1989.

J. Solsona, M. I. Valla, and C. Muravchik, “Nonlinear control of a per-
manent magnet synchronous motor with disturbance torque estimation,”
IEEE Trans. Energy Convers., vol. 15, no. 2, pp. 163-168, Jun. 2000.

R. B. Sepe and J. H. Lang, “Real-time observer-based (adaptive) control
of a permanent-magnet synchronous motor without mechanical sensors,”
IEEE Trans. Ind. Appl., vol. 28, no. 6, pp. 1345-1352, Nov. 1992.

T. S. Low, T. H. Lee, and K. T. Chang, “A nonlinear speed observer
for permanent-magnet synchronous motors,” IEEE Trans. Ind. Electron.,
vol. 40, no. 3, pp. 307-316, Jun. 1993.

S. Bolognani, R. Oboe, and M. Zigliotto, “Sensorless full-digital PMSM
drive with EKF estimation of speed and rotor position,” IEEE Trans. Ind.
Electron., vol. 46, no. 1, pp. 184-191, Feb. 1999.

M. Boussak, “Implementation and experimental investigation of sensor-
less speed control with initial rotor position estimation for interior per-
manent magnet synchronous motor drive,” IEEE Trans. Power Electron.,
vol. 6, no. 6, pp. 1413-1422, Nov. 2005.

C. Schauder, “Adaptive speed identification for vector control of induction
motors without rotational transducers,” IEEE Trans. Ind. Appl., vol. 28,
no. 5, pp. 1054-1061, Sep./Oct. 1992.

J. W. Choi and S. K. Sul, “Inverter output voltage synthesis using novel
dead time compensation,” IEEE Trans. Power Electron., vol. 11, no. 2,
pp- 221-227, Mar. 1996.

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

Mohamed Rashed received the B.Sc. and M.Sc.
degrees in electrical engineering from Mansoura
University, Mansoura, Egypt, in 1987 and 1993,
respectively, and the Ph.D. degree in electrical en-
gineering from University of Aberdeen, Aberdeen,
U.K.,, in 2002.

He was a Postdoctoral Fellow with the Department
of Engineering, University of Aberdeen, between
2002 and 2005. He is currently a Lecturer in the
Electrical Engineering Department, Mansoura Uni-
versity. His fields of interest are in the control of
electrical drives and power electronics of grid-connected renewable-energy
sources, including the development of artificial-intelligence-based, self-tuning,
sliding-mode, adaptive-inverse, and sensorless-control algorithms for power
electronics and electrical drive systems.

Peter F. A. MacConnell received the M.Eng. degree
from the University of Strathclyde, Glasgow, U.K.,
in 1988, and the Ph.D. degree from the University of
Exeter, Exeter, UK., in 1995.

He was with the Department of Engineering, Uni-
versity of Aberdeen, Aberdeen, U.K., in 1996, where
he is currently a member of the Dynamics and Con-
trol Research Group. His principal research interest
is the application of artificial intelligence to oil-
and gas-industry control problems. A complemen-
tary interest to that is his research on the control and
condition monitoring of electric machines with particular interest in sensorless
control. In addition, as part of a U.K.-wide network, he is investigating the use
of artificial intelligence for pattern recognition of biological and clinical data.

Authorized licensed use limited to: Newcastle University. Downloaded on June 23,2010 at 13:37:29 UTC from IEEE Xplore. Restrictions apply.



RASHED et al.: SENSORLESS INDIRECT-ROTOR-FIELD-ORIENTATION SPEED CONTROL OF A PMSM

A. Fraser Stronach received the B.Sc.(Eng.) degree
in mechanical engineering and the Ph.D. degree in
power systems from the University of Aberdeen,
Aberdeen, U.K., in 1988 and 1995, respectively.

He was previously a Senior Lecturer in engineer-
ing in the Department of Engineering, University
of Aberdeen. He is currently a self-employed, trad-
ing under the name Genbase Information Systems,
Aberdeen. His research interests included devel-
opment of artificial-intelligence-based methods for
control of electromechanical drives and for the moni-
toring of electromechanical systems, application of artificial-intelligence-based
methods for monitoring and control for oil-industry-related processes, and
development of offshore and shipborne electrical power system simulation
software. His teaching interests spanned control systems, electromechanical
systems, engineering mathematics, digital systems, and computing.

1675

Paul Acarnley received the B.Sc. and Ph.D. de-
grees in electrical engineering from Leeds Univer-
sity, Leeds, U.K., in 1974 and 1977, respectively,
and the M.A. degree from Cambridge University,
Cambridge, U.K., in 1978.

After seven years in the Department of Engineer-
ing, Cambridge University, he was with the Power
Electronics, Drives, and Machines Group, Univer-
sity of Newcastle upon Tyne, Newcastle upon Tyne,
U.K., in 1986. In 2003, he founded the Research En-
gineering Education Services, Stonehaven, U.K. He
is currently a Research Professor in the School of Engineering, Robert Gordon
University, Aberdeen, U.K., and at the University of Aberdeen, Aberdeen, and
an Emeritus Professor at the University of Newcastle upon Tyne. He is the
author of Stepping Motors: A Guide to Theory and Practice (Institution of
Electrical Engineers, 1982; 4th ed., 2002). His principal research interest is
in the control of electric drives, including work on state and parameter esti-
mation applied to torque, current, temperature, speed and position estimation
in motors, and temperature estimation in power electronic devices. In addition,
he has made contributions in the areas of stepping motors, permanent-magnet
generators, flywheel energy storage, and brushless dc drives.

Dr. Acarnley is a Fellow of the Institution of Electrical Engineers, U.K.

Authorized licensed use limited to: Newcastle University. Downloaded on June 23,2010 at 13:37:29 UTC from IEEE Xplore. Restrictions apply.



