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A Reduced-Order Position Observer with
Stator-Resistance Adaptation for Synchronous
Reluctance Motor Drives

Toni Tuovinen*, Marko Hinkkanen*, Lennart Harnefors’, and Jorma Luomi*
*Aalto University School of Science and Technology
Department of Electrical Engineering, P.O. Box 13000, FI-00076 Aalto, Finland
TABB Power Systems, PSDC/DCTU, SE-77180 Ludvika, Sweden

Abstract—A reduced-order position observer with stator-
resistance adaptation is applied for motion-sensorless syn-
chronous reluctance motor drives. A general analytical solution
for the stabilizing observer gain and stability conditions for
the stator-resistance adaptation are given. The local stability
of the position and stator-resistance estimation is guaranteed at
every operating point except the zero frequency, if inductances
are known accurately. The observer design is experimentally
tested using a 6.7-kW synchronous reluctance motor drive; stable
operation at low speeds under various loading conditions is
demonstrated.

Index Terms—Observer, stability conditions, speed sensorless,
stator resistance estimation.

I. INTRODUCTION

The torque production in synchronous reluctance motors
(SyRMs) is based on the magnetic saliency of the rotor.
The absence of the rotor winding (and the rotor current)
may reduce the losses of SyRMs as compared to induction
motors [1]. Due to simpler structure and smaller energy losses,
modern SyRMs are feasible competitors for induction motors
in variable-speed drives [2], [3].

The rotor position of a SyRM has to be known with good
accuracy in order to obtain stable operation and high perfor-
mance. The rotor position can be either measured or estimated.
Motion-sensorless control is usually preferable: speed sensors
are expensive, they can be damaged or, in some environments
and applications, cannot be installed. Furthermore, sensorless
control ensures the operation of the drive equipped with a
motion sensor in cases the sensor is damaged.

In low-cost applications, motion-sensorless operation of the
drive is preferred, and signal-injection methods should be
avoided in order to minimize hardware costs. Hence, a robust
and easy-to-tune rotor-position observer, based only on the
fundamental excitation, is needed [4], [2].

Motion-sensorless AC drives may have unstable operating
regions at low speeds. The back electromotive force (EMF)
is proportional to the rotational speed of the motor. At low
speeds, the back EMF becomes weak and the observer be-
comes increasingly sensitive to parameter errors [5]. In prac-
tice, the stator resistance varies with the winding temperature
during the operation of the motor, and AC motors are usually
magnetically saturated in the rated operating point. Even if
the motor parameters are accurately known, improper observer

gain selections may cause unstable operation of the drive [6],
[7].

Usually, an in-depth stability analysis of position estimation
methods is omitted since the resulting closed-loop systems
become increasingly complicated as the order of the observer
increases. Hence, a low order is an attractive design goal for
rotor-position observers.

To extend the range of stable operation to low speeds,
including zero speed, methods incorporating additional current
or voltage signal have been proposed [8], [9]. Other speed and
position estimation methods exploit modified PWM [10], [11],
for example. In some applications, a position observer can
be augmented with a signal-injection method for low-speed
operation [12].

In this paper, the reduced-order proposed in [13] for perma-
nent magnet synchronous motor drives is applied for a SyRM
drive. The observer is augmented with the stator-resistance
adaptation in low-speed operation. With accurate inductance
estimates, the linearized closed-loop system is stable in every
operation point, except the zero frequency. The performance of
the observer design is evaluated using laboratory experiments
with a 6.7-kW SyRM drive. For improved low-speed opera-
tion, the observer could be augmented with a signal-injection
method, for example in a fashion similar to [14].

II. SYRM MODEL

Real space vectors will be used here. For example, the
stator-current vector is 23 = [id,iq]T, where iq and i, are
the components of the vector and the matrix transpose is
marked with the superscript T. The orthogonal rotation matrix

is defined as
I— 1 0
10 1

respectively. Since J corresponds to the imaginary unit j, the
notation is very similar to that obtained for complex space
vectors.

The electrical position of the d axis is denoted by ¥,,. The
d axis is defined as the direction of the maximum inductance
of the rotor. The position depends on the electrical angular
rotor speed wy, according to

A

T = Wmnm (13)
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Fig. 1. Motion-sensorless rotor-oriented controller. The observer is imple-
mented in the estimated rotor coordinates.

To simplify the analysis in the following sections, the machine
model will be expressed in the estimated rotor reference frame,
whose d axis is aligned at U with respect to the stator
reference frame. The stator inductance is

I — o 0md {Ld 0 } oTmd

0 L. (1b)

where 15,,1 = 1§‘m — Y, is the estimation error in the rotor
position, Lq the direct-axis inductance, and L, the quadrature-
axis inductance. The voltage equation is
dvp, = us — Ryt — OmJ Y, (1c)
dt
where 1), is the stator-flux vector, us the stator-voltage vector,
R the stator resistance, and w,, = d@m /dt is the angular

speed of the coordinate system. The stator current is a non-
linear function

is = L', (1d)

of the stator-flux vector and the position error U

ITII. ROTOR-POSITION OBSERVER

The observer in estimated rotor coordinates is considered.
A typical rotor-oriented control system is depicted in Fig. 1.
Accurate parameter estimates Lq and L, are assumed.!

A. Structure

The observer proposed in [13] is based on estimating the d
component g of the stator flux and the rotor position. The
componentwise presentation of the observer is

dv . .

% = ug — Ryiq + @mLaiq + k1(0a — Laia)  (2a)
5 A diq 5 .

ddm _ Ug — Rslq — qu_f + ko (’L/Jd — Ldzd) (2b)

dt q

where k1 and ks are observer gain parameters. The rotor speed
estimate is obtained directly from (2b) since &y, = ddy, /dt.
The observer is of the second order and there are only two
gains.

In practical implementations, the effect of the magnetic saturation on Lg
and Lq can be taken into account using explicit functions or look-up tables.

B. Stabilizing Observer Gain

The gains k; and k. determine the stability (and other
properties) of the observer. The closed-loop system consisting
of (1) and (2) is locally stable in every operating point if the
gains are given by

b+ B(c/@m — Om) _ Bb—c/Om + Wm
52 +1 ’ - ﬂQ +1
where the coefficients b > 0 and ¢ > 0 may depend on the
operating point? and

ki = ko 3

g=4 )
2d

The observer gain design problem is reduced to the selection
of the two positive coefficients b and ¢, which are actually the
coefficients of the characteristic polynomial of the linearized
closed-loop system. Hence, (3) can be used to place the
poles of the linearized closed-loop system arbitrarily. In (3),
an accurate stator-resistance estimate RS is assumed. This
assumption will be lifted in Section III-C.

The stability with accurate parameter estimates is necessary
but not a sufficient design goal. In addition, it is typically
required that the system should be well damped, robust against
parameter errors and noise, and easy to tune. Based on
numerical studies, the coefficient b in (3) can be kept constant
while ¢ = b|y,| + @2 leads to the simple gains [13]

Bsign(@m) + 1 B — sign(d)
B*+1 B +1
that are independent on the rotor speed estimate (except
its sign). This gain selection is an acceptable compromise
between design criteria (damping, robustness, and simplicity).
If different design criteria are preferred, coefficients b and c
could be determined by pole placement or searched by means

of numerical optimization, for example.

by = —b , ka=b 5)

C. Stator-Resistance Adaptation

The stator resistance adaptation law proposed in [13] is

dR, X
£ = kr(¥a — Laia) (6)

where kg is the adaptation gain. The general stability condi-
tions for the observer augmented with (6) are

kRiq(I)m >0
kg [(iq — Biq)b — 2igtm] + be > 0

(7a)
(7b)
where b and c are the positive design parameters in (3).
Based on the condition (7a), the sign of the gain kg has to
depend on the operating mode. Furthermore, the magnitude of
kr has to be limited according to (7b). It can be shown that
the conditions in (7) are fulfilled by choosing
min{kg, L},
max{—kg, L},

kg sign(iq@m),

if 4qm >0and L >0
if igqom <O0and L<0  (8)

otherwise

kg =

2For &m = 0, ¢ = 0 has to be selected to avoid division by zero, giving
only marginal stability for zero speed.
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Fig. 2. Experimental setup. The stator currents and the DC-link voltage
are used as feedback signals. Mechanical load is provided by a servo drive.
The shaft torque Ty, and the rotor speed wm are measured for monitoring
purposes. Three-phase switch S is in the closed position, except in the
experiment shown in Fig. 3.

where kf, is a positive design parameter. The limiting value is

be

"(iq — Big)b — 2iqim
where the parameter 0 < r < 1 affects the stability margin of
the system; choosing » = 1 would lead to a marginally stable
system (in the operating points where kg is determined by L).

In practice, the adaptation should be disabled in the vicinity
of no-load operation and at higher frequencies due to poor
signal-to-noise ratio (which is a fundamental property common
to all stator-resistance adaptation methods based only on the
fundamental-wave excitation). Hence, parameter kf; in (8) can
be selected as

e {kg (1= L) figl, if Jig] > ia and |om| < wa

0, otherwise

L=—-

©)

(10)
where kﬁ, wa, and ia are positive constants.

IV. EXPERIMENTAL SETUP AND PARAMETERS

The operation of the observer and stator-resistance adapta-
tion at low speeds was investigated experimentally using the
setup shown in Fig. 2. The motion-sensorless control system
was implemented in a dSPACE DS1104 PPC/DSP board. A
6.7-kW two-pole SyRM is fed by a frequency converter that
is controlled by the DS1104 board. The rated values of the
SyRM are: speed 3175 r/min; frequency 105.8 Hz; line-to-
line rms voltage 370 V; rms current 15.5 A; and torque 20.1
Nm. The base values for angular speed, voltage, and current
are defined as 2 - 105.8 rad/s, 1/2/3- 370 V, and v/2 - 15.5
A, respectively.

A servo induction motor is used as a loading machine.
The rotor speed wy, and position ¥, are measured using an
incremental encoder for monitoring purposes. The shaft torque
T, is measured using a Dataflex 22 torque measuring shaft.
The total moment of inertia of the experimental setup is 0.015
kgm? (2.7 times the inertia of the SyRM rotor).
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Fig. 3. Experimental results showing the stepwise increase of 0.2 €2 in the

actual stator resistance at ¢ = 4 s and the decrease at ¢t = 9 s. The speed
reference is kept at 0.04 p.u. and a negative rated load torque is applied at
t=2s.

The stator resistance of the SyRM is approximately 0.65
Q at room temperature. Additional 0.2-(2 resistors were added
between the frequency converter and the SyRM. The resistance
can be changed stepwise by opening or closing a manually
operated three-phase switch (S) connected in parallel with the
resistors. Unless otherwise noted, switch S is in the closed
position.

The block diagram of the speed-sensorless control system
implemented in the DS1104 board is shown in Fig. 1. The
stator currents and the DC-link voltage are measured, and
the reference voltage obtained from the current controller
is used for the observer. The sampling is synchronized to
the modulation, and both the switching frequency and the
sampling frequency are 5 kHz. A simple current feedforward
compensation for dead times and power device voltage drops is
applied. The control system shown in Fig. 1 is augmented with
a speed controller, whose feedback signal is the speed estimate
(o obtained from the proposed observer. The bandwidth of
this PI controller, including active damping [15], is 27 - 5.3
rad/s (0.05 p.u.). The estimate of the per-unit electromagnetic
torque is evaluated as T, = (La — Lq)iqiq.
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Fig. 4. Experimental results showing speed-reference steps (0.1 p.u. — —0.1
p-.u. — 0.1 p.u.) at rated load.

The observer was implemented in the estimated rotor co-
ordinates using (2), (5), (6), (8), and (10). The observer gain
(5) is determined by the constant b = 2 p.u. The per-unit
parameter estimates used in the experiments are: Lq = 2.20
p-u. and Ly = 0.31 p.u., and the d-axis current reference
was 0.35 p.u. The parameters needed for the stator-resistance
adaptation are: 7 = 0.1 in (9) and kf = 0.005 p.u., wa =
0.15 p.u., and o = 0.2 p.u. in (10).

V. EXPERIMENTAL RESULTS

Fig. 3 shows the stepwise change in the stator resistance (as
seen by the frequency converter). Initially, three-phase switch
S, cf. Fig. 2, was in the closed position. The speed reference
was kept at 0.04 p.u. A load torque step to the negative rated
value was applied at ¢ = 2 s. Switch S was opened at ¢t = 4
s, causing a 0.014-p.u. increase (corresponding to 30%) in the
actual stator resistance. Switch S was closed again at ¢ = 9
s. It can be seen that the stator-resistance estimate tracks the
change in the actual stator resistance.

Fig. 4 shows speed-reference steps under the rated load
torque. The speed reference was stepped from 0.1 to —0.1
p.u. and then back to 0.1 p.u. Fig. 5 shows load-torque steps
when the speed reference was kept at 0.04 p.u. The load torque
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Fig. 5. Experimental results showing load-torque steps (0 negative rated —
rated — 0) when the speed reference is kept at 0.04 p.u

was stepped to the negative rated value at ¢ = 2.5 s, reversed
at t = 7.5 s, and removed at ¢t = 12.5 s. It can be seen that
the observer behaves well both in speed and torque transients.

Results of a slow load-torque reversal are shown in Fig. 6.
The speed reference was kept at 0.05 p.u. It can be seen
that the torque estimate corresponds very well to the actual
measured torque. The changes in the position error and in
the estimated stator resistance suggest that the inductances are
not well-tuned. In SyRMs, the d-axis flux component usually
saturates strongly as a function of the corresponding current
component. Furthermore, the d-axis saturation is coupled with
the g-axis saturation [16].

Results of a slow speed reversals are shown in Fig. 7. A
load torque step to the rated value was applied at t = 2 s.
The speed reference was slowly ramped from 0.08 p.u. to
—0.08 p.u. and back to 0.08 p.u. During the sequence, the drive
operates in the motoring and regenerating modes. Without the
stabilizing observer gain, this kind of speed reversals would
not be possible. Furthermore, without the stator-resistance
adaptation, a very accurate stator-resistance estimate would
be needed since the frequency remains in the vicinity of zero
for a long time.
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Fig. 6. Experimental results showing slow torque reversal when the speed

reference is kept at 0.05 p.u.

VI. CONCLUSIONS

In this paper, a reduced-order position observer with stator-
resistance adaptation was applied for motion-sensorless SyRM
drives. If the inductances are known accurately, the position
and stator-resistance estimation is stable at every operating
point except the zero frequency. The observer design is simple,
and it results in a comparatively robust and well-damped
closed-loop system. The observer was experimentally tested
using a 6.7-kW SyRM drive; stable operation at low speeds
under different loading conditions is demonstrated. Constant
inductance values were used in the experiments. It is assumed
that using an inductance model should further improve the
performance of the drive.
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