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Analysis of an Adaptive Observer for Sensorless
Control of Interior Permanent Magnet
Synchronous Motors

Antti Piippo, Student Member, IEEE, Marko Hinkkanen, Member, IEEE, and Jorma Luomi, Member, IEEE

Abstract—This paper deals with a speed and position estimation
method for the sensorless control of permanent magnet synchro-
nous motors. The method is based on a speed-adaptive observer.
The dynamics of the system are analyzed by linearizing both the
motor model and the observer, and the observer gain is selected to
give improved damping and noise suppression. At low speeds, the
observer is augmented with a signal injection technique, providing
stable operation down to zero speed. The experimental results,
obtained using a 2.2-kW interior magnet motor, are in agreement
with the results of the analysis.

Index Terms—Adaptive observers, motion control, permanent
magnet motors, stability analysis.

I. INTRODUCTION

HE INCREASING interest in permanent magnet synchro-

nous machines (PMSMs) is due to their high torque-to-
weight ratio and high efficiency. To control the PMSM, the
rotor position and speed must be known. A position sensor
is traditionally used, but the cost and the complexity of the
drive system can be reduced by eliminating the sensor and
its cabling. In sensorless control, the rotor position and speed
are estimated from the measured electrical quantities by means
of a fundamental-excitation method or a high-frequency (HF)
signal-injection method. Fundamental-excitation methods are
based on a mathematical model of the motor. They cannot be
used for sustained operation at the lowest speeds since the back
electromotive force (EMF) of the PMSM becomes very low.
Signal-injection methods are based on detecting the anisotropy
caused by the saliency of the rotor or by magnetic saturation.
These methods are well suited to low speed operations, in-
cluding zero speed. However, signal injection is usually not
used at higher speeds since the additional voltage needed for
signal injection becomes a restriction and HF currents cause
unnecessary losses in the motor.

Various fundamental-excitation methods have been proposed
for the estimation of the rotor position and speed. The stator flux
and its position can be directly estimated from the motor termi-
nal voltages and currents [1], and the load angle between the
rotor and the stator flux can be compensated assuming steady
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state [2]. By using an adaptive (closed-loop) observer, the noise
in the estimated angle can be reduced without degrading the
dynamic performance. The adaptive observer consists of a state
observer augmented with a speed adaptation loop. The state
observer mimics the electrical dynamics of the PMSM. An ob-
server gain can be used to modify the properties of the observer.
An error term is calculated from the measured and estimated
quantities, and the rotor speed is usually adjusted by a PI mech-
anism. The current or the stator flux has been used as a state
variable of the observer [3]-[8]. An observer design using the
stator flux error as a state variable has also been proposed [9].
The structure of the observer becomes more complicated if an
extended EMF [10] is selected as a state variable. It is typical
of interior magnet motors that the rotor saliency complicates
the application and analysis of fundamental-excitation methods
[2], [5], [7]-[10], contrary to signal injection methods.

The stability of the drive system is the most crucial design
criterion [6], [8]. In this paper, an observer gain providing
a stable and well damped system is proposed based on the
linearized model of the system. The PMSM model and the
adaptive observer are first defined. Then, the linearized model
of the system is derived, and used for analyzing different gains.
The method for coupling the signal injection to the adaptive
observer [7] at low speeds is summarized. Finally, experimental
results are presented.

II. PMSM MODEL

The PMSM is modeled in the d—q reference frame fixed to
the rotor. The d-axis is oriented along the permanent magnet
flux, whose angle in the stator reference frame is 6,,, in electrical
radians. The stator voltage equation is

Us = Rsis + 17[)5 + medJs (1)
where ug = [ug u,]" is the stator voltage, is = [ig i4]T
the stator current, b = [1q ¥q]" the stator flux, Ry the
stator resistance, wy, = 6y, the electrical angular speed of the

rotor, and
0 -1
= [0 .

The stator flux is

Y = Lis + ¢, @
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Fig. 1. Block diagram of the adaptive observer. In addition, the reference
model (the actual motor) is shown.

where ¥, = [¢Ypm 0 ]T is the permanent magnet flux and

[La ©
L= 5

is the inductance matrix, Lq and L, being the direct- and
quadrature-axis inductances, respectively. The electromagnetic
torque is given by

7. = Ty, G)

where p is the number of pole pairs.

III. ADAPTIVE OBSERVER

In an adaptive observer, the rotor speed and position esti-
mation is based on the estimation error between two different
models; the actual motor can be considered as a reference
model and the observer—including the rotor speed estimate
wm—as an adjustable model [3]. An error term used in an
adaptation mechanism is constructed from the estimation error
of the stator current. The output of the adaptation mechanism,
usually the rotor speed, is fed back to the adjustable model.

In the following, the adaptive observer is formulated in the
estimated rotor reference frame. The block diagram of the
adaptive observer is shown in Fig. 1. The stator flux is selected
as a state variable in the adjustable model. The model is based
on (1) and (2), and defined by

B, =, — R — omd, + A, @)

where estimated quantities are marked by " and measured
quantities expressed in the estimated rotor reference frame
are marked by ’. The estimate of the stator current and the
estimation error of the stator current are

i =L (¢, — ) (5)
and
=i -, (©)

respectively. The observer gain is

A=MI+Ad )

where I is the two-by-two identity matrix, and A; and Ao are
scalar gain parameters. A pure voltage model is obtained by
selecting A\; = ff%s and Ay = 0, leading to the sole use of
the measured current in (4) instead of the estimated current.
If Ay = 0 and Ay = 0 are chosen, the measured current affects
(4) only through the speed estimate &y, .

There are various alternatives for obtaining an error term
from the current error. In the following, the error term is
defined:

F. = Cii, ®)

where C; = [0 L, ]. Hence, the current error in the estimated
g-direction is used for adaptation. The estimate of the electrical
angular speed of the rotor is obtained by a PI speed adaptation
mechanism

O = —kyF. — k/F dt )

where k;, and k; are nonnegative gains. The estimate ém for the
rotor position is obtained by integrating wy, .

The gains k, and k; of the adaptation mechanism are selected
by omitting the electrical dynamics of the system, resulting
in [7]

204, a%o
= = 5 e a—

wpm 7/)pm
where the design parameter oy, corresponds to the approximate
bandwidth of the adaptive observer.

kp ki = (10)

IV. DYNAMIC ANALYSIS
A. Linearization

In the following, the focus is on the dynamic properties of
the adaptive observer. The dynamics of the current estimation
error are derived, and combined with the speed adaptation
mechanism for investigating the stability and damping of the
adaptive observer. It is assumed that the estimates of the motor
parameters are exact.

The dynamics of the current estimation error (6) are first
linearized. For this purpose, both the dynamics of the motor
current and the dynamics of the adaptive observer are consid-
ered. The result is

iy= (“RL " — woL 'JL - LA

A,y

+ (Jigo — L' ILigo — L7 J9, ) O

B;
+ (wmoL " JLJig0 + wmoiso + wm()L71¢pm)§m (11)

A

where operating-point quantities are marked by the subscript 0,
Wm = Wm — W 18 the speed estimation error, and 9~m =
On — ém the position estimation error. The derivation of (11)
is presented in the Appendix. To formulate a single-input
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Fig. 2. Block diagram of the linearized model of the adaptive observer.

single-output system, the rotor position error 0y, is chosen as
a state variable in addition to the current error, and (8) is also
used. The resulting state-space representation can be written as

L] (A ATk B, ] .
HE I HEEE
m ~—————— ~——

A B
i

F.=[C 0]{5 ] (12)
N—— L"Ym

Hence, the transfer function from the speed error @y, (s) to the
error term F¢(s) is given by

F(s) = C(sI - A)'B. (13)

According to the adaptation mechanism (9), the transfer

function from the error term F.(s) to the speed estimate

W (s) is
ki
G(s) = —kp — —.

S

(14)

Using (13) and (14), the closed-loop system shown in Fig. 2
is obtained. The resulting closed-loop transfer function

F(s)G(s)

Gel8) = T F()G0)

5)
from wyy, (s) to @y, (s) can be evaluated for any operating point.

B. Observer Gain Selection

The observer gain A = A\ I + A\2J can be selected in differ-
ent ways. Using the pole placement design for gain selection is
rather complicated due to the fourth-order closed-loop transfer
function. A simple alternative is to use zero gain, or to select
a constant gain Ay > —Rs and A2 = 0. A negative constant
gain was used for PMSM drives in [7]. Better damping can be
achieved by selecting a speed-dependent gain

71@m| ~
Al — {)\ wy ) |Li)m‘ < wa (163)
N, |&Om| > wa
N “m |(f) | < wy
Ay = wx '’ m = 16b
2 {Xsign(d)m), |Om| > wx (16b)

which is similar to the gain used in an adaptive full-order flux
observer for induction motor drives [11]. The gain parameters
are illustrated in Fig. 3. The positive constants A’ and w), can be
selected based on the linearized model.

Fig. 3. Observer gain parameters A1 (solid) and A (dashed) as a function of
the estimated rotor speed.

The poles of the closed-loop transfer function G.(s) were
evaluated by using the Control System Toolbox of the MATLAB
software. The data given in Section VI were used for the motor
and for the speed adaptation, and the operating-point stator cur-
rent iyp was defined according to maximum torque per current
control [12]. Fig. 4 shows the variation of the poles of G..(s) for
positive nominal torque and varying speed (—1 p.u. < wyp <
1 p.u.). The motor works in the motoring mode at positive
speeds and in the regenerating mode at negative speeds.

In Fig. 4, the observer gains are: (a) zero gain; (b) constant
gain \; = —0.51%s and Ao = 0; (c¢) speed-dependent gain (16)
with N = 2R, and wy, = 1 p.u. With the exception of very low
speeds, the poles are located in the left half of the complex plane
and the linearized system is stable. In the case of the zero gain
in Fig. 4(a), one of the upper-half-plane poles shown remains
near the imaginary axis but moves far away from the real axis as
the speed increases. This pole location indicates poor damping
at high speeds. In the case of the constant gain in Fig. 4(b),
the corresponding pole is closer to the imaginary axis. The
damping is thus even worse than that obtained with zero gain.
Because the speed-dependent gain is used in Fig. 4(c), the poles
move away from the imaginary axis as the speed increases. The
damping at high speeds is thus improved.

It is worth noticing that different pole locations are obtained
at equal speeds in the motoring and regenerating modes of
operation. These differences originate from the rotor saliency;
the dependence on the load condition disappears if Lg = L.

At very low speeds (approximately |wpo| < 0.02 p.u.) in
the motoring mode, one of the poles moves to the right half-
plane along the real axis for all the observer gains investigated.
This phenomenon can be seen in Fig. 5, where the vicinity of
the origin of Fig. 4(c) is magnified. The low-speed instability
originates from the rotor saliency; the linearized system is
stable (marginally stable at zero speed) in the whole operating
region if Ly = L. A similar unstable region has been found at
low speeds in [13], where a different observer was used.

Simulation results in Fig. 6 illustrate the operation at very
low speeds. Accurate motor parameter estimates and the speed-
dependent observer gain (16) are used. The positive nominal
load torque is applied stepwise at t = 1 s in Fig. 6(a) and (b)
corresponding to the motoring mode, while the negative load is
applied in Fig. 6(c) corresponding to the regenerating mode.
The speed reference is 0.01 p.u. in Fig. 6(a) and (c), and
0.03 p.u. in Fig. 6(b). As predicted by the linearized model,
the system becomes unstable in the case of Fig. 6(a) while the
system remains stable in Fig. 6(b) and (c).
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Fig. 4. Variation of poles of G (s) at nominal load as rotor speed wm is varied: (a) zero observer gain; (b) constant gain; and (c) speed-dependent gain. Because

of symmetry, only the upper half-plane is shown.
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Fig. 5. Magnification of Fig. 4(c).
V. COUPLING HF SIGNAL INJECTION
TO THE ADAPTIVE OBSERVER

The low-speed operation can be stabilized by augmenting
the adaptive observer with an HF signal injection method at
low speeds. Furthermore, the signal injection method makes
the system robust against errors in measurements and motor
parameters. The method for coupling the signal injection to
the adaptive observer has been presented in [7], and is summa-
rized here.

An alternating voltage was selected for HF signal injection.
A carrier excitation signal varying sinusoidally at angular fre-
quency w. and having amplitude i, i.e.,

Ue = Ue cOs(wet) a7
is superimposed on the d component of the stator voltage in
the estimated rotor reference frame. An alternating HF current
response is detected in the g-direction of the estimated rotor
reference frame, amplitude modulated by the rotor position esti-
mation error. The ¢ component of the measured current is band-
pass filtered (BPF), giving an HF current signal i that varies
at the signal injection frequency. The current signal is then de-
modulated and low-pass filtered (LPF) to extract an error signal

€ = LPF {iqc sin(wct)} . (18)

Ideally, this error signal is

U Lg—Lag . .=
= —— 20 19
€ oo AL L sin(26,,) (19)
—_———
K.
where K. is the signal injection gain and ém =0, — ém is the

estimation error of the rotor position.

The error signal is used for correcting the estimated position
by influencing the direction of the stator flux estimate of the
adjustable model (4). The algorithm is given by

P, =ul — Ris —

We :fype+fyi/sdt

(Om — we) I, + A (20)

21

where v, and ; are the gains of the PI mechanism driving the
error signal ¢ to zero. In accordance with [14], these gains are
selected as

2
Qi

6K,

Qj

2K.’

Yo = M= (22)
where «; is the approximate bandwidth of the PI mechanism.
At low speeds, the combined observer relies both on the signal
injection method and on the adaptive observer. The influence
of the HF signal injection is decreased linearly with increasing
speed by decreasing both . and «;, reaching zero at transition
speed wa. At speeds above wa, the estimation is based only on
the adaptive observer. The integral in (21) settles to a value that
compensates the effect of parameter and measurement errors.
To improve the operation at transients, the integral should be
bounded by reasonable limits.

VI. EXPERIMENTAL RESULTS

The different observer gains were investigated by means of
simulations and laboratory experiments. The block diagram
of the control system comprising cascaded speed and current
control loops is shown in Fig. 7. IP-type speed control is used,
and the current control is implemented as PI-type control in
the estimated rotor reference frame. The current component
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Fig. 6. Simulation results showing low-speed operation at nominal load torque: (a) wm = 0.01 p.u., motoring mode; (b) wm = 0.03 p.u., motoring mode; and
(¢) wm = 0.01 p.u., regenerating mode. The first subplot shows speed estimation error, while the second subplot shows position estimation error.
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Fig. 7. Block diagram of the control system. Block “Speed contr.” includes
both the speed controller and the calculation of the current references. Block
“Adaptive observer” includes the observer combined with signal injection
according to (20) and (21).
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Fig. 8. Experimental setup. Mechanical load is provided by a servodrive.

references iqror and i ror are calculated according to maxi-
mum torque per current control [12]. The dc-link voltage of
the converter is measured, and a simple current feedforward
compensation for dead times and power device voltage drops
is applied [15].

The experimental setup is illustrated in Fig. 8. A six-pole
interior-magnet PMSM (2.2 kW, 1500 r/min) is fed by a
frequency converter that is controlled by a dSPACE DS1103
PPC/DSP board. The motor data are given in Table I. Mechan-
ical load is provided by a PMSM servodrive. An incremental
encoder is used for monitoring the actual rotor speed and posi-
tion. The nominal dc-link voltage is 540 V, and the switching
frequency and the sampling frequency are both 5 kHz. The
HF carrier excitation signal has a frequency of 833 Hz and
an amplitude of 40 V, and the transition speed wa = 0.13 p.u.
The electromagnetic torque is limited to 22 N - m, which is
1.57 times the nominal torque 7. Other parameters of the con-
trol system are given in Table II. The motor has harmonics in the

TABLE 1
MOTOR DATA

Nominal power 22 kW
Nominal voltage 370 V
Nominal current 43 A
Nominal frequency 75 Hz
Nominal speed 1500 r/min
Nominal torque T 14.0 Nm

Number of pole pairs p 3
359 Q

Stator resistance Rs

Direct-axis inductance L4 0.036 H
Quadrature-axis inductance Lq 0.051 H
Permanent magnet flux pm 0.545 Vs
Total moment of inertia 0.015 kgm?

TABLE 1I
CONTROL SYSTEM PARAMETERS

Current controller bandwidth 27-400 rad/s

Speed controller bandwidth 27-5 rad/s
Speed adaptation bandwidth oy, 27-50 rad/s
Bandwidth «; at zero speed 27-5 rad/s

permanent magnet flux and stator inductances, causing some
sixth-harmonic ripple in the torque and estimated position.

Fig. 9 shows experimental results obtained at the nominal
load torque. The speed reference was first changed stepwise
from zero to 0.67 p.u. at t = 1 s, then reversed to —0.67 p.u.
att = 2 s, and finally set to zero at ¢ = 3 s. The constant gain
A = —0.5]%s and Ao = 0 was used in Fig. 9(a), and the speed-
dependent gain (16) with \' = QRS and wy = 1 p.u. was used
in Fig. 9(b). In both cases, the estimated rotor speed follows
the actual speed closely during fast changes in the electro-
magnetic torque. It can be seen that the speed-dependent gain
damps the vibrations more effectively than the constant gain.
Moreover, the estimation error of the rotor position remains
slightly smaller when using the speed-dependent gain. A com-
parison with the results obtained using a voltage model [14]
reveals a significant improvement in the performance. This
comparison is relevant since the same experimental setup was
used in [14]. Persistent operation at zero speed under nominal
load is possible due to the HF signal injection, which is in use
at low speeds.

Fig. 10 shows experimental results from a slow speed re-
versal in the case of the speed-dependent gain. The load
torque was kept at the nominal value between t = 2 s and
t = 28 s, and the speed reference was changed from 0.67 p.u. to
—0.67 p.u. between t = 4 s and ¢ = 26 s. The estimated rotor
speed follows the actual speed smoothly in the whole speed
range in both motoring and regenerating modes. The noise
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Fig. 9. Experimental results showing speed reference steps at nominal load
torque: (a) constant gain and (b) speed-dependent gain. The first subplot shows
electrical angular speed (solid), its estimate (dashed), and its reference (dotted).
The second subplot shows estimated electromagnetic torque (solid) and load
torque reference (dotted). The last subplot shows estimation error of rotor
position in electrical degrees.

Fig. 10. Experimental results showing slow speed reversal at nominal load
torque with speed-dependent gain. Explanations of the curves are as in Fig. 9.

is rejected effectively, and the estimation error of the rotor
position is small even when a nominal load torque step is
applied. The effect of the HF signal injection can be seen at low
speeds; the estimation error of the rotor position increases with

decreasing speed, but decreases rapidly when signal injection
is used at wy, = 0.13 p.u. The ripple appearing at low speeds
is related to the HF signal injection method, which is sensitive
to stator inductance harmonics and errors in measured phase
currents.

VII. CONCLUSION

The dynamic properties of the adaptive observer with dif-
ferent observer gains and in varying operating conditions can
be investigated using a linearized model derived for the motor
and observer. According to the analysis, damping at high speeds
can be improved by selecting a speed-dependent observer gain.
The experimental results are in agreement with the results of
the analysis. The rotor speed and position can be estimated
in a wide speed range, including zero speed, by means of an
adaptive observer that is augmented with an HF signal injec-
tion technique at low speeds. The proposed speed-dependent
observer gain improves the capability of damping unwanted
vibrations and noise.

APPENDIX
CURRENT ERROR LINEARIZATION

The stator current derivative based on (1) and (2) is

i, = L 'uy — RL s — win L 'Ly — win L Je .
(23)

The stator current transformed from the true rotor reference
frame to the estimated rotor reference frame is
il = Tis 24)

where T = cos 0~mI + sin émJ is a coordinate transformation
matrix, ém =0, — ém being the rotor position error. Combin-
ing (23) and (24) gives the current dynamics in the estimated
rotor reference frame

i\ = onJil, — RTL'T i, — w, TL 1 JLT i,

—wn TL ™ I, + TL' T Ma) (25)

where @y, = wy — Wy 18 the rotor speed error and u}, = Tus.
Linearizing this equation results in

i, = (-RsL' — wyoL 'JL) 1,
+ Jigo@m + (—L ' JLigo — L' Jep ) win
+ (RL™'Jigo — RJIL Yigo + wioL ' JLJigg
— winoJ L' JLigy — winod L I,
— L ' Juy + JL Muy) 0 + L1l (26)

The adjustable model (4) of the observer is rewritten in terms
of the estimated current (5)

i = —RL Yy — &L ML
— O L I, + L + L. (27)
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Linearizing and simplifying yields

b = (“R.L™! — wmoL WL — L),
+ (=L JLigo — L' 3%, )om

+ LML+ Lt (28)

Finally, the linearized equation of the current error is =i, — i
is obtained by subtracting (28) from (26) and substituting

uso = Rsiso + wmoJLiso + wmoJ Y0, (29)
for the operating-point voltage. The result is
i = (“R.L™! — oL ' JL - LM,
+ (Jiso — L' JLigo — L' J4p )0
+ (WmoL ' ILJig0 + wmoiso + wmoL Wy )0m.  (30)
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